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Summary  

Influenza is a global threat to public health. Currently, available influenza vaccines are 

effective against strain-matched influenza A and B viruses but do not protect against novel 

pandemic viruses [1, 2]. Vaccine candidates that target conserved B or T cell epitopes of 

influenza viruses could circumvent this shortcoming. The conserved extracellular domain of 

matrix protein 2 (M2e) of influenza A is an example of such a broadly protective vaccine 

candidate. M2e immunity can significantly reduce viral titers in the respiratory tract and 

protect animals from disease or death following challenge with a broad range of influenza A 

virus strains and subtypes, which includes H1, H3, H5, and H7 viruses [1, 3-7]. The protection 

by M2e-based vaccines is mediated mainly by M2e-specific IgG antibodies [3, 5, 8-11]. A 

study in humans showed that treatment with a recombinant human IgG1 monoclonal 

antibody directed against the highly conserved N-terminus of M2 was associated with a 

reduction of symptoms and viral load in an H3N2 challenge study of healthy human 

volunteers [12]. However, it is unknown if M2e-specific immunity could also be beneficial for 

the control of host-to-host transmission of influenza A viruses. Therefore, in the present 

Ph.D. project, we investigated the impact of M2e-specific monoclonal antibodies on 

influenza A virus spread in vitro and in a mouse transmission model. 

Previous studies have shown that filament-forming viruses have a selective advantage in 

natural influenza virus infections [13, 14]. Clinical isolates of influenza virus produce 

pleomorphic virus particles, including extremely long filamentous and bacilliform virions. In 

contrast, laboratory-adapted strains almost always produce only spherical virions [15, 16]. 

Thus, the filamentous influenza viruses have often been neglected in influenza virus 

research. Recent advances in improved high-resolution imaging techniques allow us to study 

the distinct functional and structural relevance of filamentous influenza virions.  

In the present PhD thesis, we investigated the impact of influenza M2e-specific monoclonal 

antibodies (MAbs) on influenza A virus filament formation at the host cell surface. We show 

that M2e-specific IgG1 and IgG2a mouse MAbs can reduce influenza A/Udorn/72 virus 

plaque growth and infectivity in vitro. Using Immuno-staining combined with super-

resolution microscopy that allows us to study structures beyond the diffraction limit of visual 

light, we report that M2 is localized at the base of viral filaments that emerge from the 
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membrane of infected cells. Filament formation was inhibited by treatment of A/Udorn/72 

infected cells with M2e-specific IgG2a and IgG1 MAbs and resulted in fragmentation of pre-

existing filaments. It is thus fair to conclude that M2e-specific IgGs can reduce filamentous 

influenza A virus replication in vitro and suggest that in vitro inhibition of A/Udorn/72 virus 

replication by M2e-specific antibodies correlates with the inhibition of filament formation on 

the surface of infected cells.  

In a mouse model of influenza A virus transmission, we could show that passive transfer of 

M2e-specific IgG2a MAb (MAb 65) to mice can reduce viral loads in the upper and lower 

airways, which resulted in reduced transmission of A/Udorn/72 and A/Hong Kong/68 viruses 

to cohoused, unimmunized contact mice. Virus restriction by passively transferred Mab 65 

was significantly reduced in Fcγr1-/- Fcγr3-/- mutant mice compared with wild type controls, 

suggesting that in vivo protection provided by MAb 65 depends on Fcγ receptor-mediated 

antibody effector mechanisms. Thus, M2e-based antibody immune therapy has the potential 

to diminish influenza A virus replication in the immunized host as well as in exposed naïve 

contacts. This is an important finding because it suggests that M2e-based antibody therapy 

could be used to suppress influenza virus transmission during a pandemic situation. Such an 

intervention, if successful in the field, would buy time to prepare a pandemic strain-matched 

conventional vaccine. 

Further studies in human subjects are needed to check the potential of M2 immunity in 

controlling seasonal and pandemic influenza disease severity and spread.  
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Samenvatting  

 

Influenza is een wereldwijde bedreiging voor de volksgezondheid. Momenteel zijn 

beschikbare influenzavaccins effectief tegen virus-A- en B-virussen die antigenisch goed 

overeenstemmen met de circulerende griepvirussen maar ze beschermen niet tegen nieuwe 

pandemische virussen [1, 2]. Vaccinkandidaten die zich richten op geconserveerde B- of T-

celepitopen van influenzavirussen kunnen deze tekortkoming mogelijk omzeilen. Het 

geconserveerde extracellulaire domein van matrixeiwit 2 (M2e) van influenza A is een 

voorbeeld van een dergelijke breed beschermende vaccinkandidaat. M2e-immuniteit kan 

virale titers in de luchtwegen significant verminderen en dieren beschermen tegen ziekte of 

overlijden na blootstelling met een breed scala aan influenza A-virusstammen en -subtypen, 

waaronder H1-, H3-, H5- en H7-virussen [1, 3-7] . De bescherming door op M2e gebaseerde 

vaccins wordt hoofdzakelijk gemedieerd door M2e-specifieke IgG-antilichamen [3, 5, 8-11]. 

Een klinisch onderzoek bij mensen toonde aan dat behandeling met een recombinant 

humaan IgG1-monoklonaal antilichaam gericht tegen het sterk geconserveerde N-uiteinde 

van M2 geassocieerd was met een vermindering van symptomen en virale belasting in een 

H3N2-infectiestudie van gezonde menselijke vrijwilligers [12]. Het is echter onbekend of 

M2e-specifieke immuniteitscontrole influenza A-virusoverdracht tussen gastheren kan 

onderdrukken. In dit doctoraal onderzoek onderzochten we daarom de impact van M2e-

specifieke monoklonale antilichamen op influenza A-virus verspreiding in vitro en in een 

muistransmissiemodel. 

Eerdere studies hebben aangetoond dat filamentvormende virussen een selectief voordeel 

hebben bij natuurlijke influenza virus infecties [13, 14]. Klinische isolaten van het 

influenzavirus produceren pleomorfe virusdeeltjes, waaronder extreem lange filamenteuze 

en bacilliforme virions. Daarentegen produceren in het laboratorium aangepaste stammen 

meestal alleen sferische virionen [15, 16]. Aldus zijn de filamenteuze influenzavirussen 

grotendeels verwaarloosd in het meeste influenzavirusonderzoek. Recente ontwikkelingen 

in verbeterde beeldverwerkingstechnieken met hoge resolutie stellen ons echter in staat om 

de functionele en structurele relevantie van filamenteuze virionen te bestuderen in de 

context van bijv. beschermende antistoffen gericht tegen M2e. 
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Hier hebben we de impact onderzocht van influenza M2e-specifieke MAbs op de vorming 

van filamenten van influenza A-virussen aan het oppervlak van de gastheercel. We laten zien 

dat M2e-specifieke IgG1- en IgG2a-monoklonale muizenantistoffen de influenza 

A/Udorn/72-virusplaquegroei en infectiviteit in vitro kunnen verminderen. Met behulp van 

immuno-kleuring in combinatie met superresolutie microscopie die ons in staat stelt 

structuren te bestuderen voorbij de diffractielimiet van het zichtbaar iicht, rapporteren we 

dat M2 gelokaliseerd is aan de basis van virale filamenten die tevoorschijn komen uit het 

membraan van geïnfecteerde cellen. Filamentvorming werd geremd door behandeling van 

A/Udorn/72 geïnfecteerde cellen met M2e-specifieke IgG2a- en IgGl-monoklonale 

antilichamen en resulteerde in fragmentatie van reeds bestaande filamenten. We 

concluderen dat M2e-specifieke IgG's de filamenteuze influenza A-virusreplicatie in vitro 

kunnen verminderen en suggereren dat in vitro remming van A/Udorn/72-virusreplicatie 

door M2e-specifieke antilichamen correleert met de remming van filamentvorming op het 

oppervlak van geïnfecteerde cellen. 

 

In een muismodel van influenza A-virus overdracht tonen we aan dat passieve toediening 

van M2e-specifiek IgG2a MAb (mAb 65) aan muizen virale vemeerdering in de bovenste en 

onderste luchtwegen kan verminderen, wat resulteerde in verminderde transmissie van 

A/Udorn/72 en A/Hong Kong/68-virussen naar contactdieren die niet  geïmmuniseerd 

waren. Virusbeperking door passief overgedragen Mab 65 was significant minder 

uitgesproken in Fcγrl -/- Fcγr3 -/- mutante muizen in vergelijking met wildtype-controles, 

hetgeen suggereert dat in vivo bescherming die wordt verschaft door MAb 65 afhangt van 

door Fcy-receptor gemedieerde antilichaameffectormechanismen. De M2e-gebaseerde 

antilichaam-immunotherapie heeft dus het potentieel om de influenza A-virusreplicatie in de 

geïmmuniseerde gastheer alsook in blootgestelde naïeve contacten te verminderen. Op M2e 

gebaseerde antilichaamtherapie zou dus kunnen worden gebruikt voor het onderdrukken 

van influenzavirusoverdracht tijdens een pandemische situatie. 

 

Hoewel de M2e-specifieke antilichamen de replicatie van filamenteuze influenza A-virussen 

in vitro remmen, is in vivo bescherming die wordt verschaft door M2e-specifiek antilichaam 

grotendeels afhankelijk van activerende Fcy-receptoren die kunnen binden aan het Fc-

gedeelte van IgG's, wat op zijn beurt leidt tot fagocytose of het doden van met influenza A-
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virus geïnfecteerde cellen. Verdere studies bij mensen zijn nodig om het potentieel van M2-

immuniteit bij het beheersen van de ernst en verspreiding van seizoens- en pandemische 

influenza te controleren. 
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Humanity’s greatest advances are not in its discoveries – but in how those discoveries are 

applied to reduce inequity.  
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“You could never convince a monkey to give you a banana by promising him limitless 

bananas after death in monkey heaven.” 

― Yuval Noah Harari, Sapiens: A Brief History of Humankind 
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1.1. Socio-economic impact and history of influenza viruses  

 

Influenza or “the flu”, is a viral infection caused by “influenza virus”. The word “influenza” 

most likely originated from the Italian word ‘influentia’, which means the influence of the 

stars [1, 2]. Influenza viruses circulate within human and animal populations infecting 

between 10-20% of the world’s population every year and it is one of the leading causes 

of infectious respiratory disease today. Despite the often short duration of illness, the 

yearly economic and healthcare burden of influenza is substantial. For example, an 

estimated cost to the US economy is $87.1bn annually [3]. In Europe, seasonal influenza 

causes 4 -50 million symptomatic cases, and 15,000 – 70,000 deaths every year [4]. 

Influenza types, A, B, and C regularly infect humans. Influenza A and B viruses cause 

severe respiratory illness that includes symptoms such as fever (pyrexia), nasal 

congestion, sneezing, headache, cough, sore throat, and body aches, while influenza C 

viruses lead to mild respiratory disease and do not cause epidemics [5, 6]. Most people 

show relatively mild illness after flu infection and mostly recover in less than two weeks. 

However, some people can get complications that can result in hospitalization and 

sometimes death. Pneumonia, bronchitis, sinus infections, and ear infections are 

examples of flu-related complications. Further, influenza virus infection can make chronic 

health problems worse. For example, people with asthma can experience asthma attacks 

when they have flu and people with chronic congestive heart failure may experience a 

worsening of this condition. Children younger than 5, old people (over 65 years of age), 

and pregnant women are at high risk, and more likely to get serious flu-related 

complications [7]. 

 

Hippocrates has recorded outbreaks of influenza-like illness syndrome called "fever of 

Perinthus" as early as 412 B.C. [8]. The pandemics of influenza have been reported in the 

19th century. The first influenza pandemic of the 20th century, also called ‘Spanish flu’, 

caused millions of deaths in 1918. One hundred years after the Spanish flu, the flu virus is 

still one of the world's biggest public health challenges. The etiological agent of human 

influenza was only identified in 1933 [9]. Then, in 1935, Burnet et al showed that the flu 

virus could be grown in embryonated chicken eggs [10]. In 1936, the first neutralizing 

antibodies were generated through infection by human influenza virus [11]. The flu 
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vaccine was developed by growing virus in embryonated chicken eggs, virus inactivation 

by formalin and purification of the virus by high-speed centrifugation, a procedure which 

is still used today to manufacture current influenza vaccines [11]. 

In the 100 years since the 1918 Spanish flu pandemic, there have been four influenza 

pandemics: 1957-1958 (Asian Flu), 1968-1969 (Hong Kong Flu), 1977-1978 (Russian flu), 

and the most recent in 2009-2010 (Mexican flu) with the swine-origin pandemic H1N1 

(pdmH1N1) influenza virus. None among these four was as lethal as the 1918 Spanish Flu 

pandemic. Both pandemic and seasonal flu are a major concern for public health today. 

Presently two of each influenza A (H1N1 and H3N2) and influenza B strains (Victoria or 

Yamagata lineages) are circulating globally. The World Health Organization (WHO) 

classifies influenza strains based on their similarity to prototype strains. 

 

Seasonal influenza viruses spread efficiently and transmit rapidly between humans in 

crowded and congested public areas such as schools and nursing homes. Wild aquatic 

bird populations are considered as the natural Influenza A virus (IAV) reservoir. There is a 

hypothesis that the virus is occasionally transmitted from aquatic birds to other avian and 

mammalian hosts like humans, swine, horses, and other mammals. However, the recent 

detection of influenza viruses in bats suggests that other reservoir species could also exist 

[12-15]. To date, sixteen HA and nine NA subtypes have been isolated from aquatic birds 

[16], and two HA and two NA subtypes have been identified in bats [12, 13]. The influenza 

viruses of humans, other mammals, and domestic poultry birds have all probably evolved 

directly or indirectly from the aquatic bird viruses. Hence, there is a high possibility that 

antigenically shifted virus from animal origin can cause the next pandemic. Recent 

sporadic human cases of H5 and H7 IAV infections in Asia show this risk, although human 

to human transmission of these zoonotic influenza viruses is rarely observed [17, 18]. 

 

1.2. Classification and nomenclature 

There are four types of influenza viruses: A, B, C and D. Human influenza A, and B viruses 

cause seasonal epidemics almost every winter. In addition, IAV has the potential to cause 

an influenza pandemic. Influenza type C infections cause mild respiratory illness. Influenza 

D viruses mainly cause disease in cattle and are not yet known to cause illness in humans. 
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The classification of IAV strains is done on the basis of the antigenic reactivity of viral 

hemagglutinin (HA) and neuraminidase (NA) surface glycoproteins as HxNy; where x and y 

are numbered in various combinations up to 18 and 11, respectively. IAV strains are 

named  using first their antigenic type, then the species from which the strain was 

isolated, if not human, the location of isolation, isolate number, the year of isolation, and 

their HA and NA subtypes. E.g., the 1st isolate of an H1N1 subtype virus isolated from 

humans in 2009 in Belgium is named: Influenza A/Belgium/1/2009 (H1N1) virus.  

The method of nomenclature uses the following components [19, 20]: 

 The antigenic type (e.g., A, B, C) 

 The host of origin (e.g., swine, equine, chicken). For human-origin viruses, host of 

origin designation is not given. 

 Geographical origin (e.g., Belgium, Singapore, Russia) 

 Strain number (e.g., 1, 307) 

 Year of isolation (e.g., 1972, 2009) 

 For influenza A viruses, the HA and NA antigen description in between 

parentheses [e.g., (H1N1), (H5N1)] 

For example: 

 A/Singapore/3/93(H3N2) for a virus from human origin 

 A/Goose/Guangdong/1/96 (H5N1) for a virus from avian origin 

 

Antigenic variation within the HA and NA antigens of influenza B viruses has been studied 

in detail. In contrast to influenza viruses A, no distinct antigenic subtypes are recognized 

for members of the species Influenza B virus, however, viruses with antigenically and 

genetically distinguishable lineages of HA and NA (e.g., the B/Victoria/2/87-like and the 

B/Yamagata/16/88-like viruses) have co-circulated in humans for over two decades. The 

currently circulating strains of influenza B originate from either the Victoria or Yamagata 

lineages [6, 21]. 
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1.3.  Transmission 

Influenza viruses spread or become transmitted through contact and the airborne route. 

Contact transmission occurs by two routes, direct and indirect. The direct transmission 

occurs through contact with an infected human or animal, whereas indirect transmission 

takes place after contact with a contaminated object, surface or fomite [22]. The virus 

can remain infectious on nonporous dry surfaces for up to 48 hours [23]. Further,  

airborne transmission results from the release of aerosolized particles during sneezing,  

coughing or speaking [24]. Sneezing or coughing produces a substantial quantity of 

particles that are 5–10 μm in diameter [25]. The viral titer measured in nasopharyngeal 

washes on day 2 or 3 after infection can reach up to 107 TCID50/mL [26]. Aerosol 

transmission of influenza is an important mode of transmission that has evident 

implications for pandemic influenza planning. Therefore, recommendations about the 

use of N95 respirators as part of personal protective equipment is important [27]. 

Previous studies have shown that influenza viruses have an incubation period of 1-2 days 

in humans, with secondary transmission to a contact host occurring within another 1-2 

days [28-30]. The transmission of influenza viruses among humans is likely affected by 

host physiology and host immune status. 

The efficiency of virus transmission between humans and mammals depends on multiple 

factors such as the stability of influenza viruses in different environments, recognition of 

suitable host cell receptors by the HA protein, and activity of the viral polymerase in cells 

of the upper and lower respiratory tract. In addition, influenza virion morphology 

perhaps plays a contributing factor [31, 32]. Much is unknown about how the 

transmission of influenza viruses occurs among humans. Viral transmission in a human 

population is complex and involves viral [33, 34], host [29, 30], social [35], and 

environmental factors [36, 37].  

1.4. Influenza A Virion  

Influenza viruses are classified as either type A, B, and C or the recently identified type D 

viruses [38]. Influenza type A, B, C, and D viruses are members of the Orthomyxoviridae 

family, which is a family of enveloped viruses with segmented, single-stranded, negative-

sense RNA genomes [21]. Influenza A and B viruses (IBVs) comprise eight vRNA segments, 

while Influenza type C and D viruses only possess seven vRNA segments [38]. 
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Influenza A virions are highly pleomorphic, exhibiting spherical, filamentous or bacilliform 

morphology that ranges in size from 100-nm-diameter of spherical virions to filamentous 

virions up to 20 μm in length [39]. Upon passaging of IAVs in MDCK cells or embryonated 

chicken eggs, the filamentous form is generally lost. The influenza A virus strain A/Udorn 

/72 (H3N2) produces copious amounts of long filaments on the surface of infected cells 

where matrix protein 1 (M1) and 2 (M2) play a key role in virus filament formation [39, 

40]. A more detailed outline on filamentous influenza viruses is described in Chapter 2. 

The outer layer of the virus is a lipid membrane which is taken from the host cell during 

replication. The surface glycoproteins, HA, NA and matrix protein 2 (M2) are integrated 

into the envelope (Fig. 1a). The matrix 1 (M1) protein is situated at the inside of the lipid 

membrane, forming a matrix holding the viral ribonucleoproteins (vRNPs) [41]. The IAV 

genome consists of 8 negative-sense RNA segments which encodes 11 proteins. Each 

segment encodes for one or two proteins (Table 1). These proteins can be categorised as 

encoding the viral structural or non-structural proteins. HA, NA, NP, M1 and M2 are 

mainly structural proteins with additional functions during virus binding, entry, fusion, 

disassembly, assembly and egress, while PB1, PB2, PA, NS1, and NS2 are mainly functional 

during virus replication. The RNA is encapsidated by the nucleoprotein (NP), and the vRNP 

complex comprises the polymerase basic 1 (PB1), polymerase basic 2 (PB2), and 

polymerase acid (PA) proteins, that represents the minimal replicative unit. In addition, 

the non-structural proteins NS1 and NS2 (renamed the nuclear export protein NEP) are 

also expressed by IAV [21]. Electron microscopic image analysis have shown that the HA 

and NA spikes (with a length of 10 to 14 nm) are present at the surface of the spherical 

virion (Figure 1c-d) [42, 43]. The HA is the most abundant surface protein (approx. 80 %) 

of the virion and NA accounts for approximately 17 %. The HA: NA ratio depends on viral 

strains and subtypes [21]. HA forms homotrimers which bind to the host cell receptor. HA 

is also essential for infectivity because it is needed for membrane fusion, a process that is 

triggered by acidic pH, as occurs in the endosomes of the host cell. After virus replication, 

the receptor-destroying enzyme NA facilitates a final release of the virion by removing 

terminal sialic acids (SAs) [44]. 
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Table 1. The genetic makeup, the viral gene products and their function of a typical 

influenza A virus. The genomic segments of Influenza Virus A/Udorn/72 H3N2 and their 

encoded proteins. Length (bp) of Influenza Virus A/Udorn/72 H3N2 RNA segments 

information obtained from Influenza Research Database (IRD, http://www.fludb.org). 

Segment Length of RNA 

segments (bp) 

Protein names Protein function Ref. 

1 2292 PB2 mRNA cap recognition [45] 

PB2-S1 Inhibition RIG-I signaling, 

interferes with viral 

polymerase activity 

[46] 

2 2309 PB 1 

 

RNA elongation, 

endonuclease activity 

[47] 

PB 1 -F2 Apoptotic activity [48] 

PB1-N40 Maintaining  balance 

between PB1 and PB1-F2 

expression 

[49] 

3 2194 PA Endonuclease activity in 

cap-snatching  

Subunit viral polymerase 

complex 

[50] 

PA-X Inhibition of host protein 

synthesis 

[51] 

PA-N155 Unknown [52] 

PA-N182 Unknown [52] 

4 1724 HA Receptor binding and 

fusion activity 

[53, 

54] 
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5 1521 NP RNA binding protein, 

nuclear import regulation 

[55, 

56] 

6 1444 NA Sialidase activity, virus 

budding and release  

[57] 

7 988 M1 RNA nuclear export 

regulation, viral budding, 

virion morphology 

[58, 

59] 

M2 Proton channel, virus 

activation, assembly and 

budding, virion 

morphology 

[39, 

60-62] 

8 853 NS1 IFN antagonist, regulate 

host immune gene 

expression 

[63, 

64] 

NS2/ NEP Nuclear export of RNP [65] 

 

 

The Hemagglutinin (HA) glycoprotein is homotrimeric, type I membrane protein.  HA 

comprises a large membrane-distal, globular domain formed by HA1, and an elongated 

membrane-proximal stem domain comprised of HA2 and the N- and C-terminal segments 

of HA1. HA1 mediates virus binding to cell surface SA-receptors to initiate viral entry 

through endocytosis. Virions are then taken up into endosomes, and upon acidification, 

HA undergoes a conformational change that results in the fusion of the viral and 

endosomal membranes. During this conformational change, the fusion peptide at the HA2 

N terminus is released from an interior pocket within the HA trimer. The subsequent 

insertion of the fusion peptide into the endosomal membrane initiates fusion of viral and 

endosomal membranes and uncoating [66, 67]. 
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                                   (a)                                                                  (b) 

                               

 

                                  (c)                                                                                (d) 

                                                                     

 

Figure 1 (a) Schematic structure of the influenza A virion. Three envelope proteins 

hemagglutinin (HA), neuraminidase (NA) and the M2 (matrix protein 2) are embedded in 

the lipid bilayer. The viral lipid envelope is derived from the host cell membrane. The 

Matrix protein 1 (M1) located inside the viral envelope links with the viral 

ribonucleoprotein (vRNP) complex. Eight single-stranded RNA molecules of negative 

sense are located inside the virion. The vRNP complex is formed by the nucleoprotein 

(NP) and associated RNA polymerase proteins polymerase basic protein 1 and 2 (PB1/2) 

and polymerase acidic protein (PA). Figure source: [41]. (b) Schematic diagram of 

Influenza A filamentous virion, containing an organized set of eight RNPs at one end of 

the virion. Figure source: [68]. (c) Tomogram of Influenza A virion showing HA and NA 
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spikes (d) Patches of glycoprotein spikes in cryotomogram. Triangular HA spikes (white 

arrowhead) are distinguishable from square NA spikes (white arrowhead with black 

border). Figure source: [43]. 

 

Phylogenetic as well as serological analyses of IAV show two groups of HA proteins: group 

1 (H1, H2, H5, H6, H8, H9, H11, H13, H16, H17 and H18), and group 2 (H3, H4, H7, H10, 

H14, and H15) (Fig. 2) [69, 70]. This shows a certain sequence similarity between the H1 

and H5 IAVs. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Influenza virus phylogeny. Influenza HA cluster into group 1 (H1, H2, H5, H6, H8, 

H9, H11, H13, H16, H17 and H18) and group 2 HAs (H3, H4, H7, H10, H14, and H15). 

Figure source: [70]. 

The human IAVs viruses bind to α(2,6)-linked SA receptors, whereas avian viruses mainly 

bind to α(2,3)-linked SA receptors [71, 72]. Highly pathogenic avian influenza (HPAI) 

viruses cause severe systemic disease in poultry birds that rapidly leads to deaths. Low 

pathogenic avian influenza (LPAI) viruses cause a limited infection with less severe disease 

[73]. The dissimilarity in cleavage site of the HA0 protein is responsible for HPAI and LPAI 

pathogenicity. The uncleaved form of the HA protein is called HA0; after cleavage by a 
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cellular enzyme, two proteins are produced, called HA1 and HA2. The HA0 precursor of 

HPAI is cleavable by ubiquitous host proteases [74], while LPAI viruses are limited to 

cleavage by less ubiquitously expressed trypsin-like proteases. Thus, LPAI infection is 

restricted to tissues of the respiratory and intestinal tract where trypsin-like enzymes are 

found [75, 76], while HPAI viruses are able to replicate systemically, damaging vital 

organs, which results in severe disease and fatalities in chickens. 

The second major surface glycoprotein Neuraminidase (NA) is a type II integral membrane 

protein. NA is composed of four identical mushroom-shaped tetramers at the surface of 

the virion as well as on infected cells. Each subunit comprises an N-terminal cytoplasmic 

domain, a hydrophobic transmembrane region, a thin hypervariable stalk, and a globular 

head domain that includes the enzymatic active site. The receptor-destroying enzyme 

assists in binding and the final release of the virus particle [57, 77]. NA cleaves α(2,6)- and 

α(2,3)-linked SAs and is thus believed to help in the detachment of nascent viral particles 

by cleaving SA residues from HA molecules on the surface of host cells [78]. NA is the 

target of small molecule antivirals zanamivir and oseltamivir used to treat influenza [79]. 

The third membrane protein is a matrix protein M2, a multifunctional protein with critical 

roles in virion entry, assembly, and budding. The matrix proteins, M1 and M2, are formed 

from alternative reading frames of RNA segment seven [80]. M2 protein is a 97-amino-

acid long type III membrane protein that forms disulfide-linked tetramers. M2e consists of 

a small 23 aa N-terminal ectodomain, a transmembrane α-helical domain and a 

cytoplasmic domain consisting of a membrane proximal amphipathic helix and 

cytoplasmic tail [81]. The ectodomain of M2 (M2e) is highly conserved and can adopt 

multiple conformations [82, 83]. M2 forms a pH-dependent ion channel which is essential 

for viral uncoating through acidification of the virion and correct maturation of HA in the 

trans-Golgi network [84, 85]. The ion channel activity of newly synthesized M2 also results 

in activation of the inflammasome [60]. The C-terminal 54 amino acids of M2 form the 

highly conserved cytoplasmic tail that is important for virion assembly and the budding 

processes but has little effect on the M2 proton channel activity [62, 86]. M2 plays a 

critical role in the pinching off process of virions whereby M2 present in the neck of the 

bud may help in bud release [87]. The membrane-distal region of the cytoplasmic tail has 

been shown to be critical for the incorporation of vRNPs into budding particles [88, 89]. 
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The membrane-proximal region of M2 can induce membrane curvature and has been 

associated in ESCRT-independent membrane scission and budding of IAV particles [62]. 

Moreover, the cytoplasmic domain is involved in subverting the autophagy machinery 

from the host cell [61]. The interaction of M2, M1, HA, and NA near glycolipid rafts in the 

apical plasma membrane is presumed to coordinate the assembly of infectious virus 

particles. M2 protein apical targeting is essential for efficient IAV replication [90]. A more 

detailed outline on M2 and M2-based influenza vaccines is described in Chapter 3. 

 

1.5. Influenza A virus replication 

The IAV replication cycle can be divided into a number of different stages (Fig. 3). In the 

beginning, NA helps in removing decoy receptors and SAs on the outside of the host cell. 

This helps the virus to reach the cell surface [66, 91, 92]. After binding of HA to SA 

residues, receptor-mediated endocytosis occurs. The endocytosis can occur either in a 

clathrin-dependent manner, or by macropinocytosis [93].  

The conformational changes are induced in the HA due the low pH environment in the 

endosome which lead to exposure of the fusion peptide [66, 94]. The M2 ion channel 

opens up soon after endocytosis, which leads to the acidification of the viral core and 

release of the vRNPs from M1 that enables the transfer of the vRNPs to the cytoplasm 

following HA-mediated fusion [95]. Next, the vRNP complexes are translocated into the 

nucleus, where viral transcription and replication takes place [21]. Firstly, the viral 

polymerase transcribes viral mRNAs. Transcribed viral mRNAs are exported from the 

nucleus to the cytoplasm and translated. The surface proteins HA, NA, and M2 are 

transported to the cellular membrane through the ER-Golgi secretory pathway, while the 

polymerase subunits and NP are imported into the nucleus, where they activate the 

switch from transcription to replication. The genome is converted into a positive sense 

antigenomic cRNA that serve as a template for the replication of genomic RNA. The 

genomic RNA is encapsidated by NP and assembles together with the polymerase 

complex to vRNPs. The vRNPs associate with M1 proteins, which are then exported from 

the nucleus to the cytoplasm, this process is mediated by the NS2 protein [96]. After the 

formation of a viral bud, the virus remains bound to the host cell through a small 
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membrane neck. At this moment, the M2 protein alters membrane curvature, contracting 

the neck and instigating membrane scission [97]. Egress of fully formed virus occurs at the 

cell surface due to the enzymatic action of NA. NA acts as a receptor-destroying enzyme 

by cleaving these SAs thus releasing the newly formed virions, which are able to infect 

naive cells [21]. 

 

 

Figure 3. Influenza A virus replication cycle. IAV viral replication is initiated by 

binding of HA to sialic acid receptors on the surface of host cell. After 

attachment, the virion is endocytosed. Then fusion of viral and endosomal 

membranes occurs. Upon acidification of the endosome, the viral 

ribonucleoproteins (vRNPs) become released into the cytoplasm. The viral 

genome is subsequently transported to the nucleus. Inside the nucleus, viral 

genome is transcribed and replicated. Viral protein synthesis, packaging and 

virion assembly takes place in the host cell. Afterwards, the virion buds out and is 
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released from the host cell. The terminal sialic acid residues are cleaved by NA, 

which aids in the final release.  

