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Abstract The threat of novel influenza viruses emerging into the human popu-
lation from animal reservoirs, as well as the short duration of protection conferred
by licensed vaccines against human seasonal strains has spurred research efforts to
improve upon current vaccines and develop novel therapeutics against influenza
viruses. In recent years these efforts have resulted in the identification of novel,
highly conserved epitopes for neutralizing antibodies on the influenza virus
hemagglutinin protein, which are present in both the stalk and globular head
domains of the molecule. The existence of such epitopes may allow for generation
of novel therapeutic antibodies, in addition to serving as attractive targets of novel
vaccine design. The aims of developing improved vaccines include eliciting
broader protection from drifted strains, inducing long-lived immunity against
seasonal strains, and allowing for the rational design of vaccines that can be
stockpiled for use as pre-pandemic vaccines. In addition, an increased focus on
influenza virus vaccine research has prompted an improved understanding of how
the immune system responds to influenza virus infection.
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HAI Hemagglutination inhibition

mADb Monoclonal antibody

N1, N2, etc Neuraminidase subtype 1, 2, etc

nAb Neutralizing antibody

pHINI1 2009 pandemic HIN1

RBS Receptor binding site
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1 Introduction

Influenza A viruses circulate annually among human populations and are a source
of significant morbidity and mortality. It is estimated that 10-20 % of the US
population is infected with influenza viruses Influenzaeach year, and as many as
49,000 associated deaths occur annually (Glezen and Couch 1978; Fox et al. 1982;
Thompson et al. 2004; CDC 2010). Correspondingly, a recent study indicated that
approximately 20 % of the UK population may be infected annually (Hayward
et al. 2014). In addition to the disease burden caused by seasonal human influenza
virus lineages, zoonotic infections, against which there is an absence of immunity
in the human population, occasionally result in the emergence of pandemic strains
(Neumann et al. 2009). The emergence of the (pandemic) HINT1 subtype influenza
virus from the swine reservoir in 2009 (Itoh et al. 2009) and human infections by
the avian H5N1 and H7N9 viruses further highlight the potential risk posed by
animal reservoirs of influenza A viruses.

Although a limited number of therapeutic drugs are available to combat influ-
enza (Muthuri et al. 2014), they are typically costly, and public health measures that
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rely on single drug therapy suffer from the potential emergence of drug resistant
strains of influenza viruses Influenza (Hayden and Hay 1992; Samson et al. 2013).
Thus, the development of multiple therapeutic drugs, especially those that target
distinct aspects of the viral lifecycle, are of critical importance.

The most cost-effective strategy to protect against influenza-related disease is
vaccination. Current vaccination approaches are effective (Tricco et al. 2013; McNeil
et al. 2014), particularly among healthy adult individuals and children (Osterholm
et al. 2012), but are hampered by the need to achieve a close match between circu-
lating strains and those included in the vaccine. Due to the rapid and unpredictable
antigenic drift of seasonal influenza viruses, such a match is often difficult to attain.
The possibility of a zoonotic influenza A virus entering the human population and
establishing a novel human lineage represents a further challenge to current vacci-
nation strategies. Since it is impossible to predict which subtype and which strain will
cause the next influenza pandemic, current strain-specific approaches will fall short in
a pandemic setting. Moreover, current influenza vaccines are recognized to be less
effective in high-risk groups, such as the elderly, the very young, and the immune-
compromised (Osterholm et al. 2012; Beyer et al. 2013).

Rational attempts to improve influenza vaccines would benefit from a better
understanding of the immunological correlates of protection from influenza disease,
and the mechanisms underlying such protection. The detailed mechanisms by which
the immune system responds to influenza viruses Influenza infection, or vaccination,
are remarkably poorly understood and most likely vary depending upon how viral
antigen is presented to immune cells (Bucasas et al. 2011; Li et al. 2013).

