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ABSTRACT 
Despite decades of surveillance and interventions, influenza viruses still 

represent a public health concern (Stöhr, 2002). Respiratory syncytial virus 

(RSV) also infects the respiratory system and can cause an influenza-like 

illness in infants, toddlers and in high-risk adults (E. E. Walsh, 2017).  

During epidemics, despite good accuracy of diagnosis based on clinical 

presentation, specific diagnostic tests are required to confirm virus-specific 

infection (S. Kumar & Henrickson, 2012). 

PCR-based assays are commonly used, requiring prior extraction of viral 

genomes to be amplified (Merckx et al., 2017). This process is time 

consuming, needing skilled staff and equipped laboratories.  

LAMP (Loop Mediated Isothermal AMPlification) can solve several of these 

problems, as it is faster, precise, sensitive and specific. This isothermal DNA 

amplification method relies on the use of a thermostable DNA polymerase 

with strand displacement activity and six primers specifically designed to 

recognize eight distinct regions on the target gene. In DiaSorin the technology 

was improved giving rise to RT Q-LAMP: the coupling of reverse-transcription 

and amplification activity in one enzyme and the use of fluorescent probes 

(Q-probes) allows the real time detection and discrimination of multiple RNA 

targets. 

Therefore, the aim of this study is to develop a RT Q-LAMP assay in a 

multiplex strategy, targeting conserved regions of influenza A, B and RSV 

viruses to differentially diagnose these infections.  

Both reverse-transcription and amplification are performed in a single-step 

from unprocessed clinical specimens, represented by nasal or 
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nasopharyngeal swabs (NPS), without viral nucleic acid extraction, allowing 

clinicians to obtain results in less than 60 minutes. 

RT Q-LAMP is performed thanks to Liaison MDX, a small and easy-to use 

thermocycler, used with its consumable disc named “Direct Amplification 

Disc” (DAD) which allows the amplification of non-extracted samples, thanks 

to the combination of centrifugal force and heat treatment. 

The so-developed RT Q-LAMP quadruplex assay is able to quickly, 

sensitively and specifically amplify and discriminate influenza A, B and RSV 

samples. The thermal protocol has been optimized introducing a sample-

processing step ensuring detection of not-extracted viruses. Limit of 

Detection (LoD) of our assay was defined to be 1x103 copies/mL for all tested 

viruses and no false positives results were detected on over 100 replicates of 

Non Template Controls (NTC). 

Importantly, it successfully amplified 35 influenza A, 25 influenza B and 11 

RSV subtypes and strains assayed with no cross-reactivity with any other 

microorganisms.  

Finally, influenza A, B and RSV RT Q-LAMP assay was validated testing 90 

clinical samples from human patients with signs and symptoms of respiratory 

tract infections and 30 negative clinical samples. RT Q-LAMP results were 

compared to those obtained with standard diagnostic RT-PCR methods 

routinely used in the hospital laboratory: clinical specificity was 100% for all 

the targets assayed and the clinical sensitivity ranged from 87% (for influenza 

A and RSV) to 90% (for influenza B), the Positive Predictive Value was 100% 

while the Negative Predictive Value ranged from 96% (for influenza A and 

RSV) to 97% (for influenza B). 
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In conclusion, influenza A, B and RSV RT-Q-LAMP assay represents a new 

tool for the rapid molecular detection and discrimination of influenza A, B or 

RSV. Its peculiar rapidity, simplicity and reliability makes it perfect for the fast 

molecular diagnosis of these infections, allowing clinicians to quickly obtain a 

results and subsequently treat the patient with the most appropriate antiviral 

medication and to implement infection control measures, especially when 

the respiratory illness outbreak involves closed settings. 
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RIASSUNTO 
L’influenza è una malattia respiratoria acuta con un considerevole impatto 

dal punto di vista epidemiologico, clinico ed economico (Stöhr, 2002). 

L'infezione da RSV causa sintomi simil-influenzali e può portare a gravi 

complicazioni soprattutto nei bambini e negli adulti ad alto rischio quali 

anziani, con patologie croniche o immunocompromessi (E. E. Walsh, 2017). 

Nonostante la diagnosi basata sui sintomi sia accurata, test diagnostici 

specifici possono essere fondamentali per confermare l'infezione virale (S. 

Kumar & Henrickson, 2012). La maggior parte dei test si basano sulla 

tecnologia RT-PCR (Merckx et al., 2017). Questa metodica richiede una 

precedente estrazione degli acidi nucleici virali a partire dal campione clinico 

ma l’estrazione è un processo lungo che può richiedere laboratori attrezzati. 

La tecnologia LAMP (Loop Mediated Isothermal AMPlification) è veloce e 

richiede l’uso di strumentazione semplice. LAMP, diversamente da PCR, 

utilizza una polimerasi con attività strand displacement e 6 primers, che 

riconoscono 8 regioni diverse. Nei laboratori DiaSorin è stata ulteriormente 

implementata dando origine a RT Q-LAMP: l’utilizzo di un enzima in grado sia 

di retro-trascrivere che di amplificare il target è stato accoppiato all’utilizzo di 

sonde fluorescenti (Q-probes), la cui riduzione del segnale indica il 

rilevamento del target. Fluorofori diversi inoltre permettono di discriminare 

in tempo reale più targets contemporaneamente. 

Con il presente progetto di tesi, è stato sviluppato un test RT Q-LAMP in 

grado di rilevare e discriminare i virus influenzali A, B e RSV. Sia la retro-

trascrizione che l'amplificazione vengono eseguite in un unico passaggio 

senza che l’acido nucleico virale debba essere precedentemente estratto dal 
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campione clinico. In questo modo si può ottenere un risultato in meno di 60 

minuti utilizzando direttamente tamponi nasali o nasofaringei come campioni 

di partenza. RT Q-LAMP è eseguita grazie ad un termociclatore compatto, 

sviluppato da DiaSorin e chiamato Liaison MDX. Reagenti e campioni vengono 

caricati su un disco di consumo (Direct Amplification Disc_DAD), che permette 

l’amplificazione di campioni non estratti, grazie alla combinazione dell’effetto 

termico con la forza centrifuga. 

Il saggio finale RT Q-LAMP è in grado di rilevare e discriminare in modo 

sensibile e specifico i virus influenzali A, B e RSV. Nessuna amplificazione 

aspecifica è stata rilevata nei 60 minuti di reazione e il livello di sensibilità 

raggiunta (1x103 copie/mL di ciascun virus) si è dimostrato adeguato alle 

richieste cliniche. Inoltre, considerato l’elevato polimorfismo dei virus target, 

è stato verificato come il test sia in grado di rilevare 35 ceppi di influenza A, 

25 ceppi influenza B e 11 sottotipi di RSV. Il saggio inoltre non ha mostrato 

cross-reattività con altri virus o batteri. 

La validazione finale delle performance è avvenuta su 120 campioni clinici 

(30 negativi e 90 di pazienti positivi a uno dei tre virus di interesse). I risultati 

ottenuti con il saggio RT Q-LAMP sono stati confrontati con quelli forniti dagli 

ospedali, ottenuti mediante metodiche classiche di RT-PCR: è stata osservata 

una specificità clinica del 100% per tutti i virus target, una sensibilità clinica 

dell’87% (nella rilevazione di influenza A o di RSV) e del 90% (nella rilevazione 

di influenza B). Inoltre, si sono osservati un valore predittivo negativo del 96% 

(relativamente alla rilevazione di influenza A o RSV), del 97% (nella rilevazione 

di influenza B) e un valore predittivo positivo del 100%. 
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Concludendo, il saggio RT Q-LAMP per la rilevazione e discriminazione di 

influenza A, B e RSV rappresenta una valida alternativa alle metodiche 

diagnostiche classiche. È in grado di fornire una risposta estremamente 

rapida, sensibile e specifica in caso di quesito diagnostico, così che il paziente 

possa essere trattato velocemente e in modo appropriato e così che possano 

essere rapidamente implementate misure di controllo e prevenzione nel caso 

di identificazione di focolai di infezione. 
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INTRODUCTION 

1. INFLUENZA 

Influenza viruses belong to the family of Orthomyxoviridae. This family 

consists of five genera (influenza A virus, influenza B virus, influenza C virus, 

Thogotovirus and Isavirus), which are classified based on internal 

nucleoprotein (NP) and matrix (M) proteins (N. Zhang et al., 2020). 

The vast majority of the seasonal influenza virus burden is associated with 

two types of influenza viruses: A and B (type C viruses also circulate in humans 

but cause less severe disease) (Krammer et al., 2018). 

A unique characteristic of influenza A viruses is that they circulate not only 

in humans but  also in domestic animals, pigs, horses and poultry and in wild 

migratory birds (>100 species of ducks, geese swans, gulls, waders and wild 

aquatic birds are considered natural reservoirs) (Olsen et al., 2006; Webster 

et al., 2014). 

Influenza A viruses are further classified into subtypes based on the 

combination of haemagglutinin (HA) and neuraminidase (NA) glycoproteins 

on their surfaces (Petrova & Russell, 2018). Sixteen haemagglutinin and nine 

neuraminidase subtypes of influenza A viruses have been isolated from birds 

(H1 to H16 and N1 to N9) and RNA of additional two haemagglutinin and 

neuraminidase subtypes has been identified in bats (H17 and H18 and N10 

and N11) (Tong et al., 2013). Only three combinations are known to have 

circulated widely in humans: A/H1N1, A/H2N2 and A/H3N2. Of these, A/H1N1 

and A/H3N2 subtype viruses currently cause seasonal influenza virus 

epidemics (Petrova & Russell, 2018). 
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A similar animal reservoir does not exist for influenza B viruses but two 

antigenically distinct lineages of influenza B viruses—Victoria and 

Yamagata—co-circulate in human beings (Biere et al., 2010; Paules & 

Subbarao, 2017). 

Influenza viruses have a standard nomenclature that includes virus type; 

species from which it was isolated (if nonhuman); location at which it was 

isolated; isolate number; isolate year; and, for influenza A viruses only, HA 

and NA subtype. Thus, A/Panama/2007/1999 (H3N2) was isolate number 

2007 of a human influenza A virus taken in Panama in 1999 and it has HA 

subtype 3 and NA subtype 2 (Bouvier & Palese, 2008). 

 Epidemiology 

Seasonal epidemics of influenza A and influenza B viruses cause the major 

burden of disease in humans, with most of the infections occurring in 

children, although most of the severe cases involve very young or elderly 

individuals. Seasonal influenza A H1N1 and H3N2 currently circulate in 

humans, but influenza A H2N2 viruses were the only human circulating 

influenza A viruses from 1957 to 1968. Before 1918, conclusive evidence of 

the circulating subtypes is not available. In addition to seasonal epidemics, 

the introduction of influenza A viruses from either avian or swine populations 

has led to four pandemics since 1918, with those viruses subsequently 

becoming seasonal epidemic strains in subsequent years (Figure 1). During 

pandemics, influenza viruses spread very quickly from the point of origin to 

the rest of the world in several waves during the year (Figure 1) owing to the 
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lack of pre-existing immunity, which could also contribute to increased 

virulence.  

 
Figure 1. In the past 100 years, four pandemics of human influenza have occurred, 
with the 1918 pandemic caused by an influenza A H1N1 virus being the most 
devastating, as it was associated with >40 million deaths (Peter Palese et al., 2006). 
Influenza A H2N2, H3N2 and H1N1 viruses caused the 1957, 1968 and 2009 
pandemics, respectively. In 1977, influenza A H1N1 restarted circulation in humans 
without causing a pandemic, as the strain was similar to that which preceded the 
1957 influenza A H2N2 pandemic. By contrast, the 2009 pandemic influenza A 
H1N1 virus was antigenically very different from the previous seasonal influenza A 
H1N1 viruses and replaced them as the circulating influenza A H1N1 strain. 
Examples of the spreading of human influenza A viruses in the world are shown for 
pandemic 1918 and 1957 viruses and for seasonal H3N2 viruses (Bahl et al., 2011). 
For pandemic virus outbreaks, the arrows indicate the first and second waves of 
transmission. For seasonal influenza A H3N2 spread, the arrows indicate the 
seeding hierarchy of seasonal influenza A (H3N2) viruses over a 5-year period, 
starting from a network of major cities in East and Southeast Asia; the hierarchy 
within the city network is unknown. Seasonal influenza B viruses (not shown) are 
co-circulating in humans with influenza A viruses (Krammer et al., 2018). 
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Studies on the transmission of seasonal influenza A virus in humans have 

proposed that populations in southeast Asia, eastern Asia and/or the tropics 

act as permanent sources for seeding seasonal epidemics (Rambaut et al., 

2008; Russell et al., 2008), whereas other studies indicate that multiple 

geographical regions might act as seed populations for virus migration (Bahl 

et al., 2011). However, lack of sufficient sequence data from areas such as 

Africa, India and South America currently prevents a complete understanding, 

as viral sequences, which are not routinely obtained during diagnosis, are 

required to ascertain the relationships between viruses spreading in different 

areas of the world. Seasonal influenza virus outbreaks typically occur in the 

winter months, when low humidity and low temperatures favour 

transmission; two ‘influenza seasons’ occur per year: one in the Northern 

Hemisphere and one in the Southern Hemisphere. However, unlike 

temperate regions, seasonal influenza patterns are very diverse in tropical 

countries. Climate factors, including minimum temperature, hours of 

sunshine and maximum rainfall, seem to be the strongest predictors of 

influenza seasonality (Yu et al., 2013). Seasonal influenza B viruses co-

circulate in humans with influenza A viruses and follow the same patterns of 

transmission. 

Pandemic outbreaks are usually associated with the extinction of the 

previous circulating strains. However, in 1977, influenza A H1N1 viruses, not 

seen in humans since the 1957 influenza A H2N2 pandemic, started to co-

circulate with influenza A H3N2 viruses (Lewis et al., 2011). The 2009 influenza 

A H1N1 pandemic was caused by an influenza A H1N1 virus that was 

antigenically very different from the seasonal influenza A H1N1 virus 
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circulating at the time and resulted in the extinction of the previous influenza 

A H1N1 human lineage, but it did not result in the extinction of the influenza 

A H3N2 viruses. Since 2009, influenza A H3N2 and influenza A H1N1 viruses 

derived from the 2009 pandemic virus and two lineages of influenza B virus 

are co-circulating in humans (Krammer et al., 2018). 

The limited number of pandemic events that have happened makes it very 

difficult to predict the next pandemic. Human influenza A virus infections with 

antigenically diverse avian H5N1, avian H7N9, swine H3N2 and other animal 

influenza viruses are constantly detected in geographical regions where these 

strains are prevalent owing to the contact of infected poultry or swine with 

humans. However, no cases of sustained human-to-human transmission have 

been associated with these viruses, indicating that further adaptations need 

to take place for these viruses to become transmissible in humans. How 

feasible it is for these viruses to become adapted to human transmission and 

retain virulence is unclear. Only a few changes are needed for influenza A 

H5N1 viruses to become transmissible in ferrets, a host that is often used as 

an animal model of human influenza virus infection (M. Imai et al., 2012; 

Richard et al., 2013; Russell et al., 2012). 

 Virion structure and organization 

By electron microscopy, influenza A and B viruses are virtually 

indistinguishable. They are spherical or filamentous in shape, with the 

spherical forms approximately 100 nm diameter and the filamentous forms 

often in excess of 300 nm length. The influenza A virion is studded with 

glycoprotein spikes of HA and NA, in a ratio of approximately four to one, 



                                                                                                                   Introduction 

17 
Confidential 

projecting from a host cell-derived lipid membrane (P Palese & Shaw, 2007). 

A smaller number of matrix (M2) ion channels traverse the lipid envelope, 

with an M2:HA ratio on the order of one M2 channel per 101 to 102 HA 

molecules (Zebedee & Lamb, 1988). The envelope and its three integral 

membrane proteins HA, NA and M2 overlay a matrix of M1 protein, which 

encloses the virion core. Internal to the M1 matrix are found the nuclear 

export protein (NEP; also called nonstructural protein 2, NS2) and the 

ribonucleoprotein (RNP) complex, which consists of the viral RNA segments 

coated with nucleoprotein (NP) and the heterotrimeric RNA-dependent RNA 

polymerase, composed of two “polymerase basic” and one “polymerase 

acidic” subunits (PB1, PB2 and PA) (Figure 2). The organization of the 

influenza B virion is similar, with four envelope proteins: HA, NA and, instead 

of M2, NB and BM2.  

 
Figure 2. The figure represents an influenza A virus particle or virion. Both influenza 
A and influenza B viruses are enveloped negative-sense RNA viruses with genomes 
comprising eight single-stranded RNA segments located inside the virus particle. 
The RNA genome is bound by the viral nucleoprotein (NP), which is encoded by 
RNA segment 5. RNA segments 6 and 8 encode more than one protein, namely, the 
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matrix protein (M1) and membrane protein (M2) — BM2 in the case of influenza B 
— and the nonstructural protein NS1 (not shown) and nuclear export protein 
(NEP). The M1 protein is thought to provide a scaffold that helps the structure of 
the virion and that, together with NEP, regulates the trafficking of the viral RNA 
segments in the cell; the M2 protein is a proton ion channel that is required for 
viral entry and exit and that, together with the HA and NA glycoproteins, is located 
on the surface of the virus anchored in a lipid membrane derived from the infected 
cell. Finally, the NS1 protein is a virulence factor that inhibits host antiviral 
responses in infected cells. The influenza viruses can also express additional 
accessory viral proteins in infected cells, such as PB1–F2 and PA-x (influenza A), 
that participate in preventing host innate antiviral responses together with the NS1 
protein or NB (influenza B), the function of which is unknown. NS1, NEP, PB1–F2 
and PA-x are not present in the virus particle or are present in only very small 
amounts. NB is a unique influenza B virus surface protein anchored in the lipid 
membrane of the virus particles (Krammer et al., 2018). 

 Genome structure 

The influenza A and B virus genomes each comprise eight negative-sense, 

single-stranded viral RNA (vRNA) segments. The eight segments of influenza 

A and B viruses are numbered in order of decreasing length. In influenza A 

and B viruses, segments 1, 3, 4 and 5 encode just one protein per segment: 

the PB2, PA, HA and NP proteins. All influenza viruses encode the polymerase 

subunit PB1 on segment 2; in some strains of influenza A virus, this segment 

also codes for the accessory protein PB1-F2, a small, 87-amino acid protein 

with pro-apoptotic activity, in a +1 alternate reading frame (W. Chen et al., 

2001). No analogue to PB1-F2 has been identified in influenza B viruses. 

Conversely, segment 6 of the influenza A virus encodes only the NA protein, 

while that of influenza B virus encodes both the NA protein and, in a −1 

alternate reading frame, the NB matrix protein, which is an integral 

membrane protein corresponding to the influenza A virus M2 protein (Hatta 

& Kawaoka, 2003). Segment 7 of both influenza A and B viruses code for the 
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M1 matrix protein. In the influenza A genome, the M2 ion channel is also 

expressed from segment 7 by RNA splicing (R. A. Lamb et al., 1981), while 

influenza B virus encodes its BM2 membrane protein in a +2 alternate reading 

frame (Briedis et al., 1982; Horvath et al., 1990). Finally, both influenza A and 

B viruses possess a single RNA segment, segment 8, from which they express 

the interferon-antagonist NS1 protein (Dauber et al., 2004; García-Sastre, 

2001; Kochs et al., 2007) and, by mRNA splicing, the NEP/NS2 (Briedis & Lamb, 

1982; R. A. Lamb et al., 1980), which is involved in viral RNP export from the 

host cell nucleus. 

 Replication cycle 

At the cellular level, influenza virus replication (Figure 3) mainly takes place 

in epithelial cells of the respiratory tract in humans and other mammalians 

and in epithelial cells of the intestinal tract in birds. The cellular cycle of the 

virus starts with binding to the target cell. This binding is mediated by the viral 

HA (which binds to sialic acids present in the oligosaccharides of the 

glycoproteins at the cellular surface) and is also responsible for the 

haemagglutination caused by virus particles when incubated with red blood 

cells. HAs from human influenza viruses bind preferentially to sialic acids 

linked by an α2,6 linkage to the rest of the oligosaccharide, whereas those 

from most of the avian influenza viruses favour binding to α2,3-linked sialic 

acids, as these bonds are the most abundant sialic linkages in the epithelial 

cells of the human upper respiratory tract and of the avian intestinal tract, 

respectively (Van Riel et al., 2006; Yamada et al., 2006). After binding, the 

virus is internalized in an endosome and the endosome is trafficked and 
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acidified, which triggers a conformational change in the viral HA that induces 

the fusion of the viral envelope with that of the endosome. As the endosomal 

pH varies between host species, the pH stability of HA is one of the 

determinants of viral tropism. Fusion results in the release of virus contents, 

namely, its genetic material in the form of eight viral ribonucleoproteins 

(vRNPs), into the cytoplasm. vRNPs are subsequently imported into the 

nucleus of the infected cells, where transcription and replication of the viral 

RNA takes place through the enzymatic activities of the viral polymerase 

complex attached to the vRNPs. Viral RNA replication occurs through a 

positive-sense intermediate, known as the complementary ribonucleoprotein 

(cRNP) complex. Viral RNA transcription results in positive-strand mRNAs that 

are capped and polyadenylated and exported into the cytoplasm for 

translation into viral proteins. Newly synthesized viral polymerases (PB1, PB2 

and PA) and viral NP are imported to the nucleus to further increase the rate 

of viral RNA synthesis, whereas virus membrane proteins HA, NA and M2 

traffic to and get inserted into the plasma membrane. Newly synthesized HA 

needs to be cleaved into HA1 and HA2 polypeptides by cellular proteases to 

be functional. The cleavage site of HA is responsible for the tissue tropism of 

the virus, with all influenza viruses having a cleavage site recognized by 

extracellular proteases present in respiratory and intestinal epithelial cells, 

except for the HPAI viruses, which contain a multibasic cleavage site in HA 

that is recognized by ubiquitous proteases. Viral nonstructural proteins NS1, 

PB1–F2 (which can be dimeric or multimeric) and PA-x regulate cellular 

processes to disarm host antiviral responses. Viral M1 and NEP localize to the 

nucleus at late stages of viral infection, bind to vRNPs and mediate their 
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export to the cytoplasm, where, through interactions with the recycling 

endosome, they migrate to the plasma membrane and are bundled into the 

eight vRNPs. Budding of new virions takes place, resulting in the incorporation 

of the vRNPs into new virus particles with a membrane derived from the host 

plasma membrane and containing the viral transmembrane proteins. NA 

activity prevents non-productive binding of HA of new virions to receptors 

bearing sialic acid present in the viral glycoproteins and in the membrane of 

the infected cells, facilitating viral spread. Viral replication results in cell death 

with pathological implications. In addition, viral products induce a pro-

inflammatory response that is responsible for the recruitment of innate and 

adaptive immune cells, which clear and eliminate the virus, but that in excess 

induces immunopathology and pneumonia (Krammer et al., 2018). 

 
Figure 3. Influenza virus enters the cell by endosomal uptake and release and its 
negative-sense genetic material in the form of viral ribonucleoproteins (vRNPs) is 
imported to the nucleus for transcription of mRNA and replication through a 
positive-sense complementary ribonucleoprotein (cRNP) intermediate. Viral 
mRNA is translated into viral proteins in the cytoplasm and these are assembled 
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into new virions together with the newly synthesized vRNPs. PB1–F2 is shown here 
as a dimer but can also be multimeric. HA, haemagglutinin; M1, matrix protein; 
M2, membrane protein; NA, neuraminidase; NEP, nuclear export protein; NP, 
nucleoprotein; NS1, nonstructural protein; PB1, PB2 and PA, viral RNA polymerases 
(Krammer et al., 2018). 

 Antigenic drift and antigenic shift 

Two forms of influenza occur globally: epidemic (seasonal or 

interpandemic) influenza caused by influenza A and B viruses and sporadic 

pandemics caused by influenza A viruses. These epidemiological forms of 

influenza result from distinct mechanisms of antigenic variation in the surface 

glycoproteins of the virus, referred to as antigenic drift and antigenic shift 

(Paules & Subbarao, 2017). Antigenic drift is a continuous process that occurs 

in both influenza A and B viruses and results from the accumulation of point 

mutations in the viral haemagglutinin and neuraminidase genes. Antigenic 

drift is driven by antibody-mediated selective pressure and a high rate of viral 

mutations due to the absence of proofreading ability of the viral RNA-

dependent RNA polymerase (Bennett et al., 2015; Cox & Subbarao, 2000). 

