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The role of humoral response in the effective control of infection by influenza viruses is well known, but
the protection is usually limited to the infecting or vaccinating isolate and to few related strains. Recent
studies have evidenced the existence of B-cell epitopes broadly conserved among different influenza sub-
types recognized by monoclonal antibodies endowed with unprecedented broad activity. In this review,
all major monoclonal antibodies directed against different influenza virus proteins are reported and their
potential in the design of new anti-influenza prophylactic or therapeutic strategies is discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Influenza is the most recurring respiratory affection in humans,
and its socio-economical impact has been often dramatic. During
the 20th century, influenza A viruses have afflicted the human race
with three pandemics: in 1918 caused by a virus belonging to the
H1N1 subtype, in 1957 caused by a H2N2 isolate, and in 1968
caused by a H3N2 isolate (Palese, 2004). In 2009 a HIN1 reassor-
tant strain has caused the first pandemic of the new century (Gir-
ard et al., 2010) and is now the cause, together with H3N2, of the
ongoing seasonal epidemic. The 2009 pandemic proved to be not
as severe as initially feared, but it drew attention to the continuous
risk of a major influenza pandemic caused by a completely novel
strain seriously threatening global public health. This inevitable
risk, due to episodic major antigenic changes on the surface of
influenza virions (antigenic shift) will always face humankind
and the potentially dramatic impact of the next major pandemic
is not predictable.

Apart from containment and preventive public health strategies
which will not be discussed in this review, the only prophylactic or
therapeutic measures now available for governments and public
health agencies around the world are two classes of anti-influenza
drugs (neuraminidase inhibitors and M2 blockers) and the annual
vaccination campaigns. Several concerns have been raised regarding
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the real cost-effectiveness of the broad prophylactic use of available
drugs (Burch et al., 2009a,b), which have been and are currently
stockpiled by public health agencies in anticipation of a possible fu-
ture pandemic. The concerns include the need of their prompt
administration to be effective (Beigel and Bray, 2008), the rapid
emergence of resistant isolates (Cheng et al., 2009; Ramirez-Gonz-
alez et al,, 2011) and several associated side-effects especially in
high-risk categories, such as children and pregnant women (Burioni
et al., 2009a,b; Kitching et al., 2009). In addition, current influenza
vaccination campaigns are based on a presumptive process: each
year, a new vaccine is prepared that aims to match the strains pre-
dicted to circulate in the coming flu season. This is because the virus
continuously undergoes genetic mutation to escape from the host
immune response and the resulting hypervariability is particularly
evident on the two major influenza surface proteins, hemagglutinin
(HA) and neuraminidase (NA) (Gamblin and Skehel, 2010). This con-
tinuous variability (antigenic drift) is the molecular basis causing
seasonal influenza infections (Carrat and Flahault, 2007; Webster
et al., 1992), and it is the molecular factor determining the already
observed mismatches between the predicted vaccinal strains and
the circulating strain, therefore causing vaccine ineffectiveness
(Monto et al., 2009). Moreover, vaccine ineffectiveness is highly
probable in the case of the major antigenic variations associated
with a future novel pandemic strain.

In order to overcome the drawbacks of the available prophylac-
tic and therapeutic approaches, new broad-range strategies are
therefore needed and, accordingly, several research strategies have
been already described (Ansaldi et al., 2009; Monto et al., 2009;
Nabel and Fauci, 2010; Stanekova and Vareckova, 2010; Steel
et al., 2010). A pivotal role in this field will certainly be played
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by the identification of monoclonal antibodies (mAbs) capable of
targeting neutralizing epitope broadly shared among different sub-
types (Karlsson Hedestam et al., 2008; Nabel and Fauci, 2010). In-
deed, it is known that antibodies play an important role in the
natural protection against influenza viruses and that HA is the
main target for virus-neutralizing Abs (Epstein et al., 1993; Gam-
blin and Skehel, 2010; Gerhard et al, 1997; Palladino et al,,
1995). In particular, in several animal models secretory anti-HA
IgA are important in protecting the upper respiratory tract mucosa
in the initial phase of the infection, whereas serum IgG (the Ig iso-
type mostly elicited after intramuscular administration of the inac-
tivated influenza vaccine) are crucial in preventing lung infection
and in limiting its spread to other organs (Epstein and Price,
2010; Renegar et al., 2004). However, although a single influenza
infection or vaccination provides lifelong immunity against the
homotypic strain and a limited number of antigenically correlated
strains, the host remains susceptible to infection with a novel flu
variant due to HA hypervariability (Carrat and Flahault, 2007;
Webster et al., 1992). Moreover, a possible paradoxical immuno-
logical consequence of the protective immunity against a limited
panel of strains is that it may reduce the effectiveness of the im-
mune response elicited against other drifted strains. This phenom-
enon, named “original antigenic sin”, suggests that a virus causing
a first infection may somehow imprint the immune system to pref-
erentially recognize its own antigenic features; as a consequence,
subsequent responses to drifted variants would be mainly limited
to antibodies cross-reacting with the old strains and therefore not
necessarily neutralizing the new variants (Dormitzer et al., 2011).

Overall, when considering anti-influenza immunity, three main
different types of protection may be distinguished:

i. Homologous immunity: that is, immunity against a single
influenza isolate. This kind of protection is the one observed
after an infection or a vaccination, but it usually confers a
very limited protection against other isolates.

ii. Homosubtypic immunity: that is, immunity against isolates
belonging to the same subtype. This kind of immunity may
be seen after a natural infection or a vaccination, but it is lost
when the mutation rate among different strains increases
considerably.

iii. Heterosubtypic immunity: that is, immunity against isolates
belonging to different subtypes. This kind of immunity is
uncommon both after natural infection or vaccination espe-
cially against highly divergent subtypes. However, this kind
of immunity has to be considered as the potential gold stan-
dard for really “broad-range” prophylactic or therapeutic
approaches.