1.6. Antigenic drift and shift of influenza viruses 

The IAV has the ability to undergo antigenic change, which occurs through antigenic drift 

and antigenic shift (Fig. 4). The viral HA and NA antigens undergo antigenic drift, which is 

characterized by a gradual and continuous change of its antigenicity. The IAV viral RNA-

dependent RNA polymerase lacks proof-reading ability and is therefore error-prone 

causing mutations in replicated viral RNA, including non-synonymous mutations in the HA 

and NA coding information [98, 99]. Every year flu vaccines need an update because of 

the circulating antigenic drifted viruses that cause flu epidemics every year. Besides 

antigenic drift, IAV can also undergo a more sudden change called antigenic shift. 

Antigenic shift occurs unpredictably and is the result of a reassortant event between a 

human and an animal influenza A virus. As a result a human-to-human transmissible virus 

may emerge that carries an HA and/or NA gene to which the population has not been 

exposed before.  

Cells of the human upper respiratory tract mainly express (2,6)-linked SAs, while avian 

upper respiratory tract and intestinal epithelial cells preferentially express (2,3)-linked 

SAs. There is a hypothesis that pigs can serve as a “mixing vessel”, because the pig 

expresses both types of SAs. Pig respiratory epithelial cells permit infection of both 

human and avian IAV strains, which possibly facilitates reassortment of IAVs and might 

result in the generation of new human pandemic strains with efficient human-to-human 

transmission [100, 101]. The HA receptor-binding preferences with the SA linkages in a 

specific host is not essential for infection, but is important for transmission (Figure 4) 

[102]. 

The genomic segments of IAVs possibly reassort during co-infection with two or more 

influenza viruses when animal and human viruses infect a single cell. The antigenic shift 

results in a virus that is capable of infecting humans but expresses an animal HA or NA to 

which there is no prior protective antibodies in human populations. If such a new strain 

has the capacity to cause disease in humans with efficient human-to-human transmission 

ability then such a antigenically shifted virus can cause a pandemic [103]. 
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Figure 4. Influenza antigenic drift and antigenic shift. The HA and NA of influenza viruses 

undergo frequent mutations which is called antigenic drift in humans, which generates 

new IAV strain (shown in red dots). This new strain has the capacity to escape antibodies 

previously made against the parental virus. In rare occasions, the whole segments of the 

eight-segment genome of an avian influenza virus and a human virus become reassorted 

in the same IAV virion. This may occur through infection of swine cells by both human and 

avian IAVs.  This can result in a virus that is capable of infecting humans but expresses an 

avian HA or NA, called antigenic shift to which there is no prior immunity in human 

populations. Figure adapted and modified from [104]. 

The mutations in HA that are responsible for the antigenic drift mostly accumulate around 

the receptor-binding site, as antibodies that recognize the area around the RBS can 

neutralize the virus [105]. The major antigenic sites on HA have been mapped using tools 

such as X-ray crystallography, comparative sequence analysis, and characterization of 

escape mutant viruses [106]. Antigenic cartography (the process of creating maps of 

antigenically variable pathogens) studies showed that antigenic drift of human influenza 

viruses perhaps occurs in clusters, whereas nucleotide changes continue to take place. 

The clusters of antigenically similar variants exist for several years until they are replaced 
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by viruses that form a novel cluster. Likewise, mutations in NA are frequently detected 

around the enzymatic active center [107]. Two to three antigenic sites in the NA protein 

have been identified [108].  

Even though influenza outbreaks occur annually, the prevalence and severity of disease 

can vary substantially, which is dependent on many factors such as virus types, subtypes 

and strains, and the level of protective immunity in the population. The seasonal 

influenza epidemics cause approx. 250,000 to 500,000 deaths annually worldwide, 

whereas pandemics are more difficult to predict and can cause more deaths. For example 

the 2009 H1N1 pandemic caused approximately 200,000 deaths and the 1918 H1N1 

pandemic killed 50 million people [109, 110]. 

 

1.7. Influenza animal models 

The complex immunological responses of the human host cannot easily be simulated by 

in vitro models. Therefore, animal models are necessary to study factors that affect 

influenza virus pathogenesis, transmission, and for pre-clinical assessment of the efficacy 

of vaccines and antivirals. Several animal models have been used to study the immuno-

pathogenesis and transmission of IAVs including ferrets, mice, guinea pigs, non-human 

primates, swine, cotton rats, Syrian hamsters, dogs, cats, and, marmosets [111]. 

Preclinical studies in animals are essential for the development of diagnostics, vaccines, 

and antiviral therapies.  

Mice 

The mouse is a very suitable and convenient model for influenza virus research, because 

of its relatively low cost, small size, easy availability, and ease of handling and husbandry. 

Numerous inbred and outbred strains of mice are commercially available. Furthermore, 

many knockout, transgenic, and knock-in strains are available that allows study of specific 

immune effector function in influenza virus infections. Mouse-specific immunological 

reagents are commonly available in the market. In order to study specific immune 

responses to influenza virus infection, researchers can easily deplete specific immune cell 
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populations such as macrophages, NK cells, DCs, cytotoxic T and B-lymphocytes in mice 

[112, 113].  

Influenza virus infections of mice goes back as early as 1934 [114]. The laboratory mouse 

strains can be infected with certain influenza virus strains. Most viruses first need to be 

adapted to mice through multiple mouse lung-to-lungs passaging that result in point 

mutations that improve replication and receptor binding, thus increase virulence and 

pathogenicity. The level of susceptibility to infection depends on the genetic background 

of mouse strain [91, 115-117]. One of the major drawbacks of the mouse influenza model 

is that the adaptation in mice may lead to substantial antigenic difference between the 

initial and the mouse-adapted strain. Mice are highly susceptible to HPAI without 

adaptation, which may be explained by the fact that mice mainly express α(2,3)-linked SA 

in their respiratory tract [118, 119]. Mice generally exhibit morbidity after 2-3 days post 

infection that includes weight loss, lethargy, and anorexia. The clinical signs in mice are 

different from those seen in humans (Table 2) and depend on the virus strain, mouse 

genetic background. Clinical signs like sneezing, coughing, nasal discharge, and fever are 

not observed in mice [117, 120]. Generally, weight loss and related mortality are the most 

reliable and quantitative readout in mouse studies, for example performed in the context 

of vaccine efficacy studies. Currently the influenza animal models are well understood, 

tightly regulated, and plays an important role in the development of safe and efficacious 

vaccines, antivirals, and immuno-therapeutics. 

Influenza A virus transmission between mice was first reported by Eaton and later by 

Schulman and Kilbourne [121-126]. Since then, mice have been rarely used to study 

influenza virus transmission in part because the efficiency of mouse-to-mouse 

transmission of influenza viruses can be variable from one experiment to another. Recent 

studies, however, have described robust contact-dependent transmission in mice [127-

129]. However, only a few strains of influenza A virus are known to efficiently transmit 

from mouse to mouse. Transmission between mice is contact-dependent and occurs 

mainly through influenza virus in the saliva. Most influenza A viruses do not transmit 

between mice, which is likely due to the presence of potent viral inhibitors in murine 

saliva. The H3N2 virus A/Udorn/72 and a few other closely related H3N2 viruses are 

exceptions and are not neutralized by these salivary inhibitors [130]. In addition, certain 
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inbred mouse strains have been found to be more prone to morbidity and mortality 

following influenza virus infection than others. In particular, DBA/2J mice were shown to 

be more susceptible to disease caused by influenza virus infection of the lungs, even with 

viral isolates that were not mouse-adapted [112, 131].  

Ferrets 

Smith et al. in 1933 conducted the first influenza animal transmission study where they 

infected ferrets with a human H1N1 isolate (PR5) and did further passaging in ferrets. 

During the course of this study, virus was accidently transmitted back to humans [114, 

132]. One of the ferret isolates was subsequently passaged in mice which resulted in the 

mouse-adapted H1N1 A/Puerto Rico/8/1934 (PR8) strain, which is extensively used in 

influenza experimental studies [133]. IAV was extensively studied in subsequent years 

which resulted in the first licensed vaccine in 1945 [2]. From 1950, use of animal studies 

as surrogates for humans in efficacy trials came under FDA regulation [120]. 

The disease in ferrets closely resembles that in humans with respect to clinical signs and 

immuno-pathogenesis (Table 2). Both human influenza A and B viruses without adaptation 

can infect the ferrets. Physiological features of ferrets such as airway morphology and 

sneeze response make them an ideal animal model for studying clinical and immunological 

features of the influenza disease [120, 134]. Clinically similar disease as human influenza is 

observed in ferrets with clinical signs such as fever, nasal discharge, sneezing, malaise [34, 

134-137]. The nasal turbinates are the primary site of viral replication in ferrets, and 

virulent IAV strains can spread to the lower respiratory tract. The α(2,6)-linked SAs are 

present in the ciliated respiratory epithelium of both humans and ferrets. The lower 

respiratory tract comprises mostly α(2,3)-linked SA in bronchiolar and type II alveolar cells 

and fewer which carry α(2,6)-linked SAs [138]. Further, the density of SA receptors could 

also contribute to the similarities in disease between humans and ferrets [139]. The main 

disadvantage of the ferret model for influenza is its cost, larger size, complex husbandry 

requirements, less availability of immunological reagents. 

Guinea pigs are also used for influenza virus research. The guinea pig model has been used 

to assess the efficacy of vaccines and antivirals in decreasing viral load and limiting 
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influenza virus transmission [33, 140, 141]. However, the main drawback of the guinea pig 

model is that after viral infection they do not exhibit any clinical signs. 

In summary, mice continue to be the most extensively used animal model for influenza 

research, because of their advantages such as small size, maintenance cost, and 

availability of many inbred and genetic strains, immunological reagents, and assays [117, 

120, 142, 143]. 

Pigs 

Pigs are frequently used as a preclinical animal model for translational research in human 

health. The susceptibility of swine as a natural host and the comparable to the disease in 

humans make swine as a good model for the study human influenza (Table 2). The pigs 

have been used as an experimental model for human influenza virus infection research 

and vaccine development. The clinical sign in pigs starts approximately 24 to 72 hours 

after infection, with fever, lethargy, anorexia, weight loss, labored breathing, coughing, 

sneezing, rhinitis, nasal discharge, and conjunctivitis [144]. The recovery of animals 

generally starts 5 to 7 days after infection. The pathogenesis in pigs depends on the host 

factors, such as age, immune status, and concomitant infections [145-147].  

Like humans, the H1N1 and H3N2 IAV subtypes are endemic in pigs. Furthermore, pigs are 

naturally susceptible to some strains of human IAVs, including H1N1pdm09 [145, 148].  

Human viruses or human-origin IAV gene segments frequently adapt and efficiently 

transmit among pigs. The expression patterns of SA receptors in pigs are similar to those 

of humans [149]. There is a hypothesis that pigs can serve as a “mixing vessel”, because 

pig expresses both human and avian types of SAs. Previous studies have reported that the 

swine and human H1N1 viruses are genetically related and both probably evolved from 

the 1918 Spanish flu strains [150, 151].  

Influenza viruses can efficiently be transmitted by aerosol in pigs [152]. Therefore, swine 

can also be used to study viral and host factors related to the transmission of human IAVs. 

Pigs are natural hosts of influenza viruses and have a crucial role in the emergence of 

novel influenza viruses such as pandemic IAVs. Pigs are physiologically and genetically 

closely related to humans, and show similar clinical disease upon experimental IAV 
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infection. Thus, swine influenza is a suitable model to study pathogenesis and 

transmission of IAV infections and for the preclinical evaluation of vaccines and antivirals.  

Table 2. Comparison of different animal models for human influenza virus infection. 

Adapted and modified from [153].  

  Animal models of influenza infection 

Clinical 

Symptoms 

Humans Ferrets Mice Guinea 

Pigs 

Swine 

(depends on 

route of 

inoculation, 

dose, strain) 

Non-

human 

primates 

Zebrafish 

Sneezing  Yes Yes No No Yes Not always  No 

Nasal Discharge Yes Yes No No  Yes/depends 

on strains 

Not always  No 

Lethargy  Yes Yes Yes No  Yes Not always Unknown  

Fever Yes Yes No No  Yes/ 

depends on 

strains 

Not always  No 

Weight loss Yes Yes Yes No  Minor  Not always No 

Viral shedding Yes Yes Yes Yes  Yes Yes Yes 

Experimental 

cost 

- High  Low Moder

ate 

High High Low  

Transmission 

between animals 

- Good Depends 

on virus 

strains 

Good Good   

Less 

efficient  

Unknown  

Can be infected 

with human 

influenza 

viruses? 

Yes Yes No, serial 

passaging 

required 

to adapt 

virus 

Yes Yes Yes Unknown  

 

1.8. Influenza vaccines  

To reduce the burden of disease caused by seasonal and pandemic influenza, several 

vaccines and antiviral drugs have been developed. At present, licensed influenza vaccines 

are either trivalent or quadrivalent. It contains a blend of the H1N1 and H3N2 IAV strains 
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and influenza B strains of the Yamagata and Victoria lineage based on prediction for the 

next flu season. The vaccine strains for the upcoming flu season are generally selected in 

the month of February for the Northern Hemisphere following the recommendations 

made by the World Health Organization (WHO) [154]. Currently three types of vaccines 

are licensed that includes, inactivated, live-attenuated, and recombinant HA vaccines. 

The inactivated 2018/19 flu season vaccine for the Northern Hemisphere includes  

A/Singapore/INFIMH-16-0019/2016 (H3N2)-like virus, A/Michigan/45/2015 pdmH1N1-

like virus, and B/Colorado/06/2017-like virus (B/Victoria/2/87 lineage), and an optional 

B/Phuket/3073/2013-like virus (B/Yamagata/16/88 lineage) in the quadrivalent vaccine 

[155].  

The efficacy of currently licensed vaccines can vary widely between seasons, depending 

on the match with vaccine and circulating strains. The researchers have estimated 

vaccine effectiveness for influenza seasons from 2005-2016 was between 10 and 60%. 

However, recent studies have showed that the vaccination lowers the risk of influenza 

disease by 40–60% when circulating viral strains match the vaccine strains [156]. During 

the 2014–2015 flu season, vaccine efficacy was 19%, and merely 6% against the H3N2 as 

the circulating viral strains had drifted from the previous year [156]. Researchers recently 

estimated that the vaccine for the 2017-2018 influenza season was 38% effective and 

22% effective against the H3N2 in the United States [157]. 

Inactivated influenza vaccines (IIVs) 

Currently available licensed influenza virus vaccines on the market are mostly of the 

inactivated type, because of the relatively low production costs and high safety. The 

vaccine seed strains of IAVs (H1N1 and H3N2) are made by the generation of reassortant 

viruses, whereas field isolates are used as a vaccine seed strains for influenza B vaccines. 

The IAV vaccine seed strains are thus genetically hybrid viruses comprising genes coding 

for the surface HA and NA of the annual target strains of IAV and the internal genes of the 

high growth-adapted PR8-like master strains, which support high titers in embryonated 

chicken eggs [158, 159]. The process of strain selection and creation of vaccine seed strain 

might take several weeks to months. Furthermore, additional adaption steps such as serial 

passages in eggs, standardization tests, and sequence analyses are required to improve 

growth in embryonated chicken eggs [159, 160].  
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Millions of embryonated chicken eggs are used to amplify seed vaccine viruses in the 

allantoic cavity, with production starting from February to late summer. The virus is then 

harvested, inactivated with formalin or beta-propiolactone. The purification of vaccine 

virus is done by zonal centrifugation or column chromatography. After purification, virions 

are split or solubilized using diethyl ether or detergent treatment [159]. In general, one 

egg produces between 1 to 3 vaccine doses. A single radial immuno-diffusion assay is used 

for quantitation of the HA antigen per vaccination dose which is standardized to 15 µg for 

adult use and 7.5 µg for children under 3 years, as recommended by the Advisory 

Committee on Immunization Practices [161]. So far, only vaccines comprising surface 

antigens HA and NA, are licensed. For over 50 years, inactivated influenza vaccines (IIVs) 

have been used to protect humans from seasonal flu. Also, IIVs have been developed as 

pre-pandemic vaccines [2]. Further, occasionally adjuvants are added into IIVs and 

generally require multiple administrations to elicit adequate serum antibody responses in 

naive individuals. 

Sometimes, virus requires many passages in eggs to achieve high titers (e.g. recent 

A/H3N2), as the initial isolate replicates poorly in eggs. Many passages in eggs can change 

the antigenicity of HA, which can result in an antigenic mismatch with the isolates 

circulating in nature [162, 163]. In order to avoid mutations in HA due to egg-adaptation, 

cell lines such as MDCK and Vero can be used for virus propagation [164]. But, it is difficult 

to achieve higher titers of vaccine seed viruses in such cell lines when grown under serum 

free conditions and in suspension which results in a high cost of production [165]. Thus, 

the use of cell-culture-based inactivated seasonal vaccines is rather limited.  

Live-attenuated influenza vaccines 

Recently live-attenuated influenza virus vaccines (LAIV) have been licensed for use in 

healthy individuals between 2 to 49 years old [166]. The live attenuated vaccine is not 

recommended for use in pregnant women, and people with certain illnesses or a 

compromised immune system because the vaccine viruses may replicate and cause some 

side effects. Similar to IIVs, 6:2 LAIV genetically hybrid variants are produced by transfer 

of genes from an attenuated donor virus to the new target strain [41, 167]. An attenuated 

reassortant live vaccine virus comprises the HA and NA genes from the wild-type virus 

and the internal genes from the donor virus, which is cold-adapted [168]. The candidate 
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vaccine virus in LAIV should be avirulent because of the safety issues. The LAIV should 

replicate at a high level in the upper respiratory tract and induce sufficient immune 

responses to protect from infection. 

The stable attenuation is achieved by cold-adaptation of influenza viruses, which is 

reliable and practical method for the generation of LAIVs against seasonal and pandemic 

influenza viruses [169, 170]. Before manufacturing, the LAIV seed is tested for its cold-

adaptation, temperature-sensitivity and attenuated phenotypes [171]. The attenuation is 

evaluated in a ferret model, where decreased levels of replication is considered as a viral 

attenuation [166]. The IIVs are parenterally injected, while LAIVs are administered 

intranasally. Thus, IIVs elicit low levels of mucosal immunity, which act as a first line of 

defense against influenza virus infection.  

The IIVs induces serum antibody responses, but are unable to elicit an effective cell-

mediated immunity (CMI). The CMI against influenza contributes to heterosubtypic cross-

protection against antigenically different subtypes and rapid recovery from influenza 

infection [172]. On the contrary, the LAIVs induce innate and mucosal IgA antibody and 

CMI responses. Thus, LAIVs offer long lasting and broader protection against both 

homologous and heterologous influenza strains [173, 174]. In addition, LIAVs are 

produced at high yield in eggs and are administered ‘needle-free’ through nasally. This  

make LAIV a desirable vaccine for use in a pandemic situation [170]. 

Recombinant HA vaccines 

The recombinant HA vaccines are manufactured by using a baculovirus-based 

recombinant-protein-expressing system [175] and are approved by the FDA for use in the 

United States. HA protein obtained using this expression system lacks mutations that are 

often acquired in egg-grown human influenza viruses. Furthermore, recombinant HA 

vaccine can be manufactured fast (within two months), thus this approach is suitable for 

manufacturing vaccines in less time during a pandemic.  Approximately three times more 

HA antigen is required in recombinant HA vaccine to induce antibody titers compared to 

conventional inactivated vaccines [176]. The recombinant HA vaccine elicit HA-strain 

specific immune responses, thus HA sequences must also be updated regularly to match 

the antigenicity of the circulating strains. The recombinant HA vaccine can be used in 
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individuals of 18‒49 years of age. Because of its low immunogenicity, this vaccine is not 

used in children and elderly people. 

The broadly protective influenza vaccine 

Currently available influenza vaccines are effective against strain-matched influenza A 

and B viruses but do not protect against novel pandemic viruses. Vaccine candidates that 

target conserved B or T cell epitopes of influenza viruses could circumvent this 

shortcoming [160, 177]. Broadly protective “universal” influenza vaccines are being 

developed which stimulate both humoral and cell-mediated arms of the immune system 

and thus induce cross-protective broadly protective immunity [178]. The most promising 

approaches currently under investigation target highly conserved epitopes of the 

extracellular domain of the M2 protein (M2e) or HA stalk or NA for cross-protective 

antibody responses. Additionally, internal proteins like M1 or NP are targeted to elicit 

cross-protective T cell responses. Antibodies directed against the highly conserved M2e 

domain do not interfere with virus entry but prevent virus release and activate effector 

cells via an Fc–receptor interaction, killing infected cells mediated via macrophages 

through antibody-dependent cell-mediated phagocytosis, which is dependent on Fcγ-

receptors in vivo [179-182]. Antibodies against NA proteins correlate with a reduction in 

viral load and disease severity [178].  

The HA stem is highly conserved among HA subtypes and several epitopes in the HA stem 

are common across groups 1 and 2 [183]. Anti-HA stalk antibodies inhibit membrane 

fusion, virus release, and require Fcγ-receptor-mediated antibody-dependent cellular 

cytotoxicity (ADCC) to provide effective and heterosubtypic protection in vivo [184, 185]. 

Thus, several approaches have been offered to elicit HA stem-specific antibodies that 

includes, immunization with headless HA [186, 187]. Currently chimeric HA-based 

universal vaccines are being tested in clinical trials, which redirect the immune response 

to the HA stalk domain instead of the HA head [188, 189]. 

The currently available correlates of protection, HI antibody titers are not a suitable 

measure for evaluating most of the broadly protective vaccines. Therefore, new bio-

assays that measure ADCP or ADCC activity in vitro should be developed and regulatory 

studies to control and assess broadly protective vaccines needs to be established. 
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1.9. Antivirals 

There are few influenza antivirals available on the market for prevention and treatment. 

Although vaccination is the best choice for influenza prophylaxis, antivirals are the first 

line of defence against emerging, antigenically different influenza strains and are thus 

stockpiled for pandemic preparedness. Antiviral agents that target the influenza virus M2 

[the adamantanes: amantadine (Symmetrel®) and rimantadine (Flumadine®)] and 

enzyme neuraminidase [oseltamivir (Tamiflu®), zanamivir (Relenza®)] have been 

developed for prophylaxis and therapy. The M2 inhibitors, the adamantanes, exert their 

antiviral activity by blocking the ion channel activity of M2 and therefore prevent the 

uncoating of the virus in infected cells. The adamantanes are only effective against 

influenza A viruses and their use is limited due to several toxic effects and the rapid 

emergence of drug-resistant variants [190]. A single amino acid substitution can result in 

resistance, with the predominant mutation being the M2-S31N. The resistance to 

adamantanes remains high among circulating influenza A isolates and it was also 

detected in highly pathogenic H5N1 viruses isolated from poultry, limiting their use in 

pandemic preparedness [191, 192]. Due to the high levels of antiviral resistance among 

circulating influenza viruses, these antivirals are no longer recommended for use by the 

WHO.  

The NA inhibitors inhibit the enzymatic activity of neuraminidase by mimicking its 

substrate sialic acid. As a result, the release and spread of influenza viruses to other cells 

is prevented. The NA inhibitors are effective against influenza A and B viruses. The most 

frequently detected resistance mutation to Oseltamivir is H275Y [193]. The use of 

currently available influenza antivirals are limited by the emergence of drug resistance. 

Thus, there is a need to develop new antivirals with reduced drug resistance potential 

and novel mechanisms of action. In 2018, an antiviral medication Baloxavir marboxil 

(trade name Xofluza) was approved by FDA for the treatment of influenza A and influenza 

B. This novel antiviral drug inhibits the cap-dependent endonuclease activity (process 

known as cap snatching) of the influenza polymerase [194, 195].  
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1.10. Antibody therapy  

Previously the antiviral drug, oseltamivir has shown limited efficacy in treating patients 

with influenza [196]. Antibody therapy may offer a promising alternative, as it can reduce 

spread of the pandemic while vaccines are being manufactured. In the last few decades, 

there has been wide research conducted on MAbs for passive immunization against 

influenza. MAbs could be used as pre- or post-exposure prophylaxis to prevent or reduce 

the severity and spread of influenza virus infection. If such MAbs are broad spectrum and 

targeted against conserved epitopes such as M2e then their efficacy may perhaps not be 

affected by antigenic drift or shift. The broadly protective MAbs could also be used either 

during seasonal epidemics or can be stockpiled for use in pandemics. There are many 

advantages of monoclonal antibodies over vaccines which includes easier and more 

feasible antibody research and development platforms and rapid onset of protective 

immunity. But, there are also some disadvantages such as higher cost, relatively short 

duration of protection, and the limited production capacity. The monoclonal antibody 

candidates in clinical development are listed and summarized in Table 3. 
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Table 3. The monoclonal antibody candidates for influenza and their clinical development 

status. 

 

Antibody 

name 

Manufacturer/ 

developer 

clinical 

phase 

status 

Clinical trial 

registration 

numbers 

Directed against  References 

TCN-032 

 

Theraclone 

Sciences 

Phase 2a NCT01719874 

 

Conserved epitope of matrix 

protein 2 (M2e)  

[197] 

MHAA4549A Genentech Phase 2a  NCT01980966 Highly conserved epitope on 

HA stalk 

[198] 

MEDI8852 MedImmune Phase 2a  NCT02603952 Conserved HA stem [199] 

VIS410 Visterra Inc. Phase 2a  NCT02468115 Hierotope® on HA [200] 

CR6261 Crucell Phase 2 NCT02371668 Conserved helical region in 

the membrane-proximal 

stem of HA 

[201] 

CR8020 Crucell Phase 2a NCT01938352 Conserved membrane-

proximal stem region of HA 

[202] 

CT-P27 Celltrion Phase 2a NCT02071914 Conformational epitope on 

the HA stem region 

[203] 
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We are what our thoughts have made us; so take care about what you think. Words are 

secondary. Thoughts live; they travel far.  

Swami Vivekananda 
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CHAPTER 2: Filamentous influenza viruses  
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2.1. IAV morphology 

Influenza A virions are pleomorphic ranging in shape from spherical to filamentous (Figure 

1, 2) [1-4]. The filament-forming IAV strains produce a mix of both spherical and 

filamentous virions (Figure 2) [5]. It is believed that the filamentous virions contain only 

one copy of the viral genome. Each filament is believed to be a single infectious unit 

irrespective of its length. Structurally, viral filaments are slightly smaller in diameter (80–

100 nm) but can extend up to a significant length of 20-50 μm [5, 6]. Filamentous viruses 

are frequently observed in clinical samples of influenza [3, 4, 7, 8]. These phenotypes 

were also seen in lung tissue sections from fatal cases of the 2009 pandemic H1N1 [9]. 

The laboratory strains of influenza viruses usually produce spherical virions. Despite many 

years of research on the influenza virus, little is known about the influenza A virus 

filament formation and the role of these filamentous virions in IAV replication and spread. 

There is a possibility that an adaptation of the virus to a specific host influences the IAV 

morphology. Previously, it was shown that multiple passages of filamentous isolates in 

chicken embryonated eggs results in the production of spherical virions (Figure 1) [3, 10]. 

Further, adaptations of viruses to guinea pigs resulted in the selection of filament-forming 

variants [7]. Additionally, filament formation correlates with transmission of virus 

between guinea pigs and in ferrets [11, 12]. A study by Campbell et al. has shown that 

replacements of the M segment from PR8 with that from a pH1N1 strain 

(A/Netherlands/602/2009 [H1N1]) results in the production of long filamentous virions. 

Furthermore, this reassortant virus tends to transmit more efficiently among guinea pigs, 

whereas wild type PR8 virus (characterized by predominantly spherical virions), does not 

transmit between guinea pigs. Thus, the M segment alone impacts the morphology of the 

influenza A virion and transmissibility of the virus in the guinea pig model. The 

transmission was found to correlate with higher neuraminidase activity and a more 

filamentous morphology [12]. Furthermore, Lakdawala et al. reported that replacement 

of the pandemic M and NA segments with those from a swine-adapted virus resulted in a 

loss of respiratory droplet transmissibility between ferrets. In this study, the non-

transmissible strain exhibited a spherical morphology. Thus, changes to morphology may 

perhaps modulate NA activity and, perhaps as a consequence, transmissibility between 

animals [11]. 
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A single point mutation in the M1 protein of the filamentous A/Udorn/72 strain can 

significantly influence viral filament formation [13-15]. Therefore, both host and viral 

factors seem to direct the filament formation during IAV replication. 

(a)                                                                         (b) 

                  

Figure 1. Electron micrographs showing filamentous and spherical influenza virions. (a) 

Filamentous influenza virions of the isolate influenza A/Rockefeller Institute/1/1957 

(H2N2) virus. Following twelve passages in embryonated chicken eggs, the filamentous 

phenotype was lost (b). Figure source: [3].  

 

2.2. Structure of filaments 

Filaments measuring 250 nm to 30 µm in length have been reported [15, 16]. Although 

the length of the filamentous virion is significantly higher than the spherical virus, their 

width is around 80 nm, which is less than that of the spherical virions [5]. However, the 

exact size is hard to determine due to fragility, aggregation problems, and difficulty in 

purifying virions [16-18]. The complete lengths of filaments are hard to capture in TEM 

analysis, probably due to thin sectioning and chemical processing of the sample. To 

overcome these limitations, novel imaging techniques such as super-resolution 

microscopy (SRM) can be used to study filaments formation at the host cell surface. The 

SRM, stochastical optical reconstruction microscopy (STORM) is a technique that allows 

determining the location of molecules with nanometer-scale precision at a very high 

resolution [5, 19]. STORM is a nanoscopy technique that allows obtaining images with a 

resolution of approximately 20 nm [20].  
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The amount of filaments in the sample varies and depends on the viral strain, tissue 

types, and the handling of virions [5-7]. Tomograms of purified A/Udorn/72 virions show 

three forms of virion (Figure 2) [5] that include two distinct classes of filamentous virions: 

short capsule-shaped particles (52% of the population) and long filamentous particles 

(31%) besides small numbers of spherical particles (17%) [5]. During the budding process 

of filamentous IAV, cord-like associations of multiple filaments and end-to-end 

association of filaments have been reported [5, 21-23].  

 

 

Figure 2. Tomograms of purified A/Udorn/72 virions (A). 

Electron tomograms showing three distinct morphologies: short-rods (B), longer filaments 

(C) and spherical virions (D). Figure source: [5]. 
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2.3. The composition of IAV filaments  

Tomography studies have shown that the filaments incorporate a great quantity of HA 

along with minor quantities of NA [5, 24, 25]. The viral glycoproteins HA and NA seem to 

be regularly distributed on filaments, suggesting interactions with the matrix layer 

underneath [26]. The M1 protein of IAV influences the virion morphology [24].  