The best-established correlate of protection from disease following inactivated
influenza virus vaccination measures serum-mediated viral hemagglutination inhi-
bition (HAI) of red blood cells: an HAI titer of approximately 1/40 correlates well
with protection from disease in humans (Ellebedy and Webby 2009; Katz et al.
2011). Although the HAI assay detects classical neutralizing antibodies that block
receptor binding, several alternative immune mechanisms that interfere with
influenza virus replication have been described. These include antibodies that inhibit
viral fusion with the cellular membrane (Ekiert et al. 2009; Wang et al. 2010b; Tan
et al. 2012; Brandenburg et al. 2013), mucosal antibodies (Renegar and Small 1991;
Seibert et al. 2013), complement pathways (Terajima et al. 2011; Co et al. 2012;
Dilillo et al. 2014), and antibody dependent cellular cytotoxicity (Jegaskanda et al.
2013; Dilillo et al. 2014). The correlation between these alternative modes of in vitro
neutralization and protection from disease in vivo are not well studied. This raises
the possibility that vaccination strategies may be developed to exploit previously
unappreciated protection modalities. To this end, advances in the characterization of
novel conserved and protective epitopes present in the hemagglutinin protein have
provoked interest in the field. This chapter focuses on studies examining neutralizing
antibodies directed against conserved regions of the influenza viruses Influenza, and
approaches designed to utilize these epitopes in novel vaccination strategies. If
successful, such vaccines stand to increase protection from drifted strains, thereby
reducing the need for annual vaccination. Moreover, broadly protective vaccines
would prove highly valuable against pandemic strains.
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2 Neutralizing Antibodies Directed Against Conserved
Regions of the influenza viruses HA

The development of multiple broadly neutralizing monoclonal therapeutic vac-
cineantibodies (bnAbs) targeting the influenza hemagglutinin is desirable for two
reasons. Firstly, such drugs may be used as therapeutic agents, which could be
administered singly, or as cocktails of multiple antibodies and/or other therapeutic
drugs, potentially providing effective clinical protection from influenza. Secondly,
the use of drug cocktails may prevent, or limit the emergence of drug resistant
strains of virus into human populations. Two main classes of broadly neutralizing
antibodies against conserved regions of the HA have been described: those
directed against the conserved, membrane proximal stalk (or stem) domain of the
HA, and those directed against the membrane distal receptor binding site (RBS).

2.1 Stalk-Reactive Neutralizing Monoclonal Antibodies

The earliest reports of hemagglutinin stalk-reactive antibodies relied on a sensitive
radioimmunoprecipitation assay to identify antibodies present in rabbit immune
sera, which mapped to the hemagglutinin HA2 domain, (Polakova et al. 1978;
Russ et al. 1978a, b). In 1983, Graves and colleagues characterized immune sera
obtained from mice vaccinated with inactivated whole influenza virus which had
been acid- and DTT-treated to remove the globular head of the HA (Graves et al.
1983). While data from this study demonstrated that antigenic epitopes were
preserved in the hemagglutinin in the absence of the globular head domain, virus-
neutralizing activity was not observed, possibly due to the loss of conformation of
the immunizing antigen.

The first virus neutralizing stalk-reactive monoclonal antibody (mAb) was
isolated from a mouse using traditional hybridoma technology in 1993 by Okuno
et al. (1993). This antibody, C179, has fusion inhibiting activity and is able to bind
and neutralize a broad range of group 1 HA encoding viruses, including H1, H2,
HS, and H6 subtype strains (Okuno et al. 1994; Smirnov et al. 1999). Development
of powerful new technologies such as plasmablast sorting followed by single cell
PCR, phage display libraries for antibody screening, and divergent technologies to
recover antibody coding sequences from memory B-cells has aided in the isolation
of more of these relatively rare antibodies. The first examples of bnAbs isolated
using phage display screening and specific to the hemagglutinin of influenza virus
were reported in 2008 (Kashyap et al. 2008). These recombinant antibodies were
constructed from individual heavy and light chain sequences derived from B-cells
of individuals who had survived infection with HSN1 virus. They were identified
using a phage display screen that enriched for antibodies specific for influenza HS
subtype HA. One such bnAb (A06) exhibited in vitro neutralization of HSN1 and
seasonal HINT1 subtype influenza viruses Influenza at concentrations of antibody
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as low as 1-10 ug/ml (Kashyap et al. 2008). Clone A06 was also effective in vivo
against the HIN1 subtype 2009 pandemic influenza virus, conferring protection
from death in mice treated either prophylactically, or therapeutically up to 3 days
post infection (Kashyap et al. 2010).