Until recently, heterosubtypic immunity was considered possi-
ble only after the elicitation of a T-cell immune response against
highly conserved influenza inner proteins, such as M1, NP and
NS1 proteins (Assarsson et al., 2008; Jameson et al., 1998). Indeed,
an important role in the control of viral spread and in the viral
clearance from infected tissues is played by cytotoxic T-lympho-
cytes (CTL) which recognize viral peptides presented via major his-
tocompatibility type-I (MHC-I) on the surface of infected cells. It
has been described that CTL depletion in animal models leads to
higher viral titers and to a more severe clinical course of the infec-
tion (Liang et al., 1994). Other recent studies confirm the beneficial
role of CTL response in limiting the severity of influenza infection
also in humans (Kreijtz et al., 2008; Tu et al., 2010). More impor-
tantly, there is increasing evidence in humans that memory T-cells
specific to conserved epitopes on the above-mentioned influenza
proteins may protect from viral strains belonging to different sub-
types (Kreijtz et al., 2007,2008; Lee et al., 2008; Tan et al., 2010; Tu
et al,, 2010). On the basis of this data new vaccinal strategies

focused on the elicitation of a heterosubtypic protective T-cell re-
sponse are under study as a possible support to the “classical” ap-
proach focused on eliciting neutralizing antibodies (Epstein and
Price, 2010).

At the same time, several studies in mouse models suggest that
also humoral immunity, especially in its IgG component, when di-
rected against conserved epitopes contributes to heterosubtypic
protection (Nguyen et al, 2001; Quan et al., 2008a,b; Takada
et al,, 2003; Tumpey et al., 2001). As an example, a heterosubtypic
immune response was successfully elicited in infected p2-micro-
globulin knockout mice or in mice lacking the secretory IgA J-
chain, evidencing that neither MHC-I-restricted T-cells nor secre-
tory IgA are absolutely required for cross-protection (Epstein
et al, 1997). In another study, the role of cross-reactive mucosal
IgA has also been described in subjects vaccinated with intranasal
inactivated vaccines (Tamura, 2010). Overall, a better comprehen-
sion of the role of humoral response in conferring such heterosub-
typic anti-influenza immunity and of its interplay with T-cell
response is therefore crucial for the development of new anti-influ-
enza strategies. In this perspective, the role of well characterized
mAbs may be extremely important.

In this review we will overview all major anti-influenza mAbs
described in the literature, with particular attention reserved to
those of human origin especially among those directed against
HA. In each of the four paragraphs, a brief molecular description
of the targets will be followed by comments on the prophylactic
and therapeutic potential of available mAbs.

2. Monoclonal antibodies directed against influenza A
hemagglutinin (HA)

Hemagglutinin (HA) is the major influenza surface protein, with
approximately 500 molecules per virion. Sixteen different types of
HAs (H1-H16) have been recognized, but among them only three
subtypes (H1, H2 and H3) have been recognized to establish pan-
demics in the human population (Fouchier et al., 2005). The 16
HA subtypes are further classified on the basis of phylogenetic se-
quence in two groups, group 1 including, among others, H1, H2 and
H5 subtypes, and group 2 including, among others, H3 subtype
(Lambert and Fauci, 2010; Nabel and Fauci, 2010).

HA is synthesized as a single polypeptide precursor (HAO)
which is cleaved by cellular proteases into two subunits, HA1 or
the binding subunit, and HA2 or the fusion subunit (Fig. 1) (Gam-
blin and Skehel, 2010). The two subunits remain covalently linked
to each other through a disulfide bond. On the viral envelope each
HA molecule is organized in trimeric spike structures, with the
globular HA1 domain mostly exposed on the surface and the HA2
fusogenic domains mainly constituting the fibrous stem of each tri-
mer. The N-terminus of the HA2 domain contains a sequence of
about 20 mostly hydrophobic aminoacids, particularly hidden in
the HA structure, which constitutes the so-called “fusion peptide”
(Gamblin and Skehel, 2010). The pivotal role of HA in the viral cycle
and its exposition on the viral envelope make it the primary viral
antigen targeted by the host’s antibody response and the only anti-
gen inducing a neutralizing antibody response. This is the reason
why HA is the most variable influenza protein and why its varia-
tions, especially on the highly exposed HA1 subunit, are the main
responsible for the immune escape of influenza viruses.

Neutralizing mAbs act by blocking either of the two functions of
HA: virus binding to sialic acid on the cell surface or virus fusion
with the endosomal membrane (Skehel and Wiley, 2000). Bind-
ing-blocking mAbs are typically directed against antigenic sites
surrounding the receptor binding pocket in the membrane distal
HAT1 subunit (Wiley et al., 1981). Antibodies with similar features
are the most abundant neutralizing antibodies produced in the
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Fig. 1. Major antigenic sites on the globular head of HA. The five antigenic sites on
the globular head of a HA monomer are schematically represented. Antigenic site D
is not exposed in the intact trimer, and its role in eliciting neutralizing antibodies
may be limited in vivo. The HA1 domain is represented in white, whereas the HA2
domain is depicted in turquoise

course of a natural infection, but are also those more easily escaped
by viral hypervariability. On the other hand, relatively few exam-
ples of fusion-inhibiting mAbs are available. These extremely
important antibodies are typically described to interact with the
membrane proximal HA2 portion of the HA in the region of the fu-
sion peptide, and are therefore directed against a functionally
important region highly conserved even among different subtypes
(Gamblin and Skehel, 2010; Vareckova et al., 2003).