Antigenic drift permits the virus to escape immunity induced through 

previous exposure or vaccination, resulting in seasonal epidemics (Bennett et 

al., 2015). In temperate regions, influenza epidemics occur annually with a 

predictable seasonality, whereas in tropical regions they can occur all year 

round with unpredictable peaks (L. Yang et al., 2015). 

In contrast to antigenic drift, antigenic shift refers to drastic changes in the 

antigenicity of the HA of circulating influenza A viruses; Pandemic influenza A 

viruses arise as results of antigenic shift; that is, the expression of novel HA 

and/or NA proteins (Dunning et al., 2020). The HA — and sometimes the NA 
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— molecules of pandemic viruses are derived from antigenically diverse 

animal strains of influenza virus, which can be acquired by human influenza 

strains through reassortment (Figure 4).  

 
Figure 4. Antigenic drift and shift to escape immunity. The gradual accumulation of 
mutations, mainly in the highly variable globular head region of HA, causes the 
influenza virus to escape recognition by virus neutralizing antibodies and allows it 
to cause seasonal epidemic outbreaks. This phenomenon is called antigenic drift. 
The introduction of a novel subtype into the human population is called antigenic 
shift and may cause a pandemic outbreak in the naïve human population when the 
virus is efficiently transmitted from human to human, since antibodies directed 
against the novel subtype are absent. Past pandemic outbreaks were caused by 
exchange (re-assortment) of gene segments between two or more influenza 
strains, e.g., avian and human. However, recent studies in ferrets suggest that 
avian influenza viruses, like H5N1, could be directly transmitted from animal 
reservoirs into the human population, requiring only a small number of adaptive 
mutations (Richard et al., 2013) as indicated by the dotted line in this figure (Van 
der Sandt et al., 2012). 
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2. RESPIRATORY SYNCYTIAL VIRUS (RSV) 

Human respiratory syncytial virus (RSV) belongs to the recently 

defined Pneumoviridae family, Orthopneumovirus genus. It is a negative 

sense, single stranded RNA virus that results in epidemics of respiratory 

infections that typically peak in the winter in temperate climates and during 

the rainy season in tropical climates. Generally, one of the two genotypes (A 

and B) predominates in a single season, alternating annually, although 

regional variation occurs. RSV is a cause of disease and death in children, older 

people and immunocompromised patients and its clinical effect on adults 

admitted to hospital is clarified with expanded use of multiplex molecular 

assays. Among adults, RSV produces a wide range of clinical symptoms 

including upper respiratory tract infections, severe lower respiratory tract 

infections and exacerbations of underlying disease, especially in 

immunocompromised patients or with other comorbidities (Nam & Ison, 

2019).  

 Epidemiology 

In countries with temperate climates, RSV circulates throughout the winter 

season and peaks between December and January (Rima et al., 2017). In 

tropical countries, outbreaks of RSV still occur during hot, humid and rainy 

days in the summer season (Al-Toum et al., 2006).  

There are two major RSV groups, A and B, which generally coexist early 

during an RSV epidemic season, even if temporal and geographic clustering 

may occur (Hendry et al., 1986; Venter et al., 2001). The antigenic variability 

between the two groups is determined by variations in the G glycoprotein 
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(35% homology between G glycoprotein of strains A and B) (T. R. Johnson & 

Graham, 2004). For this reason, many antibodies targeted to G protein may 

be subtype specific, while antibodies against the F protein are cross-reactive 

for RSV A and B. RSV infections with group A are more frequent than those of 

RSV B and their transmissibility seems to be higher (White et al., 2005). The 

existence of two groups, A and B and their alternating infection incidences 

may play a role in the ability of RSV to infect previously exposed individuals 

and bypass preexisting immune responses (Agoti et al., 2012; Cane et al., 

1994). Moreover, additional antigenic variability occurs within the two groups 

and many genotypes from each group have been described. To date, 

nucleotide sequence  analysis of the G protein has led to the identification of 

11 RSV-A (GA1-GA7, NA1, NA2, SAA1 and ON1) (Peret et al., 2000; Venter et 

al., 2001) and 23 RSV-B genotypes (GB1-GB4, SAB1-SAB4, URU1, URU2, BA1-

BA12 and THB) (Auksornkitti et al., 2014; Baek et al., 2012; Dapat et al., 2010; 

Khor et al., 2013). Different genotypes can co-circulate during an epidemic 

season and the predominance of one over the other varies by years and 

location (de-Paris et al., 2014; Pretorius et al., 2013). In particular, the rapid 

spread of a novel RSV-A genotype (A/ON1, replacing the ancestor A/NA1) has 

recently been documented in a number of countries (Agoti et al., 2014; 

Auksornkitti et al., 2014; Tabatabai et al., 2014). The rapid spread of the 

genotype ON1 may be related to the duplicated sequence within the G gene 

(Tabatabai et al., 2014; Vandini et al., 2017).  

Whether RSV genotype predicts virulence and disease severity remains 

unclear owing to conflicting data in children (DeVincenzo et al., 2015; 

Espinosa et al., 2017; Griffiths et al., 2017; Martinello et al., 2002).  
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RSV is the most frequent cause of bronchiolitis in infants and young 

children and accounts in the United States alone for approximately 125,000 

hospitalizations and 250 infant deaths every year. Global estimates by the 

World Health Organization indicate that RSV accounts overall for more than 

60% of acute respiratory infections in children. Furthermore, RSV is 

responsible for more than 80% of lower respiratory tract infections (LRTIs) in 

infants younger than 1 year and annually during the peak of viral season. In 

summary, RSV is by far the most frequent cause of pediatric bronchiolitis and 

pneumonia.  

Nearly all children are infected at least once by the time they are age 2 

years, but peak incidence occurs between ages 2 and 3 months and 

corresponds to nadir concentrations of protective maternal IgG transferred 

to the fetus through the placenta. Seasonal outbreaks occur each year 

throughout the world, although onset, peak and duration vary from one year 

to the next. In the United States, the annual epidemics usually begin in 

November, peak in January or February and end in May. 

However, the epidemiology of RSV differs widely across latitudes and 

meteorological conditions. For example, at sites with persistently warm 

temperatures and high humidity, RSV activity tends to be continuous 

throughout the year, peaking in summer and early autumn. In temperate 

climates, RSV activity is maximal during winter and correlates with lower 

temperatures. In areas where temperatures remain colder throughout the 

year, RSV activity again becomes nearly continuous. Thus, RSV activity in 

communities is affected by both ambient temperature and absolute humidity, 
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perhaps reflecting meteorological combinations that allow greater stability of 

RSV in aerosols. 

Morbidity and mortality of RSV disease are higher in premature infants and 

in infants with chronic lung disease (e.g. bronchopulmonary dysplasia, cystic 

fibrosis and interstitial lung diseases) or hemodynamically significant 

congenital heart disease. Development of bronchopulmonary dysplasia or 

other chronic respiratory conditions amplifies the risk of severe infections by 

limiting pulmonary functional reserve, distorting airway architecture and 

promoting a proinflammatory milieu (Piedimonte & Perez, 2014). 

Most studies of the epidemiology of RSV in adults have important 

limitations as they focus on selected groups at risk and older studies used 

non-molecular techniques with decreased sensitivity for the diagnosis of RSV. 

Data derived from clinical testing are limited by reduced frequency of testing 

in the ambulatory setting, particularly among older people and adults who 

present later to clinical care (Binder et al., 2017; Chartrand et al., 2015).  

Despite most initial and severe infections occurring during early childhood, 

RSV is increasingly recognized as a common cause of respiratory illness in 

adults. RSV is the causative agent in up to 12% of medically attended acute 

respiratory illnesses (Colosia et al., 2017). Although less than 1% of adults 

affected are estimated to need admission to hospital (Hall, 2001), RSV is the 

third most commonly identified viral cause of admission, accounting for 

approximately 177 000 hospital admissions and 17 000 excess deaths, mostly 

in adults over the age of 65 (Falsey et al., 2005; Jain et al., 2015; Thompson et 

al., 2003). The average length of stay for patients admitted to hospital with 

RSV is three to six days, with an overall mortality of 6-8% (Colosia et al., 
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2017). Among adults admitted to hospital who have a positive RSV test, 

approximately 10-31% need to be admitted to an intensive care unit, with 3-

17% needing mechanical ventilation (Colosia et al., 2017).  

One large prospective study conducted over three successive influenza 

seasons (2006-09) found RSV to be associated with a higher rate of hospital 

admission than both human metapneumovirus and influenza (15.01, 9.82 and 

11.82 per 10 000 residents, respectively) (Widmer et al., 2012). Among all 

adults, RSV attributed mortality is generally estimated to be less than 1% 

(Falsey et al., 2014; Widmer et al., 2014), although RSV may account for as 

much as 25% of the excess winter mortality that historically was attributed 

solely to influenza (Thompson et al., 2003).  

Previous infection with RSV does not convey persistent immunity even in 

the presence of significant antibody titers, although higher titers may 

attenuate the course of the disease. Consequently, subsequent infection is 

common, can recur within the same viral season and occurs across all age 

groups. The first episodes of infection typically occur in the first 2 years after 

birth and tend to be the most severe because of the limited immunologic 

protection discussed above, smaller airway size and unique structural and 

functional features of the developing respiratory tract (e.g., lack of 

interalveolar pores and channels and different innervation patterns) 

(Piedimonte & Perez, 2014).  

Most subsequent infections remain confined to the upper respiratory tract 

and run a milder course, although the illness may still progress to an LRTI, 

especially in elderly and immunodeficient patients, usually characterized by 

more severe symptoms (Piedimonte & Perez, 2014).  
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As most RSV infections in adults are not their first infection, most patients 

experience mild to moderate clinical disease. Risk factors for progression to 

viral pneumonia and complications include Down’s syndrome, compromised 

immunity (including patients receiving chemotherapy or chronic 

immunosuppression for connective tissue disease/vasculitis), underlying lung 

disease (especially asthma) or heart disease, old age, frailty, living in a long 

term care facility and living at high altitude (Beckhaus & Castro-Rodriguez, 

2018; Chatzis et al., 2018; Choudhuri, 2006; Ivey et al., 2018). Among 

immunosuppressed patients, the greatest burden is seen in recipients of 

hematopoietic stem cell transplants (HSCT) and lung transplants, who have 

an incidence of RSV of 12-16% (Milstone, 2006; Weinberg et al., 2010). 

Although the rates of medically attended RSV vary depending on season and 

diagnostic methods, outcomes are generally consistent in showing increased 

incidence with age, with the highest annual mortality rate from RSV 

associated pneumonia in adults aged 65 years or above (7.2 per 100 000 

person years) (Colosia et al., 2017; Nam & Ison, 2019; Thompson et al., 2003). 

 Virion structure and organization 

RSV was reclassified in 2016 into the family Pneumoviridae, genus 

Orthopneumoviridae.  

Before this reclassification the taxon Pneumoviridae was a subfamily within 

the Paramyxoviridae (Griffiths et al., 2017). RSV is a medium sized (120-300 

nm diameter) pleomorphic enveloped virus with a non-segmented, negative 

sense, single stranded RNA genome (~15-16 kb), which encodes 11 proteins: 

two non-structural and nine structural proteins (Figure 5).  
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Figure 5. The structure of respiratory syncytial virus: viral envelope of RSV contains 
three transmembrane glycoproteins: attachment glycoprotein (G), fusion protein 
(F) and small hydrophobic protein (SH). Matrix proteins (M) are present on the 
inner side of the viral envelope. Viral RNA is tightly encapsidated by nucleoproteins 
(N) and the large proteins (L), phosphoproteins (P) and M2-1 proteins that mediate 
viral RNA transcription. M2-2 protein regulates viral RNA synthesis (Nam & Ison, 
2019).  

G (attachment), F (fusion) and SH (proposed viroporin) are hydrophobic 

transmembrane surface glycoproteins that are important for infectivity, as 

maximally efficient fusion requires participation of all three of these surface 

glycoproteins (Gan et al., 2008; E. E. Walsh & Hall, 2015). These surface 

glycoproteins can also serve as the focus of protective antibodies and are 

therefore potential therapeutic targets. G primarily mediates virus 

attachment to host cells by targeting ciliated cells of the airways. Following 

attachment, F undergoes structural changes into a post-triggered form that 

allows viral penetration by fusing viral and host cellular membranes, as well 

as facilitating micropinocytosis (Colman & Lawrence, 2003; Krzyzaniak et al., 

2013). This further promotes the fusion of infected cells to adjacent 

uninfected cells, resulting in the characteristic RSV syncytia from which the 
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name of the virus derives. Both F and G protein are antigens that produce 

protective immunity and are important in the initial phases of infection as 

targets for antibody-mediated neutralization. G has moderate to high 

sequence diversity and defines the antigenic groups A and B, whereas F is 

highly conserved between strains and is recognized by broadly cross 

neutralizing antibodies; it is therefore an attractive candidate as an RSV 

vaccine antigen (McLellan et al., 2013; Vekemans et al., 2019). The pre-fusion 

form of the F protein is more effective than the post-fusion form in 

stimulating higher titers of optimally neutralizing antibodies (Cullen et al., 

2017; Krzyzaniak et al., 2013). 

 Genome structure 

The RNA genome is packaged into the viral particle as a non-segmented 

negative-sense molecule and codes for key internal structural proteins (Figure 

6) (matrix protein [M] and nucleoprotein [N]), proteins required for a 

functional polymerase complex (phosphoprotein [P] and polymerase [L]), 

nonstructural proteins involved in evasion of the innate immune response 

(NS-1 and NS-2), externally exposed transmembrane glycoproteins (small 

hydrophobic protein [SH], glycoprotein [G] and fusion protein [F]) and the 

regulatory M2 proteins (M2-1 antitermination protein and M2-2, involved in 

transcription/replication regulation) (P Palese & Shaw, 2007). 

The RSV genome contains noncoding regions in the 3’	and 5’	termini, called 

the leader and trailer regions, respectively. Within the 3’	leader sequence, the 

individual nucleotides important for both replication and transcription have 
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been finely mapped using mutagenesis (Fearns et al., 2002; McGivern et al., 

2005).  

 
Figure 6. RSV Genomes and proteins: a map of negative-sense RNA genome where 
“nt” and “aa” indicate nucleotides and amino acid lengths, respectively (Taleb et 
al., 2018).  

There is a great deal of similarity in the nucleotides needed for the 

polymerase to perform either replication or transcription (Fearns et al., 2002; 

McGivern et al., 2005); the leader sequence itself can be split into 3 regions 

going from 3’	to 5’: polymerase initiation site (nucleotides 1 to 15), the RSV-

N encapsidation and elongation signal (nucleotides 16 to 34) and 

transcription signal (nucleotides 36 to 43) (Griffiths et al., 2017; McGivern et 

al., 2005). 

 Replication Cycle 

RSV attachment and entry are mediated by the G and F glycoproteins, with 

no apparent contribution by SH. Entry occurs by fusion of the viral envelope 

with the cell plasma membrane (Figure 7). There is also evidence of entry by 

clathrin-mediated endocytosis, although endosomal acidification was not 

required and thus this pathway involves the same fusion mechanism as at the 

plasma membrane (Kolokoltsov et al., 2007; Srinivasakumar et al., 1991). 

Genome transcription and replication occur in the cytoplasm and the virus 

can grow in enucleated cells and in the presence of actinomycin D, indicating 

a lack of essential nuclear involvement. 
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By extrapolation from prototype members of Mononegavirales, incoming 

nucleocapsids engage in transcription by preformed polymerases (primary 

transcription). The availability of newly synthesized soluble viral N and P 

proteins promotes elongation of RNA replication products, leading to the 

production of full-length encapsidated antigenomes and genomes. Progeny 

genomes engage in transcription (secondary transcription) and RNA 

replication. Transcription and RNA replication occur concurrently. RSV mRNAs 

and proteins can be detected intracellularly at 4–6h after infection and reach 

a peak accumulation by 15–20h.  

At this time, transcription may be downregulated in favor of RNA 

replication and the production of genomes needed for packaging and this 

appears to be mediated by the M2-2 protein (Bermingham & Collins, 1999). 

However, there is no evidence of a change in the relative molar amounts of 

the various viral mRNAs during the infection time course (Fearns et al., 2000). 

The release of progeny virus begins by 10–12h post infection, reaches a peak 

after 24h and continues until the cells deteriorate by 30–48h. 

As already noted, RSV-infected cells develop large cytoplasmic inclusion 

bodies that become evident by 12h post-infection (Lifland et al., 2012; 

Lindquist et al., 2011). These have been shown to contain the viral N, P, M2-

1 and L proteins, as well as viral RNA. As noted, the inclusion bodies are 

thought to be sites of RNA synthesis. More recently, the viral inclusion bodies 

have been shown to sequester key cellular signaling components and thereby 

inhibit cellular responses to infection. These include Mda5 and MAVS 

involved in interferon induction (Lifland et al., 2012) as well as p38 mitogen-

activated protein kinase and O-linked N-acetylglucosamine tranferase 
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involved in stress responses and stress granule formation (Fricke et al., 2013). 

Infected cells develop filamentous surface projections that bear viral 

glycoproteins and may give rise to viral filaments. Infected cell lines develop 

syncytia that are a major viral cytopathic effect and lead to the destruction of 

the monolayer, but that are much less evident in differentiated, polarized 

epithelium in vitro and in vivo (J. E. Johnson et al., 2007; L. Zhang et al., 2002). 

RSV assembly and budding occur at the plasma membrane. In polarized 

cells, this occurs at the apical surface (Roberts et al., 1995; L. Zhang et al., 

2002). These regions contain localized virus-modified lipid rafts involving all 

three viral surface proteins and the M protein (Henderson et al., 2002; Jeffree 

et al., 2003; McCurdy & Graham, 2003; McDonald et al., 2004; Yeo et al., 

2009). The minimum viral protein requirements for the formation of virus-like 

particles capable of delivering the viral genome to target cells are the F, M, N 

and P proteins (Teng & Collins, 1998) and expression of these proteins 

induced the formation of viral filaments (Utley et al., 2008). Both genome and 

antigenome have been detected in virions, suggesting a lack of selective 

packaging. Genome-containing nucleocapsids are much more abundant in 

the infected cell and are correspondingly more abundant in virions. RSV 

appears to hijack cellular apical recyclin endosomes for budding, a pathway 

that is distinct from that described for a number of other enveloped RNA 

viruses (Brock et al., 2003; Collins et al., 2013; Utley et al., 2008). 
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Figure 7. The life cycle of RSV (Shahriari et al., 2016): infectious cycle of RSV begins 
upon attachment of the virion to the apical surface of polarized, ciliated airway 
epithelial cells (L. Zhang et al., 2002). The viral attachment (G) glycoprotein 
associates with cell surface factors and facilitates the initial attachment step (S. 
Levine, 1977; S. Levine et al., 1987). After fusion, the helical ribonucleoprotein 
complex (RNP) is released into the host cell cytoplasm. Transcription and 
replication occur in the cytoplasm in viral inclusion bodies that serve to 
concentrate viral products (García-Barreno et al., 1996; Garcıá et al., 1993; 
Rincheval et al., 2017). The viral RNA-dependent RNA polymerase (RdRp) complex 
is responsible for transcribing viral mRNA and synthesizing positive-sense anti-
genome intermediates needed for replication of new negative-sense genomes for 
packaging into virions (Noton & Fearns, 2015). In addition to performing non-
proofreading polymerase functions, the RdRp caps and polyadenylates viral 
mRNAs. Assembly of RSV virions occurs at or near the plasma membrane (Gower 
et al., 2005; Ke et al., 2018). After budding from the apical membrane of polarized 
epithelial cells, virions detach and are released in a M-dependent maturation 
process as filamentous particles ~130 nm in diameter and 0.5–12 micrometres in 
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length (Förster et al., 2015; Ke et al., 2018; Roberts et al., 1995). Over time, the M 
layer dissociates from the viral membrane, creating non-filamentous regions in the 
virion that ultimately lead to spherical or pleiomorphic particles that are thought 
to be less infectious, likely owing to a premature conversion of the F protein from 
the prefusion to postfusion conformation (Killikelly et al., 2016; Liljeroos et al., 
2013). 

3. DIAGNOSIS OF INFLUENZA AND RSV 

Accurate and fast diagnosis of the causative viral pathogens is important to 

select the appropriate treatment, save people's lives, stop the epidemics and 

reduce unnecessary use of antibiotics. A number of diagnostic approaches, 

including virus isolation, as well as some emerging molecular-based 

approaches, have been used to detect influenza and RSV viruses in clinical 

laboratories (N. Zhang et al., 2020). 

 Non-molecular approaches 

 

Viral culture is the gold standard for diagnosing influenza viral infections 

(N. Zhang et al., 2020). This approach includes inoculation of the 

corresponding cell lines, such as Madin Darby canine kidney (MDCK), A549 

and rhesus monkey kidney (LLC MK2), with clinical samples, propagation for 

7 to 10 days to monitor the development of cytopathic effect (CPE) and final 

confirmation of influenza virus infection by hemadsorption using 

erythrocytes, specific antibody staining or immunofluorescence microscopy 

(Vemula et al., 2016).   
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Speaking about RSV diagnosis, a variety of cell lines have been used in 

clinical laboratories, including human embryonic kidney and HEp-2 (Wright et 

al., 2005) tube cultures and shell vials (Smith et al., 1991), A549 conventional 

and shell vial cultures (Matthey et al., 1992) and rhesus monkey kidney 

(RhMK) and human foreskin fibroblast conventional cultures and shell vials 

(Pedneault et al., 1994; Rabalais et al., 1992).  

Commercially available products such as R-mix shell vials, a combination of 

mink lung cells (Mv1Lu) and human adenocarcinoma A549 cells, have been 

used to support and allow for the detection of RSV when paired with an 

antibody detection method (Barenfanger et al., 2001; Bell et al., 2014). 

Occasionally but not routinely, RSV propagation has been described in H358 

(Valdovinos & Gómez, 2003) and human adenocarcinoma MRC-5 (Levitz et 

al., 2012) cell culture tubes. 

A more recent advancement in the last decade has been the use of co-

cultured cells, where two or more cell lines that support the growth of a 

variety of respiratory viruses are mixed and grown as monolayers on shell 

vials (Ginocchio, 2007). A mix of specific monoclonal antibodies is used for 

viral detection at 24 h, 48 h, or 5 days post-inoculation. The advantage of this 

method over conventional shell vial culture is the ability to simultaneously 

culture several viruses in the same shell vial without requiring different cell 

culture setups for individual viruses. Several co-cultured cell line systems are 

currently available that support the growth of multiple respiratory viruses, 

including influenza A and B viruses, parainfluenza virus types 1 to 3, 

adenovirus and respiratory syncytial virus (RSV). The R-Mix shell vial system 

(Quidel/Diagnostic Hybrids Inc. [DHI], Athens, OH) combines a human adeno-
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carcinoma cell line (A549) and mink lung epithelial cells (Mv1Lu). The R-Mix 

Too system combines the Madin-Darby ca-nine kidney (MDCK) and A549 cell 

lines, which are excellent for isolation of respiratory viruses and have the 

advantage of not supporting the growth of the highly pathogenic severe acute 

respiratory syndrome coronavirus (SARS-CoV).  

Although viral culture is playing less of a role in routine clinical diagnosis of 

influenza by laboratories performing molecular assays, shell vial-based 

techniques with hybrid cell lines were utilized widely by a large number of 

laboratories that did not have access to molecular assays during the pandemic 

(Hayden et al., 2010). 

Even in laboratories using molecular methods for routine clinical 

diagnostics, isolation of virus in culture is highly valuable in some clinical 

situations, such as for (i) further characterization of viral strains from patients 

with unusual or severe disease; (ii) sequencing of strains with mutations (e.g., 

shifted melt profiles) in molecular assays; (iii) culture confirmation of 

suspected false-positive PCR results; (iv) culture confirmation of positive PCR 

results for uncommon infection sites, such as the myocardium, brain, or other 

specimen types that molecular assays are not typically validated for; and (v) 

differentiating prolonged shedding of viral nucleic acid from true viral 

replication (S. Kumar & Henrickson, 2012).  