Two further, well-characterized human mAbs also isolated using phage tech-
nology, CR6261 and F10, were described in 2008 and 2009, respectively (Throsby
et al. 2008; Sui et al. 2009). Both mAbs neutralize a broad range of group 1 HAs.
Structural characterizations revealed that the footprints of both antibodies localize
to the stalk domain and overlap that of the murine mAb C179 (Ekiert et al. 2009;
Sui et al. 2009; Dreyfus et al. 2013). The activity of a distinct broadly neutralizing
Ab, 12D1, targets a micro-conformational epitope on the long alpha helix of the
H3 stalk domain, demonstrating that stalk-reactive antibodies also exist for group
2 HAs (Wang et al. 2010b). Clone 12D1 was isolated from mice sequentially
vaccinated with divergent H3 HAs that share conserved epitopes, an approach
that was subsequently used to generate the pan-H1 stalk-reactive antibody 6F12
(Tan et al. 2012). A third, more membrane proximal epitope on the stalk domain
was defined by the pan-group 2 antibody CR8020 (Ekiert et al. 2011). To date,
stalk-reactive antibodies can be grouped into three categories: antibodies that
broadly neutralize within a specific subtype, including 12D1 and 6F12; antibodies
that broadly neutralize strains within group 1 (CR6261, F10 etc.) or group 2
(CR8020, CR8043 etc. Friesen et al. (2014)); and antibodies that are pan-HA
reactive. The last group is currently limited to three characterized members, FI6
and 39.29, which exhibit binding to cross-group HAs of type A influenza viruses
(Corti et al. 2011; Nakamura et al. 2013), and CR9114, which is reactive against
HAs of both influenza A and B viruses (Dreyfus et al. 2012). However, the number
of stalk-reactive antibodies described is growing rapidly. Several laboratories,
including that of Patrick Wilson’s at the University of Chicago, have isolated, but
not yet fully characterized, large numbers of antibodies belonging to each of the
aforementioned categories (Corti et al. 2010; Wrammert et al. 2011; Li et al. 2012;
Thomson et al. 2012; Nakamura et al. 2013; Whittle et al. 2014).

In contrast to canonical neutralizing HAI active antibodies that function by
blocking the interactions between the RBS and the host receptor, stalk-reactive
antibodies work through a plethora of mechanisms downstream of the initial binding
event. First and foremost, stalk-reactive antibodies prevent fusion of the viral and
endosomal membranes during acidification of the endosome (Ekiert et al. 2009;
Wang et al. 2010b; Tan et al. 2012; Brandenburg et al. 2013). Antibodies bind to the
HA outside of the cell and are then (likely) imported into the endosome together with
the virus. To allow progression of the viral lifecycle, the HA must undergo a con-
formational change that triggers membrane fusion, upon acidification of the endo-
some. Stalk-reactive antibodies prevent this conformational step by locking the HA
in the pre-fusion conformation. It has been shown that C179 interacts with about
70 % of the HA trimers of an influenza virion at neutralizing concentrations of as low
as 25 pg/ml (Okuno et al. 1994). In addition, stalk-reactive antibodies are also able to
inhibit viral egress and cleavage of HA by blocking access to the proteolytic cleavage
site between HA1 and HA2 (Ekiert et al. 2009, 2011; Krammer and Palese 2013;
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Friesen et al. 2014). Finally, stalk-targeting antibodies can limit viral spread through
complement dependent lysis and antibody-dependent cell mediated cytotoxicity
(Terajima et al. 2011; Dilillo et al. 2014). Typically, such antibodies interact with
antigen by binding to accessible hydrophobic pockets located within the HA stalk.
Notably, a large majority of the stalk binding antibodies employ a heavy chain-
directed interaction with HA in which hydrophobic residues present in an extended
heavy chain complementarity determining region (HCDR) (typically, but not
exclusively HCDR2 or 3) interact with hydrophobic residues present in the HA to fill
a hydrophobic pocket (Table 1). Correct positioning of the extended loop is sup-
ported by further mutations present in the same and other CDRs. The germline heavy
chain gene Vh1-69 appears to be frequently employed in the generation of antibodies
that interact with epitopes in the HA stem, possibly due to the presence of several
hydrophobic residues encoded in this gene. Since stalk-reactive antibodies have very
broad therapeutic activity, they are currently being considered and tested as anti-viral
therapeutics in humans. Furthermore, they serve as important tools for antibody-
guided universal vaccine approaches (see Sect. 4 below).