2.1. Monoclonal antibodies directed against the HA globular domain

The globular domain of HA is exclusively constituted by resi-
dues belonging to the HA1 subunit, and its main role is to assure
the binding between a well hidden binding pocket on it surface
and sialic acid residues on cellular glycoproteins or glycolipids.
This means that, on the globular head, a limited number of amino-
acids are functionally conserved to allow the binding, but also that
these residues are surrounded by a large number of residues easily
prone to mutations without affecting the viral binding (Chut-
inimitkul et al., 2010; Gamblin and Skehel, 2010; Wang et al.,
2009). This observation is extremely important to understand
how influenza viruses escape neutralizing antibodies directed
against this region. Indeed, the binding platform of an antibody
is larger than the binding pocket on the globular head of HA; as
a consequence, the binding of a neutralizing antibody may be eas-
ily escaped by mutating the aminoacids surrounding the viral
binding pocket without affecting viral binding to the host cells
(McDonald et al., 2007; Ping et al., 2008; Skehel et al., 1984). Inter-
estingly, a recent paper evaluating viral mutants selected by neu-
tralizing mAbs has shown that mutations around the binding

pocket may also have a paradoxical positive effect on the viral
binding determining an increased avidity to host cells (Hensley
et al., 2009).

The role of monoclonal antibodies directed against the globular
head has been crucial to understand its function and its antigenic
organization. Classical studies using neutralizing mouse monoclo-
nal antibodies identified five distinct antigenic sites (A-E) (Fig. 1)
on the HA1 globular head region in the three-dimensional struc-
ture of the H3 HA molecule (A/Hong Kong/1/68) (Underwood,
1982; Wiley et al., 1981; Wilson et al., 1981). Similar antigenic
sites of H1 (Caton et al., 1982) and H2 (Tsuchiya et al., 2001) sub-
types were then identified on the basis of amino acid substitutions
found in the HA sequences of variants that escaped from neutral-
ization by the antibodies. Recently, it was suggested that the struc-
tures of antigenic sites of H5 (Kaverin et al., 2002; Kaverin et al.,
2007) and H9 (Kaverin et al., 2004) subtypes may be different from
those described for H1, H2, and H3 subtypes.

As a matter of fact, antibodies directed against these hypervari-
able antigenic sites are usually endowed with very potent, but lim-
ited in breadth, neutralizing activity, that is a classical example of
homologous immunity. However, the recent 2009 pandemic has
shown that antibodies directed against these antigenic sites may
be important also in cross-protection. Monoclonal antibodies 2D1
and 2B12 cloned using circulating B cells from survivors of the
1918 pandemic and directed against the hypervariable Sa site on
the globular head of H1 were shown to be effective in vitro (both)
and in vivo (only 2D1) also against the 2009 pandemic virus (Krause
etal.,2010; Yuetal.,2008). The partial cross-protection against tem-
porarily distant strains was due to the nearly identity shown by the
two viruses on the Sa site (Krause et al., 2010). This is one of the pos-
sible molecular mechanisms at the basis of the apparently paradox-
ical protection shown by older people against the 2009 pandemic
virus (Wrammert et al., 2011). However, the same antibodies did
not show any activity against recent HIN1 isolates antecedent to
the pandemic strain (Yu et al., 2008). Other human monoclonal anti-
bodies with similar characteristics have been selected against other
influenza A subtype, as H5 (Lim et al., 2008; Simmons et al., 2007;
Yang et al., 2010). An example is 3D1, that was cloned as a single-
chain fragment from a phage-display library of human peripheral
B cells, and that was shown to bind directly amino acid residues in-
side the sialic acid binding pocket (Lim et al., 2008; Yang et al.,2010).
Although directly interacting with the binding pocket, also the bind-
ing of this antibody is certainly influenced by all surrounding resi-
dues not involved in the binding to sialic acid.

The effect of antigenic drift of the HA globular head on the bind-
ing of neutralizing mAbs has been clearly evidenced using a large
panel (108 mAbs) of antibodies cloned in two different occasions
from the same patient and directed against the 5 antigenic sites
of the globular head of H3 subtype (Okada et al., 2010). These mon-
oclonals were tested against 12 different H3N2 isolates ranging
from 1968 to 2004, and showed the typical limited activity of
mAbs directed against the globular head. Interestingly, the study
of these mAbs showed a direct correlation between their binding
activity and the viral evolution of the H3N2 subtype during the
years showing that the neutralizing activity of the studied mAbs
could be divided in three time groups with distinct strain specific-
ity: 1968-1973, 1977-1993 and 1997-2003 (Okada et al., 2010).

Overall, the data presented in this paragraph evidence the
importance as research tools of mAbs directed against the HA glob-
ular head, but at the same time clearly demonstrate that the ther-
apeutic or prophylactic use of these mAbs may be problematic.