In the last years, there has been a notable decrease in the use of culture-

based detection techniques in U.S. hospital-associated laboratories, as the 

use of molecular tests has increased, especially from the period 2007 to 2011 

(Rabon-Stith et al., 2013). Until nonbiased detection systems become more 

widespread and reliable, culture-and antigen detection-based assays play an 
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important backup role especially in cases where single nucleotide 

polymorphisms lead to false-negative PCR results (Hawkinson et al., 2013). 

Other roles for culture may include propagation of virus for further genetic 

characterization, a trend that may decrease with whole-genome sequencing 

and analysis of antiviral compounds (Kwanten et al., 2013; Lundin et al., 2013) 

and virucidal agents (Griffiths et al., 2017; Thevenin et al., 2012). 

In the last years, viral culture has increasingly been replaced by molecular 

assays as the modality of choice for influenza diagnosis in most clinical 

laboratories. Disadvantages of culture include delayed availability of results 

(3 to 14 days) and a significantly lower sensitivity, particularly for samples 

with low viral loads. Moreover, culture approaches lack sensitivity, often 

quite significantly, compared to nucleic acid amplification assays for the 

diagnosis of both influenza and RSV infections (Cho et al., 2014). This was also 

notable when nucleic acid amplification test methods were compared to 

culture for lower respiratory tract specimens (Griffiths et al., 2017; Kadmon 

et al., 2013). 

 

Antibodies to influenza virus appear after ~2 weeks and peak 4 to 7 weeks 

after infection. A variety of serological tests, including hemagglutination 

inhibition (HAI) assays, complement fixation assays and enzyme 

immunoassays (EIAs), exist (Katz et al., 2011; Marie Louise Landry, 2011; 

Petric et al., 2006). 

Currently, several FDA-approved enzyme-linked immunosorbent (ELISA)	-	

based tests are available for diagnosis of influenza virus infections. However, 
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ELISA-based tests often show lower sensitivity compared with nucleic acid-

based methods (P. Zhang et al., 2014). 

A ~4-fold change or increase in influenza virus antibody titers in paired 

acute-and convalescent-phase samples obtained at least 2 weeks apart 

establishes the serologic diagnosis of influenza. The requirement for 2 

samples obtained weeks apart renders this method not useful for clinical 

diagnostic testing, but it can be helpful for making the diagnosis 

retrospectively. Although not useful as a diagnostic test for most clinical 

scenarios, serology can play an important role in some situations. These 

include the following: (i) in the absence of previous vaccination or infection 

with a particular strain, such as when a novel virus emerges to which there is 

no preexisting cross-reactive immunity, a single specimen with a positive titer 

is diagnostic (Katz et al., 2011); and (ii) serology can help to establish a 

diagnosis of novel or seasonal influenza virus infections beyond the period 

when culture and/or PCR tests would be positive. Thus, in patients with a 

history of influenza-like illness (ILI) but who have stopped shedding the virus 

or in patients with asymptomatic infections, serology may be the only 

available option to make a diagnosis.  

Serology is a valuable tool for conducting seroepidemiological studies, 

which are essential for estimating the true burden of infection with an 

antigenically novel strain. Many such studies performed during the 2009 

pandemic not only helped to ascertain the geographic extent and 

epidemiologic spectrum of the novel virus after its emergence but also 

elucidated other important aspects of the virus, such as preexisting cross-

reactive immunity in older adults, which were relevant for public health 
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recommendations regarding vaccine prioritization (Hancock et al., 2009; 

Petric et al., 2006).  

Serologic studies were also critical for evaluating the immunogenicity of the 

2009 H1N1 influenza A vaccines, which was important for formulating 

recommendations on dosing for different age groups. Serologic assays have 

been and will continue to be used for antigenic characterization of circulating 

influenza viruses to determine antigenic drifts or shifts and formulate vaccine 

recommendations during both pandemics and annual epidemics.  

Thus, serologic investigations are an important component of the 

pandemic response and maintenance of serologic testing capabilities in select 

laboratories will be one critical component of future pandemic preparedness 

activities (S. Kumar & Henrickson, 2012).  

ELISA and immunofluorescence tests are traditionally also used to identify 

RSV. However, a modified ELISA method has been developed, targeting RSV 

F protein and it can detect RSV within 25 minutes at low cost (Rochelet et al., 

2012) (Table 1). The immunofluorescence assay can rapidly detect RSV 

antigens using a fluorescence-tagged primary or secondary antibody. For 

example, the direct fluorescent antibody assay (DFA), which requires a certain 

number of cells in the specimen, with a sensitivity and specificity of 94% and 

96.8%, respectively, is widely used for detection of RSV in clinical laboratories 

because of its simplicity and rapidity. For this reason, this assay has particular 

use in resource-limited countries since it can potentially eliminate prolonged 

hospitalization and unnecessary use of antibiotics (Bhandary, 2016; N. Zhang 

et al., 2020). In details, DFA testing requires a swab that allows for an 

appropriate number of epithelial cells to be collected and is largely applicable 
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to appropriately collected nasopharyngeal specimens. Specimens that lack 

enough cells or originate from other sites in the respiratory tract are not 

appropriate for this type of testing. This is suggestive that historic surveillance 

data that relied heavily on DFA testing may have been underestimating the 

true impact of RSV-A and RSV-B on influenza-like illness rates in pediatric and 

adult populations and rates will change as surveillance systems shift between 

different detection approaches (Rabon-Stith et al., 2013). However, 

depending on workflow and resources within the laboratory, DFA testing as 

an adjunct to molecular test methods may provide an option for RSV testing 

in high-risk patients such as hematopoietic stem cell transplant patients 

(Moreira et al., 2013). Prior to the broader utilization of easier-to-use 

molecular diagnostic assays, DFA testing historically provided a more rapid 

response than lab-developed and batched molecular assays for RSV (Rath et 

al., 2012). The sensitivity of DFA testing can be excellent in pediatric patient 

populations. However, the sensitivity of DFA testing is significantly decreased 

in adult patient populations, especially compared to commercial nucleic acid 

amplification tests (Table 1) (M. L. Landry & Ferguson, 2014).  
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Table 1. Diagnostic methods for detection of RSV in patient populations (adapted 
from (Griffiths et al., 2017) 

Other groups have identified that in pediatric populations, compared to 

nucleic acid amplification testing, DFA test sensitivities are probably highest 

in the first 3 days of infection (Shafik et al., 2011). 

Semiconductor quantum dots can be used for biological and biomedical 

applications because of their unique size-dependent optical and electronic 

features. The assay detects RSV F protein using thioglycolate (TGA)-coated 

cadmium telluride (CdTe) particles, which are bioconjugated with RSV anti-F 

protein mAb (Tripp et al., 2007). It overcomes some of DFA's disadvantage, 

such as relatively low sensitivity, because of the background staining and the 

rapid fading of the dye. Also, this assay is more sensitive than RT-PCT. By 

probing F and G proteins with QDs, confocal microscopy could detect the 

progression of RSV infection in the HEp-2 cell line and this method was found 

to be more sensitive compared to RT-PCR (Bentzen et al., 2005). 

Lateral flow immunoassay (LFIA) is another rapid RSV detection method 

based on an immunochromatographic technique using the samples of nasal 

washes or aspirates. Many LFIA kits are now available in the market, such as 

BD Directigen EZ RSV, Binax Now RSV, RSV Respi-Strip, Remel Xpect and 

QuickLab RSV Test (Borek et al., 2006; Selvarangan et al., 2008; Slinger et al., 

2004). The sensitivity and specificity of the above mentioned kits are normally 

higher than 90% and 95%, but they differ by manufacturer (N. Zhang et al., 

2020). 

The above-described conventional diagnostic methods generally have 

lower sensitivity and specificity relative to molecular methods (Table 1). With 
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the development of laboratory approaches for virus diagnosis, isolation of 

viral pathogens from secretion samples has become much easier than before 

(N. Zhang et al., 2020). 

 Molecular-based approaches 

Molecular assays have increasingly been accepted as the gold standard 

diagnostic method for detection of influenza virus. Although several 

amplification methods have been described, the majority of current assays, 

particularly those utilized in clinical laboratories, are based on the PCR 

amplification format. Advantages of PCR assays over more conventional viral 

culture-based diagnostics for influenza include significantly higher 

sensitivities and short turnaround times. Additional valuable features of PCR-

based assays include (i) the ability to test for several targets concurrently and 

thereby provide type and subtype information, detect other respiratory 

viruses with overlapping seasonality and detect influenza virus coinfections; 

(ii) the ability to be implemented using automated and high-throughput 

platforms that have the potential for testing large sample numbers and 

requiring minimum technician time; and (iii) the ability to be adapted rapidly 

for detection of novel targets. These features were key to the critical role that 

molecular assays played during the influenza pandemic of 2009 (S. Kumar & 

Henrickson, 2012).  

Nucleic Acid Amplification Tests (NAAT) assays based on polymerase chain 

reaction (PCR) detect virus-specific genetic materials, rather than viral 

antigens or antibodies. Therefore, optimal extraction of viral genetic 

materials is required. One of the advantages of NAAT over RIDT is that NAAT 
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is able to identify different subtypes of influenza viruses. Trombetta's group 

found that NAAT shows much higher sensitivity for both influenza A and 

influenza B viruses, despite its relative lower specificity (Trombetta et al., 

2018). A variety of NAAT assays, such as reverse transcriptase-PCR, loop-

mediated isothermal amplification-based assay (LAMP), DNA-microarray-

based and sequencing-based tests, are appearing for diagnosis of influenza 

viral infections in humans (Vemula et al., 2016).  

 

RT-PCR is the most traditional yet powerful NAAT approach for 

identification of influenza and RSV viruses in most diagnostic labs around the 

world. Considered a gold standard assay for influenza diagnosis, RT-PCR 

involves three essential steps: (1) extraction of viral RNA from clinical 

specimens; (2) Reverse transcription of viral RNA to a single-stranded cDNA 

using the enzyme reverse transcriptase; and (3) amplification of the PCR 

product coupled to fluorescent detection of labeled PCR products (Vemula et 

al., 2016).  

Real-time quantitative PCR (RT-qPCR) is a rapid, specific and sensitive 

TaqMan PCR method for detection, subgrouping and quantitation of 

pathogens. This assay increases the sensitivity of conventional PCR. A 

quantitative TaqMan PCR assay was once used to detect 175 nasopharyngeal 

aspirates obtained from children with respiratory symptoms in Hong Kong 

and it detected 36 RSV-positive samples, including 10 as RSV-A and 26 as RSV-

B. In contrast, a cell culture-based assay only identified 21 and an 

immunofluorescence assay identified 32 RSV-positive specimens, all of which 
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were among those identified by the TaqMan PCR assay, suggesting the 

greater accuracy and sensitivity of the TaqMan PCR assay (A. Hu et al., 2003; 

N. Zhang et al., 2020).  

 

Locked nucleic acid (LNA)-based one-tube nested real-time (OTNRT)-PCR is 

an assay with very high sensitivity and low incidence of cross-contamination 

for detection of RSV (L. Zhao et al., 2019). A total of 143 nasopharyngeal 

aspirate samples that tested RSV-negative by qRT-PCR were confirmed as 

RSV-positive by sequencing the OTNRT-PCR products, (L. Zhao et al., 2019) 

indicating that OTNRT-PCR is more sensitive than RT-qPCR for detection of 

RSV in clinical samples (N. Zhang et al., 2020). 

 

Rapid reverse-transcription recombinase-aided amplification (RT-RAA) 

assay was developed as a molecular-based diagnostic method to detect 

subgroup RSV-A and B genomes in clinical specimens. This method mainly 

utilizes an enzyme mixture, including single-strand DNA binding protein (SSB), 

recombinase UvsX and DNA polymerase, to detect RNA amplicons of RSV (C. 

Chen et al., 2018). It is performed at 39°C in less than 30 minutes with high 

specificity (N. Zhang et al., 2020).  
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Reverse transcription strand invasion-based amplification (RT-SIBA) is 

reverse transcription isothermal nucleic acid amplification for rapid detection 

of RSV with good sensitivity since it can detect as few as 10 copies of RSV RNA 

within 20 minutes (Eboigbodin et al., 2017). RT-SIBA does not need highly 

purified RNA for detection of RSV, which can reduce the complexity of 

specimen preparation and shorten the total detection cycle in clinical 

specimens (N. Zhang et al., 2020). 

 

SAMBA is a dipstick isothermal nucleic acid amplification approach, 

recently developed for the detection of HIV and influenza viruses. The 

approach involves a three-step procedure consisting of viral RNA extraction, 

target DNA amplification using an isothermal DNA polymerase and detection 

of the amplification product using a dipstick-based system. The SAMBA 

procedure takes approximately two hours to complete. Clinical performance 

of this approach has been evaluated for both seasonal and avian influenza 

viruses. While evaluating nasal/throat and nasopharyngeal swab specimens 

from 328 patients from the United Kingdom and Belgium, Wu et al. reported 

a sensitivity of 100% and 97.9%, respectively, for influenza A and B viruses 

compared to an RT-PCR approach (Wu et al., 2010). The analytical sensitivity 

using this approach was 95 and 85 copies of viral genomes for influenza A and 

B viruses, respectively. In another study, the same group had reported an 
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assay sensitivity of 95.3% with 99.4% specificity for the pH1N1 virus 

compared to a RT-PCR-based approach, based on testing RNA samples 

extracted from nasal/throat swab specimens from 262 patients (Wu et al., 

2013). 

 

LAMP is a DNA loop-mediated isothermal nucleic acid amplification 

approach that has been evaluated for detection of several viruses including 

severe acute respiratory syndrome (SARS) corona virus, rhinovirus, 

adenovirus, new castle disease virus, monkey pox virus, human 

immunodeficiency virus and influenza virus. Specific amplification of the 

target gene is determined by either photometrically detecting the magnesium 

pyrophosphate by-product released in the solution at the end of the reaction 

or by observing the color change following addition of SYBR green. Further 

details are provided in chapter 4. 

The addition of RT in LAMP reaction (RT-LAMP) permits the amplification 

of RNA target (Fukuta et al., 2003), previously extracted from clinical 

specimens. Recently, for instance, Huang et al. (W. E. Huang et al., 2020) 

developed a rapid RT-LAMP assay for diagnosis of SARS-CoV-2 with LoD of 80 

copies of viral RNA/ml in a sample within a 30 minutes reaction.  

LAMP-based approaches have been successfully used for the detection of 

influenza viruses from clinical samples with sensitivity comparable to RT-PCR 

based assays. Using the LAMP-approach, Poon et al. reported 100% assay 

sensitivity for detection of seasonal influenza A viruses from subtypes H1N1 
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and H3N2 from clinical samples (Poon et al., 2005). The analytical sensitivity 

of the assay was 10 copies per reaction. Furthermore, during the 2009 H1N1 

pandemic, a real-time reverse transcription LAMP-based assay (RT-LAMP) 

demonstrated a sensitivity of 97.8% with 100% specificity for the pandemic 

virus compared to an RT-PCR-based assay (Kubo et al., 2010). LAMP-based 

assays have also been successfully evaluated for the detection of highly 

pathogenic avian influenza A viruses from subtypes H5N1, H7N7 and H7N9, 

with sensitivities comparable to, or even higher than, RT-PCR-based 

approaches (M. Imai et al., 2006; Nakauchi et al., 2014). Parida et al. 

developed a RT-LAMP assay targeting the gene coding for HA for clinical 

diagnosis of the pH1N1 virus (Parida et al., 2011). The RT-LAMP assay 

performed better than WHO-approved RT-PCR assay while testing 239 acute-

phase throat swab samples from patients with influenza-like illness. It 

demonstrated up to 10-fold higher sensitivity compared to a WHO-approved 

RT-PCR method with an analytical sensitivity of 0.1 TCID50/mL (median tissue 

culture infective dose).  

 

NASBA is an isothermal PCR-independent amplification method that uses a 

combination of three enzymes: avian myeloblastosis virus reverse 

transcriptase, RNAse H and T7 RNA polymerase in a single reaction. NASBA 

has been successfully evaluated for detection of both seasonal influenza A 

and highly pathogenic avian H5N1 and H7N9 avian influenza A viruses. Moore 

et al. evaluated NASBA for evaluation of H5N1 infection in 19 clinical samples 

obtained from confirmed cases of influenza A H5N1 infection in China. The 
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assay demonstrated an analytical sensitivity of 0.01 TCID50 for 

A/Vietnam/1194/2004 H5N1 virus, demonstrating an assay sensitivity of 

100% (Moore et al., 2004). In another study, Ge et al. used NASBA for rapid 

detection of the novel swine origin pH1N1 virus (Ge et al., 2010). In that study, 

NASBA demonstrated an assay sensitivity of approximately 50 copies per 

reaction, which was comparable or higher than that observed with a 

commercial swine origin influenza A virus (S-OIV) (H1N1) real-time RT-PCR kit 

and CDC TaqMan assay. Recently, Wang et al. developed a modified NASBA 

procedure, referred to as a simple method for amplifying RNA targets, or 

SMART, for detection of seasonal H1N1 and H3N2 and pH1N1 viruses (J. Wang 

et al., 2013). This isothermal amplification approach utilized single-stranded 

DNA (ssDNA) probes to serve as reporter molecules for capturing specific viral 

RNA (vRNA) sequences that are subsequently separated on a microfluidic chip 

under zero-flow conditions. The SMART assay demonstrated an analytical 

sensitivity of up to 105 vRNA copies/mL with an assay sensitivity of 98.3% and 

specificity of 95.7% for detection of influenza A viruses (Vemula et al., 2016).  

 

Microarray-based approaches have proven to be useful tools for detection 

and subtyping of influenza viruses. For example, the FluChip microarray, a 

low-density DNA microarray, has been shown to detect H1N1, H3N2 and 

H5N1 strains in a few hours (Dawson et al., 2007; Townsend et al., 2006). A 

NanoChip 400 system (Nanogen Inc., San Diego, CA, USA) low-density 

microarray that employs one probe for the conserved gene coding for M and 

97 probes for the cleavage site region of HA gene, was shown to be a useful 
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diagnostic tool for the H5N1 virus (Gall et al., 2009). Chiu et al. (Chiu et al., 

2008) used DNA microarray for high-throughput multiplex detection of 

viruses in nasopharyngeal aspirate samples originated from children infected 

with respiratory viruses. The assay demonstrated overall sensitivity of 87% to 

90% and specificity of ≥99% in the detection of RSV, influenza A virus and 

rhinovirus/enterovirus compared to RT-PCR. 

However, all of these microarray-based assays require two or more 

enzymatic amplification steps of influenza viral RNA prior to hybridization. 

Moreover, detection requires labeling of multiple probes or incorporation of 

fluorescent dye- or biotin-conjugated nucleotides into double-stranded DNA 

(dsDNA) generated by RT-PCR. Furthermore, the sensitivities of most 

conventional microarray assays have been shown to rely on the efficiency of 

target amplification and hybridization of amplicons and probes. The multiple 

steps involved in these assays make them complex, expensive, labor 

intensive, susceptible to contamination and also make them prone to false 

negative results due to the presence of gene mutations, PCR inhibitors and 

RNA degradation. The design of multiple, virus-specific primer sets and assay 

optimization procedures pose diverse challenges (J. Zhao et al., 2015). 

 

Sanger sequencing, also referred to as the dideoxy procedure, is a chain 

termination method of DNA sequencing. Developed by Fredrick Sanger and 

colleagues in the late 1970s, this approach involves the use of DNA 

polymerase, a pair of DNA primers, unlabeled deoxynucleotide triphosphates 

(dNTPs) and chain-terminating dideoxynucleotides (di-ddNTPs) with each 
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base labeled with a unique fluorophore. Sanger sequencing has been widely 

used for whole genome sequencing of influenza viruses. Moreover, Sanger 

sequencing has also been used for the detection of antiviral resistance among 

circulating influenza viruses (Vemula et al., 2016).  

Next-Generation Sequencing (NGS) offers significant improvements in 

sequencing speed and throughput when compared with Sanger sequencing. 

Since NGS directly analyzes nucleic acid fragments extracted from samples, it 

obviates the complex and time-consuming vector cloning imperative to 

Sanger sequencing. An added merit of NGS is that of the sequencing cost even 

if is expected to decrease further in the near future.  

Several companies produce different NGS machines that use different 

methods of sequencing, reagents and data analysis tools (Vemula et al., 

2016). For example, pyrosequencing (Roche 454) detects release of 

pyrophosphate following incorporation of nucleotides in a DNA 

polymerization process.  

Bright and colleagues were the first to use this platform to study the 

incidence of adamantine resistance among seasonal influenza A viruses from 

subtypes H1N1, H1N2 and H3N2, isolated worldwide from 1994–2005 (Bright 

et al., 2005). Since then, several groups have successfully used the 

pyrosequencing platform to identify mutations in genes coding for M2 and 

NA responsible for resistance to adamantanes, amantadine and rimantadine 

and oseltamavir, respectively, among seasonal and highly pathogenic H5N1 

avian influenza viruses. Pyrosequencing has also been used by a few groups 

to identify SNPs in the gene coding for hemagglutinin (H. K. Lee et al., 2014; 

M. Levine et al., 2011). 
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Illumina’s NGS platforms detect release of fluorescent labels from 

incorporated nucleotides in a DNA polymerization process (Reta et al., 2020). 

Using an Illumina MiSeq sequencer (San Diego, CA, USA), many groups 

acquired complete genome sequence information from influenza virus 

isolates (Greninger et al., 2010; Kuroda et al., 2010; Ren et al., 2013; 

Rutvisuttinunt et al., 2013; Whitehead et al., 2012).  

There are a few alternative NGS platforms, besides the Roche 454 and 

Illumina MiSeq platforms, that may be suitable for influenza diagnosis, 

including Life Technologies/Applied Biosystem’s Ion personal genome 

machine (PGM), Ion Proton and SOLiD NGS platforms and Pacific Biosciences’ 

PACBIO RS/RSII single-molecule, real-time sequencing platform. Each 

platform has its own advantages and disadvantages, as the underlying 

proprietary sequencing techniques are quite different.  

Recently, a high-throughput whole genome sequencing (WGS) method 

with the Oxford nanopore MinION portable sequencer was developed to test 

influenza A and B viruses, as subsequently validated by the Illumina MiSeq 

platform. The overall accuracy, precision, as well as recall rates, were 99.95%, 

97.88% and 89.41%, respectively, from 1D reads and 99.97%, 99.86% and 

93.28%, respectively, from 1D2 reads (K. Imai et al., 2018).  

Kustin et al. (Kustin et al., 2019) used NGS for rapid and robust 

identification of respiratory viruses in clinical samples. It was applied to track 

influenza A (H1N1) pdm09 virus (Baillie et al., 2012). 

NGS will play an increasing role in identification of RSV and characterization 

of strain diversity in special cases (Grad et al., 2014). The public health role 

will include identification of evolutionary diversity and potential patterns of 
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transmission while using primary clinical specimens (Agoti et al., 2015). Also, 

apart from diagnostic roles, NGS of RSV has helped identify mutation rates for 

RSV-A and -B as well as global circulation patterns of RSV-A and -B clades 

(Agoti et al., 2015). SNP analysis of RSV is indicating a significant number of 

SNPs in RSV-G and -F genes, while the P gene of RSV is more conserved (Grad 

et al., 2014; Griffiths et al., 2017). 

Unlike PCR and DNA microarray methods, NGS does not require prior 

knowledge of genomic sequences of the viral pathogens. It does not also 

require target specific PCR primers and oligonucleotide probes (Kustin et al., 

2019; Zhen Lin et al., 2014). However, the use of NGS in clinical laboratories 

is limited because of the following reasons: the turnaround time, the number 

of samples per run, cost of sequencers and requirement of skills in 

bioinformatics (Dessilly et al., 2018; Jerome et al., 2019; Souf, 2016). 

 Point of Care (POC) tests 

Point-of-care testing (POCT or bedside testing) is defined as medical 

diagnostic testing at or near the point of care—that is, at the time and place 

of patient care (Quesada-González & Merkoçi, 2018). 

Rapid Influenza Diagnostic Tests (RIDTs) are antigen-based tests developed 

for rapid diagnosis of influenza virus infections in POC settings. These tests 

use monoclonal antibodies that target the viral nucleoprotein and employ 

either enzyme immunoassay or immunochromatographic (lateral flow) 

techniques.  