2.2 Receptor Binding Site-Reactive Neutralizing Monoclonal
Antibodies

The globular head region of HA is considered to be hypervariable at multiple sites
(Gerhard et al. 1981; Caton et al. 1982; Brown et al. 1990), resulting in the antigenic
drift that is responsible for the narrow strain specificity of currently licensed influ-
enza vaccines. However, due to functional constraints associated with HA binding to
the sialic acid receptor, there is a highly conserved region of the HA globular head
which encompasses the RBS (Wilson et al. 1981; Weis et al. 1988). Advances in
cloning and screening technologies have permitted the identification of increasing
numbers of neutralizing monoclonal therapeutic vaccine antibodies specific to HA
including a small number of broadly neutralizing antibodies that map to a previously
unappreciated epitope close to and overlapping with the RBS of the protein (Ekiert
et al. 2009; Yoshida et al. 2009; Krause et al. 2011; Ohshima et al. 2011; Whittle
et al. 2011; Lee et al. 2012; Xu et al. 2013) (Table 1). These newly isolated anti-
bodies may be of therapeutic interest, as they may confer significantly broader
protection from influenza viruses Influenza infection and disease than -specific
antibodies that interact with the conventional antigenic sites. These RBS-directed
antibodies may also be refractory to virus-mediated escape from protection. Of
further interest, such antibodies appear to possess several common features that may
be associated with their reactivity. Several RBS-specific antibodies bind antigen
predominantly through heavy chain directed interactions, and have unusually long,
somatically hypermutated CDRs. Additionally, multiple studies have indicated that
avidity may be an important mechanism that increases the neutralizing breadth of at
least some of these antibodies (Ekiert et al. 2012; Lee et al. 2012).
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The epitope(s) recognized by several RBS-targeting bnAbs include(s) a strictly
conserved hydrophobic tryptophan residue within the floor of the RBS groove, at
HAT1 position 153. This amino acid residue appears critical in the binding of
several of the recently described bnAbs to the HA protein.