Previous studies have demonstrated that the gene products of the M segment affect the 

morphology of the influenza virion [6, 12, 27, 28]. Elleman et al. reported that differences 

in morphology between the lab-adapted strains PR8 and the human isolate 

A/Victoria/3/75 could be mapped to the matrix protein M1 residues 41, 95, and 218 [28]. 

Similarly, Bourmakina et al. identified M1 residues 95 and 204 as morphology 

determinants. Furthermore, Rossman et al. reported that amino acids in the matrix 

protein M2 residues 71-73 affect virion morphology [6]. Occasionally enlarged oval 

structures are seen at the poles of filaments. The diameter of these structures is generally 

more than 200 nm. These structures are termed Archetti bodies (Figure 3) [5, 29].  

 

 

 

Figure 3. Influenza A virus filament formation at the host cell surface during IAV 

replication. 

 

Archetti body 

bodies at  
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Archetti bodies hold a connecting matrix layer and can occasionally comprise coils of M1-

like material [5]. The M2 has not been detected in filaments [1]. However, it appears that 

it is present in filaments, as an M2-specific antibody causes fragmentation of filaments, 

while filament formation by wild type filamentous IAV is not affected by addition of the 

antiviral drug amantadine, suggesting that the role of M2 in facilitating viral filament 

formation is independent of its ion channel activity [1, 6]. Vijayakrishnan et al. recently 

reported that most of the filaments do not have identifiable RNP [5]. NEP and NS1 are 

likely to be present at low levels in spherical virions [30], however, their presence in the 

filamentous particle is unknown. 

There are few studies conducted to determine the presence of host components in 

filaments. The IAV lipid membrane is derived from the host cell during replication. Similar 

to spherical virions, the envelopes of filamentous virions are resistant to low-temperature 

and a non-ionic detergent, suggesting the incorporation of lipid rafts in filaments [31]. 

Cholesterol appears to be important for filament stability [1]. Several host-encoded 

proteins have been identified in spherical virions [30, 32], but it is unknown whether 

filaments also incorporate such host proteins or not. Fibrillar material has been observed 

in filaments [5].  

 

2.4. Viral and host determinants of IAV filament formation 

Previous studies have shown that the matrix proteins M1 and M2 play a crucial role in 

determining virus morphology [1, 2, 6, 15]. M1 plays a key role in the assembly and 

budding of filamentous IAV [33, 34]. A previous study reported that M1 was the main viral 

determinant of filamentous morphology [28]. Substitution the ‘M’ segments from the 

spherical strain, PR8 (A/Puerto Rico/8/1934), with the ‘M’ segment of the filamentous 

strain, A/Udorn/1972, results into a change of a spherical into a filamentous morphology 

[14, 33]. Further, M1 is also needed for the formation of filamentous VLPs [35]. 

M2 also influences viral filament formation, as the M2-specific MAb 14C2 was shown to 

inhibit filament formation at the host cell surface [1]. MAb 14C2 binds to M2e and is 

believed to disrupt the interactions between the M1 and M2 cytoplasmic tail [1]. Further, 

the mutation in M2 cytoplasmic tail between residues 70–77 reduces M1-M2 interactions 
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which interfere with the filamentous virion budding [21, 36]. A single amino acid 

substitution (Y76A) in the M2 cytoplasmic tail of the filamentous A/Udorn/72 virus can 

significantly reduce filament formation [36]. M2 affects viral filament formation by 

altering membrane curvature [37, 38]. Therefore, it seems that M1 is required for the 

actual formation of the filament [1, 27, 28, 35], while M2 seems to modify filament 

formation through binding of M1 [1, 36]. It is also possible that filamentous virion 

production is affected by several different other viral proteins. 

The host cell factors also play a significant role in filament formation. Previous studies 

have shown that the filamentous morphology is not affected during repeated passages in 

MDCK cells, while filamentous morphology converted to spherical after serial passages in 

embryonated chicken eggs [3, 7]. The IAV morphology may be an adaptation to a specific 

host cell environment. The previous studies have shown that the chemical disruption of 

the actin cytoskeleton causes a reduction in filamentous virus production whereas no 

effect of such drugs was seen on spherical virus production [39]. The Rab11 and Rab11-

family interacting protein 3 (FIP3) are needed for the formation of the filamentous virus 

[23]. Rab11 plays an important role in protein and vesicle transport [40] and is also 

essential for the budding of IAV [41]. Taken together, both viral and cellular factors 

influence the morphology of IAV. 

2.5. Functional significance of IAV filaments formation  

IAV frequently produces filamentous viruses in human clinical infections. There is a 

possibility that the spherical and filamentous morphologies play different roles within the 

host, as a mixed population of both morphologies was seen in the host. It has been shown 

that filament-forming IAV have higher NA activity in vitro [42]. NA cleaves SAs within the 

mucus secreted by airway epithelial cells [43, 44]. Thus, more NA is incorporated into long 

filaments may help in clearing the mucus layer during natural infection, which further 

may help in the spread of the spherical viruses [5]. Previously, it was shown that 

filamentous viruses contain a single copy of the viral genome [24, 39]. However, recently 

Vijayakrishnan et al. reported that 78.3% of long filaments had no evident RNP-like 

structures, whereas 21.7% of filaments seemed to contain RNPs [5]. In conclusion, the 

biological function of filamentous IAV is not fully understood. It appears that the 

filamentous morphology provides some functional advantage to the virus during natural 
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IAV infection and spread. Future studies are needed on the mechanisms of viral 

morphogenesis, virus budding and the effect of filaments on influenza clinical disease in 

animals and humans. 
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In a gentle way, you can shake the world. 

Mahatma Gandhi 
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Abstract 

 

Introduction: Current influenza vaccines can prevent disease caused by influenza viruses 

but require annual administration and almost yearly reformulation. An attractive 

alternative approach would be to use a vaccine that provides broad and, ideally, lifelong 

protection against all influenza A and B virus strains. The extracellular domain of matrix 

protein 2 (M2e) of influenza A viruses is conserved and thus fits well in such a broadly 

protective vaccine. 

Areas covered: Recent advances in M2e vaccine design, the mode of action of M2e-based 

immunity and clinical progress of M2-based influenza vaccines. 

Expert Commentary: Many M2e vaccine have been successfully tested for efficacy against 

a panel of divergent influenza viruses in animal models. More recently, clinical studies 

have been conducted with M2e vaccine candidates, which demonstrated their safety and 

immunogenicity in humans. Efficacy studies in humans are still needed to provide 

evidence that an M2e-based vaccine can protect against human influenza. 

 

Keywords 

clinical trial; influenza A virus; M2e; matrix protein 2; broadly protective vaccines; broadly 

protecting antibodies 
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1. Introduction 

Human influenza occurs in epidemics and pandemics that can cause significant morbidity 

and mortality on a global scale. Outbreaks of influenza have been recorded as early as 

412 B.C. by Hippocrates. Pandemics of influenza have been reported in the 19th century 

and the first influenza pandemic of the 20th century, so called Spanish flu, caused millions 

of deaths in 1918. However, the etiological agent of human influenza was only identified 

in 1933 [1]. Worldwide influenza epidemics result in substantial morbidity and the deaths 

of 250,000–500,000 people annually. Young children and the elderly have a higher risk to 

develop complications due to influenza. A pressing public health concern is that a highly 

virulent influenza strain could emerge and lead to millions of deaths in today’s highly 

interconnected world. 

Soon after the isolation of influenza viruses, flu vaccines were developed. These vaccines 

were introduced in the clinic in the 1940s [2, 3]. Vaccination proved to be an effective 

method to prevent disease caused by influenza virus. Currently, licensed seasonal 

influenza vaccines provide considerable benefit to children, healthy young adults, the 

elderly and people with an illness that increases the risk of complications following 

influenza virus infection [4]. On the downside, these vaccines need to be administered 

yearly and their composition usually varies from year to year, in an attempt to keep track 

with the antigenic drift of the hemagglutinin (HA) protein of influenza viruses. Today 

trivalent (comprising an H1N1, an H3N2 and an influenza B virus strain) and quadrivalent 

(comprising an additional influenza B virus strain) influenza vaccines are licensed. 

 

Influenza viruses are enveloped, negative-stranded RNA viruses that belong to the family 

Orthomyxoviridae. Influenza viruses are classified into four types: A, B, C and D. These 

main antigenic types are differentiated not only on the basis of antigenic differences in 

their nucleocapsid (NP) and matrix (M) proteins, but also with respect to the number of 

gene segments and viral proteins, host range and capacity to cause disease. Influenza B 

viruses are restricted to human hosts. Influenza A viruses have many different hosts 

including humans, different bird species, and pigs and they are divided into subtypes 

based on the antigenic diversity of HA and neuraminidase (NA) membrane proteins. At 

present, 18 different HA (H1-H18) and 11 different NA (N1-N11) types have been 

described [5, 6]. 
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Four distinct types of influenza viruses are currently co-circulating in the human 

population: two are influenza A viruses (the 2009 H1N1 pandemic strain and H3N2) and 

the other two are antigenically divergent lineages of the influenza B virus. Besides 

seasonal epidemics, influenza viruses cause pandemics at irregular intervals. The 

influenza virus pandemic of 1918 claimed approximately 40 million lives and was caused 

by an H1N1 virus. Since then, pandemics have been caused by H2N2 in 1957, by H3N2 in 

1968 and by H1N1 in 2009 [7]. Pandemics are caused by human-to-human transmissible 

influenza A viruses that encode an HA variant that is antigenically substantially different 

from the prevailing HA-specific humoral immunity in the majority of humans. Such viruses 

are often reassortants of human influenza A strains that have acquired HA (and NA) 

genomic segments from viruses that circulate in animals (typically birds). Seasonal 

influenza virus vaccines are usually ineffective against novel pandemic viruses. Instead a 

“pandemic” vaccine is produced as quickly as possible based on the newly circulating, 

potentially devastating pandemic virus strain. The production is a race against time and 

requires six months before a vaccine is available to the community at large. In 2009, e.g., 

the pandemic vaccine only became available when the first wave of the pandemic, which 

peaked in the summer, had already waned. Pandemic influenza vaccine was too late in 

2009 [8]. In reality the challenge of immunizing entire populations on an annual basis is 

currently beyond the capacities of most countries, driving the need to develop improved 

influenza vaccines that would offer both broad-spectrum and long-lasting protection to 

the populations most vulnerable to the consequences of influenza. 

Here, we describe the development of universal influenza A vaccine candidates based on 

the conserved M2e. We discuss the different approaches that have been pursued to make 

M2e immunogenic and the likely mode of action of M2e-based immunity. Finally, we 

review the recent advances and potential clinical applications of M2e-based influenza 

vaccines. 

 

 

2.1 Structure and biological function of the influenza A M2 protein  

 

Lamb et al. discovered M2 in influenza A viruses and showed that it was encoded by gene 

segment 7. Gene segment 7 of influenza A virus is bicistronic and encodes both M1 and 
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M2 proteins. M2 contains 97 amino acids and is expressed from a spliced mRNA derived 

from the M1 mRNA [9]. M2 is the least abundant viral membrane protein with only 14-68 

copies on the surface of the virus envelope [10]. However, it is highly expressed on 

infected cells [11, 12]. M1 and M2 share the first nine amino acids at their NH2-termini 

[13]. M2 is a tetrameric type III membrane protein. Cysteine residues at position 17 and 

19 are highly conserved and oxidized, and probably stabilize the tetrameric structure. The 

M2 protein can be divided into three parts, the extracellular N-terminal domain (M2e, 

positions 2–24), the transmembrane (TM) domain (positions 25–46) and the intracellular 

C-terminal domain (positions 47–97). The TM domain also serves as a signal for transport 

of M2 to the cell surface. The prime biological function of M2 is to serve as a proton-

selective ion channel and thus it is classified as a viroporin [14, 15]. Soon after virus entry 

in the host cell, M2 becomes activated by the acidic environment within the endosomes 

and as a result M2 conducts the flux of H+ ions across the viral membrane into the virion 

interior.  

 

The proton influx results into ‘priming’. At a later stage after entry, M2 enables the influx 

of potassium ions (K+) and sodium (Na+) ions into the virions. However, its permeability 

for K+ is lower (105 to 106 fold) than for protons [16]. The concentration of K+ in late 

endosomes is close to 100 mM, which is adequately high for M2 to let this cation pass. 

The influx of K+ into the virion causes a second priming during which the conformation of 

M1 is changed further and the vRNPs complexes get relaxed [17]. The low endosomal pH 

triggers the membrane fusion activity of HA, which catalyzes the fusion of the viral 

envelope with the endosomal membrane. The electrostatic interaction between M1 and 

vRNPs are lost as a result and the accompanying membrane fusion ultimately leads to the 

release of the vRNPs into the cytosol [18]. Because of its proton conduction property, M2 

is the target for the anti-influenza drugs amantadine and rimantadine. The structure and 

the functions of the influenza A M2 protein (AM2) have been extensively studied by NMR 

spectroscopy, X-ray crystallography, electrophysiology, and electron microscopy (EM). 

Although there are fewer studies about the influenza B M2 protein (BM2), BM2 exhibits 

the same proton conduction property as AM2 [19].  
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The N-terminal first 9 amino acids of M2 are almost absolutely conserved(Figure 1), its 

regions from amino acid residues 10 to 28, 54 to 57 and 77 to 93 show comparatively 

higher sequence variations, while His37 and Trp41 in all IAVs and first nine amino acid 

residues in all non-bat IAVs are absolutely conserved [20, 21]. Amino acid residues 10–23 

of M2e and 239–252 of M1 are encoded by the same RNA sequence but are translated 

from different reading frames. The genetic relation between M2e and M1 explains the 

low variability in M2e sequence. M2e residues 10 to 24 are more variable. Therefore, 

there is no single universal M2e sequence for influenza A, which implies that different 

M2e-sequences should be incorporated into a candidate universal influenza A vaccine to 

cover the sequence variation in M2e in circulating influenza A viruses. One elegant way to 

achieve this is to use a vaccine that is composed of multiple tandem copies of M2e, in 

which each M2e has a different sequence in order to cover the sequence variation in 

circulating influenza A viruses [22, 23]. Still, amino acid residues Arg12, Trp15, Cys17, 

Cys19, and Ser22 are conserved, which may suggest a hitherto unresolved functional 

importance. It is important to note that the extent of sequence variation in the 

membrane proximal region of M2e is not comparable to the amino acid variability that 

contribute to antigenic drift in HA and NA. In the latter case, nearly any amino acid 

change is tolerated, whereas in the case of M2e, selection pressure is also imposed by the 

overlapping M1 codon sequence. An additional hint that helps explain the relatively 

strong sequence conservation of M2e is the fact that M2e-specific antibody responses are 

hardly induced following an infection. Hence, there is probably only a very low natural 

immune pressure directed against M2e [24]. However, in a sero-epidemiological study, it 

was shown that approximately 33% of the serum samples collected from U.S. residents 

had low levels of antibodies reactive to M2. In particular serum samples from older 

individuals more often contained such antibodies, suggesting that repeated exposure to 

influenza A virus, eventually leads to B cell responses against M2e [25]. 

 

A cytoplasmic domain (residues 44-97) is essential for the virus budding. The cytoplasmic 

domain contains an amphipathic helix (AH) from residues 45 to 62 [12], which was found 

to contain a cholesterol recognition amino acid consensus (CRAC) motif. Cross-linking 

experiments indicated that Cys17 and Cys19 form inter-monomer disulfide bonds, but the 

disulfide bonds are not essential to the oligomeric assembly as determined by 
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mutagenesis experiments [26]. The formation of M2 tetramers is driven by the 

hydrophobic interactions between different monomers of M2 and the hydrophopic lipid 

chain. During viral maturation, M2 prevents premature conformational changes of HA by 

increasing the pH of the trans-Golgi. 

 

 

 

A/WSN/33/H1N1      SLLTEVETPIRNEWGCRCNDSSD 

A/Puerto Rico/8/34/H1N1    SLLTEVETPIRNEWGCRCNGSSD 

A/X47/H3N2      SLLTEVETPIRNEWGCRCNGSSD 

A/Swine/Belgium/1/98/H1N1   SLLTEVETPTRNGWECRYSGSSD 

A/Vietnam/1203/04/H5N1    SLLTEVETPTRNEWECRCSDSSD 

A/California/08/09/H1N1    SLLTEVETPTRSEWECRCSDSSD 

A/Switzerland/9715293/2013/H3N2  SLLTEVETPIRNEWGCRCNDSSD 

A/bat/Peru/33/2010/H18N10   SLITEVETLTRRESESRCSGLNE 

A/bat/Guatemala/164/2009/H17N10  SLITEVETPTRREWESKCRGLNE 

******** * * ** *** 

Figure 1: Sequence alignment of M2e amino acid sequences of various influenza A 

viruses. Asterisks indicate amino acid residues that are conserved in non-bat influenza A 

viruses. 
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 (a) 

 

 
 

 

(b)  

 
 

 

 

Figure 2. Crystal structure of M2e in complex with Fab-fragments of M2e-specific IgG2a 

MAb (MAb 65). (a) Cartoon presentation of M2e (magenta) in complex with the heavy 

chain (blue) and light chain (green) of Fab65. Figure source: [27]. (b) Surface 

representation of M2e bound to Fab65. Figure source: [27]. 

 

The structure of free M2e remains unknown. However, we recently reported the crystal 

structure of M2e in complex with a Fab-fragment derived from a mouse monoclonal 

antibody (Figure 2). M2e peptide bound to a Fab fragment of a monoclonal antibody that 

binds the amino terminus of M2 extends into the antibody-binding site to form an N-

terminal β-turn near the bottom of the paratope [28]. Remarkably, this M2e folding 

differs significantly from that of M2e in complex with an antibody that binds in the middle 
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of M2e [27]. In the latter Fab-M2e complex, M2e adopts a horseshoe-like conformation 

with Trp15 positioned in the middle and with a 310 helix. This suggests that M2e can 

adopt at least two conformations that can elicit an antibody response. 

 

2.2 Strategies used to make M2e immunogenic 

Natural M2e is a poor immunogen. Antibodies against M2e are also very low or not 

detected in case of live virus infection in mice [29]. On the contrary, when M2e is 

genetically or chemically fused to a heterologous carrier, a profound B cell response, and, 

depending on the host haplotype, also a T cell response can be mounted against M2e. We 

and others have used different types of carriers to render M2e immunogenic. A very 

efficient and economical method to make M2e immunogenic is to make virus like 

particles that display M2e antigen. Neirynck et al. genetically fused M2e to the hepatitis B 

virus (M2eHBc) core protein, which forms a virus-like particle with M2e radiating from the 

surface. The M2eHBc particles stimulated strong M2e specific serum IgG antibody 

responses and conferred protective immunity against a broad range of influenza A viruses 

[30]. 

 

Kim et al. genetically engineered a construct with a tandem repeat of M2e sequences 

(M2e5x) derived from human, swine, and avian origin influenza A viruses. The tandem 

repeat M2e5x construct was expressed on a VLP platform in a membrane-anchored form. 

Further, intramuscular immunization with this M2e5x VLP vaccine induced cross-

protection against different types of influenza A viruses [31]. As at the viral and host cell 

membrane M2 forms tetrameric ion channels, we used a tetramerizing leucine zipper 

derived from GCN4 (General Control Non-derepressable 4) to present M2e as a soluble 

tetrameric antigen. The resultant M2e-tGCN4 induced protective high antibody titers 

detected in competition ELISA [32]. Zeng et al. synthesized a disulphide-linked tetrameric 

form of M2e to mimic the native configuration of the tetrameric form of M2e [33]. 

However, the immunogenicity of this tetrameric form of M2e was found to be similar to 

that of the monomeric form. Other approaches have been applied to fuse M2e with an 

adjuvant. In collaboration with the group of Nils Lycke, we generated CTA1-3M2e-DD and 

showed that this recombinant protein induced robust M2e-specific IgG, IgA as well as 

M2e-specific CD4 (+) T cell responses after mucosal immunization [34].  
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Recently, we have developed filamentous Escherichia coli phages f88 to display a shorten 

version of M2e (2-16 aa) antigen. Immunization with these M2e-displaying filamentous 

phages generated M2e-specific systemic IgG responses and conferred protection in mice 

against challenge with H1N1 and H3N2 influenza A virus subtypes. The E. coli phages 

displaying M2e could be easily purified and are very economical to scale up [35]. 

Furthermore, Rappazzo et al engineered the probiotic E. coli Nissle 1917 to express and 

present M2e in its outer membrane. M2e-displaying outer membrane vesicles (M2e-

OMVs) were isolated from these bacteria. OMVs trigger the innate immune response 

predominantly through TLR2, TLR4, and TLR5 agonist activity. BALB/c mice vaccinated 

with M2e-OMVs were protected against a lethal dose of H1N1 influenza A virus [36]. Also, 

recombinant live vectors have been explored for the expression of M2 antigens. In a 

preclinical study, mice were primed with M2-DNA and then boosted with recombinant 

adenovirus expressing M2. This strategy resulted in considerable anti-M2e antibody 

responses reactive with human and avian M2 sequences and also produced T-cell 

responses. The M2 prime-boost vaccination conferred broad protection against an 

otherwise lethal challenge with different influenza A virus subtypes, including an H5N1 

strain [37]. Modified Vaccinia Ankara (MVA) virus is a highly attenuated derivative of 

Vaccinia virus that was developed by the Bavarian State Vaccine Institute and MVA was 

produced as a human smallpox vaccine [38]. The Baxter Bioscience group reported on the 

use of MVA to express NP, M1, M2, PB2, the stem region of HA (hlHA) and the stem 

region of HA with a tandem repeat of four M2e sequences (hlHA/M2e). Only vaccination 

with NP-expressing MVA vectors provided protection against challenge with H5N1 and 

H7N1 virus strains in mice. None of the other conserved influenza proteins provided 

significant levels of protection against lethal influenza A virus challenge [39]. However, 

there were very low antibody titers induced by HA stem or HA stem/M2e alone, whereas 

robust NP-specific CD8+ T cell responses were induced by NP-expressing vectors. In mice 

receiving vectors expressing HA stem alone or HA stem/M2e fusion protein, levels of 

influenza-specific CD4+ T cells were not significantly different. M2e-based immune 

protection requires M2e-specific serum antibodies and/or likely also M2e-specific 

mucosal IgA. Therefore, the low antibody titers induced by HA stem or HA stem/M2e 

alone could be the reason for the lack or protection by the MVA-M2 vaccine approach in 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Rappazzo%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=26827663
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this particular study. Dabaghian et al. recently reported on the immunogenicity and 

protective efficacy of an M2e-based vaccine (r4M2e/H70c) in chickens, a natural influenza 

A host. The data showed that protection against H9N2 viral challenge was significantly 

increased in chickens that had been immunized with r4M2e/H70c compared with a 

conventional HA-based influenza vaccine adjuvanted with MF59 or recombinant 4×M2e 

(r4M2e) without HSP70c. The M2e based-vaccine did not prevent infection, which is in 

line with the infection permissive nature of this vaccine approach, but rather suppressed 

the symptoms and degree of virus shedding in the experimentally challenged birds [40]. 

The protective response seen in chickens might be attributed to enhanced cell-mediated 

immunity, increased levels of IFN-γ and IL-4 production and increased CD4+ to CD8+ 

ratios, resulting from the injection of four tandem repeats of M2e genetically fused to the 

C-terminus of Mycobacterium tuberculosis HSP70 (mHSP70c).  

 

Other examples of carrier vehicles for M2e antigens include human papillomavirus L 

proteins [41] phage Qβ-derived protein cores [42], Bacteriophage T7 [43], keyhole limpet 

hemocyanin [37], bacterial outer membrane complexes [44], liposomes [45], flagellin 

[46], human serum albumin [47], Elastin-Like Polypeptide [48], spore coat of Bacillus 

subtilis [49], bacterially produced modular capsomere [50],  binding peptide tag [51], and 

recombinant nucleoprotein of the respiratory syncytial virus [52]. Adjuvant formulations 

that were reported with M2e antigens include heat-labile endotoxin [30, 53, 54], 

monophosphoryl lipid A (MPL) [30, 32], cholera toxin subunits [34], complete or 

incomplete Freund’s adjuvant [30], CpG and alum [55], and liposome-based cationic 

adjuvant [56]. An overview of reported M2(e)-based vaccine strategies, animal models 

used for testing, challenge virus strains, carriers, adjuvants, humoral and cellular 

mechanisms involved is provided in table 1. 

 

2.3 Mechanism of action of M2e-based immune protection 

Insights in the mechanism(s) of action of M2e-based vaccines are important for the 

effective evaluation of such vaccines in clinical studies. Zebedee et al. demonstrated that 

anti-M2e mouse IgG1 mAb 14C2 restricts the in vitro replication of the Udorn H3N2 strain 

of influenza A virus whereas no effect was seen on replication of A/WSN/33/H1N1 

influenza A virus [10]. We have made similar observation with an in house produced anti-
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M2e IgG2a mAb: in the presence of this mAb plaques of A/Udorn/H3N2 virus are smaller 

in vitro (Kolpe et al., unpublished). It was suggested that M2e-specific antibodies could 

perturb vital interactions betweenM1 and M2 proteins, which in turn could affect the 

interaction of M1 with the viral ribonucleoprotein complexes. As a result virion assembly 

would be comprised, explaining the in vitro growth restriction [57]. Evidence for the 

interaction between M1 and M2 comes from the observation that treatment of influenza 

infected cells with the M2e-specific mAb 14C2 causes a loss of filament formation [58]. 

Influenza virus mutants that escape anti-M2e antibody growth restriction in vitro have 

mutations in M1 or in the M2 cytoplasmic tail [58, 59]. 

 

Whereas M2 is sparse on the surface of viral particles, anti-M2e antibodies bind strongly 

to virus-infected cells, suggesting an indirect mechanisms of protection. In vivo protection 

by anti-M2e antibodies has been reported for numerous influenza A virus challenge 

strains, most of which are not inhibited in vitro by anti-M2e IgG. Therefore, antibody-

mediated effector mechanisms such as antibody-dependent cellular cytotoxicity (ADCC), 

complement-dependent cytolysis (CDC) and antibody-dependent phagocytosis (ADPC) are 

the most likely in vivo protective mechanisms exerted by humoral anti-M2e responses 

(Figure 2). The potential humoral and cellular immune mechanisms by which M2e-based 

vaccines confer protection are summarized in the Table 1. Neutralization of virions is 

believed to be the important primary function of antibodies in anti-viral immunity. It is 

also recognized that Fc receptor (FcR) mediated phagocytosis by macrophages plays a key 

role in clearance of influenza A virus-infected cells [60, 61]. Previous studies have shown 

that anti-M2e antibody passive treatment in mice mediates protection against influenza 

infection in vivo [30, 62]. Given the fact that anti-M2e antibodies are non-neutralizing 

antibodies, FcR-mediated phagocytosis by macrophages could be crucial for M2e-specific 

antibody- mediated immune protection. We have previously demonstrated that Fcγ 

receptors are essential for anti-M2e IgG-mediated immune protection. M2e-specific IgG1 

isotype Abs require functional FcγRIII for in vivo immune protection but other isotypes 

can rescue FcγRIII(-/-) mice from a lethal influenza A virus challenge [63]. Using a selective 

macrophage depletion protocol, we also demonstrated that alveolar macrophages (AM) 

play a vital role in humoral M2e-specific immune protection. Additionally, we have shown 

that adoptive transfer of wild-type alveolar macrophages into (FcγRI, FcγRIII) double 
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knockout mice restores protection by passively transferred anti-M2e IgG. Fcγ receptors 

on AMs thus appear to be essential for protection by anti-M2e IgG [63]. The murine FcγR 

family consists of four activating receptors, FcγRI, FcγRII, FcγRIII, and FcγRIV. We note that 

M2e-specific IgG2a isotype antibodies can also protect in the absence of FcγRI and/or 

FcγRIII, suggesting that FcγRIV possibly also contributed to protection. FcγRIV is the 

recently identified mouse activating receptor for IgG2a that is expressed on macrophages, 

neutrophils, and monocytes [64]. Mouse FcγRIV binds mouse IgG2a with an intermediate 

affinity. The possible contribution of FcγRIV in anti-M2e antibody mediated protection 

against influenza infection is currently under investigation.  

 

To understand mechanism of M2e immune-mediated protection, antibody levels and 

protective efficacy were compared between wild type BALB/c and FcR common γ chain 

deficient (Fcer1g-/-) mice that were immunized with M2e5x VLP [65]. The M2e antibodies 

in Fcer1g-/- mice were induced at comparable levels as observed in wild type BALB/c mice. 

In contrast, M2e5x VLP-immunized Fcer1g-/- mice were less protected than M2e5x VLP-

immunized wild type mice after lethal challenge. However, Fcer1g-/- mice that were 

immunized with inactivated influenza virus mounted serum hemagglutination inhibition 

activity and were very well protected against challenge. These studies indicate that HA-

based vaccines that induce virus neutralizing antibodies confer influenza virus strain-

specific protection in an Fcγ receptor-independent way while M2e antibody-mediated 

cross protection is very much dependent on Fcγ receptors [65]. Taken together, M2e-

specific antibodies are contributing to protection via FcγR expressing host immune cell-

dependent mechanisms since these antibodies cannot directly neutralize influenza A 

virus. In addition, anti-M2e antibodies may promote the adaptive response by enhancing 

uptake of antibody-bound infected cell debris through dendritic cells and macrophages.  

 

The FcR γ subunit is known to be required for antibody mediated phagocytosis by 

macrophages and for natural killer (NK) cell-dependent ADCC [66]. In mice, contradictory 

findings have been reported about involvement of ADCC by NK and/or NK T cells in M2e-

mediated protection [67, 68]. Jegerlehner et al. proposed an important role for ADCC by 

NK cells in acquiring anti-M2e immunity [68]. Meanwhile, other studies argued for a 

different immune mechanism by M2e-mediated protection than NK cell-mediated ADCC 



69 

 

[67]. Considering several differences in experimental designs and protocols, it is difficult 

to resolve the contradiction on the role of NK cells in the M2e-mediated protection in 

mice. Recently, it has been described that human NK cell-mediated ADCC against M2-

expressing cells as well as pro-inflammatory cytokine and chemokine secretion from NK 

cells were enhanced in the presence of human anti-M2e monoclonal antibody Ab1-10 

[69]. Thus, it is likely that NK cells may contribute to M2e immune mediated protection 

via multiple mechanisms. In addition, it is important to note that also protection against 

influenza A virus infection by broadly neutralizing antibodies directed against the HA stalk 

largely depends on FcγRs. Recent studies have showed that some influenza antibodies are 

more potent inducers of ADCC than others, possibly owing to the distinct structures that 

they recognize [70-72]. In an in vitro assay, DiLillo et al. reported that anti-HA stalk 6F12 

and FI6 mAbs induced NK cell CD107a expression, whereas FI6 N297A, a mutant that does 

not engage FcγRs was unable to induce CD107a expression on NK cells, indicating that 

anti-HA stalk antibodies can mediate FcγR-dependent NK cell activation [73]. Developing 

novel assays that allows to quantify macrophages effector functions (ADCP) and/or NK 

cell activation (ADCC) in vitro would significantly contribute to establish correlates of 

protection for broadly reactive influenza vaccines. These novel assays could be used for 

evaluation of efficacy (measurement of protective immune responses) to broadly reactive 

vaccines in preclinical and clinical studies.  