Available in dipstick, cassette, or card formats, RIDTs can be completed in 

less than 30 min, with the results observed visually based on a colour change 
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or other optical signals. Due to simplicity in their use and the speed of 

obtaining assay results, RIDTs are commonly used for the diagnosis of 

influenza infections. Several FDA-approved RIDTs are currently available on 

the market. Most of these tests can either detect or distinguish influenza A 

and B viruses, detect only influenza A viruses, or both influenza A and B 

viruses (but cannot discriminate influenza A and B). However, none of the 

RIDTs can distinguish between the different influenza A subtypes 

Performance of RIDTs is dependent on the prevalence of circulating influenza 

viruses in the population (Cruz et al., 2010; Harper et al., 2009). During peak 

influenza activity, positive predictive values are high and false positives are, 

therefore, likely to be observed. However, during low influenza prevalence, 

negative predictive values are high, with low positive predictive values. For 

diagnosis of seasonal influenza infections, RIDTs have demonstrated variable 

assay performance with sensitivities ranging between 10%–70%, with up to 

90% specificity compared to standard RT-PCR-based assays. Performance of 

RIDTs have been shown to be better in children compared with adults 

(approximately 13% higher), potentially due to higher viral loads and longer 

viral shedding in children compared with adults (Cruz et al., 2010; Drexler et 

al., 2009; Louie et al., 2010). Moreover, due to a high rate of false negatives, 

the CDC advised physicians not to discontinue antiviral therapy despite 

negative RIDT results. The main disadvantage of these tests is that for 

detection of influenza viruses, RIDTs have demonstrated lower sensitivity 

compared RT-PCR-based approaches. Although RIDT have demonstrated 

variable sensitivity, they still remain the test of choice in most clinical virology 
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laboratories around the world due to the speed in obtaining results, simplicity 

in assay procedure and cost. 

For RSV rapid assays are generally available in three formats, 

immunochromatographic (ICR) tests, enzyme immunoassays (EIAs) and 

optical immunoassays (OIAs) and most assays target the RSV-F surface 

glycoprotein (Prendergast & Papenburg, 2013) and nucleocapsid proteins of 

RSV (P. Walsh et al., 2014). 

Recent antigen detection tests utilize specialized detection approaches to 

improve test characteristics. As shown in Table 1, these tests have improved 

sensitivities and specificities compared to molecular assays. For example, the 

Sofia RSV assay has a sensitivity and specificity of 78.6% and 93.9%, 

respectively, compared to molecular assays (Tuttle et al., 2015) (Table 1). This 

fluorescence immunoassay uses a virus disruption step prior to detection of 

viral nucleoproteins and is designed to detect RSV from nasopharyngeal 

swabs and aspirates from pediatric patients less than 19 years of age but not 

from adults or immunocompromised patients. As shown in Table 1, these 

improvements in POC test characteristics are not kit dependent and similar 

improved sensitivities and specificities are seen with the BD Veritor RSV POC 

assay, which has a sensitivity of 81.6% and a specificity of 99.1% (Schwartz et 

al., 2015). This chromatographic assay, which detects the RSV-F glycoprotein, 

is intended for use on nasopharyngeal washes, aspirates and swabs from 

patients under 20 years of age. With both described second-generation POC 

tests, negative specimens should be verified with another method (e.g., viral 

culture or an FDA-approved molecular test) according to the manufacturer's 

instructions. It should be noted that both described systems have reduced 
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sensitivities for RSV-A and -B compared to real-time PCR assays (Kanwar et 

al., 2015). Furthermore, compared to culture and some molecular tests, these 

second-generation POC assays suffer from the inability to distinguish RSV-A 

from RSV-B (Griffiths et al., 2017). 

4. LOOP-MEDIATED ISOTHERMAL AMPLIFICATION (LAMP) 

In 2000 Notomi et al. firstly described a new technique for the isothermal 

amplification of nucleic acids, named Loop-mediated isothermal 

AMPlification (LAMP).  

This technology is an innovative non-PCR based nucleic acid amplification 

method performed using a strand-displacement polymerase under 

isothermal conditions. Both amplification and detection of nucleic acid 

sequences can be completed in a single step by incubating the mixture of 

sample, primers, DNA polymerase at a constant temperature, allowing the 

use of simple and cost effective reaction equipment (Notomi et al., 2000). 

The amplification efficiency of LAMP is very high and the reaction proceeds 

rapidly as there is no need for initial heat denaturation of the template DNA 

or thermal cycling. 

LAMP has been explored so far in hundreds of papers for the detection of 

DNA of many different organisms, such as bacteria (Aryan et al., 2010; W. 

Yang et al., 2009) viruses (Curtis et al., 2009; Kaneko et al., 2005; Thai et al., 

2004; Yoda et al., 2009), fungi (Sun et al., 2010; Uemura et al., 2008), parasites 

(J.-H. Chen et al., 2010; Nkouawa et al., 2009; H. Zhang et al., 2009) and it is 

also suitable for the analysis of human DNA (Minnucci et al., 2012). Thanks to 
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its peculiar characteristics, LAMP has shown to be an easy and rapid 

diagnostic tool in molecular medicine. 

Moreover, a Reverse Transcription (RT) LAMP has been developed for the 

detection and amplification of RNA by introducing a reverse transcriptase in 

the reaction mix, expanding the fields of applications for this technique 

(Parida et al., 2004; Ushio et al., 2005). 

Thus, LAMP constitutes an attractive alternative to PCR for sequence 

detection, with a sensitivity and quantitative performance comparable to 

PCR, allowing different detection methods, simplex and multiplex reaction 

applications in a fast, easy and potentially cheap molecular diagnostics 

platform (Parida et al., 2008). 

 LAMP principle  

LAMP amplification method relies on the use of a thermostable DNA 

polymerase with strand displacement activity (Bst polymerase from Bacillus 

stearothermophilus) and four primers specifically designed to recognize six 

distinct regions on the target gene. F3 and B3 are the most external primers, 

which allow the strand-displacement activity of the enzyme at the beginning 

of the reaction. The inner primers are FIP (Forward Inner Primer) and BIP 

(Backward Inner Primer). 

Both inner primers contain two distinct sequences (F2 + F1c for the FIP 

primer and B2 + B1c for the BIP primer), corresponding to the sense and 

antisense sequences of the target DNA, one for the initial priming and the 

other for the subsequent self-priming (Figure 8).  
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Figure 8. Schematic representation of the four primers, recognizing six distinct 
nucleotide sequences on the target gene, required for a basic LAMP reaction: two 
internal primers (FIP, BIP) and two external primers (F3, B3). 

The mechanism of the LAMP amplification reaction includes three steps 

(Figure 9):  

I. production of starting structure; 

II. cycling amplification; 

III. elongation and recycling. 

All four primers are operative in the initial steps of the reaction, but in the 

later cycling steps, only the inner primers are required for strand 

displacement DNA synthesis. 

At a constant reaction temperature, inner primer FIP hybridizes to F2c in 

the target DNA and initiates complementary strand synthesis (structure 1, 

Figure 9). Outer primer F3 hybridizes to F3c in the target and initiates strand 

displacement of the new DNA chain (structure 2, Figure 9), releasing a FIP-

linked complementary strand, which forms a looped-out structure at one end 

(structure 4, Figure 9). This single stranded DNA serves as template for BIP-

initiated DNA synthesis and subsequent B3-primed strand displacement DNA 

synthesis leading to the production of a dumbbell form DNA which is quickly 

converted to a stem-loop DNA (structure 6, Figure 9).  

The dumbbell serves as the starting structure for LAMP exponential 

amplification, the second step of the LAMP reaction. The stem-loop DNA 
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structure contains a double stem-loop which is the starting point for the 

whole LAMP amplification process as it promotes an amplification from its 

self-annealed 3’ terminus and from a newly annealed internal primer (FIP or 

BIP) (structure 7, Figure 9). During amplification, FIP hybridizes to the loop in 

the stem-loop DNA and primes strand displacement DNA synthesis, 

generating as an intermediate one gapped stem loop DNA with an additional 

inverted copy of the target sequence in the stem and a loop formed at the 

opposite end via the BIP sequence (structure 8, Figure 9). Subsequent self-

primed strand displacement DNA synthesis yields one complementary 

structure of the original stem-loop DNA and one gap repaired stem-loop DNA 

(structure 10, Figure 9) with a stem elongated to twice as long and a loop at 

the opposite end (structure 9, Figure 9).  

Both of these products then serve as templates for BIP-primed strand 

displacement in the subsequent cycles and in the elongation and recycling 

step. Thus, in LAMP the target sequence is amplified 3-fold every half cycle.  

Amplification proceeds promoting itself, each strand being displaced by 

elongation of the new loops formed (Notomi et al., 2000).  
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Figure 9. Schematic representation of the steps of a LAMP reaction. This figure 
shows the process that starts from primer FIP. DNA synthesis can also begin from 
primer BIP. 
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The final product is a mixture of stem-loop DNA with various stem length 

and cauliflower-like structures with multiple loops formed by annealing 

between alternately inverted repeats of the target sequence in the same 

strand (Figure 10). 

 
Figure 10. Schematic representation of inverted repeats concatamers that are the 
main amplification products of a LAMP reaction. 

 Loop primers 

In order to accelerate the LAMP reaction, it is possible to introduce 

additional primers, called Loop Primers. 

The Loop Primers LF (Loop Primer Forward) or LB (Loop Primer Backward) 

contain sequences complementary to the single stranded loop region (either 

between the F1 and F2 regions or between the B1 and B2 regions) on the 5' 

end of the dumbbell-like structure, providing increased number of starting 

points for DNA synthesis.  

In particular, two different types of dumbbell-like structures are generated 

during a LAMP reaction:  

i. a dumbbell on which the FIP primer and the LB primer (if present) 

hybridize: the LB primer anneals on the stem-loop structure generated 

by the self-annealing of the BIP primer, while the FIP primer hybridizes 

to the complementary sequence on the second stem-loop structure 

of the dumbbell; 
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ii. a dumbbell on which the BIP primer and the LF primer (if present) 

hybridize: the LF primer anneals on the stem-loop structure generated 

by the self-annealing of the FIP primer, while the BIP primer hybridizes 

to the complementary sequence on the second stem-loop structure 

of the dumbbell. 

As a consequence, each loop primer will hybridize to the stem-loop that is 

not hybridized by the inner primer and will prime strand displacement DNA 

synthesis ( 

 

Figure 11).  

 

Figure 11. Schematic representation of the two stem-loop structures (also called 
“dumbbell” structures) generated during a LAMP reaction: FIP and LB primers will 
hybridize on one dumbbell type, while BIP and LF primers will hybridize on the 
other dumbbell type.  

The loop primers act as catalyzers of the amplification reaction, since their 

presence increases the rate of DNA production and therefore the sensitivity 

of the method, considerably decreasing the reaction time of the original 

LAMP method (Nagamine et al., 2002).  
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By these peculiar amplification dynamics and exploiting the continuous 

displacement by Bst polymerase of the already produced DNA strands with 

no need for denaturation steps, it is possible to amplify the initial DNA 

amount up to 1010 times in less than 60 minutes with very high specificity, 

due to the many independent target-recognition events. 

 Different forms of LAMP assays 

 

LAMP was successfully demonstrated to detect human respiratory 

pathogens, such as Mycobacterium tuberculosis (Bentaleb et al., 2016; P. 

Kumar et al., 2014), Streptococcus pneumoniae (Seki et al., 2005; Takano et 

al., 2019; Xia et al., 2014), Bordetella pertussis (Fujino et al., 2015; Kamachi et 

al., 2017) and carbapenem-resistant Klebsiella pneumoniae (Liao et al., 2020; 

Nakano et al., 2015). Furthermore, LAMP was also devised to diagnose 

pathogens associated with food-borne diseases, for instance, Salmonella 

typhi (Abdullah et al., 2014; F. Fan et al., 2015) (Abdullah et al. 2014; Fan et 

al. 2015), Campylobacter jejuni and Campylobacter coli (Babu et al., 2020; 

Pham et al., 2015) and Helicobacter pylori (Bakhtiari et al., 2016; Horiuchi et 

al., 2019). Other successful examples of LAMP usage include Neisseria 

meningitidis (S.-J. Fan et al., 2020; D. Lee et al., 2016), Listeria monocytogenes 

(Tirloni et al., 2017; Ye et al., 2015), Entamoeba histolytica (Foo et al., 2017; 

Rivera & Ong, 2013) and human leptospirosis (Seesom et al., 2015; Varsha et 

al., 2020). LAMP was also efficiently formulated against several multidrug-
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resistant Pseudomonas aeruginosa and Acinetobacter baumannii (Kim et al., 

2016). The high LAMP assay usage proves its potential as a means for accurate 

molecular detection and to differentiate human pathogens. 

LAMP was also used for the detection of a wide range of viruses. For 

example, adenovirus (Ziros et al., 2015), varicella zoster (Higashimoto et al., 

2019; Niihara et al., 2017) and cytomegalovirus (X. Wang et al., 2015). 

Hepatoviruses such as hepatitis B (Quoc et al., 2018) can also be detected 

using LAMP technique. The results showed that LAMP assay is promising for 

hepatitis diagnostics, donor screening, epidemiological studies and 

therapeutic monitoring of patients undergoing antiviral treatment. 

Protozoan parasites are equally harmful to humans and are one of the 

leading causes of death in the world. A parasitic disease detected by using 

LAMP was for malaria diagnosis of Plasmodium spp. (Britton et al., 2016; 

Mohon et al., 2019; Y. Zhang et al., 2017).  

There was a number of other reported significant practices of LAMP 

including Trichomonas vaginalis (Adao & Rivera, 2016; Li et al., 2020) and it 

was shown that LAMP is at least 1000 times more sensitive than the 

conventional PCR. 

The routine detection of fungi is laborious and expensive. Different studies 

were carried out to detect an extensive range of fungi, including Candida 

albicans (Fallahi et al., 2020). The assay can be efficiently used to detect fungi 

from the environment (Nakayama et al., 2017). The real-time LAMP assay 

established could be a promising assay for early diagnosis of Aspergillus 

infection in humans (Tone et al., 2019).  
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Other successful examples of LAMP usage to detect fungal infections 

include Fonsecaea species (Sun et al., 2010), Trichosporon asahii (J. Zhou et 

al., 2015) and Pneumocystis jirovecii (Scharmann et al., 2020). LAMP requires 

minute quantities of DNA for detection of the fungal pathogen with unrivalled 

high sensitivity and easy handling. These qualities make LAMP suitable for all 

ranges of applications in the diagnosis of communicable diseases. 

 

Throughout the years, conventional LAMP method has been modified and 

implemented.  

Reverse transcription loop-mediated isothermal amplification (RT-LAMP) is 

a one-step nucleic acid amplification technique used by taking a step further 

and adding LAMP with a reverse transcriptase enzyme to allow RNA 

detection. Like RT-PCR, RT-LAMP uses reverse transcriptase to make 

complementary DNA from RNA and is further amplified by using DNA 

polymerase. 

This method is valuable and beneficial because the assay can be completed 

in a single step, by incubating all the primers and enzymes (polymerase and 

reverse transcriptase) with a constant temperature (Mori et al., 2013; Notomi 

et al., 2000, 2015) and this was very effective in detecting viruses with an RNA 

genome. 

RT-LAMP was established for Dengue virus (S. Hu et al., 2015; Lau et al., 

2015; Y. Zhou et al., 2019), influenza viruses (Le Thi et al., 2020; Nakauchi et 

al., 2014), Hepatitis C (C. Yang et al., 2019; N. Zhao et al., 2017), Ebola virus 

(Bonney et al., 2020), respiratory syncytial virus (Hoos et al., 2017; Y. Hu et 
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al., 2019), zika virus (L. E. Lamb, Bartolone, & Chancellor, 2020),  Middle East 

Respiratory Syndrome coronavirus (Mers-CoV) (Bhadra et al., 2015; S. H. Lee 

et al., 2016) and more recently severe acute respiratory syndrome 

coronavirus 2 (Sars-CoV2) (Dao Thi et al., 2020; X. Hu et al., 2020; W. E. Huang 

et al., 2020; Kashir & Yaqinuddin, 2020; Kitagawa et al., 2020; L. E. Lamb, 

Bartolone, Ward, et al., 2020; Lu et al., 2020; Pezzi et al., 2020). Apart from 

helping in diagnosis, the RT-LAMP can also be used as an epidemiologic 

surveillance system for human virus infections. 

Currently, one of the most successful uses of RT-LAMP is diagnosing the HIV 

retrovirus. RT-LAMP was developed to diagnose dormant HIV stage in 

infected individuals (Curtis et al., 2018; Ocwieja et al., 2015).  

RT-LAMP was also used to detect plant pathogens. One of the recent 

examples of RT-LAMP plant pathogens detection is Apple chlorotic leaf spot 

virus (ACLSV), by targeting the virus coat protein gene. The reaction 

conditions were optimized according to temperature and reaction time. The 

RT-LAMP developed was capable to detect concentration as low as 0.02 

μg/μL). at 64°C. The study reported that RT-LAMP has a 100-fold greater 

sensitivity as compared with RT-PCR (2.29 μg/μL). The assay could be 

successfully applied to field-collected apples to diagnose the diseases and to 

potentially control the spreading of ACLSV (Peng et al., 2017). 

RT-LAMP was as well developed for animal pathogens, for example, Batai 

virus (BATV), a mosquito-borne virus, which would cause congenital defects 

in ruminants (cattle) (Liu et al., 2016).  

Importantly, RT Q-LAMP (“Reverse Transcription-Quenching Loop-

mediated Isothermal Amplification”) technique, developed by DiaSorin, has 
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represented a further improvement of the ‘traditional’ LAMP reaction 

(Spinelli et al., 2015). The insertion of fluorescent probes and a new 

polymerase with both reverse-transcriptase and DNA polymerase activities 

has allowed the amplification and the real-time detection of multiple target 

genes in a single tube, with a single enzyme, at a single temperature. 

 

A study reported by Salinas and Little (Salinas & Little, 2012) explains on 

the development of electric LAMP (eLAMP), an electronic simulation where it 

provides a fast and inexpensive putative tests of LAMP primers on target 

sequences compatibility. This method helps to improve the efficiency and 

aids to determine the opportunity of using existing primers to detect recently 

discovered sequence variants. In this study, sets of existing LAMP primers 

were tested using this eLAMP on 40 whole-genome sequences 

of Staphylococcus. The results correctly predicted that the tested primer sets 

would amplify from Staphylococcus aureus genomes and not from 

other Staphylococcus species. 

 

Santiago-Felipe et al. (Santiago-Felipe et al., 2016) developed an assay for 

detection of pathogenic Salmonella spp. and identification of bovine meat in 

meat samples by using the principle of in-disc LAMP (iD-LAMP) and 

quantitative optical read-out by a disc drive. iD-LAMP is an integrated device 

composed of micro-reactors embedded onto compact discs for real-time 
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targeted DNA determination. Similar reagents used in conventional LAMP 

were used in this iD-LAMP except that it was performed in a micro-reactor 

placed in a 65°C oven. During the incubation, the disc was cyclically scanned 

and a sample was considered positive when the optical response was greater 

than the cut-off value. This study shows that the result of iD-LAMP was 

comparable to those obtained by conventional LAMP with an extra advantage 

of using a smaller amount of template. 

 Detection of LAMP amplification products 

Two principal methods have been widely used to detect LAMP 

amplification products and distinguish between positive and negative 

samples: turbidimetry or fluorescence.  

Turbidimetry detection is made possible by the high amplification 

efficiency of LAMP reaction (Mori et al., 2001, 2004). This detection method 

consists in the measurement of turbidity of the reaction mix, due to the 

precipitation of magnesium pyrophosphate. This insoluble salt is formed by 

the interaction between Mg2+ present in solution and the inorganic 

pyrophosphate produced by the incorporation of dNTPs in the DNA growing 

strands. Thus, the amount of magnesium pyrophosphate is proportional to 

the amount of amplified DNA. The turbidity is visible by the naked eye and is 

measurable on a turbidimeter as a transmittance signal either at end-point 

for a qualitative analysis or in real-time, allowing quantitative applications.  

Another approach for the detection of LAMP reaction products is 

represented by the use of fluorescent intercalating dyes that bind double-

stranded DNA: they allow a real-time direct visualization of the isothermal 
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amplification by measuring the increase in fluorescence throughout the 

reaction correlated to the exponential synthesis of LAMP amplicons. The 

detection step has then to be followed by an annealing analysis to confirm 

the reaction product.  

However, turbidimetry and fluorescent intercalating dyes are not very 

specific detection approaches, because they allow detecting double–

stranded DNA without easy and rapid discrimination between specific and 

non-specific products. 

Other fluorescence approaches are being applied to LAMP technique, such 

as molecular beacons or quenching probes, relying on sequence-specific 

detection of a desired LAMP product. The use of fluorescent–labelled target-

specific probes results in increased specificity and sensitivity. In addition, the 

use of different fluorophores specific for distinct targets allows to potentially 

amplify many sequences simultaneously. This was applied in conventional 

LAMP reaction as an advancement of the method, namely multiplex LAMP 

(mLAMP) (Wong et al., 2018). 

 Advantages of LAMP 

As suggested by WHO, the criteria for an ideal diagnostic test must 

comprise sensitivity, specificity, low-cost, simplicity, rapidity, adaptability to 

all kinds of climatic changes and the availability of instruments (Mabey et al., 

2004). Since detection of diseases is becoming progressively more difficult 

due to the occurrence of new as well as existing disease or pathogens, an 

alternative diagnostic method is in need to be discovered. Ever since its 
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development, the striking properties of LAMP have encouraged researchers 

to further explore its usage for analysis in various fields. 

The primary characteristic of LAMP is the ability to amplify nucleic acids at 

isothermal conditions, allowing the use of simple and cost-effective reaction 

equipment. 

The use of a polymerase with strand-displacement activity increases 

exponentially the speed of reaction, unbinding the amplification to the 

extension step, as instead happens for PCR. Unlike any other nucleic acid 

amplification technique, for example, PCR, LAMP could be performed in just 

30 min rather than at least 90 min for PCR. In addition, a LAMP amplification 

proceeds rapidly since the initial heat denaturation for the DNA template is 

not required (Wong et al., 2018). 

This high efficiency of LAMP reaction also determines a deep sensitivity, 

comparable to that of nested PCR. 

Its simplicity eliminates the need of advanced instruments as needed in 

other amplification technique. LAMP has the potential to improve molecular 

biology technology with the simplicity of the assay as it is much easier to use 

as compared with PCR. The simplicity of LAMP can also be described in the 

method of analysing the results. Thus, unlike PCR, tedious gel electrophoresis 

procedure of the amplification products is not needed (Wong et al., 2018). 

Moreover, LAMP can be made into a portable device to ease transportation 

to the site of diagnosis, for example, the diagnosis of the Ebola virus and food-

borne pathogens (Kurosaki et al., 2016; Safavieh et al., 2016; Uddin et al., 

2015), especially in developing countries due to its ease of performance 

without needing any advanced equipment or experts to operate it. 
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LAMP assays also appeared unaffected by the presence of nontarget DNA 

in the acquired samples (Kaneko et al., 2007; Zhibing Lin et al., 2012) which 

resembles its high specificity characteristic. The LAMP assay is stable against 

some PCR inhibitors such as blood and detection can be performed without 

the template extraction step and with a non-processed sample (Francois et 

al., 2011; Mori et al., 2013; Nagamine et al., 2001; Q. Wang et al., 2013). 

Importantly, the coupling of RT and amplification step, together with the 

real-time detection, simplifies strongly the diagnostic workup, introducing a 

one-step method, more reliable and with lower risk of cross-contamination 

compared to the multi-step procedure of PCR, resulting in an overall 

simplification of the diagnostic procedure. 

Furthermore, the use of labelled oligonucleotide probes specific for the 

transcripts of interest has allowed the development of a LAMP multiplex 

technology, in which more than one target gene is amplified within the same 

reaction tube with very high efficiency. For example, it is possible to perform 

duplex and triplex reactions, in which respectively two or three genes of 

interest are amplified at the same time and real-time monitored, by the use 

of fluorophores emitting at different wavelengths revealed by dedicated 

fluorescence channels. 