2.2. Monoclonal antibodies directed against the HA stem region

The stem region of HA is mainly formed by the HA2 domain,
with a minimal but important contribution of several residues in
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the N-terminus of HA1 (Gamblin and Skehel, 2010). The main func-
tion of the stem region is to mediate the fusion between the viral
envelope and the endosomal membrane, following a low pH-in-
duced conformational change of the stem (Gamblin and Skehel,
2010). This region is less exposed to the immune system and it is
consequently less prone to mutate (Sui et al., 2009). As a conse-
quence, the high sequence conservation observed even among dif-
ferent subtypes, especially in the fusion peptide, makes this region
the ideal target for broadly neutralizing heterosubtypic mAbs (Kar-
Isson Hedestam et al., 2008; Nabel and Fauci, 2010). Indeed,
broadly neutralizing antibodies directed against this region may
be elicited after natural infection or immunization, but they repre-
sent only a minimal part of the elicited repertoire (Corti et al.,
2010). Several factors may contribute to the scarce immunogenic-
ity of the stem region of HA, such as its inaccessibility on the virion
surface, its close proximity to the envelope membrane and the out-
standing immunodominance of the bulky globular head (Wang and
Palese, 2009). The position on the viral particle and the presence of
the highly immunogenic globular head probably limit the number
of B-cells clones capable of physically interacting through their B-
cell receptors with the stem region. This is shown by a recent paper
evidencing the potential broad-range effectiveness of a novel vac-
cine construct based on a recombinant HA lacking the globular
head (headless HA), in order to present the conserved HA stem to
immune cells (Steel et al., 2010). More importantly, the close prox-
imity to the membrane may also induce tolerance mechanisms
since B-cell clones recognizing the stem may also auto-react with
membrane components, as already described for antibodies direc-
ted against membrane-proximal residues in HIV-1 gp41 (Haynes
et al., 2005; Verkoczy et al., 2010).

A help for the definitive comprehension of the factors limiting
the elicitation of a broadly protective humoral response against
the HA stem region may therefore come from the characterization
of mAbs recognizing it.

The first mADb identified as targeting this region was a mouse
monoclonal, named C179, that was shown to react against differ-
ent HA subtypes belonging to phylogenetic group 1 (H1; H2; H5
and H6) and to neutralize infection by blocking the fusion step
(Okuno et al., 1993; Okuno et al., 1994; Smirnov et al., 1999). This
mAb has been mainly used as a control in research lab, and its po-
tential use in passive immunoprophylaxis has never been deeply
evaluated due to its murine origin and to its relative efficacy
in vivo (Sakabe et al., 2009). Mouse mAbs with similar characteris-
tics, but directed against group 2 subtypes, have also been reported
(Wang et al., 2010b).

Recently, several groups have described human mAbs endowed
with heterosubtypic activity isolated from synthetic (Sui et al.,
2009) or immune donor-derived (Kashyap et al., 2008; Throsby
et al., 2008) phage-display libraries, or from immortalized periph-
eral B-cells of a vaccinated patient (Corti et al., 2010). The main
features of the most representatives of these mAbs are reported
in Table 1. Intriguingly, most of these mAbs share a common ge-
netic origin derived from a single V-gene germline (VH1-69), sug-
gesting the presence of a conserved motif in this antibody
subfamily determining the observed peculiar features (Corti

et al., 2010; Sui et al., 2009; Throsby et al., 2008). Indeed, crystal-
lization studies performed with two of these heterosubtypic mAbs
confirmed that they interact with a highly conserved helical region
in the HA membrane proximal stem and that both mAbs interact
with the antigen only with the VH1-69-derived heavy chain
CDR1 and CDR2 regions, but not with the CDR3 that usually confers
antigen specificity to an antibody (Ekiert et al., 2009; Sui et al.,
2009).

The reactivity and the in vitro and in vivo neutralizing activity of
the above VH1-69-derived mAbs have been evaluated against a
large panel of influenza strains belonging to different subtypes, in-
deed showing a heterosubtypic neutralizing activity (Friesen et al.,
2010; Kashyap et al., 2010; Koudstaal et al., 2009; Sui et al., 2009;
Throsby et al., 2008). The selection of antibodies with similar char-
acteristics, especially from immunized patients, is of outstanding
importance since it is the molecular proof that such antibodies
may be stimulated by the natural infection or by vaccination. These
antibodies may therefore represent a useful tool not only for pos-
sible new passive immunoprophylaxis strategies, but also for the
design of new vaccinal approaches based on immunogens mimick-
ing their epitope (Burton and Parren, 2000; Karlsson Hedestam
et al., 2008; Nabel and Fauci, 2010). However, it is important to
note that VH1-69 germline is usually reported in less than 2% of
normal human B-cells (Brezinschek et al., 1995), and that its pres-
ence has been frequently described in autoimmune conditions
(Manheimer-Lory et al, 1991; Perotti et al, 2008; Pos et al.,
2009; Van Es et al., 1992), thus raising some doubts about the real
efficacy and the safety of a possible HA stem region-based vaccinal
approach.

The neutralizing activity of the above mAbs was shown to be
limited to subtypes belonging to group 1, with no activity observed
against group 2 viruses and in particular against H3N2 subtype.
Under this perspective, an important finding was recently pre-
sented by our group at the Antivirals Congress celebrating the
30th anniversary of Antiviral Research covered by this issue of the
journal (Mancini et al., 2010). We had already described two hu-
man monoclonals (PN-SIA28 and PN-SIA49) that as Fab fragments
were able to neutralize HIN1 viruses encompassing the whole
HIN1 pandemic of the last century and including the recent
2009 pandemic strain. This demonstrates the conservation of their
epitope in all tested HINT1 isolates (Burioni et al., 2009a,b, 2010).
Neither of the two mAbs derived from the VH1-69 germline
(VH3-30 and VH3-23, respectively) evidencing that other germ-
line genes may contribute to heterosubtypic anti-influenza humor-
al response. Intriguingly, when tested as whole IgG1 molecule, one
of the two monoclonals (PN-SIA28) featured an unprecedented
heterosubtypic activity extended to group 2 viruses, and in partic-
ular to H3N2 isolates. In all cases PN-SIA28 showed half maximal
inhibitory concentration (ICsp) in the nanomolar range. The neu-
tralizing activity against other subtypes belonging to group 1 has
been evaluated confirming the broad heterosubtypic activity of
this mADb (unpublished data).