 

Complement plays an essential role in virus elimination [56, 74]. Beebe et al. reported 

that complement can bind to influenza virus in the presence of virus-specific antibodies 

[75]. Moreover, the classical complement pathway can be activated by antigen-antibody 

immune complexes, eventually leading to complement dependent cytolysis (CDC). 

However, the role of complement in M2e-mediated immunity is not clear. Jegerlehner et 

al. concluded that the complement component C3 is not critical for anti-M2e antibody-

mediated protection by passive transfer of M2e immune sera [68]. However, Wang et al. 

showed that complement is required for reducing lung viral titers in infected mice using 

passive treatment of human anti-M2e monoclonal antibodies in C3-/- mice model [76].The 

discrepancy between these two studies could be due to the specific experimental 

settings, in particular, the fact that Wang et al. used monoclonal antibodies while 

Jegerlehner et al. used mouse serum. It is also possible that specific IgG isotypes might 
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play a role in differential effects on the dependency of FcγRs or complement. Further 

studies are needed to better understand the possible roles of complement in conferring 

anti-M2e immune mediated protection. 

 

The types of M2e-specific IgG isotypes that are induced by immunization are predictive to 

a certain extent for the protective effectiveness in mice [77, 78] . The IgG2a isotype 

antibody is known to be involved in binding to FcγRs more effectively than IgG1 isotype 

[79]. Increased ratios of IgG2a/IgG1 responses correlate with better protection against 

viral challenge and can be achieved by vaccination with M2eHBc adjuvanted with CTA1-

DD [54].  

Immunity induced by M2e-based vaccines is infection-permissive. This means that 

mechanistically influenza A virus host cell entry is initially not hindered by M2e-specific 

antibodies. This is a potential advantage for M2e vaccines because viral gene products are 

still made de novo, including newly produced M2. A study by Zeng et al. highlighted the 

possible benefit of this, using a lipopeptide based M2e vaccine [80]. They reported that 

the robust anti_M2e response induced by M2e-lipopeptide vaccine was boosted 

following challenge of the immunized and protected mice. Moreover, M2e-based 

immunity does not hinder the induction of cytotoxic T lymphocyte responses directed 

against the conserved internal gene products such as nucleoprotein following exposure of 

M2e-immune mice to viral infection [29, 81]. 

 

Recently a human monoclonal antibody targeting the N-terminus of M2, TCN-032, was 

evaluated for safety and efficacy in a clinical study. Healthy volunteers were inoculated 

with approximately 5.0–5.5 log10 median tissue culture infective dose (TCID50)/mL of 

influenza A/Wisconsin/67/2005 (H3N2) on day 0 and received a single dose of TCN-032 

(40 mg/kg), or placebo 24 hours after infection (day 1). Subjects were monitored for 

symptoms, viral shedding, and potential treatment related adverse reactions. 

Interestingly, TCN-032–treated subjects showed a significant (35%) reduction in clinical 

symptoms and a significant (2.2 log10) reduction in viral load compared with placebo-

treated subjects. TCN-032 was also found to be safe and well tolerated. Genotypic 

analyses showed that there was no difference between virus derived from subjects after 

TCN-032 treatment and parental strain, indicating that there was no apparent emergence 
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of escape virus [82]. These data, suggest that anti-M2e mAb therapy may provide an 

immediate degree of therapeutic benefit in influenza A virus infected individuals. Such 

therapy with anti-M2e monoclonal antibody can be provided parenterally and with or 

without another antiviral drug. The reduced viral load noticed in TCN-032 antibody 

treated subjects suggests that such a therapy could also reduce transmission of virus 

between people. It will be interesting to study whether anti-M2e antibody therapy or 

M2e-vaccination could prevent human-to-human transmission of virus and, if so, whether 

this would require the shedding person to have anti-M2e antibodies, the recipient person 

or both. To address this, a preclinical study could be carried out in animal models of 

influenza A virus transmission such as ferrets or mice [83, 84]. If indeed anti-M2e 

antibody therapy or M2e-based vaccination would reduce transmission of influenza virus, 

this would be a very important argument to implement this type of protection as early as 

possible after a new pandemic outbreak. 

 

Given the importance of Fcγ Receptors for M2e-based immunity, generating anti M2e 

mAbs for use as passive protection treatments should involve not only Fabs optimized for 

antigen binding but also Fcs optimized to engage the effector systems. Future vaccination 

strategies should be designed to induce anti-M2e antibodies that not only recognize cells 

infected with a broad range of influenza A viruses but also have optimal effector 

functions. In summary, ADCC, ADCP and CDC are the main mechanisms of anti-M2e IgG 

protective immunity. 
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(a) 

 
 

(b) 

 

 

                  
 

Figure 3: The mode of action of M2e-based vaccines (a) Impact of M2e- and 

hemagglutinin- specific-IgG antibodies on the influenza A virus life cycle. Antibodies 
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directed against M2e (Green), hemagglutinin (HA) head domain (Black) may confer 

protection via a number of mechanisms. M2e-specific antibodies act through antibody-

dependent cell-mediated phagocytosis (ADCP) and/or antibody-dependent cell-mediated 

cytotoxicity (ADCC). Antibodies that bind to the globular head domain of HA can sterically 

block interactions between HA and sialic acid on cellular receptors, effectively inhibiting 

attachment of the virus to the cell. M2e-derived epitopes are presented in the context of 

MHC I molecules. The CD8+ T cells are activated via T cell receptors recognition of these 

presented M2e epitopes, and produce antiviral cytokines. cRNA: complementary RNA; 

FcR: Fc receptor; NK: natural killer; vRNA: viral RNA. (b) Influenza virus budding and 

possible mechanisms for antibodies against M2e. Antibodies against M2e perhaps 

interfere with the pinching-off stage of viral budding, while NA-specific antibodies 

probably prevent final release of the virion. 

 

2.4 Role of T cells in M2 immunity 

Optimal protection against influenza A virus requires antibody production by B cells as 

well as cytotoxic cellular and soluble cytokine mechanisms mediated by T cells [85]. 

Activated influenza-specific T cells have been shown to be associated with protection 

against influenza in human studies [86, 87]. Some studies have shown that (M2e-specific) 

T cells can contribute to protection against influenza infection in vivo [34, 88, 89]. Other 

studies have demonstrated the presence of MHC class I or II restricted epitopes in M2 in 

mice or human [90-92]. In another study, Zhang et al. created an triple tandem M2e 

construct that was fused to the B domain of E. coli heat-labile enterotoxin. Intranasal 

immunization of mice with this construct induced M2e-specific mucosal IgA and 

protected against challenge with H5N1 virus. When mice were depleted of CD4+ and 

CD8+ T cells prior to challenge, protection was reduced. However, this difference in 

protection between control and T cell depleted mice became apparent after day 6 after 

challenge. This is the time point where T cell immunity elicited by an influenza A virus 

infection which is directed against the internal proteins such as nucleoprotein and the 

polymerases, starts to kick in. Thus, by depleting the T cell response, challenged mice with 

or without humoral M2e responses, fail to clear the virus [93].  

In a previous study in which mice were immunized with M2-DNA/M2-adenovirus, 

depletion of both CD4(+) and CD8(+) T cell but not either single CD4(+) or CD8(+) T cells 
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after vaccination and before challenge resulted in significantly lower survival [37]. Using a 

similar approach, Kim et al. have reported differential effects on the roles of CD4(+) and 

CD8(+) T cells in mice that were immunized with pH1N1 2009 split vaccine plus M2e5x 

VLP [88]. Upon heterosubtypic H3N2 infection, Split-M2e5x VLP immune mice depleted of 

CD4(+) T cells showed significantly more weight loss than the CD8(+) T cell depleted mice, 

indicating that CD4(+) T cells seemed to play a greater role than CD8(+) T cells in 

conferring cross protection [88]. Severe weight loss was observed in Split-M2e5x VLP 

immune mice with depletion of both CD4(+) T and CD8(+) T cells, providing further 

evidence that both CD4(+)T and CD8(+) T cells play an important role in resolving infection 

of challenged mice that were immunized with M2e in combination with Split. M2e5x VLP 

immunized Fcer1g-/- mice mounted considerable M2e-specific IFN- producing CD4(+) and 

CD8(+) T cells and had lower lung viral titers following challenge compared to those of 

naïve Fcer1g-/-. However, despite these T cell responses, M2e5xVLP-immunized Fcer1g-/- 

mice were poorly protected against influenza A virus challenge confirming that anti-M2e 

antibodies in concert with Fc Receptors are the prime mediators of M2e-based immunity 

[65].  

 

We have demonstrated that M2e-specific CD4(+) T cell but not CD8(+) T cell responses 

were induced in BALB/c mice that were intranasally immunized with CTA1-M2e-DD. 

CTA1-DD is a fusion of the cholera toxin subunit A1 with a tandem copy of the D-fragment 

of Staphylococcus aureus protein A. CTA1-DD is a safe and potent mucosal adjuvant in 

vivo. CTA1-3M2e-DD recombinant protein induced robust M2e-specific IgG, IgA as well as 

M2e-specific CD4(+) T cell responses after mucosal immunization [34]. 

Next to induction of M2e-specific T cells, M2e based vaccination allows the induction of 

cross-protective T cells directed against other influenza A antigens upon infection. A 

recent study by Lee et al showed that challenge of mice that had been vaccinated with 

tandem repeat extracellular domain of M2 (M2e) epitopes displayed on lipid-containing 

virus-like particles (M2e5x VLP) resulted in the induction of cross-protective lung-resident 

nucleoprotein-specific memory CD8(+) T cell responses to a subsequent secondary 

infection with a heterosubtypic virus. Immune correlates for subsequent heterosubtypic 

immunity by M2e5x VLP vaccination were found to be virus-specific CD8(+) T cells that 
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secrete IFN-γ and lung-resident memory phenotypic markers CD69(+) and CD103(+) as 

well as M2e Abs [81]. This finding is line with an earlier report from our group [29]. 

2.5 Clinical Development Status of M2e-Based Vaccines  

Clinical assessment is a critical step to support the approval of vaccines. Given the 

limitations of animal models, clinical studies to prove the safety and efficacy of vaccines 

must be conducted in humans before a vaccine can be released for widespread use. The 

primary aim of phase I clinical studies is to evaluate safety. If the aim of the clinical study 

is to assess the ability of the vaccine to provide protection against disease caused by 

natural infection, often large numbers of patients are required in the study to generate 

sufficient data to be statistically meaningful. Experimental influenza A virus challenge of 

volunteers can also help to provide evidence of protection by new treatment or 

vaccination strategies. For this, relatively small numbers of volunteers are sufficient. 

Presently there is no M2e vaccine available on the market. A few biotech companies have 

evaluated M2e vaccines in early phase clinical trials. Table 2 summarizes the development 

status of current M2-vaccine candidates for humans. Companies focused on the M2e 

epitope include Acambis (later acquired by Sanofi Pasteur), VaxInnate and Theraclone. 

The Acambis M2e vaccine candidate was based on the original findings reported by 

Neyrinck et al [30]. That vaccine candidate was named ACAM-FLU-A and comprises three 

tandem copies of M2e fused to hepatitis B core. Importantly, ACAM-FLU-A was produced 

in E. coli meaning that there are no animal-derived products involved in the production 

process and the vaccine is a VLP. In a randomized, double-blind, placebo-controlled phase 

I clinical trial, the intramuscularly injected ACAM-FLU-A™ was well tolerated and able to 

generate anti-M2e seroconversion in up to 90% of healthy human subjects [94]. However, 

further clinical development of M2e vaccine candidate as a separate vaccine has been 

halted. One reason for this is that the M2e-specific serum antibody titers dropped fairly 

rapidly over time in the human volunteers. 

Vaxinnate reported positive results from a Phase I trial with their M2e-flagellin 

combination vaccine, showing that it was safe and induced a high antibody response to 

the M2e. In a phase I clinical trial with different doses of VAX102, a recombinant flagellin 
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protein (a TLR5 ligand) fused with four tandem copies of M2e the immunogenicity was 

assessed. Doses of 0.3 and 1.0 μg VAX102 injected were safe and induced high anti-M2e 

IgG titers in blood. Higher doses of VAX102 were however associated with adverse 

reactions [95].  

In order to overcome some of the limitations of the M2e-based vaccines, some companies 

have combined it with other conserved proteins of influenza A virus. In addition to using 

the M2e epitope, Dynavax added another highly conserved protein antigen, i.e. 

nucleoprotein NP together with TLR9 agonist ISS (Immuno Stimulating Sequence), which is 

designed to offer protection against different influenza strains [96]. In this combination, 

the NP provides cytotoxic T-cell immunity, while M2e stimulates the production of cross-

protective antibodies. Dynavax reported that this vaccine has the potential to boost the 

immune response and enable dose sparing, which could increase the population coverage 

of standard flu vaccine available during a pandemic. Dynavax initiated a first Phase I trial 

in late June 2010 to evaluate the safety and immunity of this vaccine candidate [97] and 

has recently initiated a Phase Ib study to evaluate the safety of the combination of N8295, 

the novel component of Dynavax’s Universal Flu vaccine candidate, and GSK’s 

investigational H5N1 avian influenza vaccine. 

Inovio has developed a universal flu vaccine named SynCon, which is in pre-clinical 

development with its VGX™-3400X, a prophylactic DNA vaccine that combines the 

conserved regions of NA and M2e-NP together with influenza HA proteins from H1, H2, 

H3, and H5 (Avian) flu strains [98]. Furthermore, Juvaris Bio Therapeutics universal flu 

vaccine is a synthetic tetrameric M2e-peptide antigen combined with the JVRS-100 

adjuvant that has shown to induce significant Th-1 biased antibody responses and 

reportedly was protective in pre-clinical trials [99]. 

Other companies that are using combinations of multiple epitopes are SEEK (now Imutex 

Limited), which has a flu vaccine candidate in Phase I trials that contains six highly 

conserved CTL epitopes [100] and Immune Targeting Systems (later acquired by 

Altimmune), which has vaccine in Phase I trials with FP01, CD4 (+) and CD8 (+) conserved 

T-cell epitopes administered as immunogenic nanoparticles [101]. However, both these 

approaches are uniquely focused on the stimulation of cell-mediated immunity, which, 
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being HLA-specific, may be limited as to the broadness of the sectors of the population 

that are covered by such vaccines. The disadvantage of stimulating only cellular immunity 

also relates to the speed of engagement of the cell-mediated immune response, which is 

slower than the humoral response, and which may therefore not act fast enough to 

prevent the infection during pandemic situation. 

As discussed above Theraclone has reported that therapeutic treatment with a human 

anti-M2e monoclonal antibody (TCN-032) can reduce viral replication and symptoms in a 

controlled challenge study in humans. 

 

3 Expert commentary 

Many approaches have been pursued to develop a vaccine that can induce cross-

protective immunity against influenza A. Such a vaccine could solve the current 

uncertainty regarding the strain match between the proposed vaccine seed strains. In 

addition, if a cross-protective vaccine could also induce heterosubtypic immunity, it could 

help in controlling a pandemic influenza outbreak. We favor an approach that would 

include multiple conserved influenza virus antigens in such a universal vaccine candidate. 

Based on all studies reported to date, M2e seems to be a very promising ingredient for 

such a universal influenza A vaccine. M2e is conserved, accessible to specific antibodies, 

and M2e-based vaccines can be easily produced in large quantity by using efficient 

recombinant prokaryotic expression systems that require minimal containment. M2e 

fusions to VLPs are intrinsically immunogenic and very stable. Furthermore, phase I 

clinical trial with a number of M2e-vaccines learned that these vaccines are safe and 

immunogenic.  

 

Introduction of M2e vaccines into the general population may raise the concern that 

immune pressure on M2e could promote the evolution of antigenic escape viruses. Such 

escape viruses were reported in a severe combined immunodeficiency mouse model in 

which individual monoclonal-M2e monoclonal antibodies were used to suppress virus 

replication [62]. In that model, M2e mutation were confined to a single residue P10 and 

were not detected following passages of virus under anti-M2e immune pressure in 

normal and immunocompetent mice. Moreover no escape mutants were isolated in SCID 
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mice treated with a combination of M2e-specific monoclonal antibodies or in immune 

competent mice that were actively vaccinated with M2e. [102]. However, the possibility 

of the emergence of M2e-escape mutant viruses after extensive vaccination with an M2e 

vaccine cannot be excluded. 

 

Should an M2e vaccine be used a stand-alone seasonal and/or pandemic vaccine? 

Developing a universal vaccine which gives protection against all type A influenza viruses 

might not be a realistic due to high genetic and antigenic differences among flu viruses. 

Also the conserved antigenic targets of flu are poorly immunogenic in the natural context. 

A realistic approach for inducing broader and long lasting cross protection would be to 

supplement current platforms of strain-specific HA-based influenza vaccines with a highly 

conserved antigenic targets such as M2e and HA stalk antigens. In a preclinical study, 

Song et al. demonstrated that an inactivated influenza vaccine supplemented with M2 

VLPs can significantly improve cross protective efficacy by preventing morbidity and 

conferring protection against H1N1, H3N2, and H5N1 influenza viruses [103]. Moreover, 

recently Music et al. showed that the supplementation of M2e5x VLP vaccine to 2009 

H1N1 split HA vaccination significantly improves the immunogenicity of split vaccine 

compared to split alone in ferrets [22]. Supplementation of current strain-specific HA-

based influenza vaccines with M2e antigens and preferentially inclusion of various M2e 

sequences from human and avian origin will be required to develop universal flu vaccine. 

M2e immunity is infection permissive; not sterilizing. It is unknown how this strategy will 

help to achieve clinical benefit in humans under natural challenge and transmission 

conditions. The existing model of currently licensed influenza vaccines is to define 

protection as the vaccine’s ability to prevent infection (sterilizing protection), with 

protection understood as mediated by antibody-dependent prevention of cell infection 

and virus neutralization driven mainly by antibodies against HA. This is distinct from a 

vaccine’s ability to reduce disease severity, which may be an important component of 

vaccine-mediated protection. Reducing disease severity, morbidity, and clinical illness 

may not block virus shedding but rather result in mild or short-lived infection with 

reduced morbidity. This could potentially translate in lower economic and public health 

burdens. No influenza vaccine has been licensed based on reduction of severe disease. 

Demonstrating vaccine efficacy with a generally accepted measure of infection is simpler 
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than demonstrating reduced disease severity, and the latter will require significant clinical 

trials with large number of study subjects and may not be feasible high-risk population 

groups. Much discussion has occurred of late about the appropriateness of influenza 

vaccine trials using outcomes other than laboratory-confirmed infection—a subject that 

will have to be addressed if a vaccine is expected to elicit non-sterilizing protection. 

Addressing a reduction in disease severity can be a worthwhile strategy in the 

development of broadly reactive M2e-based vaccines particularly for countries that do 

not have an established system of annual vaccination against seasonal influenza, but a 

solid business case and countries acceptance of the new concept need to be built to 

support it. Additionally, the success of a broadly reactive M2e vaccine is likely going to be 

constrained in the infants and the elderly, who experience a particularly acute burden of 

influenza due to their weak immune systems. Furthermore, anti-M2e antibody therapy 

could also be given parenterally alone or together with antiviral drug during influenza A 

infection and which may provide immediate relief from clinical symptoms and therapeutic 

benefit [82].In our view, clinical effectiveness of this universal influenza A vaccine 

candidate should be tested using clinical benefit as a readout, which may require large 

number of volunteers. 

 

The M2e vaccine can be produced in a highly efficient prokaryotic microbial expression 

system and, thus, can be produced at low cost. Recombinant protein production in plants 

is equally cost effective and robust protein expression levels can also be obtained. Not 

surprisingly, plant produced M2e-fusion constructs have been reported, e.g. M2e-fused 

to a proline-rich domain of a maize protein that was transiently expressed in Nicotiana 

benthamiana [104]. High levels of a fusion protein made of bacterial flagellin and four 

tandem copies of M2e were also achieved in N. benthamiana plant using a self-replicating 

plant RNA viral vector or an expression construct in which transcription of the flagellin-

4xM2e construct was driven by the strong 35S promoter of cowpea mosaic virus [105].   If 

it is not a stand-alone vaccine then this advantage would be lost if it has to be mixed with 

a more expensive conventional vaccine derived from virus grown on cell culture or 

embryonated eggs. Mucosal delivery may be the preferred way for future clinical 

assessment, especially if the goal is to develop a vaccine against pandemic strains. 

Furthermore, efforts to design M2e vaccine antigens for induction of antibodies that react 



80 

 

with the native, tetrameric membrane-anchored form of M2 may improve efficacy [32]. 

The mechanism of action of M2e-specific immunity is now fairly well understood. Anti-

M2e antibodies play an essential role, in concert with macrophages, NK cells, dendritic 

cells, phagocytes, and possibly complement. However, the route of administration and 

the vaccine formulation also contribute to the type and site of anti-M2e immune 

induction, which determines the mechanism of protection. Ultimately, the efficacy of an 

M2e-vaccine has to be determined by clinical studies in humans.  

It is likely that the M2e vaccines will not be a complete substitute to the currently 

available flu vaccines. However, M2e-conjugate vaccines will likely be a part of universal 

flu vaccine together with other conserved antigens that may offer broad and long lasting 

immune protection. Clinical efficacy of such universal vaccine will be important factor. 

However, such a universal vaccine would be valuable tool to fight against pandemic 

outbreaks. 

 

4 Five-year view 

There is an urgent need to develop a universal vaccine against influenza, as was 

exemplified after the recent emergence of swine H1N1 2009 pandemic (also known as 

the Mexican flu). Several vaccine candidates based on varying approaches are currently 

being developed to achieve this aim. These include vaccines that aim at inducing broadly 

protective antibodies or T cells. In particular there is great hope that vaccine that can 

elicit HA stem-specific antibodies will be able to robustly protect against multiple 

influenza strains and subtypes [4, 106]. The M2e-based vaccines induce mainly humoral 

immunity, whereas NP and M1 induce cellular immunity. It would be valuable if a 

universal influenza B vaccine can be developed as well. Although only one subtype of this 

virus is known, its HA and NA are equally subject to antigenic drift and two distinct 

antigenic lineages circulate [107]. The Merck group has described a cross-reactive 

universal influenza B vaccine that is based on the conserved fusion peptide of the viral HA 

[108]. Unfortunately, a BM2e-based vaccine is unlikely to protect against influenza B 

because BM2e comprises only eight amino acids and is too small to be an effective 

immunogen [109]. However, as for influenza A, broadly neutralizing antibodies against 

the stalk B virus HA will be explored in the future for their protective potential in the 

clinic. 
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From a regulatory point of view, it is important to realize that a broadly protective 

influenza vaccine should perform as well and preferentially better than the standard of 

care. This important non-inferiority principle compared with currently licensed influenza 

vaccine puts the bar high for a universal influenza vaccine. In experimental animal models 

of influenza A, protection by M2e-based vaccines is clear and very broad. However, in 

these models, a conventional HA-based vaccine outperforms the protective capacity of 

M2e vaccines when an antigenically HA-matching challenge virus is used. That is, in such 

case, animals such as mice will remain protected against a high virus challenge dose 

against which M2e-immune animals are no longer protected. Whether these observations 

in experimental animals can be extrapolated to human influenza is unclear. A clear gain 

for M2e-based vaccines would be in situations where the seasonal vaccine fails due to an 

antigenic mismatch as was recently the case for the H3N2 component during the 2014-

2015 season in the Northern Hemisphere [110]. Based on a number of phase I clinical 

trials and therapeutic intervention with human anti-M2e monoclonal antibody TCN-032 in 

a controlled challenge study in healthy volunteers, it is fair to state that M2e-based 

vaccines are safe and may reduce disease. This is encouraging for further clinical 

development. In addition, the earliest patents on the use of M2e as a vaccine against 

influenza will expire in 2018. This may be an incentive for governmental organizations and 

companies to proceed with clinical development. It is also worth mentioning that more 

insight has been acquired into how M2e looks like based on crystal structure analysis [27, 

28]. This knowledge may lead to a further improvement of M2e vaccine designs. A break 

through finding within the next five years could be the establishment of a functional assay 

that quantifies anti-M2e IgG-mediated ADCC activity and that is applicable in a clinical lab. 

 

5 Key issues 

 Lack of correlates of efficacy does not prevent the development of novel 

influenza vaccines, but could increase the risk, cost and duration of clinical 

development. Systems biology approaches should be encouraged to identify 

surrogate markers which can predict protection afforded by combining the best 

characteristics of M2e-based vaccines. 
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 It is unclear to what extent the efficacy studies of M2e vaccines in animal 

models, usually involving a lethal challenge dose, can predict clinical outcome. 

Vaccine efficacy studies under natural transmission conditions and in an 

appropriate animal models will be necessary. The performance of M2e-based 

vaccines can be enhanced by using different adjuvant formulations. This should 

be further explored in the clinical setting and/or in monkeys. 

 The mucosal route of M2e-vaccine administration improves protection in 

animal challenge models. Intranasal route of vaccination in humans should be 

explored further. 

 The mechanism of action of M2e vaccines requires more detailed investigation. 

Protection following parenteral M2e-vaccine administration mainly induces 

anti-M2e antibodies that operate in concert with immune cells. These should 

be further characterized in vivo and in vitro. Correlates of protection need to be 

developed in order to identify reliable parameters for predicting the success 

rate of vaccination programs. 

 It will be important to differentiate between anti-M2e antibodies that 

preferentially bind to monomeric M2e peptide versus tetrameric M2e as 

present in native M2. Do both contribute to protection? 

 The M2-based vaccines induce mainly anti M2e antibodies, whereas those 

including NP and M1 induce cellular immunity as well. Though several such 

candidates are focused on a single M2e epitope, it seems that there is an 

advantage to include conserved antigenic epitopes from several viral proteins 

to enhance immunity to the wide divergence of influenza viruses and target the 

different HLAs. 

 The problem of vaccine strain match with currently circulating strains to qualify 

vaccine efficacy would be expected to become unimportant if vaccine 

candidates inducing cross-strains protection advance to licensure but the path 

forward to establish the claim of protection against multiple strains and, 

significantly, over more than one influenza season, would mean large and long 

Phase 3 clinical trials. The question of whether a novel universal M2e vaccine 

would need to demonstrate superiority over the existing vaccine(s) or simple 

efficacy against placebo would need to be resolved soon. 
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Table 2.1: M2-based influenza vaccines studies and immune mechanisms for M2e immunity 

Immunogen Platform/Carriers/

Adjuvant 

Model  Challenge 

subtypes 

Humoral 

mechanism 

Cellular 

mechanism 

References 

M2e  M2e-HBc (hepatitis 

B virus core) 

Mice H1N1, 

H3N2 

IgG, passive 

protection 

  [30] 

M2e M2e Fusion 

proteins (E. coli) 

M2e-tGCN4 

Mice H1N1,  

H3N2 

IgG   [32] 

M2e CTA1-DD adjuvant 

CTA1-3M2e-DD 

Mice H3N2 IgG1, IgG2a B cell-independent, 

MHCII-CD4＋ T 

cells 

[34] 

M2e f88-M2e2-16 

phages,  Freund's 

adjuvant 

Mice H1N1, 

H3N2 

IgG1, IgG2a,    [35] 

M2  Prime with M2-

DNA, boosted with 

recombinant 

adenovirus 

expressing M2 

Mice H1N1, 

H5N1 

IgG CD4＋ and CD8＋ T 

cells  

[37] 

M2e M2e Peptide 

(synthetic)-KLH 

Mice  H1N1 Protection, 

IgG, IgG2a 

T-cells, Th1 

immune response, 

IFN-gamma 

[37] 

M2e M2e HPV VLPs 

(Yeast) 

conjugates 

Mice  H1N1, 

H3N2 

IgG, 

Protection 

against 

lethal 

challenge 

  [41] 

M2e VLP derived from 

the RNA phage 

Qbeta (Q-β) 

Mice H1N1 IgG, IgA, GC T cells  [42] 

M2e T7 Bacteriophage 

Nanoparticles (T7-

M2e) 

Mice H1N1, 

H3N2 

IgG1, IgG2a, 

reduced 

viral load 

T cells [43] 

M2e  Subnucleocapsid 

nanorings formed 

by the recombinant 

nucleoprotein (N) 

of the respiratory 

syncytial virus 

Mice H1N1 IgG1, IgG2a, 

IgA, 

reduction in 

viral load  

  [52] 

M2e rotavirus fragment 

NSP4 (M2e-NSP4) 

Mice H1N1, 

H7N7 

IgG1, IgG2a, 

reduced 

  [56] 
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viral load  

M2e M2e-hepatitis B 

virus core (HBc) 

Mice H1N1, 

H3N2 

Passive 

immunizati

on and 

protection 

Fc receptor, FcγRI, 

FcγRIII-dependent 

alveolar 

macrophages 

(Passive) 

[63] 

M2e M2e5x VLP Mice H1N1 IgG, IgG1, 

IgG2a 

CD4＋, CD8＋ T 

cells, Fc receptors 

(active) 

[65] 

M2e M2e-HBc sera Mice H1N1 Polyclonal 

IgG, passive 

protection 

C3-independent 

protection 

[68] 

M2e M2e-HBc VLPs Mice H1N1 IgG1, IgG2a NK cells-mediated 

ADCC 

[68] 

M2e Human monoclonal 

antibodies (MAb 

Z3G1) 

Mice H1N1, 

H3N2 

Passive 

protection 

ADCC, C3-

dependent 

reduction in viral 

loads 

[76] 

M2e M2e5x VLP/split 

vaccine 

Mice H3N2, 

H5N1  

IgG1, IgG2a Fc receptors 

(passive), CD4＋, 

CD8＋T cells 

(depletion) 

[88] 

M2e M2e5x VLP/AS04 Mice H3N2, 

H5N1 

IgG Granzyme B＋, IFN-

γ＋CD4＋ T cells 

[89] 

M2e  Flagelin  

STF2.4xM2e TLR5 

ligand adjuvant 

Human

s 

  IgG, Safety, 

Seroconvers

ion  

  [95] 

M2 VLP /inactivated 

virus 

Mice H1N1, 

H5N1, 

H3N2 

IgG, 

protection 

against 

body weight 

loss 

Macrophages, 

dendritic cells 

[103] 

M2  M2 protein (rBV), 

GST fusion (E. coli) 

Mice H1N1, 

H2N2, 

H3N2  

IgG dendritic and 

macrophage cells  

[111] 

M2  M2 DNA/rAd NP 

DNA/rAd vaccines 

Mice, 

Ferrets   

H1N1, 

H5N1  

Protection, 

IgG 

T-cells [112] 

M2e  M2e Protein 

(conjugates) OMPC, 

KLH 

Mice, 

Ferrets 

, 

Rhesus 

H1N1, 

H5N1, 

H3N2 

IgG, passive 

protection 

T cells [113] 
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monkey

s 

M2e  PapMV-CP-M2e 

virus-like particles 

(VLPs) 

Mice H1N1 IgG, 

protection  

  [114] 

M2e Brucella lumazine 

synthase carrier 

(BLS-4M2e) 

Mice H1N1 IgG, 

Protection  

  [115] 

M2e Malva mosaic virus 

(MaMV) 

nanoparticles 

OmpC adjuvant 

Mice, 

Dog 

H1N1, 

H3N8 

IgG, IgG2a   [116] 

M2e M2eNP fusion, 

M2e-HBc 

Pig H1N1 IgG, no 

protection,  

exacerbate 

disease 

T helper cells and 

cytotoxic T cells 

[117] 

M2e Tobacco mosaic 

virus coat protein 

Mice H1N1 IgG1, IgG2a   [118] 

M2e Lipopeptide,  T-

helper epitope 

from HA, dendritic 

cell-targeting lipid 

moiety, Freund's 

adjuvant 

Mice H3N1 IgG1, IgG2a, 

reduced 

viral load 

T cells [119] 

M2e Multiple antigenic 

peptides M2e-

MAP, adjuvants, 

CpG 1826 

oligonucleotides 

(ODN) and cholera 

toxin (CT) 

Mice H1N1 IgG, IgA   [120] 

M2e DNA vaccine, M2e-

VP22, tegument 

protein of bovine 

herpesvirus-1 

Mice   IgG CD8 T cells [121] 

M2e  M2e-HA fusion  

DNA Vaccine 

  H5N2 IgG T cells [122] 

M2e FHA-3M2e-

producing BPZE1 

derivatives 

Mice H3N2 IgG1, IgG2a   [123] 

M2e Mouse mAb (14C2) Mice  H3N2  Passive 

protection, 

reduced 

  [124] 
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viral load 

M2  mAbs TCN-031 and 

TCN-032 

Mice H1N1, 

H5N1 

Protection 

against 

lethal 

challenge 

antibody-

dependent cell-

mediated 

cytotoxicity or 

complement-

dependent 

cytotoxicity  

[125] 

M2e M2e mAbs 8C6 and 

1B12 

Mice H1N1 Passive 

protection 

  [126] 
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Table 2.2: Development Status of Current M2e-Vaccine Candidates 

Organization      Approach, Target, 

Adjuvant 

Stage of 

Development 

ClinicalTrials.gov 

Identifier No. 