Finally, the possibility to simultaneously amplify an internal control within 

the same reaction tube represents a further advantage of this technique. The 

internal control could consist in a housekeeping gene (ex: GUSβ, ABL, etc.) or 

in an exogenous nucleic acids. Its amplification allows verifying the proper 

extraction of RNA from virus, the quality and integrity of the extracted RNA, 

as well as the correct reaction conditions (buffer, enzyme, temperature, etc.).  
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All these characteristics have made LAMP a very useful method for the 

detection of many different organisms, such as bacteria, viruses, fungi and 

parasites. 
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AIM OF THE STUDY 
Influenza is an infectious respiratory disease that, in humans, is caused by 

three immunologic types (A, B and C) of RNA viruses within the 

Orthomyxoviridae family. The WHO estimates that annual epidemics of 

influenza result in ~1 billion infections, 3–5 million cases of severe illness and 

300,000–500,000 deaths (Krammer et al., 2018). Influenza A is further 

described by two viral proteins expressed on its surface, hemagglutinin and 

neuraminidase. Seasonal influenza is typically caused by viruses that contain 

one of three major subtypes of hemagglutinin (H1, H2, or H3) and one of two 

subtypes of neuraminidase (N1 or N2). Influenza B is not classified into 

subtypes (Centers for Disease Control and Prevention (CDC), 2020c). 

Influenza is highly contagious and can take on a variety of appearances, 

ranging from isolated respiratory findings that resemble the common cold, to 

severe pneumonia requiring hospitalization. Persons at higher risk for 

hospitalization from seasonal influenza include children <2 years of age, 

adults >65 years of age and those with significant comorbidities (Centers for 

Disease Control and Prevention (CDC), 2020a; Gaitonde et al., 2019).  

Although characterized by annual seasonal epidemics, sporadic and 

unpredictable global pandemic outbreaks also occur that involve influenza A 

virus strains of zoonotic origin. Pandemic influenza occurs every 10–50 years 

and is characterized by the introduction of a new influenza A virus strain that 

is antigenically very different from previously circulating strains; the lack of 

pre-existing immunity in humans is often associated with the severity of the 

infection and an increase in mortality (Krammer et al., 2018).  
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RSV infection is more prevalent in infants and toddlers and is a leading 

cause of hospitalization in this age group, but RSV also causes disease in 

adults that can be severe in certain populations (Centers for Disease Control 

and Prevention (CDC), 2020a). In infants and young children, RSV disease can 

range from a cold-like illness, bronchitis, or croup, to lower respiratory 

infections such as bronchiolitis and pneumonia. In adults, symptomatic 

infection usually presents as an upper respiratory tract illness with runny nose 

(rhinorrhea), sore throat (pharyngitis) and cough, with some patients also 

complaining of headache, fatigue and fever. High-risk adults, such as those 

with certain chronic illnesses or immunosuppression, may have more severe 

disease, such as pneumonia (Centers for Disease Control and Prevention 

(CDC), 2020b). 

During epidemics, despite good accuracy of diagnosis based on clinical 

presentation, rapid and accurate diagnostic tests are required to discriminate 

and/or confirm virus-specific infection, mitigating the spread of virus within a 

community and facilitating immediate treatment (S. Kumar & Henrickson, 

2012). Moreover, laboratory testing may be useful in hospitalized patients 

with suspected influenza and in patients for whom a confirmed diagnosis will 

change treatment decisions.  

Importantly, rapid molecular assays are the preferred diagnostic tests 

because treatment with one of four approved anti-influenza drugs may be 

considered if the patient presents within 48 hours of symptom onset. The 

benefit of treatment is greatest when antiviral therapy is started within 24 

hours of symptom onset (Gaitonde et al., 2019). 
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In recent years, thanks to the availability of technological platforms and 

instrumentations, PCR-based molecular assays are used in clinical practice 

(Merckx et al., 2017). Processing biological samples is required to extract viral 

genomes to be amplified by multiplex PCR or RT-PCR and this process is time 

consuming, needing skilled staff and equipped laboratories.  

LAMP (Loop Mediated Isothermal AMPlification) can solve several of these 

problems as it is faster, precise, sensitive and specific. It is an innovative non-

PCR based nucleic acid amplification method performed using a strand-

displacement polymerase under isothermal conditions used for rapid 

detection of specific genes (Cai et al., 2008; J. Huang et al., 2012; Ito et al., 

2006; Kaneko et al., 2005; Notomi et al., 2000). Several aspects of the LAMP 

reaction make this technology advantageous. First, only a single type of 

enzyme is required and the amplification can be carried out at a constant 

temperature. Second, the fundamental characteristics of the inner primer 

provide the amplification with a specificity that is much greater than the one 

observed in PCR methods and the sensitivity is similar to that of nested PCR. 

Moreover, the rapid, sequential progression of the LAMP amplification 

reaction contributes to its high amplification efficiency and small quantities 

of a gene can be amplified within a short time (Notomi et al., 2015).  

Importantly, LAMP method combined with reverse transcription (called RT-

LAMP) is a method to simultaneously obtain cDNA from template RNA and 

amplify DNA (Ahn et al., 2019). 

Taking into consideration all these aspects, the ultimate aim of this thesis 

is to develop a RT Q-LAMP-based assay in a multiplex strategy, targeting 

conserved regions of influenza A, B and RSV viruses to differentially detect 
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and discriminate these infections. Both reverse-transcription and 

amplification are performed in a single-step from unprocessed clinical 

specimens and optimized using reagents with improved sensitivity and 

specificity, allowing clinicians to obtain results for a therapeutic intervention 

in less than 60 minutes. 
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MATERIALS AND METHODS 

5. DEFINITION OF THE REACTION STRATEGY 

According to the project’s aim, we planned to design four different RT Q-

LAMP primer sets to be used in multiplex strategy: 

• the first set targeting influenza A H1N1 and H3N2 viruses, labelled 

with FAM fluorophore and detected in 500 nm channel of Liaison 

MDX instrument 

• the second set targeting influenza B viruses, labelled with JOE 

fluorophore and detected in 560 nm channel 

• the third set targeting RSV-A and RSV-B, labelled with Cal Fluor red 

610 (CFR610) fluorophore and detected in 610 nm channel 

• the fourth set detecting and amplifying an Internal Control (IC) 

target, labelled with Quasar 670 (Q670) fluorophore and detected 

in 682 nm channel.  

If the influenza A, B and RSV are 0 for a sample and the IC (682 nm) Tt is 

non-zero and ≤60, the result is reported as “Not Detected” for all three 

viruses. If the influenza A (500 nm channel) Tt value is ≤60 for a sample, the 

result is reported as “Detected” for influenza A RNA. The IC is not applicable. 

If the influenza B (560 nm channel) Tt value is ≤60 for a sample, the result is 

reported as “Detected” for influenza B RNA. The IC is not applicable. If the 

RSV (610 nm channel) Tt value is ≤60 for a sample, the result is reported as 

“Detected” for RSV RNA. The IC is not applicable. If the influenza A, B and RSV 

are 0 for a sample and the IC Tt is also 0, the result is reported as “Invalid.” 
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This specimen should be re-assayed. Table 2 shows the diagnostic algorithm 

of the assay: 

 
Table 2. Diagnostic algorithm of the assay. 

6. INFLUENZA A, B AND RSV SEQUENCES SELECTION AND 
ALIGNMENT 

In order to design primers able of amplifying influenza A, B and RSV 

circulating viruses, we used NCBI (https://www.ncbi.nlm.nih.gov) and GISAID 

EpiFluTM (https://www.gisaid.org) databases to select and download viral 

genome sequences. A huge number of sequences are collected in these 

repositories, uploaded and updated daily by worldwide laboratories. Since 

influenza and RSV viruses are amongst the most polymorphic human-

infecting viruses, we decided to perform a specific selection of the viruses’ 

strains to be analyzed to find the most suitable regions to be targeted by our 

assay. 

 Influenza A 

H1N1 and H3N2 viruses for our study were selected considering the WHO 

recommendations on the composition of influenza virus vaccines from 2010 

to 2019 
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(https://www.who.int/influenza/vaccines/virus/recommendations/en/) and 

those identified as circulating in humans from 2015 to 2019. Moreover, we 

identified the most clinically relevant subtypes and strains, using CDC 

(Centers for Disease Control and Prevention) (https://www.cdc.gov/), WHO 

(World Health Organization) (https://www.who.int/) information and 

specialized websites (e.g. Influenza Research Database_IRD) 

(https://www.fludb.org/brc/home.spg?decorator=influenza) as sources. 

RNA genome segments of each H1N1 and H3N2 selected virus were 

downloaded from NCBI and GISAID EpiFluTM databases and RNAs multiple 

alignments were performed using DNASTAR MegAlignPro (DNASTAR Inc. 

version 13.0) and Geneious Prime (version 11.1; Biomatters Ltd, Auckland, 

New Zealand) softwares. 

H1N1 and H3N2 aligned sequences were screened capturing the variability 

of RNAs polymorphism and removing all the identical sequences. Among all 

aligned viruses, influenza A/California/7/2009 (H1N1) pdm09-like virus 

(recommended in vaccines composition from the 2010 to 2017 northern 

hemisphere seasons) and influenza A/Texas/50/2012 (H3N2)-like virus 

(recommended in vaccines composition in the 2014-2015 northern 

hemisphere season) were selected as reference sequences. 

 Influenza B 

Similarly to influenza A strategy, also for influenza B virus, genome 

sequences were selected and downloaded from NCBI and GISAID databases 

and used to perform multiple alignment. Viruses recommended in vaccines 

composition from 2010 to 2019 by WHO and those mainly circulating in 
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humans from 2015 to 2019 were included in our study. The variability of the 

influenza strains was captured selecting only the most representative strains 

and removing identical sequences from the alignment. 

Among all aligned viruses, influenza B/Brisbane/60/2008-like virus 

(recommended in vaccines composition in the 2017-2018 northern 

hemisphere influenza season) was selected as reference sequence. 

 RSV 

RSV genome sequences were download from NCBI database. In particular, 

we downloaded RSV genome sequences collected in the NCBI BioProject 

PRJNA262901. The BioProject database provides an organizational 

framework to access information about research projects with links to data 

that were or will be deposited into archival databases maintained at members 

of the International Nucleotide Sequence Database Consortium (INSDC, 

which comprises the DNA DataBank of Japan (DDBJ), the European 

Nucleotide Archive at European Molecular Biology Laboratory (ENA) and 

GenBank at the National Center for Biotechnology Information (NCBI)). 

PRJNA262901 BioProject chosen was created to increase the understanding 

of antigenic evolution of RSV, identify key genomic signatures of virulence and 

disease severity by comparing RSV sequences from patients with mild disease 

to those from patients with severe disease. For this reason, sequences 

collected could be considered representative of the genetic heterogeneity of 

the virus. Downloaded sequences were aligned to choose the most conserved 

regions of the genome, to be targeted by RT Q-LAMP primer design strategy. 
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Importantly, aligned sequences were screened capturing the variability of 

RNAs polymorphism and removing all the identical sequences. 

Among all aligned viruses, NC_038235.1 Human orthopneumovirus 

Subgroup A and NC_001781.1 Human orthopneumovirus Subgroup B were 

selected as reference sequences. 

 IC 

The IC is made from MS2 bacteriophage particles. In details, MS2 genome 

Reference Sequence (NC_001417.2 phage MS2 genome) was taken as target 

for RT Q-LAMP primers manual design, supported by the use of DiaSorin 

LAMP design software (LAMPZero). 

7. SAMPLES COLLECTION AND PREPARATION 

 cDNA plasmids 

For the preliminary RT Q-LAMP primer sets screening it was necessary the 

use of plasmids containing the genome fragment of the influenza and RSV 

reference sequences and the targeted genome fragment of MS2 

bacteriophage.  

The size of the insertions for influenza A H1N1, influenza A H3N2, Influenza 

B, RSV-A, RSV-B and MS2 phage were respectively 1062, 1064, 1224, 1256, 

1176 and 1130 bp (Figure 12). Plasmids were produced with Invitrogen 

GeneArt® Gene Synthesis by Thermo-Fisher Scientific (Waltham, MA, USA). 

The RNA sequences were synthetized as DNA, cloned into pMA-T vector and 

transformed into E. Coli. The constructs were purified and sequence-verified. 
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Figure 12. Plasmid’s map provided by Thermo-Fisher Scientific for influenza A H1N1 
(A), influenza A H3N2 (B), influenza B (C), RSV-A (D) and RSV-B (E). 

 SynRNAs 

In order to evaluate preliminary performance of the reverse-transcription 

step of the RT-Q-LAMP, custom synthetic RNAs, harboring the genome target 

amplicons of the influenza and RSV viruses and the MS2 phage amplicon, 

were synthetized, purified and sequence-verified by Bio-Synthesis Inc 

(Lewisville, TX, USA). These oligonucleotides are represented by a fragment 
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of 498 bp, 451 bp, 415 bp, 456 bp, 456 bp and 560 bp of RNA respectively for 

influenza A H1N1, influenza A H3N2, influenza B, RSV-A, RSV-B and MS2 

phage. 

The constructs were generated using bacteriophage polymerase such as T7, 

T3 or SP6 and purified using RNase free PAGE electrophoresis combined with 

HPLC, sequence-verified with mass spectrometric analysis and provided with 

at least 90% final purity. Final RNA transcripts were treated with DNase to 

degrade DNA. The final products have concentrations confirmed by droplet 

digital PCR (ddPCR) quantitation. 

synRNAs were serially diluted into DEPC-treated water and assayed in 

duplicates or triplicates with RT Q-LAMP. 

 Inactivated virus stocks 

To test RT Q-LAMP assay on unprocessed samples, we also used 

commercially available viruses, produced by Virapur LLC (San Diego, CA, USA). 

Virus strains were growth in cells, b-propiolactone inactivated, quantified by 

ddPCR and tested for sterility. 

In particular, the following viruses were provided and used: 

- A/Michigan/45/2015 (H1N1) pdm09-like virus 

- A/Singapore/INFIMH-16-0019/2016 (H3N2)-like virus 

- B/Colorado/06/2017-like virus (B/Victoria/2/87 lineage) 

- A/California/7/2009 (H1N1) pdm09-like virus 

- A/Hong Kong/4801/2014 (H3N2)-like virus 

- A/Texas/50/2012 (H3N2)-like virus  

- B/Brisbane/60/2008-like virus 
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- B/Phuket/3073/2013-like virus 

- MS2 Bacteriophage 

- RSV-A2 

- RSV B CH93(18)-18 

Available viruses were diluted into Phosphate-buffered saline (PBS) 

producing artificial samples mimicking patient clinical samples. MS2 

bacteriophage, in the final condition, was mixed into the reaction mix, to 

verify the successful annealing of primers on the encapsulated RNAs. 

 Positive and negative clinical specimens 

The final evaluation of RT Q-LAMP assay was performed on patients with 

influenza or RSV diseases. A total of 90 positive nasal and nasopharyngeal 

swabs (NPS) were collected from Italian and U.S. hospitals from subjects who 

gave their informed consent. In order to evaluate the specificity of the RT Q-

LAMP assay, also 30 influenza A, B or RSV negative NPS or bronchoalveolar 

lavage (BAL) clinical samples, were tested.  Table 3 describes tested clinical 

specimens. 

 

N# Sample Type Positivity
10 Nasal/NP swab Influenza A H1N1
20 Nasal/NP swab Influenza A H3N2
30 Nasal/NP swab Influenza B
30 Nasal/NP swab RSV
22 Nasal/NP swab None
8 BAL None

Clinical Specimens
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Table 3. Clinical samples collected from Italian and U.S. hospitals tested to validate 
influenza A, B and RSV quadruplex final assay. 

8. LIAISON MDX INSTRUMENT AND DIRECT AMPLIFICATION DISC 
(DAD) 

The Liaison MDX instrument is an innovative and powerful thermocycler 

specifically developed by DiaSorin for the execution of Real-time PCR assays 

(Figure 13A). In our set up, the instrument was used to perform RT Q-LAMP 

assay. It can be used with a particular consumable 8-well disc, named Direct 

Amplification Disc (DAD) (Figure 13B). Fifty µL of reaction mix is loaded into 

DAD “reaction” well and 50 µL of primary (directly harvest from patient, not 

extracted) sample is loaded into “sample” well. Wells are subsequently closed 

with DAD foil. After loaded the disc into the instrument, the run can start. 

Specially design reservoirs in the disc “dose” 10 µL of sample volume and 40 

µL of reaction mix. A laser opens a valve allowing sample to move to the 

amplification chamber, thanks to centrifugal forces. Fluid checks system is 

implemented to ensure sample addition which prevents false negatives if a 

sample is accidentally not loaded. In the amplification chamber, high 

temperatures and centrifugation lyse the virus present in the sample allowing 

the release of the nucleic acid into the media. Then the laser opens a second 

valve, allowing 40 µL of reagent mix to reach the amplification chamber 

thanks to centrifugal force. When sample and reagents are in contact, RT Q-

LAMP can start.  
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Figure 13. Liaison MDX (A) and DAD (B). DAD is characterized by a “R” and “S” wells, 
in which the reaction mix and sample are loaded respectively. After valve 
openings, the centrifugation force allows both sample and mix to reach 
amplification chamber “AMP”, where RT Q-LAMP can start. 

(A) 

(B) 
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Liaison MDX software provides easy to understand results with the ability 

to check amplification curves both in real-time and after the run. The software 

also plots QC Charts and can be bi-directionally interfaced with LIS for easy 

integration into lab workflow.  

This instrument is characterized by 4 detection channels: 

- Channel 1: excitation 475 nm and detection 520 nm 

- Channel 2: excitation 520 nm and detection 560 nm 

- Channel 3: excitation 580 nm and detection 610 nm 

- Channel 4: excitation 640 nm and detection 682 nm 

9. DESIGN AND VALIDATION OF RT Q-LAMP REACTION 

 Primer sets design 

The primer sets for influenza and RSV were designed targeting genome 

conserved region of the viruses identified from sequences databases 

previously obtained (as described in section 6). IC primers were designed on 

phage MS2 genome NCBI Reference Sequence NC_001417.2. 

Primer sets were initially designed both manually and using DiaSorin LAMP 

design software (LAMPZero), according to the following criteria:  

1) Primers length between 17 bp and 25 bp. 

2) The Tm for each region is designed to be about 65°C (64 - 66°C) for F1c 

and B1c, about 60°C (59 - 61°C) for F2, B2, F3 and B3 and about 65°C 

(64 - 66°C) for the loop primers. 

3) GC content between about 40% to 65%. 
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4) The 3’ ends of F2/B2, F3/B3 and LF/LB and the 5’ end of F1c/B1c are 

designed so that the free energy is –4 kcal/ mol or less. The 5’ end of 

F1c after amplification corresponds to the 3’ end of F1, so that stability 

is important. The change in free energy (ΔG) is the difference between 

the product free energy and the reactant free energy.  

5) Distance from the end of F2 to the end of B2 (the region amplified by 

the LAMP method) is between 120 bases and 160 bases. The primers 

are also designed so that the distance from the 5’ end of F2 to the 5’ 

end of F1 (the portion that forms the loop) is between 40 bases and 

60 bases. The primers are also designed so that the distance between 

F2 and F3 is between 0 to 60 bases.  

6) No self-annealing and no secondary structures. 

Designed primer sets were analyzed with the software Visual OMP 

(DNASoftware, Ann Arbor, USA). The characteristic of this software is to 

provide also predictions of secondary structures, which can help in excluding 

primer sets that can give primer-dimers amplification. It performs the 

calculation of Tm by the “nearest neighbor” method, taking also in 

consideration the different factors influencing the reaction, such as 

temperature, primers, salts and glycerol concentration. In silico selection was 

based on the absence of primer-dimers and non-specific binding to other 

portions of the target sequence.  

In final sets, one of the primers for each set was substituted with Q-Probe, 

which is conjugated with a unique fluorophore that is quenched in the 

presence of the target sequence. The reduction of fluorescence is used to 

monitor the reaction by a concept called time threshold (Tt), analogous to 
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PCR threshold cycle (Ct) but measured in minutes (Figure 14). It allows the 

real time detection of the amplification and the discrimination between 

targets (viruses and IC). 

 
Figure 14. Schematic representation of RT Q-LAMP curve: targets amplification is 
monitored through the reduction of fluorescence allowed thanks to the use of Q-
probe. The annealing of the Q-probe to the target and subsequent isothermal 
amplification decrease fluorescence. In this application, Threshold time (Tt) 
represents the real-time LAMP measurement analogous to PCR threshold cycle 
(Ct). 

For the assay, four different customized fluorophores were used, 

specifically read by the channels of the Liaison MDX instrument. Customized 

fluorophores were produced by Cyanagen (Bologna, Italy), with different 

emission wavelength so that they could be read in four different channels of 

Liaison MDX instrument without crosstalk effect.  

For the quadruplex reaction, influenza A was labelled with FAM, influenza 

B with JOE, RSV with CFR610 and IC with Q670. FAM has an absorption 

wavelength of 495 nm and emits at 520 nm, JOE has an absorption 

wavelength of 520 nm and emits at 548 nm, CFR610 has an absorption 
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wavelength of 590 nm and emits at 610 nm and Q670 has an absorption 

wavelength of 644 nm and emits at 670 nm. The primers and probes were 

synthesized by SGS DNA (Köping, Sweden). 

 Primer sets selection 

The sequence specificity of the primers (i.e. absence of homology with 

other viruses, bacteria, parasites or human genome sequences) was 

preliminarily in silico checked by use of online NCBI/Nucleotide Blast software 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

Experimental primers selection was performed testing each set singularly 

(in a simplex strategy) at standard conditions on the specific plasmid (1x106, 

1x105, 1x104 copies/mL) plasmids to test the speed of amplification and on 

Tris-EDTA (TE) Buffer samples (as Non Template Control – NTC) to 

preliminarily test the specificity.  

Importantly, plasmids were preliminary denatured by heating them at 75°C 

for 5 minutes and immediately chilled on ice to prevent re-naturation. 

Primer sets were tested and screened using Q-LAMP standard condition. In 

this set up each reaction mixture contains the primer set specific for the 

target (F3/B3 0.2 μM, FIP/BIP 1.6 μM, LF or LB 0.8 μM) and the specific probes 

0.8 μM, dNTPs 1.4 mM each, 4 mM MgSO4, Tris-HCl 20 mM, KCl 10 mM, Bst 

DNA polymerase large fragment (New England Biolabs, Ipswich, MA, USA) 8 

units per reaction (U/rx) and distilled water (up to the final volume of 40 μL). 

Thermal protocol used was standard: 65°C for 60 minutes. 

The rapidity was determined as the capability to complete the amplification 

of the 1x106 copies/mL of plasmid within 20 minutes. 
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The primer sets that passed the selection had at least 90% of specificity 

(meaning absence of primer-dimers and non-specific signal in NTC) and the 

amplification of all tested plasmids dilutions should be completed within 60 

minutes.  

 Influenza A, B and RSV simplex reactions optimization 

Influenza A, B and RSV primer sets were initially optimized for their ability 

to reverse-transcribe viruses RNAs with sufficient sensitivity, in a simplex 

approach. 

To this aim, serial dilutions of synRNAs (1x105, 1x104 and 1x103 copies/mL, 

3 replicates for each dose) into DEPC-treated water were tested changing 

reaction conditions: temperature, buffer, magnesium and deoynucleotides 

triphosphate (dNTPs). Specificity was evaluated as absence of primer-dimers 

signals in NTC samples, represented by DEPC-treated water. Influenza A 

simplex is mainly used as prototype assay. Best conditions in terms of speed 

and specificity, obtained with influenza A, were subsequently confirmed with 

influenza B and RSV simplex assays.  

Fast, specific and sensitive best reaction condition was successively tested 

with unprocessed samples, obtained performing dilutions of inactivated 

viruses (influenza A and B 1x104 copies/mL, 3 replicates for each virus) into 

PBS, producing artificial samples mimicking patient clinical specimens. 

Thermal protocol was changed and optimized to allow a preliminary high 

temperature and centrifugation step inside DAD allowing the release of the 

nucleic acid from the virus into the media, followed by a unique isothermal 

step during which nucleic acids were amplified. Different thermal treatments 
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were tested looking for the most promising one, providing viral particles 

amplification Tt as close as possible to the same dose of synRNAs, considering 

acceptable a delay of 5 minutes maximum. 