The correct localization of the epitope recognized by PN-SIA28
on the HA molecule has not been obtained with crystallization
studies yet, but several data confirm that it is located on the HA

Table 1
Major heterosubtypic neutralizing human monoclonal antibodies directed against influenza A hemagglutinin (HA) stem region.
mAb Host Specificity Mechanism of action Reference
F10 Human HA subtypes belonging to group 1 Fusion inhibition Sui et al. (2009)
CR6261 Human HA subtypes belonging to group 1 Fusion inhibition Ekiert et al. (2009), Throsby et al. (2008)
FC41 Human HA subtypes belonging to group 1 Fusion inhibition Corti et al. (2010)
A06 Human HA subtypes belonging to group 1 Fusion inhibition Kashyap et al. (2008, 2010)
PN-SIA 49 Human HA subtypes belonging to group 1 Fusion inhibition Mancini et al. (2010)
PN-SIA 28 Human HA subtypes belonging to group 1 and group 2 Fusion inhibition Mancini et al. (2010)
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stem, such as the lack of hemagglutination inhibiting activity, the
competition for binding observed with C179 (Burioni et al,
20093a,b, 2010) and the impaired binding against recombinant HA
carrying alanine mutants in several positions of the stem region
(unpublished data). The breadth of neutralizing activity of this
mAb and its extension to H3N2 viruses confirm that its epitope
is conserved among phylogenetically highly divergent subtypes,
and that it is different from the epitopes described for the other
mAbs with a group 1 restricted neutralizing activity. The better
definition of this epitope will certainly provide the scientific com-
munity with an unprecedented tool for the design of new “univer-
sal” anti-influenza vaccinal strategies.

3. Monoclonal antibodies against influenza A neuraminidase
(NA)

Like hemagglutinin, neuraminidase (NA) is an integral mem-
brane glycoprotein sited on the viral envelope surface. The ratio
of HA to NA is usually 4:1 to 5:1 and NA represents, as well as
HA, a subtype-specific glycoprotein of influenza A viruses. NA is or-
ganized on the membrane as a homotetramer containing an enzy-
matically active head domain with sialidasic activity which allows
the release of viral progeny from host cells (Gamblin and Skehel,
2010). NA is subjected, as HA, to antigenic shift and antigenic drift.
While antigenic shift can lead to the emergence of new pandemic
strains, the antigenic drift generates new seasonal strains no longer
recognized by the specific NA humoral immune response or no
longer inhibited by neuraminidase inhibitors. Most mutations of
known effect on NA have been mapped on neuraminidase inhibi-
tor-resistant isolates belonging to different subtypes (Abed et al.,
2006; Besselaar et al., 2008; de Jong et al., 2005; Fiore et al.,
2011; Fleming et al., 2010; Ramirez-Gonzalez et al., 2011; Sheu
et al., 2008; Steinhoff, 2011; Wang et al., 2010a).

Viral NA plays a key role in host immune response as a major
antigenic determinant in the course of natural infection or after
vaccination. Indeed, studies in mice (Brett and Johansson, 2005;
Johansson et al., 1998) and clinical trials demonstrated a positive
correlation between serum neuraminidase-inhibiting (NI) anti-
body titers and vaccine effectiveness (Clements et al., 1986; Monto
and Kendal, 1973). Moreover, it was observed that the protection
conferred by anti-neuraminidase antibodies does not necessarily
correlate with the titer of neutralizing anti-HA antibodies (Naikhin
et al.,, 1983), the major determinants of protection. Indeed, the pro-
tective role of anti-NA antibodies has been thoroughly investi-
gated, demonstrating that, in contrast to anti-HA antibodies,
anti-NA antibodies do not neutralize virus infectivity, but limit
the infection by impairing the efficient release of viruses from in-
fected cells (Sylte and Suarez, 2009) thus determining decreased
virus shedding and severity of illness. It has also been demon-
strated that anti-NA antibodies may mediate antibody-dependent
cell cytotoxicity (ADCC) mechanisms thereby contributing to the
protective role of HA-specific neutralizing mAbs (Mozdzanowska
et al., 1999).

During the past years several monoclonal antibodies directed
against NA have been isolated (Table 2) and used in structural
and functional studies on NA. Using an analogous method to those
used for HA, antigenic sites were mapped on NA by analysis of
changes in naturally existing strains and in variants selected using
monoclonal antibodies. With this approach four antigenic sites
were identified on influenza A virus NA, evidencing the presence
of a quite conserved region (region 1) surrounded by other regions
more subjected to aminoacidic changes. Antigenic region 2 can be
further divided into four overlapping areas (2a-2d) based on the
reactivity patterns of monoclonal antibodies with antigenic vari-
ants, chemically modified neuraminidase and the ability of the
antibodies to inhibit enzyme activity of different molecular weight
substrates (Jackson and Webster, 1982; Webster et al., 1984). Stud-
ies of the specificity of monoclonal antibodies inhibiting NA activ-
ity identified neutralizing conformational epitopes close to the
enzyme active site. Moreover, these studies demonstrated that
the native conformation of NA is necessary for the induction of
NA inhibition (NI) antibodies, suggesting that the correlation be-
tween NA enzymatic activity and the correct NA protein-folding
could be a good tool to asses the potency of influenza vaccines with
respect to NA content (Sultana et al., 2011).

Overall, the potential prophylactic or therapeutic role of anti-
NA mAbs is probably limited by two factors, that is the NA hyper-
variability, comparable to that observed for HA, and, more impor-
tantly, the lack of direct neutralizing activity, differently from that
observed for anti-HA antibodies. However, the isolation of mAbs
directed against conserved epitopes on the catalytic site of NA
may play a role, in association with available neuraminidase inhib-
itors, in controlling the emergence of viral isolates resistant to
drugs belonging to this class.