References 

VIB and Ghent University 

(Belgium) and Acambis Inc. (now 

Sanofi, France) 

Fusion between M2e and 

hepatitis B virus core 

protein for virus-like 

particle expression and 

antibody-directed 

response 

Human 

(Phase I) 

ACAM FLU-A 

NCT00819013 [30, 53, 

94] 

VaxInnate (USA) Fusion protein between 

influenza M2e and 

bacterial flagellin (TLR5 

ligand). Self adjuvanted. 

Proposed to be used with 

conventional TIV. 

Human 

(Phase II) 

VAX102 

NCT00921206 [95] 

Dynavax (USA) Fusion protein comprised 

of two highly conserved 

influenza antigens, NP, 

and M2e, 

Human 

(Phase I) 

N8295 

  [97] 

SEEK (formerly PepTcell, U.K.) Mixture of 4 chemically 

synthesized peptides 

targeting conserved T cell 

epitopes present in M1, 

NPA, NPB and M2. 

Proposed to be used with 

oil-in-water adjuvant 

Human 

(Phase II) 

FLU-v 

NCT01181336 [127] 

Cytos (Switzerland) M2e-Qbeta VLP fusion Phase I   [100, 128] 

Georgia State 

University 

(USA) 

M2e expressed in a virus-

like particle (VLP). 

Preclinical    [31] 

VIB and Ghent University 

(Belgium) 

Recombinant tetrameric 

protein, M2e-tGCN4 

(modified form of the 

leucine zipper of the 

yeast transcription factor 

GCN4 linked to 

M2e). 

Preclinical   [32] 

University of Göteborg (Sweden) 

and VIB, Ghent University 

(Belgium) 

Fusion protein based on 

the CTA1-DD adjuvant 

and containing tandem 

repeats of the M2e 

ectodomain epitope. 

Preclinical   [34] 
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Merck (USA) M2e-based vaccine 

comprised of peptide 

fusion to KLH carrier 

protein. 

Preclinical    [67] 

Tsinghua University (China) Synthetic peptide (N-

terminus of M2e) 

coupled to carrier 

protein. 

Preclinical   [126] 

Wistar Institute 

(USA) 

Fusion protein between 

M2e and NP, expressed 

in chimpanzee 

adenovirus vector. 

Preclinical    [129] 
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The weak can never forgive. Forgiveness is the attribute of the strong.  

Mahatma Gandhi 
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The research questions that we wanted to address in this PhD project built further on the 

observation that an M2e-based vaccine can provide broad, non-sterilizing immunity 

against influenza A virus challenge in animal models. At the start of this thesis project, it 

was well established that M2e-based immune protection was largely, though not 

exclusively, dependent on IgG antibodies that could exert protection against challenge 

infection by engaging activating Fc Receptors [1, 2]. The prime aim of this PhD thesis 

research was to investigate the possible impact of anti-M2e IgG against influenza A virus 

spread. We opted to investigate this possible impact at the microscopic level, addressing 

cell-to-cell virus spread, and animal host level (mouse-to-mouse virus spread) as follows. 

 

1. The possible impact of M2e-specific antibodies on influenza A virus cell-to-cell spread 

using high resolution light microscopy 

 

With few exceptions, antibodies directed against M2e do not suppress influenza A virus 

replication in vitro. Nevertheless, some virus strains, notably the filamentous virion-

forming strain A/Udorn/72 (H3N2) virus [but also A/Sing/1/57 (H2N2) and A/HK/8/68 

(H3N2)], show a plaque size reduction in the presence of an anti-M2e IgG monoclonal Ab 

[3]. This suppression of viral growth possibly is the result of a perturbed interaction of the 

cytoplasmic domain of M2 with M1, which could impair virion formation at the budding 

site on the surface of the infected cells [3-5]. A/Udorn/72 virus not only has a filamentous 

morphology but also induces the formation of filamentous structures in infected 

mammalian cells. If and how M2e-specific antibodies can affect the integrity of these 

filamentous structures and how this correlates with plaque size reduction has not been 

addressed previously. Such a study is technically challenging because these filamentous 

structures are fragile and have a tiny diameter of 80-100 nm [4, 6].  

Our aim was to combine confocal and super-resolution STORM microscopy to 

characterize A/Udorn/72 filamentous structures, in the presence and absence of anti-

M2e IgG. Indeed, we anticipated that the use of super-resolution STORM microscopy 

would allow us to characterize influenza A/Udorn/72 virus filaments morphology, as well 

as the possible effect of anti-M2e antibodies on filament formation and pre-existing 

filaments on the surface of infected cells.  
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2. The possible impact of anti-M2e IgG on influenza A virus transmission between mice 

Previous studies have shown that the M2e-specific immunity significantly reduces viral 

titers in the respiratory tract and protect animals from disease or fatalities following 

challenge with a broad range of influenza A virus strains and subtypes [1, 7-11]. The 

protection by M2e-based vaccines is mediated mainly by M2e-specific IgG antibodies [1, 

2, 8, 12, 13]. A clinical study in humans showed that treatment with a recombinant 

human IgG1 monoclonal antibody directed against the highly conserved N-terminus of 

M2 was associated with a reduction of symptoms and viral load in an H3N2 challenge 

study of healthy human volunteers [14]. However, it is unknown whether M2e-specific 

immunity can control influenza A virus transmission between hosts. This is an important 

question in the context of influenza virus spread in the population because a vaccine that 

can interrupt or slow-down the virus transmission chain, is expected to have a beneficial 

impact on non-vaccinated individuals or individuals that respond poorly to a vaccine, 

which is of particular importance in case of a pandemic outbreak. 

Direct protection by M2e-based vaccines or passively transferred anti-M2e IgG against 

influenza A virus challenge has been convincingly documented in mice. Therefore, we 

opted to set up an efficient mouse-to-mouse influenza A virus transmission model to 

assess the possible impact on virus transmission by a passively transferred anti-M2e 

IgG2a monoclonal antibody. This influenza A virus contact-dependent mouse-to-mouse 

transmission model is based on challenged BALB/c mice as the index and co-housed 

DBA/2J mice as contacts [15].  
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Happiness is when what you think, what you say, and what you do are in harmony. 
 

-Mahatma Gandhi 



103 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PART III: RESULTS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



104 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



105 

 

 

 

 

 

 

 

CHAPTER 4: Super-resolution microscopy 

reveals significant impact of M2e-specific 

monoclonal antibodies on influenza A virus 

filament formation at the host cell surface 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



106 

 

Super-resolution microscopy reveals significant impact of M2e-specific monoclonal 
antibodies on influenza A virus filament formation at the host cell surface 
 

Annasaheb Kolpe1,2*, Maria Arista-Romero3*, Bert Schepens1,2, Silvia Pujals3, Xavier 

Saelens1,2#, and Lorenzo Albertazzi3,4# 

 

1 VIB Center for Medical Biotechnology, Technologiepark 927, Ghent, B-9052, Belgium 

2Department of Biomedical Molecular Biology, Ghent University, Ghent, B-9052, Belgium 

3Nanoscopy for Nanomedicine Group, Institute for Bioengineering of Catalonia (IBEC), C\ 

Baldiri Reixac 15-21, Helix Building, 08028 Barcelona, Spain.  

4Department of Biomedical Engineering, Institute for Complex Molecular Systems (ICMS), 

Eindhoven University of Technology, 5612AZ Eindhoven, The Netherlands 

 

*these authors contributed equally to this work 

 

Published in Scientific Reports on 14th March 2019.  

 

Relative contributions of the authors: 

Conceived and designed the experiments: XS, AK, LA, and MAR. Performed the 

experiments: AK, MAR. Analyzed the data: AK, MAR. Contributed 

reagents/materials/analysis tools: XS, BS, LA, SP. Wrote the paper: AK, MAR, XS, LA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 

 

Abstract 

 

Influenza A virions are highly pleomorphic, exhibiting either spherical or filamentous 

morphology. The influenza A virus strain A/Udorn/72 (H3N2) produces copious amounts 

of long filaments on the surface of infected cells where matrix protein 1 (M1) and 2 (M2) 

play a key role in virus filament formation. Previously, it was shown that an anti-M2 

ectodomain (M2e) antibody could inhibit A/Udorn/72 virus filament formation. However, 

the study of these structures is limited by their small size and complex structure. Here, we 

show that M2e-specific IgG1 and IgG2a mouse monoclonal antibodies can reduce 

influenza A/Udorn/72 virus plaque growth in vitro. Using immuno-staining combined with 

super-resolution microscopy that allows us to study structures beyond the diffraction 

limit of visible light, we report that M2 is localized at the base of viral filaments that 

emerge from the membrane of infected cells. Filament formation was inhibited by 

treatment of A/Udorn/72 infected cells with M2e-specific IgG2a and IgG1 monoclonal 

antibodies and resulted in fragmentation of pre-existing filaments. We conclude that 

M2e-specific IgGs can reduce filamentous influenza A virus replication in vitro and suggest 

that in vitro inhibition of A/Udorn/72 virus replication by M2e-specific antibodies 

correlates with the inhibition of filament formation on the surface of infected cells.  
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Introduction 

Influenza A viruses are enveloped with a negative-sense RNA genome consisting of eight 

ribonucleoprotein segments. These eight genome segments encode for at least 11 viral 

proteins, including the membrane proteins hemagglutinin (HA), neuraminidase (NA), and 

the proton-selective ion channel matrix protein 2 (M2). The M2 protein fulfills important 

functions during virus entry and is also involved in virus assembly [1-3]. Influenza virions 

are released from infected cells by budding, a process that occurs in the so-called 

budozone in the plasma membrane, where the viral hemagglutinin (HA) and 

neuraminidase (NA) accumulate. M2 resides at the periphery of the budozone, where it 

plays an important role during virion assembly and budding by associating with M1 and 

inducing membrane curvature [1, 4, 5]. The recent reports showed that NA and HA might 

not enriched with cholesterol and sphingolipid [6, 7].  

Influenza virus budding results in the formation of filamentous, bacilliform or spherical 

particles, depending on the virus strains that are used. Infection with A/WSN/33 (H1N1), 

for example, predominantly gives rise to spherical virions, whereas infection of cells with 

the strain A/Udorn/72 (H3N2) produces a mixture of spherical and filamentous virions [2, 

8-10]. Filamentous influenza virions are thought to be the predominant form in the upper 

respiratory tract of influenza patients [8, 11, 12] and were also detected in 2009 H1N1 

pandemic virus isolates [13]. Indeed, the general view is that primary human influenza 

virus isolates are filamentous in appearance, but convert into predominantly spherical 

virions after serial passage in embryonated chicken eggs [14]. Spherical and filamentous 

virus particles are equally infectious in vitro [8, 10, 15]. Recent experimental studies in 

animal transmission models have shown that filamentous virus particles formation 

correlates with virus transmissibility between co-housed guinea pigs and ferrets [16, 17].  

 

Previous studies have shown that influenza A virus filament formation is a genetic trait 

that maps to the M1 coding information [10, 18, 19]. Transfer of the A/Udorn/72 M1 

protein coding sequence into the A/WSN/H1N1 genetic background allows filament 

formation, whereas substitution of specific A/WSN/H1N1 M1 residues in the A/Udorn/72 

genetic background results in the production of spherical virions [19, 20]. Furthermore, 

additional studies have suggested that the M2 protein may also be involved in filament 
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formation [1, 8, 21]. In particular an amphipathic alpha helix in the cytoplasmic part of M2 

has been proposed to contribute to the formation and stability of filamentous virion 

formation [8]. 

Antibodies directed against M2e (the extracellular part of M2), can protect against 

experimental influenza A virus challenge in vivo by an Fc Receptor-dependent 

mechanism [22, 23]. Some influenza A virus strains, however, are also susceptible to a 

direct in vitro antiviral effect of M2e-specific IgGs [24]. In this case, M2e-specific IgGs 

perturb critical interactions between the M1 and M2 proteins, which in turn affect the 

interaction of M1 with the viral ribonucleoprotein complexes. As a consequence, virions 

assembly is compromised [25]. Evidence for such an effect on the interaction between 

M1 and M2 is based on the observation that treatment of influenza A virus-infected cells 

with the M2e-specific monoclonal antibody (MAb) 14C2 results in a loss of filament 

formation and reduces infectivity of some influenza A virus strains such as A/Udorn/72 in 

vitro [8, 25]. M2e-specific antibody-mediated fragmentation of filamentous virions 

appears to be due to the induction of a conformational change in the M2 protein, which 

alters membrane curvature [1, 8]. Treatment of infected cells with M2e-specific MAb 

14C2 antibody was also shown to inhibit viral assembly and release [26]. Several 

A/Udorn/72 virus variants that are resistant to the inhibitory effects of 14C2 MAb have 

mutations within viral RNA segment 7, which codes for the M1 and M2 proteins [27]. The 

M2 protein does not associate with rafts despite possessing a cholesterol 

recognition/interaction amino acid consensus (CRAC) domain, which has been shown in 

other proteins to mediate cholesterol binding [28].  The CRAC domain in M2 perhaps 

provides an affinity for cholesterol-rich regions of the budozone to ease the scission event 

during the viral budding process [29, 30]. However, the notion that influenza HA 

associates with lipid-raft domains has been challenged recently [6, 31].  

Due to the small size of the influenza particles (approximately 100 nm in width) and the 

filaments formed on infected cells, characterization of these structures is almost 

impossible using conventional fluorescence microscopy techniques such as confocal 

microscopy, because the diffraction barrier of microscopic techniques does not allow 

resolving structures smaller than 250 nm. Therefore, studies of the budding process of 

influenza viruses have been performed using electron microscopy (EM) sometimes 
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combined with immuno-gold staining of viral proteins [32]. However, EM has several 

limitations to study biological samples. The preparation of the sample for EM is complex 

and time consuming and requires expensive and sensitive materials.  

To overcome those limitations and facilitate the acquisition of precise images of budding 

influenza virions, we used super-resolution microscopy (SRM), in concrete stochastical 

optical reconstruction microscopy (STORM), a technique that allows the location of 

molecules to be determined with nanometer-scale precision at a very high resolution [33, 

34] and although so far has been used to study the cell biology of influenza viruses [34-

38],  it has never been used to study the role of M2 in filament formation and structures. 

STORM is a nanoscopy technique that allows to obtain images with a resolution of 

approximately 20 nm [39]. STORM takes advantage of sequential photoswitching of 

certain dyes. This relies on the stochastic process of a fluorophore (e.g. attached to an 

antibody specific for the structure of interest) to be repeatedly turned on and off by a 

chemical reaction, while images are sequentially acquisitioned. This allows to acquire all 

fluorophores of the sample individually accumulating sequential images during the 

photoswitching. By determining the position of each fluorophore individually with high 

accuracy using a Gaussian fitting allows to reconstruct a high resolution image [40]. This 

method is compatible with immunostaining allowing to obtain new insights at a nanoscale 

level of assembling viral structural proteins, for example at the budozone. 

 

In the present study, we have investigated the effect of three M2e-specific MAbs on 

influenza A virus plaque formation and infectivity in vitro. We have utilized confocal and 

super-resolution STORM microscopy to characterize filaments formation that is 

associated with influenza A/Udorn/72 replication. We further investigated M2e-specific 

antibody-induced perturbation of filament formation and fragmentation of pre-existing 

filaments in influenza A/Udorn/72 infected cells.  
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Results 

 

M2e-specific MAbs reduce plaque growth and infectivity of influenza A/Udorn/72 virus 

in vitro  

The M2-specific mouse IgG1 MAb 14C2 was previously shown to be able to inhibit 

influenza A/Udorn/72 virus plaque growth and infectivity in vitro [8, 24, 26]. In line with 

this, we demonstrate that the M2e-specific IgG MAbs 37 (IgG1) and 65 (IgG2a), both 

directed against a similar part of M2e (encompassing residues Thr4-Trp15), and MAb 148 

(IgG1, directed against Ser2-Thr9) can reduce the plaque growth of A/Udorn/72 virus 

(Table 1, Fig. 1a).  

 

Table 1. Monoclonal antibodies used in the study. 

 

Name of MAb Epitope specificity Isotype References  

MAb 37 Influenza M2e IgG1 [41] 

MAb 65 Influenza M2e IgG2a [41, 42]  

MAb 148 Influenza M2e IgG1 [42] 

Control MAb Hepatitis B core  IgG1 [41] 

Control MAb  Respiratory syncytial virus 

small hydrophobic protein 

IgG2a [41] 
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Figure 1. M2e-specific IgGs inhibits plaque growth and infectivity of A/Udorn/72 in 

vitro. (A) MDCK cells were infected with A/Udorn/72 or PR8 virus at 20-50 PFU/well and 

subsequently overlaid with 1.2% Avicel in medium containing M2e-specific IgGs (MAbs 

37, 65, 148) or isotype control IgG (IgG1 + IgG2a) at 100 μg/mL and 2 μg/mL TPCK-treated 

trypsin. After 72 h of incubation at 37°C, the cells were fixed with 4% paraformaldehyde, 

permeabilized with 1% Triton X-100 and the plaques were visualized by staining with 

influenza polyclonal goat anti-influenza ribonucleoprotein (RNP). (B) Quantification of the 

plaque size based on Image J analysis. The graph shows the area of each plaque and the 

bars represent the mean area ± SEM. The Udorn plaque size of all three M2-specific IgGs 

(MAbs 37, 65, 148) treated cells is significantly smaller than the plaque size of control IgG 

treated cells (One-way ANOVA). (C) MDCK cells were treated with M2e specific MAbs (65, 

37, and 148) or Control IgG at 100 g/ml and infected with A/Udorn/72 at an MOI of 0.01 
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in TPCK-treated trypsin containing medium. Twenty four hours after infection, the 

medium was harvested and titrated by plaque assay (D) MDCK cells were infected with 

A/Udorn/72 virus. Twenty-four hours later, the cells were incubated with a dilution series 

of MAb 37, MAb 65, MAb 148 or control IgG, followed by fixation with 4% 

paraformaldehyde and detection by a cellular ELISA. Non-significant (ns), ** p ≤ 0.01, *** 

p ≤ 0.001; ****p ≤ 0.0001. 

 

 

The plaque size of Udorn was significantly smaller in the presence of all three M2e-specifc 

MAbs used at a concentration of 100 µg/mL compared to isotype control antibody (Fig. 

1a-b). In contrast, the plaque growth of PR8 virus was not affected by M2e-specific MAbs 

65, 37, 148. (Fig. 1a–b). In a multicycle growth setup, all three M2e-specific MAbs 

significantly reduced the amount of newly produced infectious A/Udorn/72 virus (Fig. 1c). 

The M2e-specific MAbs 65, 37, and 148 bound to M2 expressed on the surface of 

A/Udorn/1972 (H3N2) virus-infected cells with estimated Kds of 2.073 nM, 6.957 nM, and 

14.82 nM, respectively, on the basis of a cellular ELISA (Fig. 1d). Thus, M2e-specific MAbs 

bind to M2 expressed on the surface of A/Udorn/1972 (H3N2) virus-infected cells and can 

reduce plaque growth of A/Udorn/72 in vitro.  

 

Confocal and STORM imaging of A/PR8/H1N1 and A/Udorn/H3N2 infected cells.  

Previously it has been shown that immunostaining and light microscopy can be used to 

visualize filamentous structures that emerged from the surface of the infected cells [8, 43, 

44]. Here we used confocal and super-resolution STORM microscopy to characterize 

filament formation on the surface of A/Udorn/72 infected cells. By combining these two 

microscopy techniques, we wanted to gain a detailed insight in the morphology of those 

filaments and to understand the effect of a set of well-characterized M2e-specific MAbs 

on A/Udorn/72 filament formation. Confocal and STORM imaging of MDCK cells fixed and 

immuno-stained 24h after infection revealed filamentous structures that emerged from 

the surface of the infected cells, whereas infection with PR8 virus did not result in the 

formation of such structures (Fig. 2a-b). STORM analysis of uninfected MDCK cells showed 

few small filopodia when stained with wheat germ agglutinin (WGA-mock) (Fig. 2b). HA is 

the most abundant membrane protein in influenza A virions, NA is approximately 10-fold 
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less abundant and M2 is scarcely represented [45, 46]. In the plasma membrane of 

infected cells, however, M2 is expressed at high levels [8, 47, 48]. Given the involvement 

of M2 in filament formation (budding virions), we investigated if M2 is detectable at the 

sites of budding filaments on infected cells. For this purpose, influenza A/Udorn/72 virus-

infected MDCK cells were stained with polyclonal convalescent mouse serum or M2e-

specific IgG1 MAb 37 at 24 h after infection and then analyzed by STORM. HA and M2 

were both present in A/Udorn/72 filaments using super-resolution STORM microscopy 

(Fig. 2b-c). Staining of the infected cells with a convalescent mouse polyclonal 

A/Udorn/72 serum revealed filaments with a length of 2-20 µm length and a width of 80-

250 nm (Fig. 2b). Filaments can be traced to their origin on the cell surface using super-

resolution STORM imaging, where M2 was observed mainly in the basilar part of budding 

filaments in A/Udorn/72 infected cells (Fig. 2c). The length of A/Udorn/72 HA-containing 

filaments was significantly longer than the M2 positive filaments (Fig. 2d).  

 

 



115 

 

 
 

Figure 2. STORM imaging of A/Udorn/72/H3N2 infected MDCK cells reveals filaments 

with Archetti bodies. 

MDCK cells were seeded in 8 well microslides, infected at an MOI of 5 PFU/cell with 

influenza A/Udorn/72 or A/PR8/H1N1 virus for 24 h, fixed, stained for HA  (using 

convalescent mouse serum against A/Udorn/72 or A/PR8/H1N1) and M2 separately. (A) 

Confocal images of filaments on infected cells, immuno-labeled for HA (red) and DAPI 

(Blue). Scale bar = 10 μm. STORM images of filaments on A/Udorn/72 virus infected cells, 

immuno-labeled for HA (B) and M2 (C). (D) HA-containing filaments are significantly 

longer than M2-containing filaments. (E) STORM images of filaments on A/Udorn/72 virus 

infected cells, immuno-labeled for HA showing Archetti bodies. Bar 1μm  (F) STORM 

images of filaments on A/Udorn/72 virus infected cells, immuno-labeled for HA showing 

HA-containing protrusions making connections to neighboring cells. Bar 5 μm. The 
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experiments were performed in triplicate wells for each condition and repeated at least 

three times with similar results. ****p ≤ 0.0001. 

 

The super-resolution STORM analysis revealed different filament structures, including 

branched filaments and filaments with enlarged oval/round structures (Fig. 2e). The latter 

structures have an apparent width of 230 to 663 nm and have been described previously 

as Archetti bodies [9, 34, 49]. It has previously also been reported that the A/Udorn/72 

virus can spread to neighboring cells by using intracellular connections [50]. The STORM 

analysis showed that, long filaments or long HA-containing protrusions connected 

neighboring cells (Fig. 2f). Taken together, super-resolution STORM microscopy proved to 

be a useful tool to study the detailed structure and protein distribution in filaments that 

emerge from influenza A virus infected cells. 

 

M2e-specific IgGs suppress filament formation and cause fragmentation of pre-existing 

filaments 

Despite multiple passages in cell culture, the influenza A/Udorn/72 virus strain has 

retained the capacity to produce filamentous virus particles. The M2-specific antibody 

14C2 can restrict in vitro growth and assembly of the A/Udorn/72 virus, prevent filament 

formation, and cause the fragmentation of pre-existing filaments. Inhibition of the M2 ion 

channel function with amantadine, however, does not affect filament formation by 

A/Udorn/72 infected cells, whereas this drug prevents the post-entry fragmentation of 

filamentous virions in the endosomes [2, 8, 24-26]. In order to know whether our M2e-

specific IgGs can also perturb filament formation, we treated A/Udorn/72 infected cells 

with MAbs 65, 37, 148 or control IgG at concentrations of 20 or 100 µg/mL and analyzed 

the outcome by confocal (shown in Fig. 3) and STORM (shown in Fig. 4)  imaging.  
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Figure 3. Confocal imaging reveals significant impact of M2e-specific monoclonal 

antibodies on the filament morphology of influenza A/Udorn/301/72 (H3N2) virus 

infected cells. MDCK cells were seeded in 8 well microslides, treated with M2e-speficic 

MAb 37 (IgG1), MAb 65 (IgG2a), MAb 148 (IgG1), or isotype control IgG1 + IgG2a at 20 

μg/mL at 0 h or 24 h post infection with A/Udorn/72 at MOI 5 in serum-free medium. A 

mock infected control was included. The cells were then washed with PBS and fixed with 

2% PFA at room temperature for 20 min. Infected cells were visualized by immune-

staining with polyclonal convalescent mouse serum directed against A/Udorn/72, 

followed by Alexa Fluor 647 Donkey Anti-Mouse IgG serum and confocal imaging using 
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Zeiss LSM 780 confocal microscope (Carl Zeiss, Germany) with 40x magnification. (A) 

Confocal images showing loss of filaments when MDCK cells are treated with M2e-speficic 

MAbs at 0 h post infection. (B) Confocal images showing fragmentation of pre-existing 

filaments when MDCK cells are cells treated with M2e-speficic MAbs at 24 h post 

infection. For confocal image analysis, the ratio of perimeter to the surface of cells 

analysis was performed in Volocity imaging software (Perkin Elmer). Scale bar = 5 μm. 

Perimeter/pixel count ratio is significantly lower in M2e-specific MAb treated cells than 

isotype control IgG treated cells. The experiments were performed in triplicate wells for 

each condition and repeated at least three times with similar results. One-way ANOVA 

with multiple comparisons correction (Kruskal–Wallis test). non-significant (ns),  *p > 

0.05, * p ≤ 0.05, ** p ≤ 0.01. 

 

Numerous long filaments were observed at cell surfaces when A/Udorn/72 virus-infected 

cells were examined by confocal and super-resolution STORM microscopy in isotype 

control IgG treated samples (Fig. 3a-4a). The filaments seen by confocal and STORM 

imaging may or may not correspond to the previously described long filamentous virus 

particles observed during budding at the cell surface of A/Udorn/72 infected cells [26]. In 

contrast, cells incubated with any of the M2e-specific MAbs 65, 37, 148 displayed much 

shorter filaments that contained the major viral spike proteins (Fig 3a-4a). For confocal 

analysis, the ratio of the perimeter of a cell to the surface of that cell was used as a 

parameter to study the level of filament formation on cells. The perimeter/pixel count 

ratio was significantly lower in M2e-specific MAb 37 and MAb 65 treated cells, confirming 

that inhibition of filament formation by M2e-specific MAbs (Fig 3a). Thanks to the STORM 

images we can study and see how the shape of the filaments changed strongly compared 

to the negative control. In all samples treated with MAb filaments showed a strong 

different phenotype compared to the negative control filaments. The most significant 

change was noticed with MAb 65 treated cells but not exclusively. Filaments formed after 

the incubation of MAbs displayed a very different filament profile compared to the 

control antibody treatment: the filaments were shorted, broken and wider (Fig. 4a). Also 

in some cases (Fig. 4a MAb 65) filaments are completely defective and don’t look like 

filament at all, but protrusions with a triangle shape.   
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Figure 4. Super-resolution microscopy analysis shows inhibition of filament formation 

by M2e-specific IgGs (n=60). MDCK cells were seeded in 8 well microslides, treated with 

M2e-speficic MAb 37 (IgG1), MAb 65 (IgG2a), MAb 148 (IgG1), or isotype control IgG1 + 

IgG2a at 20 or 100 μg/mL and then infected with A/Udorn/72 at MOI 5 and incubated for 

D 
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24 Hrs at 37°C in serum-free medium. The cells were then washed with PBS and fixed with 

2% PFA at room temperature for 20 min. Infected cells and A/Udorn/72 filaments were 

visualized by immune-staining with polyclonal convalescent mouse serum directed 

against A/Udorn/72, followed by Alexa Fluor 647 Donkey Anti-Mouse IgG serum (A) 

STORM images of MDCK cells infected with influenza and treated with different MAb at 

different concentrations (20µg/ml and 100 µg/ml). (B) Representation of the length (µm) 

of all filaments quantified (n=60) from infected cells and treated with MAb. (C) 

Representation of width (nm) of filaments quantified (n=60). (D) Representation of the 

aspect ratio (length/diameter) of all filaments quantified (n=60). Bar = 5 µm. The length of 

A/Udorn/72 filaments was significantly reduced in M2e-specific MAb treated cells (B). The 

experiments were performed in triplicate wells for each condition and repeated at least 

three times with similar results. One-way ANOVA. Non-significant (ns), ** p ≤ 0.01; ****p 

≤ 0.0001. 