 Influenza A, B, RSV and IC multiplex reaction optimization 

Best influenza A, influenza B, RSV and IC primer sets and simplex reaction 

conditions were finally tested and validated in a multiplex approach, mixed in 

the same reaction mix. 

Preliminary performance data obtained on plasmids, synRNAs and 

inactivated viruses were repeated with the multiplex reaction mix, verifying 

sensitivity and specificity data further optimizing reaction conditions.  

To this aim, inactivated viral stocks were diluted (1x104 copies/mL) into 

PBS, producing artificial samples mimicking patient clinical specimens and 

tested in triplicates. For the same target amount, 10 minutes of delay in the 

amplification, compared with the relative simplex amplification, was 

considered acceptable. 

Importantly, in this reaction optimization process, different conditions 

were tested, changing reactants amounts (i.e. primers and enzyme amount). 

 IC target definition and evaluation 

The use of the IC in RT Q-LAMP is an important quality control. An IC for 

diagnostic assays should be stable, noninfectious and absent from clinical 

samples. It is very important to control the effectiveness of nucleic acid 

reverse-transcription and to evaluate the presence of reaction inhibitors 
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allowing validating negative results. In fact, if the viral genome is amplified in 

the sample, it means that no inhibitors are present in the sample and that the 

PCR was successful: in this case the amplification in the IC is not a 

fundamental parameter to validate the result. Conversely, the amplification 

of the IC has to occur at least in negative samples, meaning the successful 

completion of the PCR reaction, validating the results, as described in section 

5. 

In the final assay set up, b-propiolactone inactivated MS2 bacteriophage is 

included in the reaction mix. For this reason, tenfold serial dilutions (1x103, 

1x102, 10 copies/reaction) were diluted directly into the quadruplex format 

reaction mix and seven replicates of NTC samples (PBS) were tested for each 

MS2 Bacteriophage dose so as to choose the amount to be included in the 

reaction mix giving 100% amplification around 30 Tt. 

10. INFLUENZA A, B AND RSV QUADRUPLEX ASSAY ANALYTICAL 
PERFORMANCE 

 Analytical sensitivity and specificity 

Analytical sensitivity is determined by the Limit of Detection (LoD) value, 

which represents the lowest amount of target that can be detected in at least 

95% of replicates. It was evaluated performing serial dilutions of 

A/Michigan/45/2015 (H1N1) pdm09-like virus, A/Singapore/INFIMH-16-

0019/2016 (H3N2)-like virus, B/Phuket/3073/2013-like virus and RSV-A2 

inactivated virus stock in PBS. For each virus, four different doses (1X105, 

1X104, 1X103, 1X102 copies/mL) were tested in forty replicates. 



                                                                                                Materials and Methods 

96 
Confidential 

Analytical specificity was assessed on 100 replicates, represented by both 

DEPC-treated water and PBS. In details, 50 replicates of DEPC-treated water 

and 50 replicates of PBS were tested. All results must be validated through 

the correct amplification of the IC in 682 nm channel that excludes the 

presence of inhibitors and ensures the use of correct reaction conditions. 

 Analytical reactivity 

We verified that influenza A, B and RSV RT Q-LAMP was able to detect 

additional influenza A, influenza B and RSV strains not preliminarily evaluated 

during reaction optimization steps. 

Test samples were prepared diluting different influenza A, B or RSV strains 

from stocks (Table 4) that were quantified and titered in TCID50/mL, 

CEID50/mL, EID50/mL or other industry acceptable units. Test samples were 

contrived in PBS and tested in triplicates. To validate the results, in each run, 

one replicate of 1x104 copies/mL of influenza A, B and RSV inactivated viruses 

(reference strains) diluted in PBS, mixed together and one NTC (PBS) were 

included. Analytical reactivity should be observed with all of the organisms 

tested.  
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Table 4. In vitro analytical reactivity of RT Q-LAMP influenza A, B and RSV 
quadruplex assay. Thirty-five influenza A, 25 influenza B and 11 RSV viruses 
quantified and titered, were tested in triplicates. 

Influenza A viruses Influenza B viruses RSV
A/California/4/2009 (H1N1) B/Brisbane/33/2008 ATCC-2012-10
A/California/12/2012 (H1N1) B/Brisbane/60/2008 A 1997/12-35
A/Massachusetts/15/2013 (H1N1) B/Florida/02/2006 A 1998/12-21
A/Mexico/4108/2009 (H1N1) B/Lee/40 A 1998/3-2
A/New York/18/2009 (H1N1) B/Nevada/03/2011 A 2000/3-4
A/Brisbane/59/07 (H1N1) B/Texas/02/2013 A 2001/2-20
A/Hawaii/15/2001 (H1N1) B/Victoria/304/2006 A 2001/3-12
A/New Caledonia/20/99 (H1N1) B/Christchurch/33/2004 A Long
A/Solomon Island/03/06 (H1N1) B/Florida/07/04 B 9320
A/Taiwan/42/06 (H1N1) B/Florida/04/2006 B/Wash/18537/62
A/WS/33 (H1N1) B/Guangdong-Liwan/1133/2014 B/WV/14617/85
A/Brisbane/10/07 (H3N2) B/Maryland/1/59
A/California/02/2014 (H3N2) B/Great Lakes/1739/54
A/New York/55/2004 (H3N2) B/Panama/45/90
A/Ohio/02/2012 (H3N2) B/Phuket/3073/2013
A/Port Chalmers/1/73 (H3N2) B/Utah/9/2014
A/Rhode Island/01/2010 (H3N2) B/Wisconsin/01/2010
A/Santiago/7981/2006 (H3N2) B/Allen/45
A/Switzerland/9715293/2013 (H3N2) B/Hong Kong/5/72
A/Texas/50/2012 (H3N2) B/Taiwan/2/62
A/Wisconsin/67/05 (H3N2) B/Colorado/06/2017
A/Indiana/08/2011 (H3N2) B/Michigan/09/2011
A/Minnesota/11/2010 (H3N2) B/Texas/81/2016
A/Hong Kong/33982/2009(H9N2)-PR8-IDCDC_RG26 B/Washington/02/2019
A/Singapore/INFIMH-16-0019/2016 (H3N2) B/New Hampshire/01/2016
A/Michigan/45/2015 (H1N1)
A/Minnesota/19/2011 (H1N2)
A/Hong Kong/4801/2014 (H3N2)
A/Kansas/14/2017 (H3N2)
A/Brisbane/02/2018 (H1N1)
A/Christchurch/16/2010 (H1N1)
A/Hong Kong/2671/2019 (H3N2)
A/Guandong-Maonan/1536/2019 (H1N1)
A/Perth/16/2009 (H3N2)
A/NY/02/09 8H1N1)
(1) TCID50/mL = Tissue Culture Infectious Dose
  CEID50/mL = Chicken Embryo Infectious Dose
  EID50/mL = Egg Infectious Dose
  PFU/mL = Plaque forming units

Organisms
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 Cross-reactivity 

Cross-reactivity of the assay was evaluated by testing the ability of the 

assay to exclusively identify influenza A and/or influenza B and/or RSV viruses, 

with no cross-reactivity to other organisms that are closely related or cause 

similar symptoms or are present as normal flora in NPS specimens. Test 

samples were prepared diluting different bacteria, fungi, parasites and/or 

viruses from stocks that were quantified and titered in CFU/mL, IFU/mL, 

TCID50/mL, copies/mL, or other industry acceptable units (Table 5). Test 

samples were contrived in PBS and assayed in triplicates. To validate the 

results, in each run, one replicate of 1x104 copies/mL of influenza A, B and 

RSV inactivated viruses (reference strains) diluted in PBS, mixed together and 

one NTC (PBS) were included. Cross-reactivity should not be observed with 

any of the organisms tested. 
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Table 5. Cross-reactants tested with influenza A, B and RSV RT Q-LAMP quadruplex 
assay. Reported bacteria, viruses and parasites were tested with RT Q-LAMP 
quadruplex assay to verify absence of cross-reactivity. 

11. INFLUENZA A, B AND RSV FINAL ASSAY VALIDATION ON CLINICAL 
SAMPLES 

To validate our final reaction condition, we tested 120 nasopharyngeal 

clinical samples collected from Italian and U.S. hospitals from subjects who 

gave their informed consent. Each sample was preliminary tested with 

Adenovirus Type 1 1x10^6 TCID50/mL
Adenovirus Type 7A 1x10^5 TCID50/mL
Bordetella pertussis A639 1x10^7 CFU/mL
Chlamydia pneumoniae 1x10^6 IFU/ml
CMV 169 1x10^5 TCID50/mL
Coronavirus 229E 1x10^5 TCID50/mL
Coronavirus OC43 1x10^5 TCID50/mL
Coronavirus NL63 1x10^5 TCID50/mL
Enterovirus Type 71 1x10^5 TCID50/mL
Epstein Barr Virus 1x10^6 copies/mL
Escherichia coli 1x10^7 CFU/mL
Haemophilus influenzae 1x10^7 CFU/mL
Metapneumovirus 9 1x10^6 TCID50/mL
Mycobacterium tuberculosis (genomic DNA) 1x10^7 copies/mL
Mycoplasma pneumoniae 1x10^6 CCU/mL
Neisseria meningitidis 1x10^6 CFU/mL
Parainfluenza 1 1x10^5 TCID50/mL
Parainfluenza 2 1x10^6 TCID50/mL
Parainfluenza 3 1x10^5 TCID50/mL
Pseudomonas aeruginosa 1x10^7 CFU/mL
Rhinovirus 1A 1x10^5 TCID50/mL
SARS-CoV2 1x10^6 TCID50/mL
Staphylococcus aureus, COL 1x10^7 CFU/mL
Streptococcus pneumoniae 1x10^7 CFU/mL
Streptococcus pyogenes, M1 1x10^7 CFU/mL
Streptococcus salivarius 1x10^7 CFU/mL
(1) TCID50/mL = Tissue Culture Infectious Dose
CFU/mL = Colony Forming Units
IFU/mL = Infectious Units

Organism Tested Concentration (1)

Influenza A, B and RSV Cross-reactivity
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commercially available RT-PCR kit, routinely used in the hospital laboratories. 

Ninety clinical samples were diagnosed for influenza A, influenza B or RSV 

infection. In addition, 30 influenza A, B or RSV negative NPS or BAL clinical 

samples, were tested. 

By the combined results of the two assays, we expected four possible 

results: 

A. Samples in which both assays detected no signals, suggesting 

absence of virus infection (True Negative, TN). 

B. Samples in which both assays detected considerable virus signals, 

indicating presence of viruses and thus suggesting an infection 

(True Positive, TP). 

C. Samples in which RT-PCR assay detected signals, resulted negative 

by RT Q-LAMP assay. In this case, RT Q-LAMP analysis must be 

repeated to confirm or deny the result (False Negative, FN). 

D. Samples in which RT Q-LAMP assay detected signals resulted 

negative by RT-PCR assay. In this case, RT Q-LAMP analysis must be 

repeated to confirm or deny the result (False Positive, FP). 

According to these possibilities, the clinical agreement of our assay was 

calculated through the clinical sensitivity and specificity and through the 

Positive Predictive Value (PPV) and Negative Predictive Value (NPV): 

Sensitivity % = TP/(TP+FN)*100 

Specificity % = TN/(TN+FP)*100 

PPV % = TP/(TP+FP)*100 

NPV % = TN/(TN+FN)*100
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RESULTS 

12. INFLUENZA A, B AND RSV SEQUENCES SELECTION AND 
ALIGNMENT  

For the primer design, we selected and downloaded many different 

influenza A, B and RSV genome sequences from NCBI and GISAID EpiFluTM 

databases. During the sequences selection process, we maintained and/or 

included the sequences of viruses contained in the annual vaccines from 2010 

to 2019 and the most clinically relevant subtypes and strains, identified using 

CDC (Centers for Disease Control and Prevention), WHO (World Health 

Organization) and specialized websites (e.g. Influenza Research 

Database_IRD) as information sources. Importantly, since there are 131 

different influenza A virus subtypes, thanks to this selection process we 

decided to mainly target the H1N1 and H3N2 subtypes, which are the most 

clinically relevant ones, included in seasonal vaccines. Finally, we excluded 

viral strains with identical sequence to others already included in our 

database. This process was particularly crucial because the creation of a good 

database is fundamental to obtain an assay that effectively responds to 

clinical needs. Graphical representation of this process is reported in Figure 

15. 
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Figure 15. Graphical representation of the viral strains selection process workflow. 
A huge number of viral genome sequences were collected in NCBI and GISAID 
EpiFluTM databases. For this reason, we selected and downloaded only complete 
and verified genome sequences. Importantly, we included in our study all vaccine 
strains sequences from 2010 to 2019. Using WHO, CDC and IRD websites as 
information sources, we selected only the most representative sequences, 
capturing viral genome polymorphisms. Finally, we analyzed all the sequences 
collected in our influenza A, B and RSV resulting databases and we decided to 
retain single sequences representing entire groups of identical sequences. Thanks 
to this procedure, we succeeded in obtaining three resulting databases (influenza 
A, B and RSV respectively) collecting the most informative viral genome sequences. 
This process is particularly important because allowed us to obtain informative 
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databases of viral genome sequences that were subsequently aligned and used to 
identify homologous regions to be targeted by primers design strategies. 

Thanks to this selection process, a total of 175 influenza A H1N1, 74 H3N2, 

216 influenza B, 260 RSV-A and 140 RSV-B viruses were selected for our study, 

downloaded from NCBI and GISAID databases and aligned using DNASTAR 

MegAlignPro and Geneious Prime softwares. Selection of the downloaded 

sequences was performed choosing only the most representative sequences 

of the variability of the virus (capturing viral genome polymorphisms) and 

retaining single sequences, representing entire groups of identical sequences. 

Our final databases resulted in 15 influenza A H1N1, 10 H3N2, 15 Influenza B, 

151 RSV-A and 89 RSV-B virus sequences, as schematically reported in Figure 

16. 

 
Figure 16. Schematic representation of the virus genome sequences selection 
result.  

13. DESIGN AND VALIDATION OF RT Q-LAMP REACTION 

 Influenza A primers design and selection 

For influenza A, a total of 43 LAMP primer sets (accounting a total of 258 

different primers) were designed. Each primer set included a specific probe 

labeled with FAM fluorophore. Designed primer sets were tested on plasmids 
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containing the genome sequence fragments of the influenza A H1N1 or H3N2 

sequences (A/California/7/2009 (H1N1) pdm09-like virus, A/Texas/50/2012 

(H3N2)). During our preliminary experiments, we observed that 1x106 

copies/mL of plasmid for both targets could be quickly amplified, even before 

30 minutes. Therefore, it was chosen as main selection criteria for primer sets 

screening. In details, 41 out of 43 primer sets gave a successful amplification 

on these targets but only 1 out of 41 set was selected as fastest and most 

specific (Figure 17A), giving a similar H1N1 and H3N2 amplification, as shown 

by the amplification curves of 1x106 copies/mL of plasmids reported in Figure 

17B. 
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Figure 17. (A) Influenza A primer sets screening process. A total of 43 primer sets 
targeting influenza A genome were designed. Forty-one out of 43 primer sets gave 
a successful amplification on plasmids containing the genome fragments of the 
influenza A H1N1 or H3N2 reference sequences but only 1 out of 41 set was 
selected as fastest and most specific, giving a similar H1N1 and H3N3 amplification. 
(B) Q-LAMP amplification curve of influenza A plasmids: final selected primer set 
allowed simultaneous amplification of both H1N1 and H3N2 1x106 copies/mL of 
plasmids without any non-specific amplification in NTC (TE buffer) samples.  

 Influenza B primers design and selection 

Several influenza B RT Q-LAMP primers were manually designed (54 

primers) on the multiple sequence alignments of influenza B. These primers 

were combined to obtain nine sets. In this case, the primer set included a 

specific probe labeled with JOE fluorophore. Similarly to influenza A, the 

designed primer sets were tested by amplifying a plasmid containing the 

genome sequence fragment of the influenza reference sequence. Five out of 

9 primer sets gave a successful amplification on this target but only 1 out of 5 

was selected according to speed and specificity parameters as shown in 

Figure 18.  

(B) 
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Figure 18. (A) For influenza B, a total of nine LAMP primer sets (accounting a total 
of 54 different primers) were designed and screened. In this case, primer set 
included a specific probe labeled with JOE fluorophore. Designed primer sets were 
tested amplifying 1x106 copies/mL plasmid containing the genome fragment of the 
influenza B reference sequence. In details, 5 out of 9 primer sets gave a successful 
amplification on plasmid but only 1 out of 5 set was selected as fastest and most 
specific. (B) Q-LAMP amplification curve of influenza B plasmid using selected 
primer set. This primer set amplified 1x106 copies/mL of plasmid about 15 minutes 
after the start of the reaction without any non-specific signal in NTC (TE buffer) 
controls, as shown by the amplification curve reported. 
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 RSV primers design and selection 

In Figure 19 it is reported the RSV primer sets screening process: a total of 

13 primer sets (accounting for a total of 78 different primers) were designed. 

Each primer set included a specific probe labeled with CFR610 fluorophore. 

Among these 13 primer sets, nine gave a successful amplification on plasmids 

containing the genome sequence fragments of the RSV-A or RSV-B reference 

sequences and only 1 out of 9 set was selected as fastest and giving a similar 

RSV-A and RSV-B amplification of 1x106 copies/mL of plasmids without non-

specific signals detected in NTC (TE Buffer) samples (Figure 19B). 
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Figure 19. (A) RSV primer sets screening process. A total of 13 primer sets 
(accounting a total of 78 different primers) were designed. Each primer set 
included a specific probe labeled with CFR610 fluorophore. All these primer sets 
were tested amplifying plasmids containing the genome sequence fragments of 
the RSV-A or RSV-B reference sequences and only 9 out of 13 primer sets gave a 
successful amplification on these targets. One out of 9 set was selected as fastest 
and most specific, giving a similar RSV-A and RSV-B amplification of 1x106 
copies/mL of plasmids. (B) Q-LAMP amplification curve of RSV-A and RSV-B 
plasmids: final selected primer set allowed simultaneous amplification of both 
RSV-A and RSV-B 1x106 copies/mL plasmids without any non-specific amplification 
in NTC (TE Buffer) samples. 

 IC primes design and selection 

The use of the IC in RT Q-LAMP is very important to control the 

effectiveness of nucleic acid reverse-transcription and amplification and to 

control the presence of inhibitors, consequently validating negative results. 

MS2 bacteriophage was selected as IC as it is a RNA target so it can be used 

to verify the reverse-transcription and amplification. MS2 reference sequence 

was took as target for RT Q-LAMP primers manual design. Eighteen designed 

primers were combined to obtain three sets. Each primer set included a 

specific probe labeled with Q670 fluorophore. After preliminary screening 

tests, we observed that 2 out of 3 primer sets positively amplified a plasmid 

containing the genome sequence fragment of the MS2 bacteriophage and 1 

out of 2 primer set was selected as the most specific (Figure 20). Importantly, 

in the IC primers selection, the speed of amplification was not a critical 

feature. The requirement was to have IC amplification later than viral targets 

in order to not compete with targets amplification for reagents availability. 
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Figure 20. IC Primer sets screening process. The IC was made from MS2 
bacteriophage. MS2 Reference Sequence (NC_001417.2 phage MS2 genome) was 
taken as target for RT Q-LAMP primers set manual design (18 primers combined in 
3 sets). Each primer set included a specific probe labeled with Q670 fluorophore. 
Two out of 3 primer sets positively amplified plasmid containing the genome 
sequence fragment of the MS2 bacteriophage and 1 out of 2 primer set was 
selected as the most specific, without primer-dimers signals detected in NTC 
samples. 

 Influenza A, B and RSV reactions optimization  

Once the primer sets for all the targets were selected, a deep optimization 

work needed to be started in order to obtain the best results in terms of 

sensitivity and specificity. 

Many parameters were changed singularly and in combination each other. 

Each reagent involved in the reaction, in fact, strongly interplays with the 

others (Figure 21): the change of a single parameter could lead to an 

improvement in the reaction performance only with a parallel change of other 

parameters interacting with it. 
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As a result, these interactions lead to an extremely high number of reaction 

conditions that can potentially be tested. An example of how this interaction 

between reagents can guide the optimization process is graphically 

represented in the Figure 22 and in Figure 23. 

 
Figure 21. Reagents and parameters involved in the RT Q-LAMP reaction 
performance. Each reagent in the reaction mix (represented by circled elements) 
interacts with each others. In parallel, reagents interaction is influenced by 
temperature conditions (represented by squared elements). For example, enzyme 
functionality strongly depends from its concentration in the reaction and salts 
properly support enzyme functionality only if they are added in the right 
proportion with the enzyme in the reaction. To further increase the complexity, 
buffer pH influences both enzyme functionality and salts concentration effect on 
it. Therefore, many different combinations of reagents need to be tested to find 
the best condition. 
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Figure 22. Example of influenza B reaction optimization workflow: starting from a 
standard condition, characterized by the use of 6 U/rx enzyme and a temperature 
of 65°C, we optimized the reaction. Firstly, we performed a reaction temperature 
gradient and we selected 68°C as best in terms of speed and specificity. We 
subsequently tried to speed up the reaction testing different enzyme 
concentrations: we observed that both 16 U/rx and 12 U/rx enzyme conditions 
were promising in terms of amplification speed but caused primer-dimers signals 
in NTC. For this reason, we changed again the reaction temperature: we observed 
that the combination of 12 U/rx enzyme at 65°C reaction temperature guaranteed 
a faster amplification of the target compared to the starting condition, without 
giving primer-dimers signals in NTC samples. 
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Figure 23. Example of influenza A reaction optimization workflow. We started from 
a standard condition, characterized by the use of 6 U/rx enzyme, a temperature of 
65°C, buffer pH 7.9 and 2mM MgSO4 and we optimized the reaction so as to speed 
it up. Firstly, we performed an enzyme concentration gradient and we selected 12 
U/rx as best in terms of speed and specificity. We subsequently tried to speed up 
the reaction testing in parallel a buffer pH gradient and a MgSO4 gradient: we 
observed that 7.8 pH buffer and 3mM MgSO4 conditions were promising in terms 
of amplification speed and specificity. Therefore, we combined these two best 
conditions and we observed a fast targets amplification but also primer-dimers 
signals in NTC. For this reason, we changed again the buffer pH: we observed that 
the combination of 3mM MgSO4 and buffer pH 8.1 guaranteed a faster 
amplification of the target compared to the starting condition, without giving 
primer-dimers signals in NTC samples. 

 

One of the key features of the enzyme selected for the RT Q-LAMP 

influenza A, B and RSV assay is its ability to both reverse-transcribe and 

amplify RNA. It is also characterized by a strong strand displacement activity, 

allowing the reaction to be completed while maintaining isothermal 

conditions. Before the optimization process, since synRNA needs both to be 

reverse-transcribed and amplified, it was detected later than the plasmid 

(which exclusively amplified). Moreover, we observed that unprocessed viral 

particles were characterized by a slower detection than synRNA or were not 

even amplified in some cases. Following the optimization process, mainly 

carried out using the influenza A simplex as prototype assay, we changed 

many different reaction parameters such us enzyme, primers and salts 

concentrations, buffer pH and reaction temperature. This process led us to 

test 198 influenza A reaction conditions. Finally, we managed to obtain both 

viral particles and synRNAs reverse-transcription and amplification in a single 



                                                                                                                             Results 

114 
Confidential 

step, without any preliminary nucleic acid extraction, with results comparable 

to plasmid in terms of speed (Figure 24). 

Similarly to what was done for influenza A, also for the influenza B and RSV 

simplex assays we modified many parameters, testing a total of 179 and 52 

reaction conditions, respectively. 

 
Figure 24. Summary graphical representation of the optimization process of the RT 
Q-LAMP. Before the optimization, synRNA was detected later than the plasmid. 
Moreover, we observed that unprocessed viral particles were characterized by a 
slower detection than synRNA or were not even amplified in some cases. Following 
the optimization process, mainly carried out using the influenza A simplex as 
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prototype assay, we managed to obtain both viral particles and synRNAs reverse-
transcription and amplification in a single step, without any preliminary nucleic 
acid extraction, with results comparable to plasmid in terms of speed. During this 
process, 198 influenza A reaction conditions were tested and analyzed. 