4. Monoclonal antibodies against M2 protein

The M2 protein of influenza A viruses is encoded on the seventh
viral RNA segment together with the matrix protein 1 (M1) and is a
transmembrane protein that forms a small proton-selective homo-
tetrameric channel in the viral envelope, active at acidic pH, with
roles in virus entry, assembly and budding (Iwatsuki-Horimoto
et al., 2006; McCown and Pekosz, 2006; Mould et al., 2000; Pinto
et al., 1992). This protein is vital for viral replication and is the tar-
get for the adamantanes, one of the two classes of available anti-
influenza drugs.

M2 is composed of 97 amino acidic residues and its N terminus
is directed toward the outside of the virus (Lamb et al., 1985). It has
three structural domains: an amino-terminal extracellular (M2e)
domain (residues 1-23), a transmembrane (TM) domain (residues
24-46) essential for its ion activity (Chizhmakov et al., 1996; Chiz-
hmakov et al., 2003; Mould et al., 2000), and a cytoplasmic domain
(residues 47-97). M2 is abundantly expressed on the surface of
virus-infected cells but only a small number of M2 molecules is
estimated to be incorporated into each virion (Lamb et al., 1985;
Zebedee and Lamb, 1988; Zebedee et al., 1985).

Table 2
Major monoclonal antibodies directed against influenza A neuraminidase (NA).
mAb Host Specificity Mechanism of action Reference
HCA-3 Rabbit NA (all major subtypes) Not described Gravel et al. (2010)
HCA-2
5B2 Mouse NA (subtype-specific) Inhibition of sialidase activity Moreno et al. (2009)
4C11
1E11
Mem5 Mouse NA (N2-specific) Inhibition of sialidase activity Gulati et al. (2002), Lee and Air (2006)
8H12 Mouse NA (N1-specific) Not described Ho et al. (2009)
NC41 Mouse NA (N9-specific) Inhibition of sialidase activity Colman et al. (1987), Tulip et al. (1992)
NC10 Mouse NA (N9-specific) Inhibition of sialidase activity Colman et al. (1989), Malby et al. (1994)
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The M2e domain is nearly invariant in all influenza A strains
since the 1918 Spanish pandemic (Fiers et al., 2004) and for this
reason M2e has been considered a promising candidate for the
development of novel broad-spectrum, prophylactic and therapeu-
tic anti-influenza strategies. In fact, several groups have reported
that the immune response induced by M2-based vaccines can pro-
tect against influenza virus challenge, with particular attention re-
served to M2e (De Filette et al., 2006; Denis et al., 2008; Ernst et al.,
2006; Fan et al., 2004; Frace et al., 1999; Huleatt et al., 2008; Lalor
et al., 2008; Liu et al., 2004a; Mozdzanowska et al., 2003; Neirynck
et al., 1999; Slepushkin et al., 1995; Tompkins et al., 2007; Wu
et al., 2007).

During a natural infection, antibodies against M2, and against
M2e in particular, are absent or barely detectable in human sera
(Feng et al., 2006). Due to its low representation on the virus sur-
face and to the shielding by the larger and more abundant HA and
NA proteins (Lamb et al.,1985; Zebedee and Lamb, 1988; Zebedee
et al,, 1985), M2e is in fact poorly immunogenic. It was shown that
anti-M2 antibodies apparently neither bind efficiently to the virus
nor neutralize it (Jegerlehner et al., 2004). On the contrary, anti-M2
antibodies apparently bind strongly to virus-infected cells
(Jegerlehner et al., 2004) and through antibody-dependent cell-
mediated cytotoxicity (ADCC) or antibody-mediated complement
dependent cytotoxicity (CDC) can limit virus replication (Treanor
et al., 1990).

The potential protective activity of anti-M2 antibodies was con-
firmed by studies with several anti-M2 mAb. The first anti-M2e
mAb (14C2) providing evidence that anti-M2 immunity has antivi-
ral activity was isolated in 1988 from M2-immunized mice (Zebe-
dee and Lamb, 1988). When tested in plaque assay overlay, 14C2
could reduce the plaque size of many influenza A virus strains, thus
indicating that this antibody was able to directly limit the viral
replication. Moreover, passive administration of 14C2 could also
reduce the level of replication of influenza A virus in the lungs of
mice (Treanor et al., 1990).

Several subsequent studies with other murine mAbs confirmed
that, among anti M2-antibodies, only anti-M2e mAbs featured
in vitro and in vivo inhibitory activity against influenza viruses
(Fu et al., 2009; Liu et al., 2003, 2004a; Zou et al., 2005). Interest-
ingly, the inhibitory activity of some mAbs was reported to be ex-
tended also against influenza B viruses (Liu et al., 2003). Indeed,
sequence analysis revealed that the first nine N terminal amino
acid residues of M2e are extremely conserved even between the
two main influenza types.

All the studies reported so far were based on the characteriza-
tion of murine mAbs, but recently the development of transchro-
mosomic mice and mammalian cell display techniques allowed

the production of fully anti-M2e human antibodies. An anti-M2e
mAb (Z3G1) was generated from transchromosomic mice engi-
neered to produce fully human monoclonal antibodies (Wang
et al,, 2008). Z3G1 showed the ability to bind the majority of
M2e variants from several viral isolates, including highly patho-
genic avian strains. Moreover, passive immunotherapy with Z3G1
in mice demonstrated its significant prophylactic and therapeutic
activity (Wang et al., 2008).