 

In addition, these structures were not protruding in parallel but they were curved and 

produced branches along the filament. Most new filaments appear weaker and easier to 

break, whereas filaments from negative control are long and not broken at all.   

 

Since the changes of the phenotype in the filaments after the incubation with the M2e-

specific MAbs were very clear, we decided to quantify these changes by measuring the 

width and length of the filaments, the two most remarkable features. To ensure a correct 

measurement, we developed a criterion for selecting the filaments to be counted in order 

to have a representative collection of samples: the filaments selected should have the 

same width along the filament, be intact (not broken), lack branches and the structure 

must be fully reconstructed. For this purpose we analyzed cells that were infected at 5 

MOI and we tested two different concentrations (100 and 20 µg/ml) of the M2e-specific 

MAbs (Fig. 4b).  

We counted in total 60 filaments from 7-9 different cells per condition with an average of 

8 filaments per cell. To study the distribution of all filaments per condition, we plotted the 

full length and width of all filaments measured individually (n=60).  

The length of the filaments of the negative control showed a wide size distribution 

(supplementary information 2, supplementary table 1), ranging between 2 and 20 µm. 
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When the M2e-specific MAbs were applied at 20 µg/ml, we observed a decrease in length 

and an increase of the homogeneity of all samples (between 0.5 and 10 µm)(Fig. 4b). 

Increasing the concentration of the MAbs to 100 µg/ml produced smaller filaments with 

similar sizes and the samples were more homogeneous (Fig. 4b, supplementary 

information 2). 

Performing an ANOVA test on this data, we can see how these differences between al 

populations of filaments treated with MAbs in comparison to the negative control are 

statistically significant in all cases. Also the variance of these populations are much 

smaller than in the negative control (supplementary table 1). Thus, treatment of 

A/Udorn/72 virus infected cells with the M2-MAbs produced a more homogeneous 

population of filaments that, furthermore, were much shorter.  

The width is the second feature that was measured (Fig. 4c). The negative control showed 

a homogeneous width of the filaments of around 170 nm. Cells treated with MAb 65 

produced filaments with variable widths, where the average width was around 250 nm 

and ranged from 100 nm to 610 nm as deduced from the STORM imaging (Fig. 4c, 

supplementary information 2). The distribution of width of these filaments was plotted, 

showing an increase of distribution of diameter when cells are treated with MAb 65 (both 

concentrations) and MAb 37 (20 µg/ml). The ANOVA test indicated a statistically 

significant difference between the population of filaments in the negative control and 

MAb 65.  

Incubation of infected cells with MAb 148 presented with a small increase in the 

heterogeneity of the filaments. The width was not dramatically changed by the incubation 

with these two MAbs (Fig. 4c).  

To finalize, we also measured the aspect ratio (length/diameter) of each filament and 

obtained the average of all conditions (Fig 4d, supplementary table 1). The aspect ratio 

decreased dramatically with the treatment, being also almost 9 times smaller in filaments 

with MAb 65 (100 µg/ml) than the aspect ratio in the negative control. In the rest of 

conditions the aspect ratio is 4 times smaller than in the negative control. With this 

information we can notice that cells treated with MAb 65 produced shorter and wider 

filaments, as previously quantified separately.  
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We observed copious amounts of filaments when cells are infected with high MOI (MOI 5) 

of A/Udorn/72 virus. However, M2e-specific antibody mediated inhibition of filament 

formation was also seen in MDCK cells that were infected at a low MOI (Supplementary 

figure: 30, 90, 300 pfu/30,000 cells). Notably, these are sub-diffraction features that were 

not accessible quantitatively with confocal microscopy.  

 

 

 

Figure 5. Super-resolution microscopy analysis shows that M2e-specific IgGs can disrupt 

pre-existing filaments (n=50). MDCK cells were seeded in 8 well microslides, treated with 

M2e-speficic MAb 37 (IgG1), MAb 65 (IgG2a), MAb 148 (IgG1), or isotype control IgG1 + 

IgG2a at 20 μg/mL at 24 h post infection with A/Udorn/72 at MOI 5 in serum-free 

medium. The infected cells were incubated with M2e-specific MAbs for 1 h at 37 C. The 

cells were then washed with PBS and fixed with 2% PFA at room temperature for 20 min. 

infected cells and A/Udorn/72 filaments were visualized by immune-staining with 

polyclonal convalescent mouse serum directed against A/Udorn/72, followed by Alexa 

Fluor 647 Donkey Anti-Mouse IgG serum. (A) STORM images showing disruption pre-



123 

 

existing filament when MDCK cells are cells treated with M2e-speficic MAbs at 24 h post 

infection. (B) Representation of the length (µm) of all filaments quantified (n=50) from 

infected cells and treated with MAb. 

 Bar = 5 µm. The experiments were performed in triplicate wells for each condition and 

repeated at least three times with similar results. One-way ANOVA with multiple 

comparisons correction (Kruskal–Wallis test). *** p ≤ 0.001; ****p ≤ 0.0001. 

 

Importantly, infected cells were incubated with M2e specific MAbs 65, 37, 148 

throughout infection cycle (24 HPI), therefore the above data do not allow us to 

distinguish whether M2e specific MAbs treatment blocks the formation of filamentous 

particles or has a direct effect on pre-existing filamentous particles. To test if M2e-specific 

MAbs affects the morphology of pre-existing filaments, we treated A/Udorn/72 infected 

cells with M2e-specific MAb 65, 37, 148 or control IgG at 24 h post infection. Interestingly, 

we found that M2e-specific MAb (65, 37, and 148) caused fragmentation and disruption 

of the pre-existing filaments (Fig. 3b-5a) at 24 h post infection. This can be seen as 

remnants of filament fragmentation dispersed over the slide (Fig. 4a).  

Importantly, treatment with the isotype control IgG, had no effect on the pre-existing 

filaments (Fig.3b and 5a-b), showing that fragmentation is a specific consequence of M2e-

specific IgGs binding to the M2 protein. Thus, M2e-specific MAbs (65, 37, 148) treatment 

block the filament formation, and cause fragmentation of pre-existing filaments.  

 

Discussion 

Influenza viruses exhibit a range of morphologies from small spherical particles to 

extremely long filamentous structures. Clinical influenza virus isolates are characterized 

by the presence of filamentous and even very elongated virions, which can reach microns 

in length. In addition to influenza, some other respiratory viruses also form filamentous 

virions, including respiratory syncytial virus and some paramyxoviruses [9, 51, 52]. For 

influenza viruses, filament formation is a heritable genetic trait that is selected for in 

natural transmission. Despite this, long filaments have often been neglected in laboratory 

studies, and the reason for filament formation remains unclear. The fact that most 

laboratory strains of influenza present as spherical or kidney shaped virions, the fragility 
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of long filamentous structure as well as the limitations of conventional light microscopy 

techniques, can explain why filamentous influenza virions are poorly studied. Super-

resolution microscopy, a powerful technique that we applied in the present work, allows 

to visualize and characterize such filaments.  

M2e of influenza A viruses is conserved and surface exposed. Although M2e-specific IgG 

antibodies can protect against influenza A virus challenge in animal model, the in vitro 

growth of most influenza A virus strains is not affected by M2e-specific antibodies. 

However, the plaque growth of the influenza virus strain A/Udorn/72 is reduced in the 

presence of anti-M2 MAb 14C2 [24]. In agreement with this, we observed plaque size 

reduction and reduced replication of A/Udorn/72 in the presence of all three M2e-specific 

MAbs tested (Fig. 1a-c). A/PR8/H1N1 and A/Udorn/H3N2 virus have a very similar M2 

sequence. However, only the A/Udorn/72 strain was sensitive to the in vitro inhibition by 

anti-M2e Mab 65, 37 and 148 (Fig. 1a). The susceptible virus A/Udorn /72 is known to 

produce filamentous virions [8]. Whether a filamentous virion morphology is a 

prerequisite for in vitro susceptibility to M2e-specific IgG antibodies, remains to be 

determined. Further, it has been proposed that M2e-specific antibodies could perturb 

critical interactions between the M1 and M2 proteins, which in turn could affect the 

interaction of M1 with the vRNP complexes. As a result virion assembly would be 

compromised, explaining the in vitro growth restriction [25]. Antibody-mediated 

fragmentation of filamentous virions may be due to the induction of a conformation 

change in the M2 protein, which leads to alterations in membrane curvature [1, 8]. M2e-

based immunity provides in vivo protection against many different influenza A virus 

strains, most of which are not sensitive to anti-M2e IgG in vitro [22, 53-56]. The in vivo 

protection by M2e-specific IgG dependent on activating Fc receptors that can bind to the 

Fc portion of IgGs, which in turn leads to phagocytosis or killing of influenza A virus-

infected cells [23]. Furthermore, we previously showed that the protection mediated by 

M2e-specific MAb 65 is dependent on FcγR I and -III receptors [41, 57]. 

We used A/Udorn/72 virus because it has been well documented that this is one of the 

few influenza A virus strains which have retained filament-forming ability after laboratory 

passage [2, 8, 10]. The M2 antigen has not been detected previously by 

immunofluorescence in A/Udorn/72 virus filaments [8]. However, it was presumed that 
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M2 is a viral component of A/Udorn/72 virus filament as the M2-specific antibody 14C2 

was shown to cause fragmentation of filaments, whereas an M2 inhibitor allows filaments 

to resist fragmentation at low pH [2, 8]. We hypothesized that M2e-specific antibodies 

can bind to M2 antigen present in filaments structure and cause inhibition of filament 

formation and fragmentation of preexisting filaments. We decided to address this 

question using super-resolution STORM microscopy, which allows to trace back individual 

A/Udorn/72 virus filaments to their base origin on the cell surface. Previously it has been 

shown that the role of M2 in formation of viral filament is independent of its ion channel 

activity [8]. M2e immune-stained STORM images acquired at 24 h after infection showed 

that M2 localizes to the base of budding A/Udorn/72 virus viral filaments (Fig. 2c). 

Previously, associations were observed between M1 and M2, and between M2 and HA 

[4]. Co-clustering between M2 and HA suggests the incorporation of M2 at the sites of 

virus budding, as is indicated in the literature where authors determined that HA and M2 

strongly co-cluster in the budozone region of the plasma membrane [30]. The M2e-

specific MAb 14C2 was previously shown to block the formation of filaments on 

A/Udorn/72 virus infected cells [8]. Here, we studied how the M2e-specific IgGs 

treatment of cells inhibited filament formation, and resulted in shorter and wider 

filaments compared to control IgG treated cells, which showed long and thin filaments 

with a high expression of HA. The inhibition of filament formation was most apparent in 

MAb 65 treated cells, which also strongly inhibited plaque growth of A/Udorn/72 virus in 

vitro, and profoundly deformed the shape and width of the filaments (Fig. 6c). The M2e-

specific MAbs appeared to blunt filament formation, and resulted in shorter and wider 

filaments compared to control MAb treated cells (Fig. 6).  
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Figure 6. Scheme of the correlation between filament formation and viral plaque 

formation in influenza A/Udorn/72 virus infected cells.  

The different M2e-specific MAbs affect the progression of filament formation and plaque 

growth with variable efficiency in MDCK cells infected with influenza A/Udorn/72 virus. 

This decrease is most apparent with MAb 65, which was able to inhibit the formation of 

filaments. Not only a decrease in size but also a defective structure of filament formation, 

where filaments no longer appear thin and long but present as protrusions with a triangle 

shape. MAb 148 and MAb 37 also inhibited the progression of the filamentous formation 

but less strongly, producing branched filaments as well. This can be related both to 

antibody affinity and to the positioning of the epitope on the M2e structure.   
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Although clinical isolates typically produce the filamentous phenotype, the functional 

significance of these diverse filamentous structures remains to be established. It has been 

suggested that long filaments on the surface of infected cells may be important for cell-

to-cell transmission of virus [34, 44]. The M2e-specific IgGs may perhaps reduce or 

prevent cell-to-cell transmission of virus (which would result in a reduced plaque size in 

vitro) through inhibition of filament formation and fragmentation of pre-existing 

filaments on the surface of infected cells.  

In summary, we used confocal and super-resolution STORM imaging technique to 

characterize A/Udorn/72 virus filaments morphology, studied antibody mediated 

inhibition of filament formation and fragmentation of pre-existing filaments on the 

surface of infected cells. Our data demonstrate that M2 is an important player in the 

formation of filaments on the surface of infected cells. The super-resolution STORM 

microcopy technique proved to be a valuable tool to study structural details on the 

plasma membrane or budozone viral components of filaments during IAV replication.  

 

Material and Methods:  

 

Viruses. Influenza A A/Udorn/307/72 (H3N2) and A/Puerto Rico/8/34 (H1N1) virus strains 

were amplified on Madin-Darby canine kidney (MDCK) cells in serum-free Dulbecco’s 

Modified Eagle medium (DMEM) supplemented with non-essential amino acids, 2 mM L-

glutamine and 0.4 mM sodium pyruvate) in the presence of 2 μg/mL TPCK-treated trypsin 

(Sigma) at 37°C in 5% CO2. Ninety six hours after virus inoculation, the culture medium 

was collected, and cell debris was removed by centrifugation for 10 min at 2,500 g at 4°C, 

and the virus was pelleted from the supernatants by overnight centrifugation at 30,000 g 

at 4°C. The pellet was resuspended in sterile 20% glycerol in PBS, aliquoted and stored at 

−80°C until used. Viral titres in the prepared stocks were determined by plaque forming 

units on MDCK cells.  

 

Monoclonal antibodies and polyclonal antibodies and epitope specificity. The M2e-

specific mouse IgG2a MAb 65, IgG1 MAb 37 and MAb 148 have been described (Table 1). 

Isotype control MAbs directed against the hepatitis B virus core (IgG1) or the small 

hydrophobic protein of human respiratory syncytial virus (IgG2a) were described [41]. The 
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MAbs were purified from the hybridoma supernatant by protein A sepharose (GE 

Healthcare). The affinity of MAb 37 MAb 65, and MAb 148 for M2e was determined by 

ELISA as per method described [41]. Convalescent anti-A/Udorn/72 mouse serum was 

prepared by infecting BALB/c mice with A/Udorn/72 virus. Briefly, 6-8 weeks old female 

BALB/c mice were anesthetized by intraperitoneal injection with a mixture of ketamine 

(10 mg/kg) and xylazine (60 mg/kg) and infected by intranasal administration of 50 μl PBS 

containing 1 x 105 PFU of A/Udorn/72 virus. Four weeks after infection the mice were 

anesthetized and then terminally bled. Serum was prepared from the blood, heat 

inactivated at 56°C for 30 min and stored at -20 °C. The convalescent mouse serum has 

high A/Udorn/72 hemagglutination inhibition titers (HAI titer = 1280). All animal 

experiments were conducted according to the national (Belgian Law 14/08/1986 and 

22/12/2003, Belgian Royal Decree 06/04/2010) and European legislation (EU Directives 

2010/63/EU, 86/609/EEC). All experiments on mice and animal protocols were approved 

by the ethics committee of Ghent University (permit number EC2014-074). 

 

Infection of MDCK cells. MDCK cells were seeded at 3 × 103 cells per well in an 8 well μ-

Slide (Cat. No. 80826, ibidi GmbH, Germany) for confocal and super-resolution STORM 

microscopy or at 3 x 105 in 12 well plates (Corning, USA, REF 353043) for multiple cycle 

infection. The cells were treated with either MAb 65, 37, 148 or control IgG at 

concentrations of 20 or 100 μg/mL for 30 minutes prior to mock infection or infection 

with A/Udorn/72 at MOI 5 for filament analysis. For multiple cycle infection, MDCK cells 

were infected at MOI 0.01 in serum-free medium containing TPCK-treated trypsin (2 

μg/mL, Sigma) and incubated with serum-free medium for 24h at 37°C. Twenty four hours 

after infection, the medium was harvested from 12 well plates and titrated by plaque 

assay. The cells from microslides were then washed with LPS-free PBS and fixed with 2% 

paraformaldehyde (PFA) at room temperature for 20 min. The cells were blocked with 1% 

bovine serum albumin (BSA) solution in PBS for 1 hour at room temperature and stained 

at room temperature for 1 hour with 1/500 diluted convalescent mouse serum against 

A/Udorn/72. An Alexa Fluor 647 Donkey anti-Mouse IgG (1/600; Invitrogen) was used as 

fluorescently labeled secondary antibody. The samples were visualized using a Leica TCS 

SP5 II confocal microscope (Leica Microsystems, Germany) or Zeiss LSM 780 (Carl Zeiss, 

Germany) with 40x magnification. Images were analyzed by using Image J software. For 
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membrane staining with wheat germ agglutinin (WGA), MDCK cells were grown on Ibidi 

labtecks at a confluence of 60%. After 24 hours, the cells were fixed with 4% 

paraformaldehyde for 15 minutes and then washed with PBS. After fixation the cells were 

stained with WGA-568 (Vector laboratories) at 0.4 µg/mL in PBS for 10 minutes. 

Subsequently, the cells were visualized under the super-resolution microscope. 

  

Plaque and plaque size reduction assays. Confluent monolayers of MDCK cells in 12 well 

plates were infected with 20-50 plaque forming units (PFU) of virus for 1 h at 37°C. The 

cells were washed thoroughly and overlaid with 1.2 % of Avicel RC-591 (FMC Biopolymer) 

alone or with MAb 65, MAb 37, MAb 148 or isotype control (IgG1+ IgG2a) at 100 μg/mL 

supplemented with 2 μg/mL of TPCK-treated trypsin (Sigma). The cells were then 

incubated for 72 h at 37°C in 5% CO2. Avicel was subsequently removed and the cells 

were fixed with 4% PFA for 15 min. After permeabilization (10x Permeabilization buffer 

diluted in bi-distilled water, eBioscience), the cells were stained with 1/2000 diluted 

polyclonal goat anti-influenza ribonucleoprotein (RNP) (Biodefense and Emerging 

Infections Resources Repository, NIAID, NIH, NR-4282) followed by donkey-anti-goat IgG 

HRP-linked antibody (Santa Cruz Biotechnology, cat no. SC2020). After washing, TrueBlue 

peroxidase substrate (KPL) was used to visualize the plaques. The wells were also scanned 

and the plaque size was determined using Image J Analysis Software. 

 

Super-resolution optical imaging. 

Immuno-stained samples were used to acquire STORM images. Cells that had been fixed 

and stained in ibidi labtech slides were washed once with PBS, after which 300 µl of 

STORM buffer was added. The STORM buffer consists of an oxygen scavenging system 

(0.5 mg/ml glucose oxidase, 40 µg/ml Catalase), 5% w/v glucose and cysteamine 100 mM  

in PBS. 

Images were acquired using a Nikon N-STORM 4.0 system configured for total internal 

reflection fluorescence imaging. Excitation inclination was tuned to adjust focus and to 

maximize the signal-to-noise ratio. Alexa-647 and WGA-568 fluorophores were excited by 

illuminating the sample with a 647 nm (160 mW) and 561 (80 mW) laser, respectively, 

built into the microscope. During acquisition the integration time was 10ms. For the 

measurements with Alexa-647 20,000 frames were acquired in the 647 channel. The total 
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time required to acquire one image was about 5 min. For the measurements with WGA-

568 40,000 frames were acquired in the 561 channel. The total time required to acquire 

one image was about 10 minutes.  

Fluorescence was collected by means of a Nikon x100, 1.4 NA oil immersion objective and 

passed through a quad-band-pass dichroic filter (97335 Nikon). Images were recorded 

onto a 256 x 256 pixel region (pixel size 160 nm) of a sCMOS camera (Hamamatsu). Single-

molecule localization sequences were analysed with the STORM plug-in of NIS element 

Nikon software. Structured illumination microscopy was performed using a Zeiss ELYRA 

system. For membrane staining of non-infected control MDCK cells, the cells were grown 

on Ibidi labteck slides at a confluence of 80%. After 24 hours, the cells were fixed with 4% 

paraformaldehyde for 15 minutes and then washed 3 times for 5 minutes with PBS. After 

fixation, the cells were stained with WGA-568 (Vector laboratories) at 0,4 µg/ml in PBS for 

10 minutes. Then the cells were washed 3 times for 5 minutes with PBS.  

 

Statistical analyses. Data were analyzed using GraphPad Prism version 7 for Windows 

(GraphPad Software, San Diego California; www.graphpad.com). The results are shown as 

individual data points with the mean ± SEM. Statistical analysis of the differences in viral 

titers, plaque size and in vitro viral kinetics were performed using the One-way ANOVA 

with multiple comparisons correction (Kruskal–Wallis test). For confocal image analysis, 

the ratio of the perimeter to the surface of cells was determined with the Volocity 

imaging software (Perkin Elmer). Thresh-holding in the far red channel allows to identify 

the cells in 3D as objects. For each object the perimeter and surface were measured and 

extracted from the software. For the quantification of filaments by super resolution 

microscopy, the acquired images were analyzed using the software ImageJ. We created 

the following criterion for selecting the filaments to be counted: filaments should have 

the same width along the entire structure, not be broken or branched. 60 filaments per 

condition were quantified, with an average of 8 filaments per cell. 43,4% of filaments of 

each cell did not pass the criterion of selection.  The length and width of the filaments 

were count manually using the ImageJ software. The length was measured after selecting 

the corresponding scale (0.16 µm/pixel) and the width was obtained by plotting the 

profile of the filament in ImageJ. Measurements were plotted as dot plot graphics using 

Graphpad prism software. A value of p ≤ 0.05 was considered statistically significant. The 

http://www.graphpad.com/
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following statistical values and symbols are used through-out the manuscript; non-

significant (ns) p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001; ****p ≤ 0.0001. 
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Supplementary: 

  

 

Supplementary figure 1: Super-resolution images a showing M2e-specific IgGs inhibit 

filament formation in multicycle growth setup.  

Supplement figure 1  
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MDCK cells (30,000 cells/well) were seeded in 8 well microslides, treated with M2e-

speficic MAb 37 (IgG1), MAb 65 (IgG2a), MAb 148 (IgG1), or isotype control IgG1 + IgG2a 

at 100 μg/mL and then infected with A/Udorn/72 at 300, 90, 30 pfus in TPCK-treated 

trypsin (Sigma) containing medium and incubated for 24 Hrs at 37°C in serum-free 

medium. The cells were then washed with PBS and fixed with 2% PFA at room 

temperature for 20 min. infected cells and A/Udorn/72 filaments were visualized by 

immune-staining with polyclonal convalescent mouse serum directed against 

A/Udorn/72, followed by Alexa Fluor 647 Donkey Anti-Mouse IgG serum. Imaging was 

performed by STORM microscopy. The scale bar represents 5 µm. 

 

Supplement figure 2 
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(b) 
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(e) 
 

Diameter frequency

10
0

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

55
0

60
0

65
0

70
0

0

5

10

15

20

25

30

35

40

Isotype control IgG

MAb 37 (20 µg/ml) 

MAb 65 (20 µg/ml) 

MAb 65 (100 µg/ml) 

Diameter (nm)

F
re

q
u

e
n
c
y

 

 

Supplementary figure 2: Distribution of lengths and diameter of MAb 37, 65 and 148. A) 

Frequency of lengths of the filaments quantified (n=60) in all cells treated with isotype 

control (7 cells). B) Frequency of lengths of the filaments quantified (n=60) in all cells 

treated with 2 different concentrations of MAb 37 (20 μg/mL 8 cells and 100 μg/mL 8 

cells). C) Frequency of lengths of the filaments quantified (n=60) in all cells treated with 2 

different concentrations of MAb 65 (20 μg/mL 7 cells, 100 μg/mL 7 cells). D) Frequency of 

lengths of the filaments quantified (n=60) in all cells treated with 2 different 

concentrations of MAb 148 (20 μg/mL 7 cells, 100 μg/mL 7 cells).E) Frequency of 

diameters of the filaments quantified (n=60) in cells treated with MAb 37 20 μg/mL; MAb 

65 20 μg/mL and MAb 65 100 μg/mL. 
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Supplementary table 1: Measurement of average, standard deviation and variance of all 

filaments measured: filaments (n=60) were quantified per condition, measuring length 

(μm), diameter (nm) and aspect ratio (length/diameter).  
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Many key concepts concerning the nature of immunity have originated from the very 

practical need to control virus infections.  

-Peter C. Doherty 
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CHAPTER 5: Passively transferred M2e-

specific monoclonal antibody reduces 

influenza A virus transmission in mice 
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Highlights 

 Broadly protective influenza vaccines could be valuable in case of a new influenza 

pandemic outbreak 

 Replication of influenza A/Udorn/72 and A/HK/68 is suppressed in vitro by a M2e-

specific IgG2a monoclonal antibody 

 An M2e-specific antibody reduced influenza A virus transmission in a mouse model 

 In vivo, anti-M2e antibody mediated protection against influenza A/Udorn/72 and 

A/HK/68  relied on Fc Receptor I and -III 

 An M2e-based antibody immune therapy could be used to suppress influenza virus 

transmission during a pandemic situation 

Abstract 

Influenza represents a global public health threat. Currently available influenza vaccines 

are effective against strain-matched influenza A and B viruses but do not protect against 

novel pandemic viruses. Vaccine candidates that target conserved B or T cell epitopes of 

influenza viruses could circumvent this shortcoming. The conserved extracellular domain 

of matrix protein 2 (M2e) of influenza A is an example of such a broadly protective 

vaccine candidate. Protection by M2e-based vaccine candidates largely depends on M2e-

specific IgG antibodies. Here we show that the M2e-specific IgG2a monoclonal antibody 

65 (MAb 65) can reduce influenza A/Udorn/72 (H3N2) and A/Hong Kong/68 (H3N2) virus 

plaque formation. This effect was not observed with other influenza A virus strains tested. 

We further show that passive transfer of MAb 65 to mice can reduce viral loads in the 

upper and lower airways, which results in reduced transmission of A/Udorn/72 and 

A/Hong Kong/68 viruses to cohoused, unimmunized contact mice. Virus restriction by 

passively transferred Mab 65 was significantly less pronounced in Fcgr1-/- Fcgr3-/- mutant 

mice compared with wild type controls, suggesting that in vivo protection provided by 

MAb 65 depends on Fc receptor-mediated antibody effector mechanisms. We conclude 

that M2e-based antibody immune therapy could be used not only to protect the 

immunized host but also exposed naïve contacts and thus reduce the spread of influenza 

A viruses. 

Keywords: Influenza A virus; mouse transmission model; M2 ectodomain; broadly 

protecting antibody. 



145 

 

1. Introduction  

Human influenza occurs in epidemics and pandemics that can cause significant morbidity 

and mortality on a global scale. There is a possibility that new pandemic influenza strains 

emerge and acquire the ability to efficiently transmit among humans. Therefore, there is 

an urgent need to develop vaccines or antiviral therapies that can prevent virus 

transmission in the event of a pandemic. Currently available vaccines are strain-specific, 

need to be administered yearly, and their composition needs to be assessed annually to 

try to keep track of the antigenic drift of the hemagglutinin (HA) protein of influenza 

viruses [1, 2]. Furthermore, the production of strain-matched vaccines requires 

approximately 6 months before the vaccine is available to the community at large. Thus, 

the production is a race against time that limits their utility against new and rapidly 

spreading viruses, as was the case in 2009 H1N1 pandemic, when the availability of the 

vaccine came after the first peak of the disease burden [1, 3]. Although humans are hosts 

of H1N1 and H3N2 viruses, occasional zoonotic infections with H5, H6, H7, H9, and H10 

strains do occur, which highlights the continual risk of a new pandemic [4]. Hence, there 

is a great deal of interest in developing a “universal” vaccine that can protect against all 

influenza A (and B) virus strains.  

One example of a “universal” influenza A vaccine antigen is based on M2e, i.e. the 

extracellular part of the type III viral membrane protein M2. Influenza vaccine candidates 

that induce immunity against all influenza A viruses, would be expected to provide 

protection in case of a pandemic outbreak and thus could be introduced now, or stock-

piled to be used directly off the shelf early in an outbreak. M2e immunity can significantly 

reduce viral titers in the respiratory tract and protect animals from disease or death 

following challenge with a broad range of influenza A virus strains and subtypes, which 

includes H1, H3, H5, and H7 viruses [2, 5-9]. Protection by M2e immunity is infection 

permissive and does not avert cellular immune responses upon infection [10]. Previously, 

we and others have shown that the protection by M2e-based vaccines is mediated mainly 

by M2e-specific IgG antibodies [5, 7, 11-13]. Although M2e is only 23 amino acid residues 

long, antibodies that bind with high affinity to different parts of M2e can be induced 

against this antigen [14, 15]. It has also been reported that treatment with a recombinant 

human IgG1 monoclonal antibody directed against the highly conserved N-terminus of 
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M2, was associated with a reduction of symptoms and viral load in an H3N2 challenge 

study of healthy human volunteers [16]. In addition, redirecting memory T cell responses 

to M2-displaying influenza A virus infected cells with bi-specific antibody constructs, can 

protect mice against influenza A virus challenge [17]. An important unanswered question 

is: can M2e-specific immunity control influenza A virus transmission between hosts? 

 

Influenza viruses transmit through contact, liquid droplets or aerosol. Viral transmission in 

a human population is complex and involves viral [18, 19], host [20, 21], social [22], and 

environmental factors [23, 24]. Influenza A virus transmission between mice was first 

reported by Eaton and later by Schulman and Kilbourne [25-30]. Since then, mice have 

been rarely used to study influenza virus transmission in part because the efficiency of 

mouse-to-mouse transmission of influenza viruses can be variable from one experiment 

to another. Recent studies, however, have described robust contact-dependent 

transmission in mice [31-33]. However, only a few strains of influenza A virus are known 

to efficiently transmit from mouse to mouse. Transmission between mice is contact-

dependent and occurs mainly through influenza virus in the saliva. Most influenza A 

viruses do not transmit between mice, which is likely due to the presence of potent viral 

inhibitors in murine saliva. The H3N2 virus A/Udorn/72 and a few other closely related 

H3N2 viruses are exceptions and are not neutralized by these salivary inhibitors [34]. In 

addition, certain inbred mouse strains have been found to be more prone to morbidity 

and mortality following influenza virus infection than others. In particular, DBA/2J mice 

were shown to be more susceptible to disease caused by influenza virus infection of the 

lungs, even with viral isolates that were not mouse-adapted [35, 36].  