One recent study has demonstrated that three human mAbs conferring atypi-
cally broad, pan-H2 subtype neutralization activity (Xu et al. 2013) similarly
exploit aromatic residues in the CDRs of their respective heavy chains. These
antibodies utilize the presence of other supporting changes from germline
sequences in order to interact with the receptor binding pocket of the HA. The
interactions are characterized by the extension of the heavy chain into the RBS
pocket, resulting in an antibody—antigen interaction footprint of approximately
200 A? or more, out of a total antibody-antigen interaction of approximately
800 A%. The hydrophobic residues on antibody and antigen interact by 7-7
stacking to fill a hydrophobic cavity in the RBS. Intriguingly, this raises the
possibility that by focusing the interaction between HA and mAb on a few critical,
highly conserved residues thus limiting the contribution of supporting interactions
surrounding the RBS, such RBS-directed antibodies may limit the loss of binding
upon subsequent genetic drift in the hypervariable antigenic sites of the HA. The
downstream consequence of such binding would be greater broadly neutralizing
activity. Antibody COS, which binds and neutralizes multiple strains belonging to
group one and two subtypes (Kashyap et al. 2008, 2010) has been shown to
interact with the influenza HA via ©-n stacking of HA1 TRP 153 with a hydro-
phobic residue in a CDR of the antibody heavy chain (Ekiert et al. 2012; Xu et al.
2013). mAbs COS5, 2G1, 8M2, 8F8, S139/1, CH65, and likely F045-092 and F026-
427 (Ohshima et al. 2011; Whittle et al. 2011; Ekiert et al. 2012; Lee et al. 2012;
Xu et al. 2013), (Table 1), also possess residues in the HCDR domains which
interact with the RBS of hemagglutinin.

The germline gene V,,1-69, which encodes the variable heavy region of human
immunoglobulin genes, partially encodes three out of nine of these broadly neu-
tralizing mAbs. The repeated use of the V;,1-69 gene may be due to the unique
presence among variable heavy genes of two hydrophobic residues encoded in this
germline sequence (Ile 53 and Phe 54). These hydrophobic residues may give Vj1-
69 encoded mAbs a selective advantage in terms of initiating and subsequently
increasing the strength of interactions with the hydrophobic pocket of the HA RBS
through somatic hypermutation. However, it is important to keep in mind that
alternative germline genes, for example V,3-33 and V,3-23, can also encode RBS-
specific bnAbs. Such antibodies function, at least in some cases, through a
mechanism similar to that of 2G1, except that the antigen-interacting hydrophobic
residues present in their CDR domains are obtained through somatic hypermuta-
tion, as opposed to being encoded in the germline. The ability to generate bnAbs
from multiple germline alleles is an important consideration when developing
broadly protective vaccines, as a critical criterion for such strategies will be the
ability to elicit neutralizing responses from a genetically diverse population.
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2.3 Vestigial Esterase Domain-Reactive Neutralizing
Monoclonal Antibodies

A third non-conventional, conserved neutralizing epitope in the influenza viruses
Influenza HS hemagglutinin and a cognate antibody were identified in 2013. The
neutralizing mAb (H5M9) was crystallized in association with the HA, and the
structure demonstrated that the antibody does not interfere with receptor binding.
Instead HSM9 recognizes an epitope that includes amino acids 273-278 in the
conserved vestigial esterase domain, as well as residues 53-62, 78-83a, and
117-119 of the HA molecule (Zhu et al. 2013). A second antibody (HA-7) gen-
erated against the H5S HA from A/Anhui/1/2005, that is specific for a putative
overlapping epitope including HA residue E83a, was independently reported (Du
etal. 2013). One possible explanation for the observed broadly neutralizing activity
of these mAbs is that they inhibit the conformational rearrangement of the HA.