Other fully human anti-M2e monoclonal antibodies (D005,
E040 and F052) were isolated from the peripheral blood mononu-
clear cells of an individual with high anti-M2e titers by mamma-
lian cell display (Beerli et al., 2008, 2009). It was demonstrated
that these antibodies bind M2 with high affinity and efficiently rec-
ognize M2 from recent H5N1 influenza A strains. All mAbs showed
a potent prophylactic activity and therapeutic activity in a mouse
model of influenza A infection against a single HIN1 strain (A/
PR/8/34) (Beerli et al., 2009). In particular, DO0O5 was able to fully
protect mice with a single injection one day after infection and still
showed some protection when administrated 3 days after chal-
lenge (Beerli et al., 2009).

All these studies emphasize that the anti-M2e immunity, direc-
ted against a remarkably conserved viral target, is capable of pro-
viding a significant level of protection against influenza A
infections. The high degree of conservation of M2e is in part attrib-
utable to constraints resulting from its genetic relation to M1, the
most conserved protein of the virus (Ito et al.,, 1991). In fact, the
first 26 nucleotides of influenza A genome segment seven are em-
ployed to code both M1 and M2 proteins. An additional factor that
contributes to the low degree of change seen in M2e is the absence
of natural M2e-specific antibodies and thus pressure for change.
Hence, there may be a concern that introducing immune pressure
on M2e will promote the evolution of antigenic escape viruses. In-
deed, the selection of such escape mutants was reported in an
immunodeficient mouse model in which a panel of anti-M2e
monoclonal antibodies was given to limit virus replication (Zharik-
ova et al., 2005). However, the diversity of the escape mutants was
restricted to a single residue, a proline in position 10 that mutated
to leucine or histidine. On the other hand, no mutations were de-
tected following multiple passages of virus under anti-M2e im-
mune pressure in immunocompetent mice (Gerhard et al., 2006).

Overall, the possibility of the emergence of M2e-escape mu-
tants following treatment with antibodies cannot be excluded.
However, the fact that their diversity was demonstrated to be
highly contained and considering that the escape variants would
have to acquire a selective advantage compared to the wild-type,
anti-M2e antibodies (Table 3) could be considered a feasible option
for protection against influenza A infection.

Table 3
Monoclonal antibodies directed against M2 protein.
mAb Host Specificity Mechanism of action Reference
14C2 Mouse M2e Direct interference with M2 functions (?);ADCC Zebedee and Lamb (1988)
CDC Treanor et al. (1990)
8c6 Mouse M2e EVETPIRN (aa 6-13) ADCC Liu et al. (2004b)
1B12 CDC
L18 Mouse M2e ADCC Fu et al. (2009)
019 CDC
P6
S1
Z3G1 Human (transchromosomic mice) M2e LLTEVETPIR (aa 3-12) ADCC Wang et al. (2008)
CcDC
D005 Human M2e ADCC Beerli et al. (2009)
E040 CDC
F052

M2e: M2 extracellular domain. Specific linear epitopes are reported.
ADCC: antibody-dependent cell cytotoxicity
CDC: complement-dependent cytotoxicity
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5. Monoclonal antibodies against internal proteins

The protective potential of antibodies direct against the internal
proteins of influenza A has often been dismissed because of the
assumption that an effective antibody response neutralizes the
virus by preventing its attachment to host cells or its fusion with
the endosomal membrane. However, the Fc region of an antibody
can activate a variety of antiviral effector functions (Huber et al.,
2001; Huber et al., 2006; Leopold et al., 2006; Muckelbauer et al.,
1995; Muckelbauer and Rossmann, 1997; Palmer et al., 2000). In
fact, non-neutralizing anti-influenza antibodies, such as anti-NP,
have been shown to induce complement-mediated cytolysis (Yew-
dell et al., 1981), increase T cell responses associated with en-
hanced dendritic cell function (Zheng et al., 2007), and reduce
viral replication in culture (Sambhara et al., 2001). Moreover, stud-
ies with anti-hepatitis C virus antibodies has also demonstrated
the potential of the intracellular expression of monoclonal anti-
bodies directed against highly conserved inner viral proteins
(Chandra et al., 2010; Prabhu et al., 2004). Therefore, antibodies
to conserved internal viral proteins may promote early viral clear-
ance through some combination of these mechanisms.

5.1. Anti-nucleoprotein (NP) monoclonal antibodies

Influenza A virus has a segmented negative-sense single-
stranded RNA genome. Each RNA segment is associated with nucle-
oprotein (NP) and with the polymerase complex consisting of PB1,
PB2 (basic polymerases 1 and 2) and PA (acid polymerase). These
ribonucleoparticle (RNP) complexes are surrounded by a layer of
the matrix protein, M1 (Noda et al., 2006).

NP is a conserved highly basic protein that binds to single-
strand RNA in a non-sequence specific manner (Baudin et al.,
1994). Both natural infection with influenza virus and vaccination
with recombinant NP elicit NP-specific antibodies (Sukeno et al.,
1979). However, anti-NP antibodies were considered to be ineffec-
tive because they do not neutralize the virus and because passive
transfer of such antibodies do not protect naive immunodeficient
SCID recipient mice (Ulmer et al., 1993). However, it has recently
been shown that anti-NP monoclonal antibodies form immune
complexes which can promote dendritic cell maturation, Th1 cyto-
kine production and anti-influenza CD8* CTL responses in naive
immunocompetent mice (Carragher et al., 2008; Zheng et al.,
2007). Immunization with NP was effective in reducing morbidity
and viral titers after challenge with influenza virus in a mouse
model (Carragher et al., 2008). Importantly, antibody-deficient
mice were not protected by this vaccination strategy and immune
serum could transfer these protective effects to naive hosts in an
antibody-dependent manner (Carragher et al., 2008).