Here we demonstrate that the M2e-specific IgG2a MAb 65 reduces A/Udorn/72 and 

A/Hong Kong/68 virus replication in vitro and in a mouse transmission model. 

Importantly, despite the direct in vitro inhibition of virus replication by Mab 65, in vivo 

protection against A/Udorn/72 and A/Hong Kong/68 virus was largely dependent on an 

intact Fc Receptor compartment. 

 

 



147 

 

2. Results 

2.1. MAb 65 reduces replication and infectivity of influenza A/Udorn/72 virus in vitro 

It has been reported that some anti-M2e antibodies can reduce the infectivity of 

A/Udorn/72 virus in vitro. The 14C2 IgG1 MAb has previously been demonstrated to 

inhibit influenza virus replication in an in vitro plaque-reduction assay [37, 38] and could 

reduce infectivity in vitro and in vivo [39-42]. We investigated whether the mouse IgG2a 

MAb 65, which has a similar epitope specificity as 14C2 (Cho et al., JV 2015), can affect 

the growth of influenza virus in a plaque assay. To this end, MAb 65 or an irrelevant 

control MAb 3G8, which is directed against the ectodomain of the small hydrophobic 

protein of human respiratory syncytial virus, was added to the Avicel overlay of MDCK 

cells that had been infected with influenza virus strains A/Udorn/72, A/HK/68, A/WSN/33, 

X47, or X31. The size and number of plaques of both A/Udorn/72 and A/HK/68 were 

significantly reduced in the presence of 20 µg/ml MAb 65 compared to the isotype 

control antibody (Fig. 1A-B). In contrast, the plaque size and numbers of A/WSN/33, X47 

and X31 viruses were not affected by MAb 65 (Fig. 1A-B). In the presence of MAb 65 

fewer cells became infected with A/Udorn/72 and A/HK/68 virus based on confocal 

fluorescence microscopy analysis (Fig. 1C). The MAb 65 also reduced the amount of newly 

produced infectious A/Udorn/72 and A/HK/68 virus in a multicycle growth setup (Fig. 1D). 

Thus, anti-M2e MAb 65 reduces infectivity and plaque growth of A/Udorn/72 and 

A/HK/68 in vitro.  
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FIGURE 1. M2e-specific monoclonal antibody 65 inhibits replication of A/Udorn/H3N2 

and A/HK/68/H3N2 in vitro. (A) MDCK cells were infected with A/Udorn/72 virus, 

A/HK/68, A/X47, A/X31 or A/WSN/33 at 30 PFU/well and subsequently overlaid with 1.2% 

Avicel in medium containing MAb 65 or 3G8 at 20 μg/mL and 2 μg/mL TPCK-treated 

trypsin. After 2 days of incubation at 37°C, the cells were fixed with 4% 

paraformaldehyde, permeabilized with 1% Triton X-100 and the plaques were visualized 
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by staining with influenza polyclonal goat anti-influenza ribonucleoprotein (RNP). (B) 

Quantification of the plaque size (left) and numbers (right) based on Image J analysis of 

the plaques imaged as in (A). Left graph shows the area of each plaque and the bars 

represent the mean plaque area ± SEM. The plaque size and number of both A/Udorn/72 

and A/HK/68, were significantly reduced in the presence of MAb 65 compared to isotype 

control antibody (One-way ANOVA with a multiple comparisons correction: Kruskal–

Wallis test). (C) MDCK cells were seeded in 8 well microslides, treated with either MAb 65 

or 3G8 MAb at 20 μg/ml and then infected with A/Udorn/72 or A/HK/68 at an MOI of 

0.01 in TPCK-treated trypsin containing medium. Twenty-four hours after infection, the 

medium was harvested and titrated by plaque assay. * p ≤ 0.05 (One-way ANOVA with a 

multiple comparisons correction: Kruskal–Wallis test). A/Udorn/72 or A/HK/68 at MOI 

0.01 and incubated overnight at 37°C in serum-free medium. A mock infected control was 

included. The cells were then washed with PBS and fixed with 2% PFA at room 

temperature for 20 min. Infected cells were visualized by immune-staining with 

polyclonal convalescent mouse serum directed against A/Udorn/72 or A/HK/68, followed 

by Alexa Fluor 647 Donkey Anti-Mouse IgG serum and confocal imaging using a Leica TCS 

SP5 II confocal microscope (Leica Microsystems, Germany) with 40x magnification. Image 

J software was used to quantify the number of infected cells (scale bar = 10 μm). (D) 

MDCK cells were treated with MAb 65 or MAb 3G8 at 20 g/ml and infected with 

A/Udorn/72 or A/HK/68 at an MOI of 0.01 in TPCK-treated trypsin containing medium. 

Twenty-four hours after infection, the medium was harvested and titrated by plaque 

assay. * p ≤ 0.05 (One-way ANOVA with a multiple comparisons correction: Kruskal–Wallis 

test). 

 

2.2.  MAb 65 reduces mouse to mouse transmission of A/Udorn/72 and HK68 virus 

Previously, we have shown that passive transfer of MAb 65 can protect mice against a 

lethal challenge with X47 and X31 virus strains [13]. We focused on MAb 65 because it is 

an IgG2a isotype antibody that protects against influenza A virus challenge by engaging all 

three activating FcRs [13]. Here, we wanted to assess if prophylactic administration of 

MAb 65 could also reduce influenza A virus transmission between mice. We used a 

contact transmission model that is based on the infection of index mice with A/Udorn/72, 
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which are co-housed with DBA/2J mice [33]. The BALB/c index mice were passively 

immunized intra-peritoneally with MAb 65 (5 mg/kg) or the negative control MAb 3G8 (5 

mg/kg). As control for antibody-mediated protection 200 μL of convalescent mouse 

serum with hemagglutination inhibition activity against A/Udorn/72 virus (HAI titer = 

1280) was injected intraperitoneally is a separate group of index mice. One day after 

passive immunization, the mice were challenged with 3 x 104 pfu of A/Udorn/72 or 

A/HK/68. Sixteen h after infection, the index mice were co-housed one to one with naive 

DBA/2J contact animals. The mice were then monitored for 4 days, until the animals were 

sacrificed for viral titer determination (Figure 2A). We first determined the persistence of 

MAb 65 in circulation after intraperitoneal injection of 5 mg/kg into BALB/c mice (the 

index animals). The MAb 65 was clearly detectable in circulation on day 1 and 6 after MAb 

injection (Fig. 2B). A low level of MAb 65 was also detected by ELISA in lung homogenates 

on day 5 post antibody administration (Fig. 2C).  

 

 

 

FIGURE 2. Persistence and distribution of MAb 65 in passively immunized mice 

(A) Schematic representation of the passive immunization and transmission study. Index 

(BALB/c) index mice were injected intraperitoneally with 5 mg/kg of MAb 65 or isotype 
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control MAb 3G8. In some experiments a group of index mice that had been i.p. injected 

with 200 μl of A/Udorn/72 convalescent mouse serum (HAI titer = 1280) was included. 

Twenty-four after antibody injection, the index mice were infected intranasally with 3 x 

104 PFU of A/Udorn/72 or A/HK/68 virus in a volume of 20 μl under xylazine-ketamine 

anesthesia. Sixteen h later, the index mice were cohoused one to one with DBA/2J 

contact mice. Four days after cohousing, all mice were sacrificed and the viral loads in the 

snout and lung of the index and contact mice were determined by plaque assay. (B) 

Serum samples were collected 1 day and 6 days after intraperitoneal injection of 5 mg/kg 

of Mab 65 of BALB/c mice (n = 5 per group). The M2e-specific serum IgG levels were 

determined by M2e peptide ELISA. A dilution curve of MAb 65, starting at 2 µg/ml, was 

included as a reference. (C) M2e-specific IgG in lung homogenate samples collected on 

day 5 post infection of mice (n = 6) that had received MAb 65 or 3G8 and infected with 

A/Udorn/72 determined by M2e peptide ELISA. Data points in B and C represent the 

mean ± SEM. 
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FIGURE 3. Passive transfer of MAb 65 reduces morbidity in index mice and transmission 

of A/Udorn/72 virus to contact mice. Six-eight weeks old female BALB/c mice (n = 5 per 

group, experiment performed two times) received 5 mg/kg of MAb 65, negative control 

IgG2a 3G8 MAb or convalescent A/Udorn/72 hyperimmune mouse serum (200 μL) by i.p. 

injection. Twenty-four h later, the mice were challenged with 3 x 104 A/Udorn/72 virus 

and 16 h after infection the mice were cohoused with DBA/2J mice. Relative body weight 

change of the index mice (A) following infection and of the contact mice (B) following 

cohousing. Body weights are shown relative to the day of infection and presented as 

mean ± SEM (n = 10 per group). The weight loss in the challenged MAb 65- and 

convalescent A/Udorn/72 serum-treated index animals was significantly lower than that 

of the control antibody-treated index mice on days 4, 5 post infection (two-way ANOVA). 

Transmission to contact mice was determined by measuring the infectious viral titers in 
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the snout (C) and lung (D) samples by plaque assay at 5 days post challenge in index mice 

and 4 days post co-housing in the snout (E) and lungs (F) of contacts. The data shown are 

pooled from two independent experiments. Dashed lines show the limit of detection of 

the assay. Lung and snout virus titers are presented from individual mice and as the 

median virus titer. The statistically significant differences between the indicated sample 

and control antibody-treated sample are shown: * P < 0.05, ** P < 0.01, *** P < 0.001, 

**** P < 0.0001 (One-way ANOVA with multiple comparisons correction: Kruskal–Wallis 

test). 

 

Weight loss in A/Udorn/72 virus infected index mice that were treated with MAb 65 or 

convalescent serum was significantly lower than in control antibody-treated index mice 

(Fig. 3A). No significant change in body weight was observed in any of the contact animals 

(Figure 3B). Similarly, MAb 65-treated index animals showed significantly lower morbidity 

than control antibody-treated index mice that had been infected with A/HK/68 virus (Fig. 

4A). The lung and upper respiratory tract viral titers were assessed 5 days post infection 

in the index and 4 days post co-housing in the contact mice. In both the upper and lower 

respiratory tract, the viral titers in the MAb 65- and convalescent serum-treated index 

mice were significantly lower than those of the control MAb 3G8-treated index mice 

(Figure 3C-D and 4C-D). The efficiency of A/Udorn/72 and A/HK/68 virus transmission 

from index to contact mice was 100% in 3G8 treated index mice, based on the viral load 

in the upper respiratory tract (Table 1). In contrast, transmission could be observed for 

only 3 out of 10 and 2 out of 6 MAb 65-treated mice that were infected with respectively 

A/Udorn/72 and HK68 virus (Table 1).  For both A/Udorn/72 and A/HK/68 virus the upper 

respiratory and lung viral loads in the contact animals that had been co-housed with MAb 

65-treated index mice were significantly lower than those of the negative control-treated 

animals (Figure 3E-F and 4E-F). Taken together, passive transfer of M2e-specific MAb 65 

significantly reduced A/Udorn/72 and A/HK/68 virus replication in the upper and lower 

respiratory tract of challenged index and exposed contact mice. 
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FIGURE 4. Passive transfer of MAb 65 reduces morbidity in index mice and transmission 

of A/HK/68 virus to contact mice. Six-eight weeks old female BALB/c mice (n = 6 per 

group) received 5 mg/kg of MAb 65 or negative control IgG2a MAb by intraperitoneal 

injection. Twenty-four h later, the mice were challenged with 3 x 104 A/HK/68 virus and 

cohoused with DBA/2J contact mice 16 h after infection. (A) Morbidity in index mice 

following infection and (B) in contact mice following cohousing with A/HK/68 infected 

index mice. Body weight loss in the MAb 65-treated index animals was significantly lower 

than that of the control antibody-treated index mice on day 5 post infection (two-way 

ANOVA). Weight change values represent mean ± SEM (n = 6 per group, experiment 

performed once). Infectious viral titers in the snout (C) and lung (D) samples determined 
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by plaque assay at 5 days post challenge in index mice and in the snout (E) and lungs (F) at 

4 days post co-housing in contacts. Dashed lines show the limit of detection of the assay. 

Individual and median lung and snout virus titers are presented. The statistically  

significant differences between the indicated samples are shown: * P < 0.05, ** P < 0.01,  

*** P < 0.001 (Student’s -t test).  

Table 1. Passive immunization of index mice with MAb 65 reduces transmission of 

A/Udorn/72 (H3N2) and A/HK/68 (H3N2) to contact mice 

 

*Based on the presence of virus in the snout of contact mice 

 

2.3.  Fcgr1 and Fcgr3 are important for protection mediated by MAb 65 against 

A/Udorn/72 and A/HK/68 virus infections 

Although MAb 65 has an in vitro effect on plaque growth and infectivity of A/Udorn/72 

and A/HK/68 virus strains, we hypothesized that Fcgr1 and Fcgr3 could also be involved in 

the in vivo protection of MAb 65. Therefore, we infected Mab 65-treated wild type and 

Fcgr1 Fcgr3 double-deficient mice with A/Udorn/72 or A/HK/68 virus strains. Wild type 

mice treated with the M2e-specific MAb 65 displayed significantly less body weight loss 

than isotype control MAb 3G8 recipients following infection with A/Udorn/72 or A/HK/68 

(Fig. 5A-B). This correlated with the lung viral load, since MAb 65 treatment resulted in 

significantly lower lung viral titers than MAb 3G8 in both A/Udorn/72- and A/HK/68-

Antibody 
treatment-
challenge 

virus  

No. of infected Index/no. of Index  
(mean virus titer ± SEM) 

  

No. of infected contacts/no. of 
contacts (mean virus titer ± SEM) 

    

  Snout  
(log10 
pfu/organ) 

 Lung  
(log10 
pfu/organ) 

Snout  
(log10 pfu/organ) 

Lung (log10 
pfu/organ 

percent 
transmission* 

% reduction in 
transmission 
(p value) 

MAb 3G8-
A/Udorn/72 

10/10 
(5,804 ± 0,1866) 

10/10 
(5,081 ±0,2043) 

10/10 
(4,267 ± 0,2798) 

9/10 
(4,062 ± 0,4871) 

100  

MAb 65-
A/Udorn/72 

10/10 
(4,182 ± 0,2138) 

10/10 
(3,076 ±0,2641) 

3/10 
(2,07 ± 0,4129) 

1/10 
(1,431 ± 0,1301) 

30 70 (≤ 0.001) 

Udorn serum-
A/Udorn/72 

10/10 
(3,519 ± 0,1834) 

7/10 
(2,253 ±0,2382) 

2/10 
(1,671 ± 0,2476) 

0/10 
(1,301 ± 0) 

20 80 (< 0.001) 

        

MAb 3G8-
A/HK/68 

6/6 
(5,177 ± 0,1356) 

6/6 
(5,109 ± 0,2027) 

6/6 
(3,46 ± 0,1366) 

6/6 
(3,947 ± 0,245) 

100  

MAb 65-
A/HK/68 

6/6 
 (3,606 ±0,1536) 

6/6  
(3,035 ±0,1398) 

2/6  
(1,685 ± 0,2456) 

1/6  
(1,468 ± 0,1667) 33,3 66,6 (< 0.005) 
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infected mice (Figure 5C-D). Interestingly, MAb 65-treated wild type mice showed 

significantly lower morbidity compared to MAb 65-treated Fcgr1-/- Fcgr3-/- mice after 

infection with both A/Udorn/72 and A/HK/68 (Figure 5A-B). The difference in protection 

against morbidity correlated with a significantly lower lung viral load in the wild type mice 

compared with  Fcgr1-/- Fcgr3-/- mice that had been treated with MAb 65 (Figure 5C-D). 

We therefore conclude that the in vivo control of A/Udorn/72 and A/HK/68 replication by 

MAb 65 depends, at least in part, on the presence of Fcgr1 and Fcgr3.  

 

 

FIGURE 5. MAb 65-mediated protection against influenza A/Udorn/72 and A/HK/68  

depends on Fcg1 and Fcgr3. Wild type or Fcgr1-/- Fcgr3-/- mice received 5 mg/kg of MAb 

65 or a negative control MAb 3G8 by intraperitoneal injection. Twenty-four h later, the 

mice were infected with (A and C) 3 x 104 pfu of A/Udorn/72 (n = 10 per group) or (B and 

D) A/HK/68 virus (n = 5 per group) and body weights were monitored. Body weight loss in 
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the wild type mice treated with MAb 65 was significantly lower than that of the control 

antibody-treated wild type and the Fcgr1-/- Fcgr3-/- mice on the indicated days post 

infection in both A/Udorn/72 (A) and A/HK/68 (B) infected mice (two way ANOVA). The 

relative body weight change is shown as the mean percentage (± SEM).  In (C) and (D) the 

mouse lungs were harvested at 6 days post infection, and the viral loads in the lung 

homogenates were determined by plaque assay. Lung titers are shown for individual mice 

and as mean virus titer (± SEM). The data shown in A and C are pooled from two 

independent experiments. Dashed lines show the limit of detection of the assay. The 

significant differences between the indicated sample and control antibody-treated 

sample are shown: * P < 0.05, ** P < 0.01, ***P <0.001, **** P < 0.0001 (One-way 

ANOVA with multiple comparisons correction: Kruskal–Wallis test). 

 

3. Discussion 

M2e-based vaccines can protect against divergent influenza A virus subtypes. M2e is 

conserved and accessible to M2e-specific antibodies. Furthermore, passive treatment 

with a human monoclonal antibody directed against M2e was associated with reduced 

symptoms and reduced virus shedding in a controlled challenge of human volunteers with 

A/Wisconsin/67/2005 (H3N2) virus [16]. M2e-specific antibodies do not inhibit virus 

adsorption or entry of influenza virions. However, the plaque growth of a number of 

influenza virus strains, including A/Udorn/72, A/Hong Kong/68, A/Singapore/1/57 and 

A/USSR/77, is reduced in the presence of anti-M2 MAb [37]. In line with this, we observed 

plaque size reduction of the A/Udorn/72 and A/HK/68 strains in the presence of MAb 65. 

It has been proposed that M2e-specific antibodies could perturb critical interactions 

between the M1 and M2 proteins, in particular for A/Udorn/72 virus, which in turn could 

affect the interaction of M1 with the vRNP complexes. As a result virion assembly would 

be compromised, explaining the in vitro growth restriction by anti-M2e specific IgG [43]. 

Evidence for the effect on the interaction between M1 and M2 comes from the 

observation that treatment of influenza A virus-infected cells with the M2e-specific MAb 

14C2 leads to loss of filament formation and a slight reduction in infectivity in vitro [43, 

44]. Antibody-mediated fragmentation of filamentous virions seems to be due to the 
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induction of a conformation change in the M2 protein, which leads to alterations in 

membrane curvature [39, 44].  

M2e immunity is infection permissive and can reduce influenza A virus replication in the 

respiratory tract as well as disease severity. We hypothesized that a systemically 

administered M2e-specific IgG2a MAb could also limit virus transmission from antibody 

recipient, infected animals to non-immunized contacts animals. If so, this could greatly 

expand the possible public health impact of M2e-based vaccines and immune therapies. 

We decided to address this question in a mouse transmission model that is relatively easy 

to work with. A study by Edenborough et al. showed that influenza strains within the 

H1N1 subtype did not transmit between mice whereas several H3N2 strains did [31]. The 

authors also reported efficient transmission of the A/X31/H3N2 strain in their mouse 

transmission model. However, in our lab we did not see efficient transmission of a mouse-

adapted X31 strain (data not shown). The possible reason for failure of X31 transmission 

from index mice to contacts could be that the mouse adaptation of X31, which had been 

generated by serial passage of mouse lung homogenates, may have selected for a mutant 

virus that lost the capacity to transmit because of reduced replication in the upper 

respiratory tract or increased sensitivity to inhibitors in murine saliva.  

Here we have used the mouse transmission model based on challenged BALB/c mice as 

index and co-housed DBA/2J mice as contacts to assess the impact on transmission of 

treatment of the index mice. Intraperitoneal injection of MAb 65 reduced viral 

transmission from the passively immunized mice to cohoused, unimmunized contact mice 

to a similar extent as treatment with a high HAI titer convalescent serum did, based on 

the number of contact mice that were virus free on day 4 after co-housing. It has been 

reported previously that intranasal immunization with recombinant adenovirus vectors 

expressing NP and M2 significantly reduces the transmission of virus to cohoused, 

unimmunized contact mice. However, it is unclear if in that study M2e-specific antibodies 

played a role in the reduced transmission as very low M2e-specific IgG responses were 

seen in vaccinated mice. Furthermore, strong T cell responses to NP but not to M2 were 

observed in lungs of NP-M2-rAd immunized animals [32]. In our study, we demonstrate 

that M2e antibody alone is sufficient for a reduction in transmission of virus from index 

animals to contacts. It would be interesting to assess if antibodies directed against other 
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conserved influenza antigens, such as the HA stalk and NP, can also prevent or reduce 

virus transmission in animal models.  

We used A/Udorn/72 virus because it has been well documented that this virus efficiently 

transmits from mouse to mouse [31-33]. We report here for the first time that A/Hong 

Kong/1/68 (H3N2) can also efficiently transmit in a contact dependent mouse model of 

influenza virus transmission. The in vitro inhibition of these virus strains by M2e-specific 

antibodies that we and others have observed could be the dominant driver of the 

reduced transmission by the MAb 65 treatment of the index mice. However, in vivo 

protection by active or passive M2e-based vaccination strategies has been documented 

for many different influenza A virus strains, most of which are not restrained in vitro by 

anti-M2e IgG. Instead, in vivo protection by M2e IgG relies on activating Fc receptors 

that can bind to the Fc portion of antibodies, which in turn leads to phagocytosis or killing 

of influenza A virus-infected cells [12]. Previously we showed that the protection 

mediated by MAb 65 is dependent on Fc receptors, especially FcR I and III [13]. The MAb 

65 reduced A/Udorn/72 and A/HK/68 viral titers in lungs of wild type and to a lesser 

extent in Fcgr1-/- Fcgr3-/- mice. This suggests that protection provided by MAb 65 against 

A/Udorn/72 and A/HK/68 is dependent on Fc receptor-mediated antibody effector 

mechanisms. In the case of A/Udorn/72, we found that in mice that lacked Fcgr1-/- and 

Fcgr3-/- MAb 65 lung virus replication was still significantly reduced compared to the 

negative control antibody treated mice. This residual protection is likely attributable to 

the activating FcR IV, possibly combined with a minor direct inhibitory antiviral effect, 

even though relatively high anti-M2e IgG concentrations are needed to obtain such a 

direct effect in vitro. 

The ferret is widely used as an animal model for influenza virus transmission. Conditions 

have been set up where transmission between ferrets can occur via contact to cohoused 

animals or via aerosol/respiratory droplets through a perforated barrier [45-47]. Guinea 

pigs and Syrian hamsters have also been used to study influenza A virus transmission [48-

50]. Transmission studies in ferrets, guinea pigs, and Syrian hamster, however, are limited 

by husbandry requirements, cost, the limited knowledge of immune mechanisms, and 

availability of reagents for immunological studies. Furthermore, recent studies, have 

described robust contact-dependent transmission in mice [31-33]. The mouse model 
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provides a suitable alternative to study influenza A virus transmission because it is 

relatively easy to set up, it is a small animal model and there are many genetic and 

immunological tools available. A limitation of the mouse contact transmission model is 

that, so far, only a few virus strains are known to transmit in this model. 

In summary, a passively administered M2e-specific IgG2a monoclonal antibody can 

significantly reduce influenza A virus infection in a mouse transmission model. It remains 

to be determined if M2e-based vaccines can protect against influenza in humans and can 

have an impact on virus transmission in this host. 

4. Conclusions 

We have used an established mouse model for direct contact transmission of influenza A 

virus and have shown that a broadly protective, non-neutralizing MAb can significantly 

reduce transmission in this model. Although such M2e-based immunity permitted some 

degree of infection, our results demonstrate that M2e immunity not only protects the 

recipient host but also greatly reduces the transmission of infection to contact hosts. 

Thus, M2e-based antibody therapy or vaccines could be used not only to protect the 

immunized host but also contacts of the host and thus reduce the spread of an epidemic 

or newly emerging pandemic virus. 

 

5. Material and Methods:  

5.1.  Ethics statement. All animal experiments described in this study were conducted 

according to the national (Belgian Law 14/08/1986 and 22/12/2003, Belgian Royal 

Decree 06/04/2010) and European legislation (EU Directives 2010/63/EU, 

86/609/EEC). All experiments on mice and animal protocols were approved by the 

ethics committee of Ghent University (permit number EC2014-074).  

5.2.  Viruses. Influenza A virus A/Udorn/307/72 (H3N2, abbreviated A/Udorn/72) virus, 

A/Hong Kong/1/68 (abbreviated A/HK/68), A/WSN/33 (H1N1), X47 ) (A/Victoria/3/75 

[H3N2] X PR8), and X31 (A/Aichi/2/68 [H3N2] X PR8) virus strains were amplified on 

Madin-Darby canine kidney (MDCK) cells in serum-free Dulbecco’s Modified Eagle 

medium (DMEM) supplemented with non-essential amino acids, 2 mM L-glutamine 
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and 0.4 mM sodium pyruvate in the presence of 2 μg/mL TPCK-treated trypsin (Sigma) 

at 37°C in 5% CO2. Ninety six hours after virus inoculation, the culture medium was 

collected, and cell debris was removed by centrifugation for 10 min at 2,500 g at 4°C, 

and the virus was pelleted from the supernatants by overnight centrifugation at 

30,000 g at 4°C. The pellet was resuspended in cold sterile 20% glycerol in PBS, 

aliquoted and stored at −80°C until used. Viral titres were determined by plaque 

formation on MDCK cells.  

 

5.3.  Monoclonal antibodies and their epitope specificity. The M2e-specific mouse 

IgG2a MAb 65 and isotype control MAb 3G8 (an IgG2a monoclonal antibody specific 

for the extracellular part of the respiratory syncytial virus small hydrophobic protein) 

have been previously described [13, 15]. The MAbs were purified from the hybridoma 

supernatant by protein A sepharose (GE Healthcare). Convalescent anti-A/Udorn/72 

mouse serum was prepared by infecting BALB/c mice with A/Udorn/72 virus. Briefly, 

6-8 weeks old female BALB/c mice were anesthetized by intraperitoneal injection with 

a mixture of ketamine (10 mg/kg) and xylazine (60 mg/kg) and infected by intranasal 

administration of 50 μl PBS containing 1 x 105 PFU of A/Udorn/72 virus. Four weeks 

after infection the mice were anesthetized and then terminally bled. Serum was 

prepared from the blood, heat inactivated at 56°C for 30 min and stored at -20 °C. 

 

5.4.  Serological analysis by enzyme-linked immunosorbent assay (ELISA). Blood was 

collected from the lateral tail vein one day before, and on day 1 and 6 after the 

passive immunization. Titers of total MAb 65 serum IgG were determined by ELISA 

using 96-well Maxisorp immuno-plates (Thermo, Nunc, U.S.) coated overnight with an 

M2e peptide (SLLTEVETPIRNEWGCRCNDSSDSG). All peptides were HPLC-purified and 

used at 2 μg/mL in carbonate buffer (3.39 g/L Na2CO3; 5.71 g/L NaHCO3; pH 9.6) at 50 

μl/well at 37°C. After coating, the plates were washed twice with PBS + 0.1% Tween20 

and blocked with PBS containing 3% skimmed milk. The MAb 65 specific titers in 

mouse serum were determined by incubation in M2e peptide coated plates, starting 

with a 1/100 serum dilution followed by twofold serial dilutions. Mab 65 titers in 
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cleared lung homogenate samples were determined starting with a twofold dilution. 

One hour after incubation, the wells were washed and incubated with sheep anti-

mouse IgG serum conjugated with horseradish peroxidase (HRP) (GE Healthcare, UK 

Ltd.) for 45 min at room temperature. Finally, the wells of the plates were washed and 

incubated with tetramethylbenzidine substrate (Sigma-Aldrich, U.S.) for 5 min and the 

reaction was stopped by adding 50 μl of 1 M H2SO4. 

 

5.5.  Infection of MDCK cells. MDCK cells, were seeded at 3 × 103 cells per well in a 8 

well μ-Slide (Cat. No. 80826, ibidi GmbH, Germany) for immunofluorescence 

microscopy or at 3 x 105 cells per well in 12 well plates (Corning, USA, REF 353043) for 

multiple cycle infection. The cells were treated with either MAb 65 or 3G8 at a 

concentration of 20 μg/mL and then cells were mock infected or infected with 

A/Udorn/72 or A/HK/68 at MOI 0.01 in serum-free medium containing TPCK-treated 

trypsin (2 μg/mL, Sigma) and incubated with serum-free medium for 24h at 37°C. 

Twenty-four hours after infection, the medium was harvested and titrated by plaque 

assay. After infection, the cells that were seeded in microslides were washed with 

LPS-free PBS and fixed with 2% paraformaldehyde (PFA) at room temperature for 20 

min. The wells with fixed cells were blocked with 1% bovine serum albumin (BSA) 

solution in PBS for 1 hour at room temperature and stained at room temperature for 

1 hour with 1/500 diluted convalescent A/Udorn/72 or A/HK/68 mouse serum. An 

Alexa Fluor 647 Donkey Anti-mouse IgG (1/600; Invitrogen) was used as fluorescently 

labeled secondary antibody. The samples were visualized using a Leica TCS SP5 II 

confocal microscope (Leica Microsystems, Germany) with 40x magnification. Images 

were analyzed by using Image J software.  

5.6. Plaque and plaque size reduction assays. Confluent monolayers of MDCK cells in 

12 well plates were infected with 20-50 plaque forming units (PFU) of virus for 1 h at 

37°C. The cells were washed thoroughly and overlaid with 1.2 % of Avicel RC-591 

(FMC Biopolymer) alone or with MAb 65 or 3G8 at 20 μg/mL supplemented with 2 

μg/mL of TPCK-treated trypsin (Sigma). The cells were then incubated for 2-3 days at 

37°C in 5% CO2. Avicel was subsequently removed and the cells were fixed with 4% 

PFA for 15 min. After permeabilization (10x Permeabilization buffer diluted in bi-
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distilled water, eBioscience), the cells were stained with 1/2000 diluted polyclonal 

goat anti-influenza ribonucleoprotein (RNP) (Biodefense and Emerging Infections 

Resources Repository, NIAID, NIH, NR-4282) followed by donkey-anti-goat IgG HRP-

linked antibody (Santa Cruz Biotechnology, cat no. SC2020). After washing, TrueBlue 

peroxidase substrate (KPL) was used to visualize the plaques. The wells were also 

scanned and the plaque size was determined using Image J Analysis Software. 