3 Induction of Stalk-Reactive Antibodies by Natural
Infection and Standard Vaccination

Until recently, quantitative data about the frequency of stalk-reactive antibodies in
serum was unavailable. Qualitative studies analyzing plasmablast and memory
B-cells indicated that stalk-reactive antibodies could be found only occasionally in
humans exposed to seasonal influenza viruses by vaccination, or in one cited study,
infection (Throsby et al. 2008; Wrammert et al. 2008; Corti et al. 2010; Moody et al.
2011). However, a higher frequency of these antibodies was found after infection or
vaccination with pandemic HIN1 (Wrammert et al. 2011; Li et al. 2012; Thomson
et al. 2012). The first quantitative approach to measure stalk-reactive antibodies in
human sera was made by Sui and colleagues using a competition-based assay
involving the stalk-reactive antibody F10. These authors found a wide prevalence of
F10-like antibodies in human sera, yet such antibodies exist at low levels. It is
estimated that they account for approximately 0.001 % of total antibody (Sui et al.
2011). Using chimeric HAs that consisted of group 1 or group 2 stalks (H1 and H3
subtype respectively) and exotic head domains (Fig. 1) to which humans are naive,
stalk-reactive antibodies in sera were detected directly (Hai et al. 2012). Assays for
detection of stalk-binding antibodies have been reported that use recombinant cHA
in ELISA or other immuno-based assays (Tan et al. 2012) or by using
cHA-expressing viruses that have irrelevant neuraminidases (usually N3) in neu-
tralization assays. Using cHAs as substrate, Pica and colleagues demonstrated that
individuals infected with pandemic HIN1 developed a strong response to the HA
stalk domain (Pica et al. 2012). These data are consistent with studies performed in
the Wilson and Schrader laboratories (Wrammert et al. 2011; Li et al. 2012; Thomson
etal. 2012), which found that stalk-reactive antibodies represented an estimated 7 %
of the total serum IgG of human individuals and also reported strong cross-reactivity



310 F. Krammer et al.

—
i)
—
¥ g % b=
w
Globular head
domain

= =
w
Stalk domain

prime with cH5/3 construct boost with cH7/3 construct boost with cH10/3 construct

Fig. 1 Schematic of a chimeric HA-based vaccination strategy. a Chimeric HAs are combina-
tions of heterosubtypic head domains with stalk domains of H1 (Group 1) or H3 (Group 2) HAs.
Here we show a chimeric H5/H3 HA which consists of the membrane distal head domain of H5
HA (red) and the membrane proximal stalk domain of H3 HA (green). A disulfide linkage between
cysteines 52 and 277 (indicated in yellow) serves to demarcate the stalk and head domains.
b Vaccination regimen based on chimeric HAs. Vaccination with chimeric H5/H3 HA induces a
primary response against the H5 head and an almost undetectable response against the
immunosubdominant H3 stalk domain. Upon sequential boosting with chimeric H7/H3 HA (H7
head (blue) on top of H3 stalk (green)) and chimeric H10/H3 HA (H10 head domain (golden) on
top of an H3 stalk domain (green)), only a primary response is mounted against the heterosubtypic
head domains but antibody titers against conserved epitopes in the H3 stalk domain are boosted.
All structures are based on PDB# 1RU7 and were visualized in Protein Workshop. Modified from
Krammer et al. (2014b)

to H5 HA. Since earlier qualitative studies found no or very low levels of stalk-
reactive antibodies in individuals exposed to seasonal influenza viruses (Wrammert
et al. 2008; Corti et al. 2010; Moody et al. 2011) (by vaccination and/or infection) it
has been suggested that the unique combination of a conserved stalk to which people
were already primed and a new head domain to which people were naive (the head
domain of pHINT1 and sHIN1 share less than 70 % amino acid identity) specifically
boosted stalk-reactive antibodies (Pica et al. 2012). The same phenomenon was also
observed in the mouse model, where animals sequentially infected with two drifted
sHINI strains developed significantly lower levels of stalk-reactive antibodies than
animals sequentially infected with sHIN1 and pHINI1 strains (Krammer et al. 2012).
Moreover, individuals exposed to the A/New Jersey/76 HIN1 swine influenza virus
vaccine (in which the HA is only distantly related to seasonal HIN1 HA) showed
higher levels of stalk-reactive antibodies than unvaccinated individuals (Miller et al.
2013Db). In a longitudinal study that examined immunity to influenza virus in a sub-
cohort of the Framingham heart study, researchers found that people exposed to
H2N?2 virus had higher group I stalk titers than individuals who had no HI antibodies
against this virus subtype (Miller et al. 2013a). Since the stalk domain is relatively
conserved among all group 1 HAs (H1, HS5, H6, H8, H9, H11, H12, H13, H16, H17,
and H18), it is likely that exposure to H2—which has a completely different head but
a conserved stalk—boosted stalk-reactive antibody titers. The same study also