Single-chain intracellular antibodies specifically interacting
with influenza NP were recently described (Mukhtar et al., 2009).
These anti-NP intrabodies significantly inhibited influenza A virus
transcription and replication through blocking the interaction of
NP with PB1 and PB2. The broad inhibitory effects of anti-NP intra-
bodies on viral transcription and replication provides proof-of-con-
cept that the intracellular inhibition of NP may be considered as a
possible future broad-range anti-influenza strategy (Mukhtar et al.,
2009).

5.2. Anti-polymerase complex monoclonal antibodies

The influenza virus RNA-dependent RNA polymerase complex
consists of PB1, PB2 and PA (Fodor et al., 2002). Because of the
essential role of the polymerase proteins in the influenza virus life
cycle, targeting the polymerase complex could provide a novel
strategy for the development of antiviral compounds against the

influenza A virus. The only described human monoclonal antibod-
ies against the polymerase proteins are several single chain vari-
able antibody fragments (HuScFv) which, according to the
authors, should be engineered to develop cell-penetrating antibod-
ies that could interfere with the functions of the intracellular poly-
merase subunits (Thathaisong et al., 2008).

5.3. Anti-M1 protein monoclonal antibodies

The influenza A virus matrix protein (M1) is the most abundant
structural protein of influenza virus and is highly conserved among
type A viruses (McCauley and Mahy, 1983). This viral protein has
an important role in virus replication (Bui et al.,, 2000; Nayak
et al., 2004; Whittaker et al., 1996) making both M1 and the M1-
coding RNA segment attractive targets for drug inhibitors, siRNA
and therapeutic antibodies (Hui et al., 2004; Kawaoka et al., 1990).

Recently, a HuScFv (PEN-HuScFv) specifically binding the M1 of
different influenza A subtypes was produced using phage display
technology (Poungpair et al.,, 2009). PEN-HuScFv was demon-
strated to inhibit the binding of recombinant M1 to viral genomic
RNA in vitro (Poungpair et al., 2009). To interfere with the multiple
biological functions of the M1, it is necessary that the HuScFv is
able to access its intracellular target. Therefore, PEN-HuScFv was
engineered into a cell-penetrable format (transbody) by molecular
linking of the gene encoding the HuScFv to the penetratin (PEN)
gene, the protein transduction domain of the Drosophila homeodo-
main (Derossi et al., 1994). The PEN-HuScFv, when used to treat
influenza-infected cells, reduced the number of viruses released
from the cells indicating that the M1-specific transbody affected
the influenza A virus life cycle in living mammalian cells (Poung-
pair et al., 2010).

The role of mAbs directed against influenza inner proteins (Ta-
ble 4) deserves further investigation, but the non-neutralizing nat-
ure of these mAbs and the need of a functionally intact cellular
branch of the immune system make their potential prophylactic
or therapeutic role highly uncertain, especially in high-risk pa-
tients such as the children and the elderly. Other possible strate-
gies, such as their intracellular expression to interfere with the
different functions of the intracellular viral proteins seem still far
from a real prophylactic or therapeutic application.

6. Concluding remarks

Monoclonal antibodies have been used in many occasions as
useful tools in the research on influenza viruses. Their use has al-
lowed shedding some light on the protective mechanisms of the
humoral response against these highly variable viruses. It is now
time to look at monoclonal antibodies also as potential prophylac-
tic and therapeutic tools against these viruses. The potential ther-
apeutic role of passively administered antibodies has somehow
already been evaluated in humans, as demonstrated during the
1918 pandemic (Beigel and Bray, 2008; Luke et al., 2006), or even
more recently during the H5N1 outbreaks (Beigel and Bray, 2008;
Zhou et al., 2007), by the survival rates reported for severely ill pa-
tients treated with blood products from convalescent subjects. No
data are available about the possible prophylactic role of passively
administered antibodies in humans, but several studies in animal
models give hope for their possible use in at-risk categories (Corti
et al,, 2010; Friesen et al., 2010; Kashyap et al., 2010; Simmons
et al., 2007; Throsby et al., 2008) or in combination with the avail-
able antivirals (Koudstaal et al., 2009). The identification of human
monoclonal antibodies against broadly conserved epitopes on
hemagglutinin, the major protective antigenic determinant of
influenza, and their efficacy against different subtypes in in vitro
and in vivo studies may be a great step forward in this direction.
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Table 4
Monoclonal antibodies directed against influenza virus inner proteins.
mAb Host Specificity =~ Mechanism of action Reference
aN02 Human NP Inhibition of viral transcription and replication through blocking the interaction of NP with ~ Mukhtar et al. (2009)
aN77 PB1 and PB2
aN110
aN122
aN130
b1-1 Human  PB1 Not described in detail Thathaisong et al. (2008)
b1-5, b1-6
b1-7, b1-8
b1-10
b2-1, b2-4 PB2
b2-9, b2-10
al, a3, a4, a5, PA
a6, a7, a8, a9
PEN-HuScFv Human M1 Inhibition of binding of M1 to VRNA. Reduction of the viruses released from the cell. Poungpair et al. (2010)

Further tests and trials are certainly needed and will certainly fol-
low in the next few years to determine the safety and the effective-
ness of this approach.

The availability of different broadly protecting antibodies direc-
ted against different crucial epitopes (and possibly against differ-
ent influenza proteins) may allow the development of antibody
cocktails with broad protective activity against phylogenetically
distant influenza viruses. The parallel targeting of distinct crucial
viral epitopes on different proteins may also minimize the risk of
the rapid emergence of viral escape mutants with unaltered viral
fitness (Clementi, 2008), which is now the case for drug-resistant
escape mutants.

Finally, the availability of monoclonal antibodies with such
characteristics could also allow the design of a new generation of
influenza immunogens capable of mimicking there epitopes and,
therefore, eliciting a vaccine-induced broadly protective immune
response.
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