5.7. Mice and Infection. Female BALB/c and DBA/2J mice, 6 to 8 weeks old, were 

purchased from Charles River (France) and housed in specified pathogen-free (SPF) 

conditions at 21°C, and 31% air humidity. BALB/c Fcr1-/- Fcr3-/- were bred in-house 

under SPF conditions. Mice were housed in individually ventilated cages, in a 

temperature-controlled environment with 12 h light/dark cycles with food and water 

ad libitum. To evaluate the effect of MAb 65 on virus transmission, BALB/c index mice 

(A/Udorn/72 n=10/group; A/HK/68 n=6/group) were injected intraperitoneally with 5 

mg/kg of MAb 65, isotype control MAb 3G8 or 200 μl A/Udorn/72 convalescent 

mouse serum (HAI titer = 1280). Twenty-four h later, the BALB/c index mice were 

anesthetized with a mixture of ketamine (10 mg/kg) and xylazine (60 mg/kg) and 

infected by intranasal administration of 20 μl PBS containing 3 x 104 PFU of 

A/Udorn/72 or A/HK/68 H3N2 influenza A virus. The index mice were housed 

individually for 16 h, unless otherwise stated, to prevent contamination of the naïve 

contacts with the initial viral inoculum. Thereafter, index BALB/c and contact DBA/2J 

mice were cohoused: one index BALB/c mouse was introduced into a clean mouse box 

containing one naïve contact DBA/2J mouse. Body weight of index and contact mice 

was monitored for 5 days post infection or 4 days post co-housing in case of contact 

animals. Transmission to contacts was determined by measuring the infectious viral 

titers in the snout and lung tissues of sacrificed mice. The complete lungs and snout 

tissues were harvested five days post infection and homogenized in 1 mL of PBS using 

metal beads, followed by 5 min centrifugation at 450 x g. The homogenates were 

cleared by centrifugation and the supernatants were stored at -80°C until use. The 

lung and snout viral titer was determined by plaque assay using crystal violet staining 

(unless otherwise stated). For the plaque assay, MDCK cells were stained with 0.1% 
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crystal violet in 20% ethanol for 5 min and washed three times with water. The total 

number of plaques was counted in each well.  

5.8.  Statistical analyses. Data were analyzed using Prism (GraphPad Software). Results 

are expressed as mean (± SEM) or median, as indicated. Statistical significance 

between experimental groups was assessed using Student’s t-test, One-way ANOVA 

with multiple comparisons correction (Kruskal–Wallis test) or Poisson regression 

analysis, as stated. Statistical analysis of the differences in viral titers, plaque size and 

in vitro viral kinetics were performed using the One-way ANOVA with multiple 

comparisons correction (Kruskal–Wallis test) or Student’s t-test and transmission rate 

comparisons were performed by using the chi-square test. Statistical comparison of 

differences in bodyweight loss was performed with two-way ANOVA. These tests were 

performed in GraphPad Prism version 7 for Windows (GraphPad Software, San Diego 

California; www.graphpad.com). Significance of the fixed main and interaction effects 

was assessed by an F-test. A value of p ≤ 0.05 was considered statistically significant. 

The following statistical values and symbols are used through-out the manuscript; 

non-significant (ns) p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Nothing is particularly hard if you divide it into small jobs. 

Henry Ford 



171 
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How high resolution imaging contributes to a better understanding of the directly acting 

antiviral activity of M2e-specific monoclonal antibodies 

 

Influenza viruses cause serious illness in human and animals, which is one of the main 

reasons why these viruses have been intensively studied ever since their discovery. One 

of the most remarkable features of influenza virus infections has been understudied. 

Although influenza viruses are often described as producing spherical virions, natural 

influenza virus isolates are characterized by the additional presence of extremely 

elongated, filamentous virions. These filaments can reach microns in length and the 

reason for filament formation remains unclear. The fact that most laboratory strains of 

influenza form both spherical and kidney-shaped virions, the fragility of long filamentous 

structures as well as the limitations of conventional light microscopy techniques explain 

why filamentous influenza virions are poorly studied. In collaboration with the group of 

Prof. Lorenzo Albertazi at IBEC, Barcelona, we could study filaments using super-

resolution microscopy, a powerful technique that we applied in the present Ph.D. thesis. 

This technique allowed us to visualize and characterize such filaments. We used the 

filament-producing influenza A virus strain A/Udorn/72 (H3N2) because it has been well 

documented that this is one of the few influenza A virus strains that retains filament-

forming ability after laboratory passages [1-3]. We studied the in vitro effect of M2e-

specific IgG antibodies on (i) the replication of filamentous and non-filamentous influenza 

A viruses in cell cultures, and (ii) filament formation and integrity of pre-existing filaments 

on the surface of the infected host cell.  

M2e of influenza A viruses is conserved and surface exposed. These two unique features 

make M2e a very attractive target for the development of broadly protective influenza A 

vaccines and for the generation of  broadly protective therapeutics, for example, based 

on conventional IgG antibodies. Although M2e-specific IgG antibodies can protect against 

an influenza A virus challenge in animal models, the in vitro growth of most influenza A 

viruses is not affected by M2e-specific antibodies. However, the plaque growth of the 

influenza virus strain A/Udorn/72 is reduced in the presence of anti-M2 MAb 14C2 [4]. In 

agreement with this, we observed plaque size reduction and reduced replication of 

A/Udorn/72 virus in the presence of all three M2e-specific MAbs that were tested. 
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A/PR8/H1N1 and A/Udorn/H3N2 virus have a very similar M2 sequence. However, only 

the A/Udorn/72 strain was sensitive to the in vitro inhibition by anti-M2e MAb 65, 37 and 

148. The susceptible virus A/Udorn/72 is known to produce filamentous virions [2]. 

Whether a filamentous virion morphology is a prerequisite for in vitro susceptibility to 

M2e-specific IgG antibodies, remains to be determined. Alternatively, it has been 

proposed that M2e-specific antibodies could perturb critical interactions between the M1 

and M2 proteins, which in turn could affect the interaction of M1 with the vRNP 

complexes. As a result virion assembly would be compromised, explaining the in vitro 

growth restriction [5]. 

In the present Ph.D. thesis, we also studied the structural details of filaments that form on 

the plasma membrane of A/Udorn/72 virus-infected cells at sites that presumably 

represent the so called budozone, using the super-resolution STORM microscopy 

technique. Previous studies showed that both spherical and filamentous virions 

incorporate an abundance of HA along with smaller quantities of NA [6, 7]. The M2 

antigen has not been detected previously by immunofluorescence in A/Udorn/72 virus 

filaments [2]. However, it was presumed that M2 is a viral component of A/Udorn/72 

virus filament as the M2-specific antibody 14C2 can cause the fragmentation of filaments, 

whereas an M2 proton gate inhibitor does not affect the integrity of these filaments at 

low pH [2, 3]. Super-resolution STORM microscopy allowed us to trace back individual 

A/Udorn/72 virus filaments to their base origin on the cell surface. NS1 and NEP are 

known to be present at low levels in spherical virions [8], however, their presence in 

filaments has not been evaluated yet. 

Further, we showed that M2 is an important player in the formation of filaments on the 

surface of influenza A virus infected cells. Previously it has been shown that the role of 

M2 in formation of viral filament is independent of its ion channel activity [2]. M2e 

immune-stained STORM images showed that M2 localizes to the base of budding 

A/Udorn/72 viral filaments. The M2e-specific MAb 14C2 was previously shown to block 

the formation of filaments on A/Udorn/72 virus infected cells [2]. We studied how the 

M2e-specific IgGs treatment of cells inhibited filament formation, and resulted in shorter 

and wider filaments compared to control IgG treated cells, which showed long and thin 

filaments with a high expression of HA. The M2e-specific MAbs appeared to blunt 
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filament formation, and resulted in shorter and wider filaments compared to control MAb 

treated cells. This decrease was most apparent with MAb 65, which was able to inhibit 

the formation of filaments. Not only a decrease in filament size but also filament 

destruction was observed in the presence of anti-M2e IgG MAb: the filaments had lost 

their long and thin shape and rather appeared as protrusions with a triangle shape. MAb 

148 and MAb 37 also inhibited the progression of the filamentous formation but less 

strongly, producing branched filaments as well. This might be related both to antibody 

affinity and to the positioning of the epitope on the M2e structure. However, immobilized 

MAb 37 and -65 have a comparable affinity for M2e peptide as determined by Surface 

Plasmon Resonance (Kd = 0.423 nM for MAb 37 and 0.409 nM for MAb 65) and bind to the 

same part of M2e [9]. We can however not exclude that the affinity of MAb 37 and MAb 

65 for M2 at the base of budding filaments on the surface of  A/Udorn/72 virus infected 

cells might differ. Moreover, although MAb 37 and 65 bind the same part of M2e, the 

exact epitope and mode (angle) of interaction might be different. MAb 148 on the other 

hand, recognizes the N-terminal part of M2e, whereas MAb 37 and -65 recognize the 

central part of M2e [9-11]. Despite potential differences in binding all 3 investigated M2e 

specific monoclonal antibodies could interfere with filament formation. 

How, M2e-specific antibodies can block filament formation or mediate filament 

fragmentation remains unknown. The cytoplasmic tail of M2 contains an amphipathic 

helix that can initiate alterations in the membrane curvature and is essential for 

membrane scission upon budding [12]. It has been suggested that, possibly, M2e-specific 

antibodies can induce conformational changes in the M2 protein that are transmitted 

through the transmembrane domain to the amphipathic helix. This might lead to 

alterations in membrane curvature and result in fragmentation of the filamentous virion 

into spherical-like particles [12]. Alternatively, such conformational changes might also 

impact the interaction of the M2 cytoplasmic tail with the M1 protein which is pivotal for 

viral morphogenesis [3, 12]. Next to inducing potential conformational changes, M2e-

specific antibodies might impact M2 localization, clustering or internalization which might 

affect local M2 protein accumulation at the filament base and hence impact the activity of 

the amphipathic helix.  
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Previous studies have shown that the actin-myosin network is required for proper 

assembly of influenza virions and that inhibiting the actin-myosin network formation, may 

reduce the influenza virus titer [13, 14]. Furthermore, the actin cytoskeleton is required 

to maintain the correct organization of lipid rafts for incorporation into budding viral 

filaments [13]. Actin seems to be involved in the budding, and in possibly regulating the 

size of filamentous influenza virions. The actin cytoskeleton may provide mechanical 

support at the base of or inside the viral filament. Proteomics studies showed the 

incorporation of actin molecules into released virions [8, 15]. IAV may also spread from 

cell to cell by using intracellular connections. The formation of these connections requires 

actin dynamics. This way, infectious virus cores can move from one cell to another 

without budding and release of cell-free virions. The intercellular connections have a core 

of filamentous actin, suggesting the transport of virus particles through the use of a 

myosin motor [16]. The mechanisms by which the actin cytoskeleton supports 

filamentous IAV assembly are not fully understood. Thus, future investigations are 

needed to address the role of actin in both filamentous and spherical IAV particle 

morphogenesis. As M1 is known to interact (indirectly) with actin filaments M2e-specific 

antibodies might possibly interfere with filament formation by affecting the interaction 

between M2 and M1 and subsequently the interactions between M1 and actin filaments 

[17]. 

 

The observation that M2e-specific antibodies interfere with both filament and plaque 

formation of only filamentous influenza strains suggests that the latter results from the 

former. Indeed by impairing filament formation M2e-specific antibodies can compromise 

budding of virions or filament mediated cell-to-cell transmission of vRNPs (Figure 1). 

Alternatively, M2e-specific antibodies perhaps perturb critical interactions between M2 

and M1, M1 and vRNP complexes or M2 with HA [18]. As a result, virion assembly and 

budding would be compromised, explaining the in vitro inhibition and plaque growth 

restriction (Figure 1a).  
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Figure 1. Possible mechanism(s) of action of M2e-specific antibody-mediated inhibition of 

filamentous IAV replication and cell-to-cell viral spread in vitro (a) IAV assembly is 

initiated at the host cell plasma membrane after the transport of membrane proteins HA, 

NA, and M2 and the cytoplasmic protein M1 through the cytoplasm. The clustering of 

these viral proteins drives assembly of the filamentous IAV particle. vRNPs are 

transported across the cytoplasm on Rab11+ vesicles and are incorporated into the 

assembling filamentous IAV particle. M2e-specific antibody perhaps blocks influenza virus 

assembly and budding of filamentous particle by any of the following mechanisms. 1. 

M2e-specific antibody might affect structural protein clustering at the plasma membrane. 

2. M2e-specific antibody may block incorporation of M2 into virus particle and that can 

affect filamentous particle formation 3. M2e-specific antibody possibly blocks M2-

mediated membrane scission and interferes with the pinching-off process during viral 

budding (b) M2e-specific MAbs perhaps blocks the cell-to-cell spread of filamentous IAV. 

Intercellular extensions/filaments connect two distant cells and perhaps these extensions 

facilitate the transport of viral components (vRNPs).  
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Few studies have been conducted on morphogenesis of filamentous IAV using primary 

cells. A study by Kolesnikova et al. has shown that human tracheobronchial epithelial cells 

can be infected with filamentous IAV. Among these cells, the production of very long 

filamentous particles was detected rarely and only from secretory cells. Spherical and 

filamentous buds were found on all cell types (secretory cells, ciliated cells, and undefined 

cells). The filamentous buds were associated more often with microvilli than with the 

planar membrane [19]. Thus, future studies are required to assess the potential effects of 

microvilli-associated filamentous IAV budding on transmission and pathogenicity. 

Previously Roberts et al. have observed filament formation in various polarized epithelial 

cell lines, including MDCK, MDBK, HEC-1, and Vero C1008 cells. Virus released from any of 

the polarized epithelial cell types was composed predominantly of long filamentous 

particles. About 15% of the particle numbers released from MDCK cells were filamentous. 

The polarized cell phenotype and the integrity of the actin microfilament network are 

important cellular determinants of the morphology of a filamentous influenza virus [20]. 

The detection of filamentous IAV in human clinical samples may be directly related to 

epithelial cell polarization, as the upper respiratory tract consists of highly polarised 

epithelial cells and is the primary site of human infection. Furthermore, Gonzalez et al. 

showed that dog tracheal explants can be infected with filamentous A/Udorn virus. In this 

study, the growth kinetics and pathogenesis of PR8 and Udorn in tracheal explants was 

studied. Infection with these viruses was associated with significant histological changes 

of the explants. However, filamentous morphologies were not studied [21]. So far, few 

studies focused on the replication of filamentous IAV using primary alveolar cells or nasal 

mucosa or tracheal explants. Thus, future investigations are needed to address if  

filamentous IAV morphogenesis occurs following infection of differentiated human 

bronchial epithelial cells or nasal mucosa explants. 

 

Recent experimental studies in ferret and guinea pig transmission models clearly show 

that filament-forming influenza A viruses have a selective advantage because such virions 

display enhanced transmission [22, 23]. We confirmed that A/Udorn/72 strain which 

produced copious filaments on the surface of infected cells was able to efficiently be 

transmitted between hosts in a contact-dependent mouse model [24]. However, the 
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particular functions of filaments have been difficult to determine due to the difficulty in 

completely separating spherical and bacilliform virions from filaments during analysis. 

 

 

M2e-specific immunity can control influenza A virus transmission between hosts 

 

Many approaches have been pursued to develop a vaccine that can induce cross-

protective immunity against influenza A (e.g. broad intra-subtypic or heterosubtypic 

protection) and B viruses (e.g. cross protection against Yamagata and Victoria lineage 

influenza B viruses). Such a vaccine could (partially) solve the current uncertainty 

regarding the antigenic strain match between the proposed vaccine seed strains and the 

circulating viruses. In addition, if a cross-protective vaccine could also induce 

heterosubtypic immunity, it could help in controlling a future pandemic influenza 

outbreak. An ideal approach would be to include multiple conserved influenza virus 

antigens in such a universal vaccine candidate. Based on all studies reported to date, M2e 

seems to be a very promising ingredient for such a universal influenza A vaccine. 

Protection by M2e-based vaccine candidates largely depends on M2e-specific IgG 

antibodies. For example, passive treatment with a human monoclonal antibody directed 

against M2e was associated with reduced symptoms and reduced virus shedding in a 

controlled challenge of human volunteers with A/Wisconsin/67/2005 (H3N2) virus [25]. 

M2e immunity is infection permissive and can reduce influenza A virus replication in the 

respiratory tract and disease severity. We hypothesized that a systemically administered 

M2e-specific IgG2a MAb could also limit virus transmission from antibody recipient, 

infected animals to non-immunized contacts animals. If virus transmission is indeed 

hampered this way, this could greatly expand the possible public health impact of M2e-

based vaccines and immune therapies.  

In the second part of the present Ph.D. thesis, we therefore focused on the important 

question: can M2e-specific immunity control influenza A virus transmission between 

hosts? To address this question we used a robust contact-dependent mouse model of 

influenza virus transmission developed in the laboratory of Prof. Peter Stäheli at the 

Medical Center - University of Freiburg [26-28]. Transmission between mice is contact-



180 

 

dependent and occurs mainly through influenza virus in the saliva [29]. We have used the 

mouse transmission model based on challenged of BALB/c mice as index and co-housed 

DBA/2J mice as contacts to assess the impact on transmission of treatment of the index 

mice. We decided to use A/Udorn/72 virus because it has been well documented that this 

virus is one of the few strains that efficiently transmits from mouse to mouse [26-28]. We 

then used this model to test if prophylactic treatment (as a proxy for M2e vaccination) of 

mice could upon infection and co-housing of the index mice, prevent transmission of virus 

to contact mice. 

Intraperitoneal injection of MAb 65 1 day prior to infection reduced viral transmission 

from the passively immunized mice to cohoused, unimmunized contact mice to a similar 

extent as injection of a high HAI titer convalescent serum did, based on the number of 

contact mice that were virus free on day 4 after co-housing. This was associated with 

significant reduction in both the lungs and snout of the infected index mice. We thus 

demonstrated that an M2e-specific antibody alone is sufficient for a reduction in 

transmission of virus from index animals to contacts. We reported in this study for the 

first time that A/Hong Kong/1/68 (H3N2) can also efficiently transmit in a contact-

dependent mouse model of influenza virus transmission. It would be interesting to assess 

if antibodies directed against other conserved influenza antigens, such as the HA stalk and 

NP, can also prevent or reduce virus transmission in animal models. In fact reduced 

respiratory contact transmission of H1N1pdm09 virus between ferrets was reported for 

the broadly neutralizing influenza A HA stalk-specific antibody MEDI8852 [30]. In contrast 

to our model, in this experimental setup, contact and not index ferrets were treated with 

either the  negative control antibody or MEDI8852. Exposure of these ferrets to infected 

index ferrets  resulted in 100% infection of the ferrets that had been treated with the 

negative control antibody whereas only 25% from the MEDI8852 injected contact ferrets 

became infected [30].    

The in vivo protection by M2e-specific IgG relies on activating Fc-receptors that can bind 

to the Fc portion of antibodies, which in turn leads to phagocytosis or killing of influenza A 

virus-infected cells [31]. Previously we showed that the protection mediated by MAb 65 is 

dependent on Fc receptors, especially FcR I and III [9, 24]. The MAb 65 reduced 

A/Udorn/72 and A/HK/68 viral titers in lungs of wild type and to a lesser extent in Fcgr1-/- 
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Fcgr3-/- mice. This suggests that protection provided by MAb 65 against A/Udorn/72 and 

A/HK/68 is, at least in part, dependent on Fc receptor-mediated antibody effector 

mechanisms. In the case of A/Udorn/72, we found that in mice that lacked Fcgr1-/- and 

Fcgr3-/- MAb 65 lung virus replication was still significantly reduced compared to the 

negative control antibody treated mice. This residual protection is likely attributable to 

either the activating FcR IV [9] or a direct antiviral effect of the MAb 65.  

The ferret is widely used as an animal model for influenza virus transmission [32-34]. 

Guinea pigs and Syrian hamsters have also been used to study influenza A virus 

transmission [35-37]. Transmission studies in ferrets, guinea pigs, and Syrian hamster, 

however, are limited by husbandry requirements, cost, the limited knowledge of immune 

mechanisms, and availability of reagents for immunological studies. Furthermore, recent 

studies, have described a robust contact-dependent transmission in mice [26-28]. The 

mouse model provides a suitable alternative to study influenza A virus transmission 

because it is relatively easy to set up, it is a small animal model and there are many 

genetic and immunological tools available. We used a mouse model to demonstrate that 

administration of a M2e-specific IgG2a monoclonal antibody can significantly reduce 

influenza A virus transmission. So M2e-specific antibodies can not only be used to protect 

the immunized host but also exposed naïve contacts and thus reduce the spread of 

influenza A viruses. Furthermore, recently Bernasconi et al have shown that vaccination 

of mice with the self-adjuvanting fusion protein, CTA1-3M2e-DD formulated in 

nanoparticles reduces virus transmission between mice [38]. High levels of M2e-specific 

serum antibody titers were observed in index mice after immunization with CTA1-3M2e-

DD construct. This suggests that M2e-specific IgGs significantly contribute to protection 

against IAV transmission between the hosts. In addition, Ye et al recently demonstrated 

that mice deficient in IFN-λ signalling show impaired antibody and T-cell responses after 

infection with a live-attenuated influenza virus [39]. The authors have also shown that the 

IFN-λ enhances production of the IgG1 and IgA antibodies after intranasal immunization 

with M2e vaccine and improves survival of mice after challenge with virulent IAVs. 

Importantly, mice immunized with the IFN-λ-adjuvanted M2e vaccine can reduce virus 

transmission between mice [39]. This suggests that IFN-λ plays an important role in 

enhancing protective immune responses at mucosal surfaces. 
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Concluding remark and future perspectives 

For influenza viruses, filament formation is a heritable trait that appears to be selected in 

the transmission of this virus between individuals of its natural host. Despite this, long 

filaments have often been neglected in laboratory studies. The reason for their 

production remains uncertain. We used confocal and super-resolution STORM imaging 

technique to characterize A/Udorn/72 virus filaments morphology, studied antibody-

mediated inhibition of filament formation and fragmentation of pre-existing filaments on 

the surface of infected cells. Our data demonstrate that M2 is an important player in the 

formation of filaments on the surface of infected cells. Previous studies have shown that 

the structural proteins M1 [2, 40-42] and M2 [2, 43] are crucial for filament formation.  

The super-resolution STORM microscopy technique proved to be a valuable tool to study 

structural details on the plasma membrane or budozone viral components of filaments 

during IAV replication. M2 might modify filament formation through binding and 

recruitment of M1 [2, 43]. It is also possible that filamentous virion production is affected 

by several different other viral proteins. In the future, multicolor STORM imaging could be 

used to study the spatial organization and interactions of M2, M1, HA, NA proteins in the 

Budozone region of the plasma membrane. The filaments are a class of well-formed viral 

structures which may perhaps provide certain functional benefits during natural influenza 

virus infections. What these benefits are, though, remains to be determined. In clarifying 

and understanding these benefits is important to know how influenza viruses are 

transmitted outside of a laboratory setting and using this knowledge better flu vaccines 

and antivirals could be developed. Recently Vijayakrishnan et al. reported that 78.3% of 

long filaments had no evident RNP-like structures, whereas 21.7% of filaments seemed to 

contain RNPs [44]. The spherical and filamentous virions might be playing different roles 

within the host. The longer, non-infectious filaments perhaps facilitate the spread of virus 

to neighbouring cells and to new hosts [44]. There is a possibility that more M2 is 

incorporated in filamentous virion than in spherical virions, as we could detect M2 

present in long filaments that emerge from the infected cell surface. The biological 

function of filamentous IAV is not fully understood. It seems that the filamentous 

morphology offers some functional advantage to the virus during natural infection and 
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transmission. Future investigations are needed on the mechanisms of IAV morphogenesis, 

virus budding, and the role of viral filaments in influenza clinical disease in humans. 

Further, the work described in the present PhD thesis provides a procedure to study the 

direct contact transmission of influenza A virus using an established mouse model.  We 

have shown that a broadly protective, non-neutralizing M2e-specific MAb can significantly 

reduce transmission in this transmission model. Although such M2e-based immunity 

permitted some degree of infection, our study demonstrated that M2e immunity not only 

protects the recipient host but also greatly reduces the transmission of infection to 

contact hosts. In vivo, anti-M2e antibody-mediated protection against influenza 

A/Udorn/72 and A/HK/68 relied on Fc Receptor I and –III. Therefore, M2e-based 

antibody therapy or vaccines could be used not only to protect the immunized host but 

also contacts of the host and thus reduce the spread of an epidemic or newly emerging 

pandemic virus. A limitation of the mouse contact transmission model is that, so far, only 

a few virus strains are known to transmit in this model. It remains to be determined if 

M2e-based vaccines can protect against naturally acquired influenza A in humans and can 

have an impact on virus transmission in the human host.  

It is possible that protection provided by M2e-immunity is through multiple mechanisms. 

The protection provided by M2e-specific antibodies against spherical IAV virus seems 

primarily mediated via an Fc–receptor interaction, killing infected cells mediated via 

macrophages through antibody-dependent cell-mediated phagocytosis, which is 

dependent on Fcγ-receptors in vivo [24, 31, 45, 46]. Our data showed that spherical IAV 

virions are not susceptible to M2e-specific MAbs in vitro, possibly because M2 is the least 

abundant protein on the surface of the spherical virion [4]. However, it is highly expressed 

on infected cells [47, 48]. Future studies are needed to understand mechanisms of M2-

mediated protection against filamentous and spherical forming IAVs. 

After active influenza vaccination, vaccinees acquire some degree of protection against 

influenza disease. Therefore vaccinated individuals cannot or less likely pass on the 

infection to contacts. As a consequence, the infection probability drops for unprotected 

and unvaccinated individuals also. This indirect effect is termed “herd immunity”, and 

implies that not every person needs to be vaccinated to prevent spread of infection. In 

the case of influenza, such indirect protection effects have been shown in several studies 
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for example vaccination of children reduced influenza virus infection incidence in 

unvaccinated adults [49-51] and in elderly people [52]. Furthermore, healthcare workers 

are at high risk of exposure to influenza compared with the general population, with 

potential threat for their health and for patient’s safety. Several studies have 

demonstrated that the vaccination of health care workers is strongly recommended to 

protect their health [53-55] and patient’s health [56-60].  

In addition to observational studies, simulation studies on influenza also reported strong 

indirect effects of influenza vaccination program that can yield important public health 

benefits in the US [61]. Modelling studies of pediatric vaccination predicted more indirect 

than direct effects in the UK [62].  

It will be interesting to study whether anti-M2e antibody therapy or M2e-vaccination 

could prevent human-to-human transmission of virus and, if so, whether this would 

require the shedding person to have anti-M2e antibodies, the recipient person or both. 

To address this, clinical trials could be carried out in humans. If indeed anti-M2e antibody 

therapy or M2e-based antibody therapy or vaccination would reduce transmission of 

influenza virus, this would be a very important argument to implement this type of 

protection as early as possible after a new pandemic outbreak. 

It is important to note that influenza virus transmission between humans occurs both by 

contact, including contact with fomites that are contaminated with influenza virions, and 

air-born transmission. The mouse model that we have used depends on contact. Ferret to 

ferret transmission is another well-known model to evaluate both contact and airborne 

transmission. It would be of interest to test whether anti-M2e IgG treatment of ferrets 

(index, contact or both) could potentially reduce influenza A virus transmission. Since 

anti-M2e IgG protects in an Fcγ-receptor-dependent way, it will be important to use 

active vaccination with M2e-fusions or to use anti-M2e monoclonal antibodies that carry 

a ferret IgG-derived Fc domain. 

Could anti-M2e IgG protect humans against disease caused by influenza A virus infection? 

TCN-032, a human monoclonal antibody that binds to the N-terminus of M2, was 

evaluated for safety and efficacy in a clinical study. Healthy volunteers were inoculated 

with approximately 5.0–5.5 log10 median tissue culture infective dose (TCID50)/mL of 
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influenza A/Wisconsin/67/2005 (H3N2) on day 0 and received a single dose of TCN-032 

(40 mg/kg), or placebo 24 hours after infection (day 1). TCN-032 was administered 

intravenously to the volunteers. Subjects were monitored for symptoms, viral shedding, 

and potential treatment-related adverse reactions. Interestingly, TCN-032–treated 

subjects showed a significant (35%) reduction in clinical symptoms and a trend towards  

reduction (2.2 log10) in viral load in the upper respiratory tract as compared to placebo-

treated subjects. TCN-032 was also found to be safe and well-tolerated. Genotypic 

analyses showed that there was no difference between virus-derived from subjects after 

TCN-032 treatment and parental strain, indicating that there was no apparent emergence 

of escape virus [25]. These data, suggest that anti-M2e MAb therapy may provide an 

immediate degree of therapeutic benefit in influenza A virus-infected individuals. Such 

therapy with anti-M2e monoclonal antibody can be provided parenterally and with or 

without another antiviral drug. The reduced viral load noticed in TCN-032 antibody-

treated subjects suggests that such a therapy could also reduce transmission of virus 

between people. 

In order to develop correlates of protection for M2e based universal vaccines, there is a 

need to develop a functional assay that quantifies anti-M2e IgG-mediated ADCP and/or 

ADCC activity and that is applicable in a clinical lab. The mucosal route of M2e-vaccine 

administration improves protection in animal challenge models. Intranasal route of 

vaccination in humans should be explored further. Though several vaccine candidates are 

focused on the use of just M2e as a vaccine antigen, it seems that there is an advantage 

to including conserved antigenic epitopes from several viral proteins (M1, NP, HA stalk, 

NA) to enhance immunity to the wide divergence of influenza viruses and target the 

different HLAs. After decades of efforts by scientists, the BiondVax’s universal flu vaccine 

‘M-001’ have progressed up to phase 3 clinical trials (NCT03450915). This vaccine 

comprises nine common regions from HA, NP, and M1 that are connected to make one 

recombinant protein called M-001. It will be interesting to know the results of this pivotal 

trial in 2020-2021 [63]. 

Anti-M2e antibody therapy could also be given parenterally alone or together with the 

antiviral drug during influenza A virus infection and which may provide immediate relief 

from clinical symptoms and therapeutic benefit [25]. Passive immunization with M2e-
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specific antibodies represents an alternative strategy that could be implemented early in 

the pandemic to mitigate the impact of the virus while vaccines are being manufactured.  
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Bad times have a scientific value. These are occasions a good learner would not miss.  

 
-Ralph Waldo Emerson 
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“None can destroy iron, but its own rust can! Likewise, none can destroy a person, but its 
own mindset can” 

 
―Ratan Tata 