13.5.1.1. Reaction Temperature 

The enzyme selected for the RT Q-LAMP influenza A, B and RSV assay is 

characterized by a strong strand displacement activity with an optimum 

reaction temperature between 60°C and 65°C. A preliminary evaluation of the 

optimal reaction temperature was performed testing serial dilutions of 

synRNAs H1N1 (1x105 – 1x104 – 1x103 copies/mL in triplicates) at different 

reaction temperatures. According to the data obtained, 65°C reaction 

temperature was selected as best due to faster amplification compared to 

other conditions (Figure 25). 

 
Figure 25. Preliminary influenza A RT Q-LAMP simplex reactions optimization at 
different temperatures ranging from 56°C to 65°C. A preliminary evaluation of the 
optimal reaction temperature was performed testing serial dilutions of synRNAs 
H1N1 (1x105 – 1x104- 1x103 copies/mL) at different reaction temperatures (56°C – 
58°C – 60°C – 63°C – 65°C); the average (AVG) and standard deviation (SD – 
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represented as bars) of the Threshold Times (Tt) recorded in 500 nm channel were 
reported.  

After preliminary evaluation on influenza A RT Q-LAMP simplex assay, 

reaction temperature evaluation was performed also with influenza B and 

RSV simplex assays. In particular, RSV assay was evaluated only between 60°C 

and 65°C. According to the results obtained with all three simplex assays, 65°C 

reaction temperature was selected as best for isothermal amplification due 

to its amplification speed and specificity (Figure 26). 

 

 
Figure 26. Influenza A, B and RSV RT Q-LAMP simplex reactions optimization at 
different temperatures ranging from 56°C to 65°C. Data from Tt AVG and SD 
recorded in 500 nm channel for H1N1 synRNA 1x104 copies/mL, in 530 nm for 
influenza B synRNA and in 610 nm for RSV are reported for each temperature 
tested. Importantly, for each temperature condition tested, primer-dimers% 
signals in NTC samples were evaluated and reported in the table. According to the 
results obtained with all three simplex assays, 65°C reaction temperature was 
selected as best for isothermal amplification due to its amplification speed and 
absence of primer-dimers signals. 
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13.5.1.2. Buffer 

The buffer regulates the pH of the reaction, which affects the enzyme 

reverse-transcription and amplification activities. In order to improve RT Q-

LAMP reaction, the effect of pH variations on RT Q-LAMP enzyme activity was 

investigated in a range from 7.8 to 8.8 using influenza A as prototype assay. 

The buffers used were formulated by DiaSorin and characterized by a 

proprietary composition. The analysis suggested faster amplification with 

DiaSorin Buffer with pH 7.8 (Figure 27).  

 
Figure 27. Optimization of RT Q-LAMP influenza A simplex reaction with different 
buffers. Tenfold serial dilutions of influenza A H1N1 synRNAs (1x105 – 1x104 – 1x103 
copies/mL, assayed in triplicates) were tested with each buffer; AVG and SD Tt 
recorded in 500 nm channel are reported for each H1N1 SynRNA dose tested. The 
analysis suggested faster amplification with DiaSorin Buffer pH 7.8. 

After preliminary evaluation on influenza A RT Q-LAMP simplex assay, the 

reaction buffer evaluation was performed also with influenza B simplex assay. 

Based on preliminary data on influenza A, influenza B assay was tested with 

pH buffers ranging from 7.8 to 8.3. According to the results obtained, DiaSorin 



                                                                                                                             Results 

118 
Confidential 

Buffer pH 7.8 was not chosen for final formulation due primer-dimers 

amplification observed. Conversely, buffer pH 8.1 displayed best 

performance in terms of specificity and slightly slower amplifications of 

approx. 5 minutes. Therefore, it was selected to be included in RT Q-LAMP A, 

B and RSV quadruplex final assay (Figure 28). 

 
Figure 28. Influenza A and B RT Q-LAMP simplex assays optimization with different 
reaction buffers. Buffer evaluation was performed with both influenza A and 
influenza B simplex assays. Data from Tt AVG and SD recorded in 500 nm channel 
for H1N1 synRNAs 1x104 copies/mL and 530 nm for 1x104 copies/mL influenza B 
synRNA are reported for each buffer tested. In the table below, primer-dimers % is 
reported for each buffer tested with both assays. DiaSorin Buffer pH 7.8 showed 
faster performance but also primer-dimers amplification when tested. On 
contrary, Buffer pH 8.1 displayed best performance in terms of specificity and it 
was selected to be included in RT Q-LAMP A, B and RSV quadruplex final assay. 

13.5.1.3. Magnesium  

Since free Mg2+ availability affects primers annealing and enzyme activity, 

the effect of MgSO4 concentrations on the influenza A simplex reaction was 

determined. Tenfold serial dilutions of influenza A H1N1 synRNAs (in 
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triplicates) were tested with different MgSO4 concentrations in reaction mix. 

As expected, decreasing the MgSO4 amount in the reaction resulted in a delay 

of the amplification Tt up to complete inhibition observed with 1 mM MgSO4 

condition (Figure 29). 

 
Figure 29. Optimization of RT Q-LAMP influenza A simplex assay with different 
MgSO4 concentrations. Tenfold serial dilutions of influenza A H1N1 synRNAs (1x105 
– 1x104 – 1x103 copies/mL) were tested with different MgSO4 concentrations in 
reaction mix. AVG and SD Tt recorded in 500 nm channel are reported for each 
H1N1 SynRNA dose tested with different MgSO4 concentrations; importantly, 
amplification at 60 Tt reported in the graph (blue line) means no samples 
amplification. The analysis showed no amplification with 1 mM MgSO4 and the 
faster amplification with 3 mM MgSO4.  

After preliminary evaluation on influenza A RT Q-LAMP simplex assay, 

MgSO4 concentration evaluation was performed also with influenza B simplex 

assay. Different performance was observed with influenza A and B assays: 

influenza A amplification speeded up increasing MgSO4 concentration, while 

influenza B amplification slowed down. Consequently, 3mM MgSO4, giving 

more similar influenza A and B amplification, without any non-specific signal 
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in NTC, was selected as best condition to be included in RT Q-LAMP A, B and 

RSV quadruplex final assay (Figure 30). 

 

 
Figure 30. Influenza A and B RT Q-LAMP simplex assays optimization with different 
MgSO4 concentrations in the reaction mix: MgSO4 evaluation was performed with 
both influenza A and B simplex assays. Data from AVG and SD Tt recorded in 500 
nm channel for H1N1 synRNAs 1x104 copies/mL and 530 nm for 1x104 copies/mL 
influenza B synRNA are reported for each MgSO4 concentration tested. In the table 
below, primer-dimers % is reported for each condition tested with both assays. A 
concentration of 3 mM MgSO4 was selected as best condition due its specificity and 
amplification speed, similar between influenza A and B assays. Consequently, it 
was included in RT Q-LAMP A, B and RSV quadruplex final assay. 

13.5.1.4. Deoxynucleotide triphosphate (dNTPs) 

A premixed, balanced mixture of dATP, dGTP, dCTP and dTTP was used in 

the simplex RT Q-LAMP development. 

RT Q-LAMP influenza A assay was tested in the presence of several 

concentrations of dNTPs ranging from 0.6 to 1.6 mM. Similarly to other 

experimental set up, a preliminary evaluation was performed testing serial 
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dilutions of synRNAs H1N1 (1x105 – 1x104 –1x103 copies/mL in triplicates) at 

different dNTPs concentration. As result, the dNTPs concentrations between 

0.8 and 1.6 mM amplified the target synRNA. In particular, we observed a 

speeding up of the reaction increasing dNTPs concentration even if not 

significant differences in terms of speed were observed between 1.2 – 1.4 - 

1.6 mM. Using 0.6 mM, no amplification was observed (Figure 31). 

 
Figure 31. Optimization of RT Q-LAMP influenza A simplex reaction with different 
dNTPs concentrations ranging from 0.6 mM to 1.6 mM: tenfold serial dilutions of 
influenza A H1N1 synRNAs (1x105 – 1x104- 1x103 copies/mL in triplicates) were 
tested with different dNTPs dose in reaction mix. AVG and SD Tt recorded in 500 
nm channel are reported for each H1N1 SynRNA dose tested with different dNTPs 
amount. dNTPs concentrations between 0.8 mM and 1.6 mM amplified target 
synRNAs doses. In particular, we observed a speeding up of the reaction increasing 
dNTPs concentration.  

After preliminary evaluation on influenza A RT Q-LAMP simplex assay, 

dNTPs evaluation was performed also with influenza B and RSV simplex 

assays. In details, Influenza B and RSV synRNAs 1x104 copies/mL were assayed 

only with dNTPs ranging from 1.0 mM to 1.4 mM. We observed a slight speed 
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up trend at the increasing of dNTPs concentration but using more than 1.2 

mM of dNTPs, non-specific amplifications were detected in NTC samples. 

Therefore, 1.2 mM dNTPs concentration was selected as final to be tested 

with influenza A, B and RSV quadruplex assay (Figure 32). 

 

 
Figure 32. Influenza A, B and RSV RT Q-LAMP simplex assays optimization with 
dNTPs concentration in the reaction mix. After preliminary evaluation on influenza 
A RT Q-LAMP simplex assay, dNTPs evaluation was performed also with influenza 
B and RSV simplex assays. For each dNTPs condition, AVG and SD Tt recorded in 
500 nm channel for 1x104 copies/mL H1N1 synRNAs, in 530 nm for influenza B and 
in 610 nm for RSV are reported. Influenza B and RSV assays were tested only with 
dNTPs ranging from 1.0 mM to 1.4 mM. 1.2 mM dNTPs concentration was selected 
as best in terms of speed and specificity for all the targets tested and was selected 
to be tested with influenza A, B and RSV quadruplex assay. 

13.5.1.5. Specimen processing step on Liaison MDX 

Maintenance of reaction isothermal condition (65°C for 60 minutes) 

initially could hindered the amplification of the virus (Figure 33). This 

suggested us the necessity to introduce a preliminary high-temperature step 

in the thermal protocol. During this step, thanks to DAD design, inside Liaison 
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MDX thermocycler, the specimen, not yet in contact with the reaction mix, is 

heated to high temperatures and subjected to a considerable centrifugal 

force, allowing the release of the viral genome, without the need to 

preliminarily proceed with RNA extraction. 

 
Figure 33. Influenza B synRNAs and viral particles (VPs) amplification in simplex 
condition without Liaison MDX instrument processing step. Inactivated influenza 
B viral particles 1x104 copies/mL (1 replicate) diluted in PBS were assayed with 
isothermal condition (65°C for 60 minutes) compared to the same dose of synRNA. 
No amplification was observed and this suggested us the necessity to introduce a 
preliminary high-temperature processing step in the thermal protocol.  

Seven different thermal pre-treatments were tested on three replicates of 

1x104 copies/mL of influenza A or B viral particles. Influenza A viruses 

displayed similar Tt amplification among different protocols while influenza B 

testing showed great variability between different thermal treatment 

conditions (Table 6).  For this reason, we selected the best protocol for 

influenza B (which is 98°C for 5 minutes) as the best treatment step for both 

influenza A and B simplex assays. 
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Table 6. Liaison MDX processing step optimization on influenza A and B simplex 
assays: seven different thermal pre-treatments were tested on three replicates of 
1x104 copies/mL of influenza A or B viral particles. In the table, number of 
replicates detected, Tt AVG and SD for each condition tested are reported. In 
details, influenza B testing showed great variability between different thermal 
treatment conditions. Otherwise, influenza A viruses displayed similar Tt 
amplification among different protocols. Accordingly, we selected 98°C for 5 
minutes pre-treatment step as best on influenza A and B simplex assays. 

After preliminary viral particles processing evaluation with influenza A and 

B simplex assays, we selected conditions at 98°C (98°C for 3 minutes, 98°C for 

5 minutes and 98° for 10 minutes) to be tested with 1x104 copies/mL of viral 

particles in triplicates (influenza A H1N1, influenza A H3N2, influenza B, RSV-

A or RSV-B) on Liaison MDX instrument. As shown in Figure 34, 98°C 5 minutes 

treatment confirmed to be the most promising in terms of viral particles 

amplification speed and precision. According to the analysis, we concluded 

that both 3 and 10 minutes treatments might not be optimal due to a 

significant delay especially in RSV-B viral particles amplification. Therefore, 

the pre-treatment at 98°C for 5 minutes was confirmed as the best condition. 

Reps 
detected AVG Tt SD Tt

Reps 
detected AVG Tt SD Tt

75°C for 3 mins n.a. n.a. n.a. 3/3 24,7 3,24
75°C for 5 mins n.a. n.a. n.a. 3/3 16,63 2,86
80°C for 3 mins 3/3 19,95 2,1 3/3 27,68 2,93
80°C for 5 mins 2/3 19,2 1,8 3/3 19,13 7,48
98°C for 3 mins 2/3 18,52 1,92 3/3 21,3 1,2
98°C for 5 mins 3/3 17,95 0,59 3/3 16,67 0,09

98°C for 10 mins 1/3 18,25 -- 1/3 16,05 --

Temperature (°C)
Influenza A H1N1 VPs 1x104 copies/mL Influenza B VPs 1x104 copies/mL

Effect of Liaison MDX processing step on Influenza A, B and RSV Simplex Assays
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Figure 34. Effect of Liaison MDX instrument processing step on influenza A, B and 
RSV simplex assays. After preliminary viral particles processing evaluation with 
influenza A and B simplex assays, we selected conditions at 98°C (98°C for 3 
minutes, 98°C for 5 minutes and 98° for 10 minutes) to be tested with triplicates of 
1x104 copies/mL viral particles (influenza A H1N1, influenza A H3N2, influenza B, 
RSV-A and RSV-B) on Liaison MDX instrument. As graphically represented, 98°C 5 
minutes treatment confirmed to be the most promising in terms of viral particles 
amplification speed and precision. 

In summary, the final thermal protocol selected for amplification of 

influenza A, B and RSV viruses with RT Q-LAMP simplex and quadruplex assays 

was 98°C for 5 minutes followed by 65°C isothermal amplification, as reported 

in Table 7. 

 

Sample Rx Mix
98°C for 5 mins --

65°C for 50 mins          
(capture every 30 sec)

Influenza AB & RSV Assay 
Thermal Protocol

Mixing (1 min)
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Table 7. Schematic representation of influenza A, B and RSV final Liaison MDX 
thermal protocol used for amplification of influenza A, B and RSV viruses with RT 
Q-LAMP simplex and quadruplex assays. 

 

13.5.2.1. Primers concentration 

Influenza A, B and RSV RT Q-LAMP quadruplex reaction mix obtained is 

composed by mixing all the four primers sets involved in the simplex 

reactions. Starting from 1X standard concentrations for all the primers 

(reported in Materials and Methods section), we tested 1x104 copies/mL of 

inactivated virus stocks with new conditions, changing both influenza A, B and 

RSV primers concentrations. In particular, a detailed fine-tuning process was 

followed, changing each single primer involved in the reaction (data not 

shown). 

Best primers condition was defined according to absence of primer-dimers 

in NTC and faster detection of viruses amplification. 

In detail, for influenza A and B amplification, we observed similar 

performance between 0.5X, 0.75X and 1X, characterized by a speed up in the 

reaction when increasing primers amount. We did not observe any 

amplification with 0.25X concentration (Figure 35A, B). Importantly, a 

significant increase in primer-dimers detection with 0.75X and 1X influenza A 

primers amount was observed. Therefore, we selected 0.5X and 0.75X 

amount as final condition for influenza A and B primers respectively (Table 8). 

RSV amplification showed faster performance with 1X condition compared 

to 0.75X. With less than 0.75X primers, amplification was completely lost. 
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Similarly to influenza B primers behavior, primer-dimers signals were 

observed only with 1X condition. Consequently, we selected RSV 0.75X 

primers amount for quadruplex testing (Figure 35C). 
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Figure 35. Reaction primers concentration optimization with influenza A, B and RSV 
RT Q-LAMP quadruplex assay: Tt AVG and SD recorded in 500 nm channel for 1x104 
copies/mL H1N1 virus (tested in triplicates), 530 nm for influenza B and 610 nm for 
RSV are reported. 

In summary, primers concentrations selected for final RT Q-LAMP assay 

were 0.5X, 0.75X and 0.75X for influenza A, B and RSV respectively (Table 8). 

 
Table 8. Final primers concentrations condition selected with influenza A, B and 
RSV quadruplex reaction: the primers concentration evaluation process led to the 
selection of all final primers conditions to be used in quadruplex reaction. We 
selected 0.75X primers for both influenza B and RSV and 0.5X for influenza A target. 

Simplex Assay
Final 

condition 
selected

Influenza A 0.5X
Influenza B 0.75X

RSV 0.75X

 Primers concentration      
fine-tuning
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13.5.2.2. Enzyme concentration 

During the quadruplex optimization, different concentrations of enzymes 

were tested. In the standard LAMP condition, the concentration of the 

enzyme is 8 U/rx. (Figure 36). 

Different concentrations around this value were tested: increasing the 

enzyme units per reaction (U/rx) in the reaction mix, we can detect earlier the 

viral particles 1x104 copies/mL, even if too high concentrations (32 U/rx) 

inhibited the reaction. Importantly, although the conditions with 16 U/rx and 

18 U/rx showed faster viral particles amplification, they were excluded 

because characterized by a greater detection of primer-dimers (Figure 36). 

Therefore, 12 U/rx condition was selected as best for influenza A, B and RSV 

final quadruplex assay performance. 

 

 
Figure 36. Effect of isothermal enzyme gradient on influenza A, B and RSV 
quadruplex assay: data from amplification of viral particles 1x104 copies/mL are 
reported for each enzyme condition tested; Tt AVG and SD recorded in 500 nm 
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channel for H1N1 synRNAs, 530 nm for influenza B and 610 nm for RSV are 
reported. In the table below, primer-dimers % is reported for each condition 
tested: different enzyme concentrations were tested, finding a slight increase of 
reaction speed at higher concentrations for all the targets. Unfortunately, in 
parallel to the speed up, an increase of primer-dimers and non-specific signals was 
detected. 

 IC amount definition and evaluation 

In the final assay set up, inactivated MS2 bacteriophage is included in the 

reaction mix. Its addition is important to verify the effectiveness of the 

reverse-transcription and amplification of the viral nucleic acid. To be noted, 

according to our detection algorithm, described in Materials and Methods 

section, IC amplification is not a critical feature in samples resulting positive 

for influenza A, B or RSV targets but it has to occur at least in negative 

samples, in order to validate the results. 

To find the most appropriate amount of MS2 phage to include in the 

reaction mix, tenfold serial dilutions (1x103, 1x102, 10 copies/reaction) were 

added directly into the quadruplex format reaction mix. Seven replicates of 

NTC samples (PBS) were tested for each MS2 Bacteriophage dose in order to 

choose the amount to be included in the reaction mix giving 100% 

amplification around 30 Tt: amplification faster than 30 Tt could potentially 

run out of available reagents before the viral target amplification.  

According to the results obtained, we observed that 10 copies/reaction 

dose was 71% (5/7 reps) detected in NTC and therefore excluded. Both 103 

and 102 copies/reaction doses were 100% (7/7) detected in NTC. Higher 

amount of IC (103 copies/reaction) could potentially run out available 
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reagents during PCR before the viral target amplification and it was not 

chosen as final dose. 

Therefore, we selected 102 copies/reaction as final dose to be included in 

our mix, being an effective indicator of proper sample reverse-transcription 

and amplification (Table 9). 

 

 
Table 9. IC (MS2 Bacteriophage) serial dilutions in influenza A, B and RSV 
quadruplex assay. Tenfold serial dilutions of inactivated MS2 Bacteriophage in the 
influenza A, B and RSV reaction mix were evaluated testing NTC samples with the 
quadruplex format. Three different doses (1x103 copies/reaction; 1x102 
copies/reaction; 10 copies/reaction) were assayed. According to these testing, we 
selected the dose giving the slowest amplification to which we had 100% detection 
in NTC, so as not to compete with the target amplification, being an effective 
indicator of proper sample reverse-transcription and amplification. 

14. INFLUENZA A, B AND RSV QUADRUPLEX ASSAY ANALYTICAL 
PERFORMANCE 

 Analytical sensitivity 

Analytical sensitivity is determined by the Limit of Detection (LoD) value, 

which represents the lowest amount of target that can be detected in at least 

95% of replicates. The performance of the influenza A, B and RSV quadruplex 

assay was evaluated testing serial dilutions of influenza A H1N1, H3N2, 

influenza B and RSV-A2 viral particles in PBS. As reported in Table 10, the final 

quadruplex assay resulted in detection of at least 1x103 copies/mL of 

Reps 
detected AVG Tt SD Tt

Reps 
detected AVG Tt SD Tt

Reps 
detected AVG Tt SD Tt

NTC (PBS) 7/7 19,25 0,34 7/7 25,33 0,06 5/7 34,25 3,12

MS2 phage amount in Influenza A, B and RSV Quadruplex Assay

Sample
MS2 Phage 1x103 copies/rx MS2 Phage 1x102 copies/rx MS2 Phage 10 copies/rx
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inactivated virus diluted in PBS in 95% of cases for both influenza A and B and 

RSV targets, showing a good sensitivity. 

 
Table 10. Analytical sensitivity of influenza A, B and RSV quadruplex assay. 
Analytical sensitivity is determined by the Limit of Detection (LoD) value, which 
represents the lowest amount of target that can be detected in at least 95% of 
replicates. According to the analysis performed, we concluded that the LoD of 
influenza A, B and RSV RT Q-LAMP assay is 1x103 copies/mL. 

 Analytical specificity 

Analytical specificity is defined as absence of non-specific signal in NTC 

samples. For influenza A, B and RSV RT Q-LAMP assay, it was assessed on 100 

replicates of NTC, represented by both DEPC-treated water and PBS. In 

details, 50 replicates of DEPC-treated water and 50 replicates of PBS were 

tested giving 100% specificity without primer-dimers detected in any of the 

instrument's target amplification channels (500 nm, 530nm, 610nm). All 

results were validated through the correct amplification of the IC in 682 nm 

channel, which excludes the presence of inhibitors and ensures the use of 

correct reaction conditions (Table 11). Moreover, to validate the results, in 

each run 1x104 copies/mL of influenza A, B and RSV inactivated virus mixture 

diluted in PBS were included (data not shown). 

Sample 
(copies/mL)

Flu A H1N1 
Detection (reps) 

Flu A H3N2 
Detection (reps) 

Flu B Detection  
(reps) 

RSV Detection  
(reps) 

1x10^5 100% (40/40) 100% (40/40) 100% (40/40) 100% (40/40)
1x10^4 100% (40/40) 100% (40/40) 100% (40/40) 100% (40/40)
1x10^3  97.5% (39/40)  95% (38/40) 97.5% (39/40) 95% (38/40)
1x10^2  70% (28/40)  65% (26/40) 75% (30/40) 72.5% (29/40)

Influenza A, B & RSV Analytical Sensitivity
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Table 11. Analytical specificity of RT Q-LAMP influenza A, B and RSV quadruplex 
assay. Fifty replicates of DEPC-treated water and 50 replicates of PBS were tested 
giving 100% specificity without primer-dimers detected in any of the instrument's 
target amplification channels (500 nm, 530nm, 610nm). All results were validated 
through the correct amplification of the IC in 682 nm channel. 

 Analytical reactivity 

Analytical reactivity is the ability of our RT Q-LAMP assay to detect and 

amplify different influenza A, B and RSV viral strains circulating from 

geographically diverse locations. It was evaluated using quantified viral 

material spiked into PBS at the concentrations reported in Table 12 and 

assayed in triplicate. 

As reported, 100% influenza A strains tested were detected. As one H1N2 

and one H9N2 strain subtypes were also available in our laboratories they 

were tested: even in this case influenza A, B and RSV RT Q-LAMP assay 

showed its ability to detect them. 

Reps detected AVG Tt SD Tt Reps detected AVG Tt SD Tt
500 nm channel 0/50 -- -- 0/50 -- --
530 nm channel 0/50 -- -- 0/50 -- --
610 nm channel 0/50 -- -- 0/50 -- --
682 nm channel 50/50 26.2 3.8 50/50 24.3 2.1

Influenza A, B and RSV Analytical Specificity

Channel
NTC (PBS) NTC (Water)
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Table 12. In vitro analytical reactivity of RT Q-LAMP influenza A, B and RSV 
quadruplex assay on influenza A viruses. Analytical reactivity was evaluated using 
quantified viral material spiked into PBS at the concentrations reported and 
assayed in triplicate. Thirty-five influenza A strains were evaluated. Common 
circulating strains from geographically diverse locations were chosen. All strains 
tested were detected. 