Advances in Universal Influenza Virus Vaccine Design 311

reported that group 1 stalk-reactive antibodies are in general present at higher titers in
humans than group 2 stalk-reactive antibodies (Miller et al. 2013a). This makes sense
considering group 1 HA viruses have circulated as drifted strains of multiple sub-
types in the human population during the last 100 years, with varying globular heads
but relatively conserved stalk domains. In contrast, a single subtype of group 2 HA
virus, H3N2, has circulated in humans over the same period of time (Fig. 2).
However, there is also evidence that group 2 stalk-reactive antibodies, mainly
induced by natural infection, are present at low levels in the population (Margine
et al. 2013a). In a recent study it was shown that individuals infected with H7N9
virus—which has a conserved group 2 stalk but a head domain that is quite divergent
from H3—had elevated levels of group 2 cross-reactivity likely based on stalk-
reactive antibodies (Guo et al. 2014). Similarly, group 1 stalk-reactive antibodies
could be isolated from humans infected with HSN1 influenza viruses Influenzaor
vaccinated with HSN1 hemagglutinin (Kashyap et al. 2008; Whittle et al. 2014).
Based on these data it has been hypothesized that baseline levels of stalk-reactive
antibodies are induced in the population primarily by natural infection, and that these
antibodies can then be boosted by exposure to divergent HAs that share a conserved
stalk domain with the priming virus. Such events have occurred in 1957, when people
primed by HIN1 were subsequently exposed to H2N2 and again in 2009 when people
primed by sHIN1 (and H2N2) were exposed to pHINT1 (Palese and Wang 2011). In
each case, the virus circulating before the introduction of the novel pandemic virus
disappeared, suggesting that elevated stalk-reactive antibody levels might play an
important role in the elimination of seasonal influenza viruses from the human
population (Palese and Wang 2011). The extinction of H2N2 in 1968 provides an
exceptional case as its disappearance was likely caused by the induction of cross-
reactive N2 NA antibodies by H3N2. Stalk-reactive antibodies are unlikely to be
responsible for elimination of the preceding virus lineage in this example, since H2
and H3 belong to different HA groups and antibodies cross-reactive against group 1
and group 2 are extremely rare.

4 Stalk-Based Universal Influenza Virus Constructs

4.1 Stalk-Based Vaccine Constructs Lacking
the Hemagglutinin Globular Head

As the globular head domain of the influenza HA possesses the immunodominant
epitopes of the protein, early attempts to induce antibodies specific for the stalk
domain focused on generating antigens in which the globular head domain was
absent. Graves and colleagues used a whole influenza virus which had been
chemically treated to remove the globular head of the HA as an immunogen in
mice. This strategy succeeded in eliciting serum antibodies directed towards the
stem domain (Graves et al. 1983). In 1993, Okuno et al. (1993) identified a mAb
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Influenza viruses circulating in the human population
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Fig. 2 Circulation of influenza virus strains in the human population since 1918. Influenza A and
B viruses have circulated in humans continuously throughout the twentieth and twenty-first
centuries. Multiple influenza A virus lineages have circulated during the same time period. HIN1
was introduced into the human population in 1918 and induced a baseline level of anti-group 1
stalk (Anti-G1 stalk) and anti-N1 NA antibody titers. Titers likely remained stable in the
population till 1957 when H2N2 crossed the species barrier into humans. H1 and H2 HAs belong
to group 1, with highly similar stalk domains but more divergent globular head domains. The
introduction of H2N2 might therefore have boosted antibodies against conserved epitopes in the
stalk domain which in turn contributed to the extinction of HINI in humans in 1957.
Furthermore, the introduction of H2N2 would have induced baseline titers of anti-N2 NA
antibodies in the population. H2N2 circulated from 1957 till 1968 when H3N2 was introduced.
H3 HA is a group 2 HA, divergent from group 1 H2 HA, but the NA is highly related to the N2 of
H2N2. The combination of novel HA with an NA for which humans were already primed might
have boosted anti-N2 NA titers, facilitating the elimination of H2N2 from the population. After
1968 N2 NA titers may have declined to 1957-1968 levels due to population turnover. Also,
introduction of H3N2 would have induced baseline antibody titers against the stalk of group 2 HA
(anti-G2 stalk). N1 titers probably started to decline after 1957 due to population turnover but
were brought back to baseline in 1977 when HIN1 was re-introduced. Similarly, anti-group 1 HA
stalk titers probably started to decline on a population level back to the 19181957 baseline until
2009 when they were boosted by the 2009 pHINI virus