Organisms (Influenza A viruses) Tested Concentration (1) % Detection

A/California/4/2009 (H1N1) 100 TCID50/mL 100%
A/California/12/2012 (H1N1) 100 TCID50/mL 100%
A/Massachusetts/15/2013 (H1N1) 1000 CEID50/mL 100%
A/Mexico/4108/2009 (H1N1) 100 CEID50/mL 100%
A/New York/18/2009 (H1N1) 100 CEID50/mL 100%
A/Brisbane/59/07 (H1N1) 100 TCID50/mL 100%
A/Hawaii/15/2001 (H1N1) 100 CEID50/mL 100%
A/New Caledonia/20/99 (H1N1) 100 TCID50/mL 100%
A/Solomon Island/03/06 (H1N1) 100 TCID50/mL 100%
A/Taiwan/42/06 (H1N1) 100 TCID50/mL 100%
A/WS/33 (H1N1) 100 TCID50/mL 100%
A/Brisbane/10/07 (H3N2) 100 TCID50/mL 100%
A/California/02/2014 (H3N2) 100 CEID 50/mL 100%
A/New York/55/2004 (H3N2) 100 CEID50/mL 100%
A/Ohio/02/2012 (H3N2) 200 CEID50/mL 100%
A/Port Chalmers/1/73 (H3N2) 100 TCID50/mL 100%
A/Rhode Island/01/2010 (H3N2) 400 CEID50/mL 100%
A/Santiago/7981/2006 (H3N2) 100 CEID50/mL 100%
A/Switzerland/9715293/2013 (H3N2) 200 CEID50/mL 100%
A/Texas/50/2012 (H3N2) 100 CEID 50/mL 100%
A/Wisconsin/67/05 (H3N2) 100 TCID50/mL 100%
A/Indiana/08/2011 (H3N2) 100 CEID 50/mL 100%
A/Minnesota/11/2010 (H3N2) 100 CEID50/mL 100%
A/Hong Kong/33982/2009(H9N2)-PR8-IDCDC_RG26 100 CEID50/mL 100%
A/Singapore/INFIMH-16-0019/2016 (H3N2) 100 CEID50/mL 100%
A/Michigan/45/2015 (H1N1) 100 CEID50/mL 100%
A/Minnesota/19/2011 (H1N2) 1000 CEID50/mL 100%
A/Hong Kong/4801/2014 (H3N2) 200 CEID50/mL 100%
A/Kansas/14/2017 (H3N2) 100 EID50/mL 100%
A/Brisbane/02/2018 (H1N1) 100 EID50/mL 100%
A/Christchurch/16/2010 (H1N1) 200 EID50/mL 100%
A/Hong Kong/2671/2019 (H3N2) 100 EID50/mL 100%
A/Guandong-Maonan/1536/2019 (H1N1) 100 EID50/mL 100%
A/Perth/16/2009 (H3N2) 100 EID50/mL 100%
A/NY/02/09 8H1N1) 0.04 TCID50/mL 100%
(1) TCID50/mL = Tissue Culture Infectious Dose
  CEID50/mL = Chicken Embryo Infectious Dose
  EID50/mL = Egg Infectious Dose
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Analytical reactivity was subsequently evaluated testing influenza B strains 

from geographically diverse locations. Similarly to influenza A, influenza B 

quantified viral material was spiked into PBS at the concentrations reported 

in Table 13 and assayed in triplicate. 

Thanks to this evaluation, we concluded that influenza A, B and RSV RT Q-

LAMP assay is able to detect all 25 influenza B strains tested. 

 
Table 13. In vitro analytical reactivity of RT Q-LAMP influenza A, B and RSV 
quadruplex assay on influenza B viruses: analytical reactivity was evaluated using 
quantified viral material spiked into PBS at the concentrations reported and 
assayed in triplicate. Twenty-five influenza B strains were evaluated. Common 

Organisms (Influenza B viruses) Tested Concentration (1) % Detection

B/Brisbane/33/2008 20 CEID50/mL 100%
B/Brisbane/60/2008 20 CEID50/mL3 100%
B/Florida/02/2006 100 TCID50/mL 100%
B/Lee/40 100 TCID50/mL 100%
B/Nevada/03/2011 100 CEID50/mL 100%
B/Texas/02/2013 100 TCID50/mL 100%
B/Victoria/304/2006 50 CEID50/mL 100%
B/Christchurch/33/2004 100 CEID50/mL 100%
B/Florida/07/04 100 TCID50/mL 100%
B/Florida/04/2006 100 TCID50/mL 100%
B/Guangdong-Liwan/1133/2014 400 CEID50/mL 100%
B/Maryland/1/59 100 TCID50/mL 100%
B/Great Lakes/1739/54 100 TCID50/mL 100%
B/Panama/45/90 100 TCID50/mL 100%
B/Phuket/3073/2013 100 CEID50/mL 100%
B/Utah/9/2014 100 CEID50/mL 100%
B/Wisconsin/01/2010 100 CEID50/mL 100%
B/Allen/45 100 TCID50/mL 100%
B/Hong Kong/5/72 100 TCID50/mL 100%
B/Taiwan/2/62 100 TCID50/mL 100%
B/Colorado/06/2017 20 TCID50/mL 100%
B/Michigan/09/2011 100 EID50/mL 100%
B/Texas/81/2016 20 EID50/mL 100%
B/Washington/02/2019 100 EID50/mL 100%
B/New Hampshire/01/2016 100 EID50/mL 100%
(1) TCID50/mL = Tissue Culture Infectious Dose
  CEID50/mL = Chicken Embryo Infectious Dose
  EID50/mL = Egg Infectious Dose
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circulating strains from geographically diverse locations were chosen. All strains 
tested were detected. 

Finally, we tested different RSV available viruses diluted in PBS and tested 

in triplicates. Also in this case, influenza A, B and RSV RT Q-LAMP assay 

detected all 11 RSV tested (Table 14). 

 
Table 14. In vitro analytical reactivity of RT Q-LAMP influenza A, B and RSV 
quadruplex assay on RSV. Analytical reactivity was evaluated using quantified viral 
material spiked into PBS at the concentrations reported and assayed in triplicate. 
Eleven RSV (A and B subtypes) were evaluated. Common circulating strains from 
geographically diverse locations were chosen. All strains tested were detected. 

 Cross-reactivity 

Cross-reactivity is defined as the ability of our RT Q-LAMP to detect 

organisms that are closely related, or cause similar clinical symptoms, or 

present as normal flora in NPS specimens. Therefore, the goal was to verify 

that influenza A, B and RSV RT Q-LAMP assay exclusively identified influenza 

A virus and/or influenza B virus and/or RSV. In detail, cross-reactivity was 

tested with 26 different bacteria and viruses and assayed in triplicate and no 

Organisms (RSV) Tested Concentration (1) % Detection

ATCC-2012-10 100 PFU/mL 100%
A 1997/12-35 100 TCID50/mL 100%
A 1998/12-21 100 TCID50/mL 100%
A 1998/3-2 100 TCID50/mL 100%
A 2000/3-4 100 TCID50/mL 100%
A 2001/2-20 100 TCID50/mL 100%
A 2001/3-12 100 TCID50/mL 100%
A Long 100 TCID50/mL 100%
B 9320 100 TCID50/mL 100%
B/Wash/18537/62 100 TCID50/mL 100%
B/WV/14617/85 100 TCID50/mL 100%
(1) TCID50/mL = Tissue Culture Infectious Dose
  PFU/mL = Plaque forming units
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cross-reactivity was observed with the 26 organisms. The organisms, the 

concentration at which these organisms were tested and the results obtained 

are reported in Table 15. 

 
Table 15. In vitro cross-reactivity of RT Q-LAMP influenza A, B and RSV quadruplex 
assay. Twenty-six different bacteria and viruses were assayed in triplicate. The 
organisms and the concentration at which these organisms were tested are 
presented. No cross-reactivity was observed with all the organisms tested. 

15. INFLUENZA A, B AND RSV FINAL ASSAY VALIDATION ON CLINICAL 
SAMPLES 

The clinical agreement study was conducted using retrospective pre-

selected positive and negative leftover nasal and NPS specimens from human 

patients with signs and symptoms of respiratory tract infections. 

Influenza AB and RSV Cross-reactivity

Organism Tested Concentration (1)
% Detection

500 nm channel 560 nm channel 610 channel 682 channel
Adenovirus Type 1 1x10^6 TCID50/mL 0% 0% 0% 100%
Adenovirus Type 7A 1x10^5 TCID50/mL 0% 0% 0% 100%
Bordetella pertussis A639 1x10^7 CFU/mL 0% 0% 0% 100%
Chlamydia pneumoniae 1x10^6 IFU/ml 0% 0% 0% 100%
CMV 169 1x10^5 TCID50/mL 0% 0% 0% 100%
Coronavirus 229E 1x10^5 TCID50/mL 0% 0% 0% 100%
Coronavirus OC43 1x10^5 TCID50/mL 0% 0% 0% 100%
Coronavirus NL63 1x10^5 TCID50/mL 0% 0% 0% 100%
Enterovirus Type 71 1x10^5 TCID50/mL 0% 0% 0% 100%
Epstein Barr Virus 1x10^6 copies/mL 0% 0% 0% 100%
Escherichia coli 1x10^7 CFU/mL 0% 0% 0% 100%
Haemophilus influenzae 1x10^7 CFU/mL 0% 0% 0% 100%
Metapneumovirus 9 1x10^6 TCID50/mL 0% 0% 0% 100%
Mycobacterium tuberculosis (genomic DNA) 1x10^7 copies/mL 0% 0% 0% 100%
Mycoplasma pneumoniae 1x10^6 CCU/mL 0% 0% 0% 100%
Neisseria meningitidis 1x10^6 CFU/mL 0% 0% 0% 100%
Parainfluenza 1 1x10^5 TCID50/mL 0% 0% 0% 100%*
Parainfluenza 2 1x10^6 TCID50/mL 0% 0% 0% 100%
Parainfluenza 3 1x10^5 TCID50/mL 0% 0% 0% 100%
Pseudomonas aeruginosa 1x10^7 CFU/mL 0% 0% 0% 100%
Rhinovirus 1A 1x10^5 TCID50/mL 0% 0% 0% 100%
SARS-CoV2 1x10^6 TCID50/mL 0% 0% 0% 100%
Staphylococcus aureus, COL 1x10^7 CFU/mL 0% 0% 0% 100%
Streptococcus pneumoniae 1x10^7 CFU/mL 0% 0% 0% 100%
Streptococcus pyogenes, M1 1x10^7 CFU/mL 0% 0% 0% 100%
Streptococcus salivarius 1x10^7 CFU/mL 0% 0% 0% 100%
*One invalid replicate (IC failure) was repeated and valid.
(1) TCID50/mL = Tissue Culture Infectious Dose
CFU/mL = Colony Forming Units
IFU/mL = Infectious Units
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The specimens were collected from Italian and U.S. hospitals from subjects 

who gave their informed consent. The results assayed with influenza A, B and 

RSV RT Q-LAMP were compared to those assayed with standard diagnostic 

RT-PCR methods routinely used in the hospital laboratory. We tested a total 

of 90 positive clinical specimens: 10 influenza A H1N1 positive, 20 influenza A 

H3N2 positive, 30 influenza B positive and 30 RSV positive nasal and NPS. In 

addition, 30 influenza A, B or RSV negative NPS or BAL clinical samples, were 

tested. The clinical specificity was 100% for all the targets assayed and the 

clinical sensitivity ranged from 87% (for influenza A and RSV detection) to 90% 

(for influenza B). Moreover, The Positive Predictive Value (PPV) was 100% 

while the Negative Predictive Value (NPV) ranged from 96% to 97% (Table 16). 

 

Positive Negative Total
Detected 26 0 26

Not Detected 4 90 94
Total 30 90 120
PPA 100% NPA 96%

Sensitivity 87% Specificity 100%

Positive Negative Total
Detected 27 0 27

Not Detected 3 90 93
Total 30 90 120
PPA 100% NPA 97%

Sensitivity 90% Specificity 100%

Positive Negative Total
Detected 26 0 26

Not Detected 4 90 94
Total 30 90 120
PPA 100% NPA 96%

Sensitivity 87% Specificity 100%

RSV
Hospital Diagnosis

RT Q-LAMP

RT Q-LAMP

Influenza A
Hospital Diagnosis

Influenza B
Hospital Diagnosis

RT Q-LAMP
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Table 16. Influenza A, B and RSV RT Q-LAMP validation on clinical samples. We 
tested a total of 90 retrospective pre-selected positive clinical specimens: 10 
influenza A H1N1 positive, 20 influenza A H3N2 positive, 30 influenza B positive 
and 30 RSV positive nasal and NPS. Thirty influenza A, B or RSV negative NPS or 
BAL clinical samples, were also tested. Here the comparison between hospital 
diagnosis and RT Q-LAMP detection is reported: column data represent the 
diagnosis numbers provided by the hospital; row data represent the detection of 
RT Q-LAMP assay. For example, for influenza A, 30 specimens were positively 
diagnosed by the hospital. Among them 26 out of 30 were positively identified by 
RT Q-LAMP assay, 4 out of 30 were not detected by our assay thus representing 
false negative results.
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DISCUSSION 
In the current era of emerging novel respiratory viruses, there is a growing 

need for rapid, sensitive and specific identification of viral pathogens to allow 

effective prompt antimicrobial therapy, decrease extra diagnostic testing and 

implement pathogen-specific infection control measures. It is challenging to 

clinically distinguish bacterial from viral infections and different viral 

pathogens (Rebnord et al., 2016). This diagnostic uncertainty leads to 

overprescription of antibiotics and extra diagnostic testing (along with costs) 

to rule out bacterial infections (Doan et al., 2014; Shah et al., 2016). Rapid 

detection of these viral pathogens could overcome these disadvantages and 

laboratory testing may be useful in hospitalized patients with suspected 

respiratory infection and in patients for whom a confirmed diagnosis will 

change treatment decisions. Moreover, during a respiratory illness outbreak 

in a closed setting (e.g., hospitals, long-term care facility, cruise ship, boarding 

school, summer camp) testing for influenza virus infection can be very helpful 

in determining if influenza is the cause of the outbreak.  

Therefore, prompt viral diagnosis may lead to rapid implementation of 

infection control measures, early administration of antiviral medication, if 

available and shorter hospital stays, resulting in reduced healthcare costs 

(Bruning et al., 2017; Klepser et al., 2015).  

In this context, clinical signs and symptoms of influenza and RSV respiratory 

tract infections are similar and frequently overlap with those of bacterial 

infections. 
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Influenza, commonly known as “flu”, is an infectious respiratory disease 

caused by influenza viruses. These viruses belong to the Orthomyxoviridae, a 

family of negative-sense RNA viruses. 

There are four types of influenza viruses: A, B, C and D but only influenza A 

and B, can cause annual epidemics of varying severity, including mild common 

cold symptoms to severe lung injury with fatal outcome. While influenza B 

viruses are almost exclusively found in humans, influenza A viruses circulate 

in the human population as an annually recurring epidemic disease and 

emerge from a huge zoonotic reservoir (Centers for Disease Control and 

Prevention (CDC), 2020c).  

Influenza A is classified further by describing two viral proteins expressed 

on its surface, hemagglutinin and neuraminidase. Seasonal influenza viruses 

usually contain one of three major subtypes of hemagglutinin (H1, H2, or H3) 

and one of two subtypes of neuraminidase (N1 or N2). Influenza B is not 

classified into subtypes (Petrova & Russell, 2018).  

Importantly, influenza A viruses are the only influenza viruses known to 

cause pandemics. Characterized by their ability to rapidly acquire adaptive 

mutations in a process called antigenic drift, influenza A viruses gradually 

evade the human immune response (Schmolke & García-Sastre, 2010). 

Additionally, the special arrangement of viral genetic information on multiple 

RNA segments allows for mixing genetic information of different influenza A 

virus strains giving rise to novel, gene-reassorted virus strains, a process 

called antigenic shift that periodically results in emergence of virus strains 

with largely altered characteristics and the ability to infect immunologically 

naive humans with increased pathogenicity during pandemic outbreaks. 
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Influenza B viruses generally change more slowly in terms of their genetic 

and antigenic properties than influenza A viruses and therefore typically have 

a slower circulation (Centers for Disease Control and Prevention (CDC), 2019). 

However, the proportion of influenza B viruses that circulate can vary by 

geographic location. 

Despite advances in diagnostic and treatment strategies, mortality from 

influenza continues to increase: WHO estimates that seasonal influenza may 

result in 290,000-650,000 deaths each year due to respiratory diseases alone 

(World Health Organisation (WHO), 2020). 

Respiratory syncytial virus, or RSV, is a common respiratory virus that 

usually causes mild, cold-like symptoms. Most people recover in a week or 

two, but RSV can be serious, especially for infants and older adults. In fact, 

RSV is the most common cause of bronchiolitis and pneumonia in children 

younger than 1 year of age. It is also a significant cause of respiratory illness 

in older adults.  

In the last years, rapid influenza and RSV diagnostic molecular tests were 

developed. Compared with other diagnostic modalities—culture, or 

immunofluorescence testing—molecular tests are often faster, less 

expensive, easier to use and accessible to staff without laboratory training. 

They have the potential to be carried out at or near the point of care (Bruning 

et al., 2017). The majority of these tests require extracting viral genomes to 

be amplified by multiplex PCR or RT-PCR and this process is time consuming, 

needing skilled staff and equipped laboratories. 

Loop-mediated isothermal AMPlification (LAMP) is a powerful nucleic acids 

amplification technique, which has emerged as an easy-to-perform and rapid 
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tool for molecular diagnostics applications in clinical routine (Notomi et al., 

2000). LAMP amplifies DNA or RNA target with high specificity, efficiency and 

rapidity under isothermal conditions. It is fast, as the reaction is usually 

completed in 60 minutes or less; it is relatively inexpensive thanks to the use 

of a strand displacement polymerase, avoiding the use of expensive 

thermocycler instruments. All these peculiarities make LAMP intrinsically 

different from PCR and allow achieving superior performances in those 

applications in which the unique characteristics of this method are magnified, 

as the differential diagnosis of viruses. 

In DiaSorin the technology was improved in two main characteristics, giving 

rise to RT Q-LAMP: the coupling of reverse-transcription and amplification 

activity in one enzyme, which allowed to start the reaction directly from RNA 

and in a single tube and the use of fluorescent probes (Q-probes), which 

allowed the real time detection and discrimination of multiple targets. 

Considering all these features, this thesis describes the development of a 

RT Q-LAMP-based assay targeting conserved regions of influenza A, B and RSV 

viruses to differentially diagnose these infections. Both reverse-transcription 

and amplification are performed in a single-step from clinical specimens 

(represented by both nasal and nasopharyngeal swabs - NPS) that have not 

undergone nucleic acid extraction. RT Q-LAMP is performed thanks to Liaison 

MDX thermocycler, used with its consumable disc named “Direct 

Amplification Disc” (DAD). This disc can run from one to eight samples at a 

time and allows the amplification of non-extracted samples, thanks to the 

combination of centrifugal force and heat treatment. 



                                                                                                                       Discussion 

144 
Confidential 

The reaction was optimized using reagents with improved sensitivity and 

specificity, allowing clinicians to obtain results for a therapeutic intervention 

in less than 60 minutes. 

In detail, influenza A, B and RSV RT Q-LAMP assay consists in a multiplex 

primer system: the first set (labelled with a FAM fluorophore) targeting 

influenza A viruses, the second set (labelled with a JOE fluorophore), targeting 

influenza B viruses, the third set (labelled with a CFR610 fluorophore), 

targeting RSV-A and RSV-B and the fourth set (labelled with Q670 

fluorophore) detecting and amplifying an Internal Control (IC) target. The use 

of the IC in RT Q-LAMP is very important to control the sample reverse-

transcription and amplification and to evaluate the presence of reaction 

inhibitors allowing to validate negative results. It is made from inactivated 

MS2 bacteriophage particles that are included into reaction mix. 

After a long effort of reaction optimization, the most promising formulation 

was selected. 

The final formulation was tested in terms of analytical performances: no 

false positives were detected on over 100 replicates of NTCs represented by 

both 50 replicates of DEPC-treated water and 50 replicates of PBS. The 

analytical sensitivity is determined by the Limit of Detection (LoD) value, 

which represents the lowest amount of target that can be detected in at least 

95% of replicates. The final quadruplex assay resulted to be able to detect at 

least 1x103 copies/mL of inactivated virus diluted in PBS in 95% of cases for 

both influenza and RSV targets. 

Importantly, we observed that our influenza A, B and RSV assay was able to 

detect many different common circulating viral strains, from geographically 
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diverse location. In details, 35 influenza A, 25 influenza B and 11 RSV viruses 

quantified and titered were successfully detected by the assay. 

We also verified the product’s ability to exclusively identify influenza A, B 

and RSV in NPS specimens that contain other closely related microorganisms 

or viruses. To this aim, we selected cross-reactants that may exhibit similar 

clinical symptoms as influenza and/or RSV or may be present as normal flora 

in the NPS and we verified that none of them was amplified by our assay.  

Finally, the clinical value of influenza A, B and RSV RT Q-LAMP assay was 

assessed performing a validation on a total of 120 clinical samples from 

human patients with signs and symptoms of respiratory tract infections, 

assayed with standard diagnostic RT-PCR methods routinely used in the 

hospital laboratory. The results showed that RT Q-LAMP assay has 100% 

clinical specificity for all the targets assayed and it has a clinical sensitivity 

ranging from 87% to 90%. Moreover, The Positive Predictive Value (PPV) is 

100% while the Negative Predictive Value (NPV) ranges from 96% to 97%. 

The peculiar rapidity, simplicity and reliability of this influenza A, B and RSV 

RT Q-LAMP assay makes it perfect for the fast molecular diagnosis of these 

infections, allowing clinicians to quickly obtain a results and subsequently 

treat the patient in the most appropriate way.  

The main advantage of the developed assay is that it is extremely rapid, 

with a time-to-result of only 60 minutes; this time could even be shorter if we 

consider that the positive samples with at least 1x104 copies/mL of viruses 

amplified in less than 40 minutes. Only samples with 1x103 copies/mL or less 

viruses gave amplification results between 40 and 60 minutes. Considering 

that diagnosis specimens are frequently characterized by a viral load above 
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1x104 copies/mL, we can conclude that our RT Q-LAMP assay could be able to 

provide a diagnosis in less than 40 minutes. 

Considering that DAD and Liaison MDX can analyze eight samples at a time, 

assay use is extremely advantageous in all those contexts in which clinicians 

require answers for a limited number of samples in a short time. On the 

contrary, laboratory routine screening activities involve tens or even 

hundreds of samples per day, usually analyzable with high-throughput 

platforms, which however require many hours of processing and analysis 

before providing a diagnosis. Therefore, RT Q-LAMP assay could be extremely 

appropriate and suitable in clinical urgencies when it is necessary to test a 

limited number of samples, giving the result in the shortest possible time. 

Importantly, Liaison MDX instrument is small, handy and easily 

transportable. Thus, our influenza A, B and RSV RT Q-LAMP assay can be easily 

used to test patients with suspected symptoms in extra-hospital triage 

structures or in vans, before entering the hospital emergency room, avoiding 

possible subsequent nosocomial outbreaks. 

Finally, it is likely that recent COVID-19 pandemic completely changes viral 

molecular diagnostic scenario: in fact, before 2019, the majority of influenza 

diagnosis were made mostly on the basis of clinical symptoms. Nowadays, 

considering that influenza and COVID-19 symptoms are similar, it could be 

hard to tell the difference between them based on symptoms alone. With this 

in mind, in the coming months and years, rapid influenza tests, as our RT Q-

LAMP assay, could become increasingly critical in determining whether 

patients with respiratory tract infection are sick with influenza rather than 

COVID-19.  
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In the next future, further tests will be fundamental to deeply evaluate the 

industrialization of this assay so as to have the possibility to launch it on the 

market as diagnostic product able to quickly detect and discriminate influenza 

A, B and RSV, with high sensitivity and specificity.
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