(C179) which was directed against the stalk region of the HA and conferred
protection from challenge with an H1 subtype influenza virus in mice (Okuno et al.
1994). Sagawa et al. (1996) transfected a headless construct of an H2 HA into cells
and when these same transfected cells were used to immunize mice partial pro-
tection following viral challenge with an HIN1 virus was observed. Similarly, a
headless HA construct based on the A/PR/8/34 HA generated stalk-specific sera
possessing pan-H1 subtype cross-reactivity in ELISA assays. Immunization with
such constructs protected mice from lethal challenge (Steel et al. 2010).
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Fig. 3 The three main epitopes on the HA stalk domain. a shows the structure of H3 HA (green)
in combination with mAb CR8020 (Fab, purple). The footprint of CR8020 represents so far the
most membrane proximal epitope on the stalk and is shared with CR8043. b The structure of H3
HA (green) with mAb CR9114 (Fab, purple). CR9114 uses a footprint that overlaps with most
isolated stalk-reactive antibodies including CR6261, F10, FI6, and C179. ¢ The epitope of mAb
12D1 (in red, here shown on an H3 HA) is so far the most membrane distal epitope on the stalk
domain. Structures are based on PDB# 3SDY (a, ¢) and 4FQY (b) and were visualized in Protein
Workshop

Interestingly, although ELISA titers to the homologous protein (PR8) were higher
in animals vaccinated with full length hemagglutinin than those who received
headless HA, the antibody titers to heterologous and heterosubtypic HA protein in
ELISA assay were lower in those mice vaccinated with full length hemagglutinin
(Steel et al. 2010).

A neutralizing epitope present in the alpha-helical portion of the influenza
hemagglutinin HA2 domain (amino acids 76-130 (HA2)) and recognized by the
neutralizing mAb 12D1 (Fig. 3) has been identified by Wang et al. (2010b). When
this epitope was used to immunize mice, animals were protected from lethal
challenge with either H3N2 or H5N1 subtype influenza viruses (Wang et al. 2010a).
Two distinct epitopes in the hemagglutinin stem domain have additionally been
identified through crystallographic studies that employed stem-directed mAbs in
complex with the hemagglutinin molecule (Fig. 3) (Corti and Lanzavecchia 2013;
Subbarao and Matsuoka 2013).

While it has been established that headless HA vaccination strategies can lead to
the generation of higher levels of cross-reactive serum antibodies than identical
vaccination regimens using full length HA antigen (Steel et al. 2010), headless
hemagglutinin based approaches suffer considerably from inaccurate protein folding
and poor antigen expression (Steel et al. 2010). In this regard, recent studies from Lu
etal. (2014) and Bommakanti et al. (2010, 2012) aimed to improve the expression of
the HA2 domain. Experiments by Lu et al demonstrated that a rationally engineered
headless HA molecule that retains the antigenically conserved sites on the HA stalk
can be expressed at very high concentration and be recognized by conformationally
dependent stem-specific antibodies. The HA antigen has amino acid changes
introduced into the construct, which alter intramolecular electrostatic interactions
and reorganize intramolecular disulfide bonds, leading to expression of a stabilized
protein (Lu et al. 2014). Bommakanti and colleagues similarly demonstrated sta-
bilization of the stem domains of both group 1 and group 2 HA molecules through
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the introduction of mutations that replaced solvent exposed hydrophobic patches
with polar residues. These regions were revealed by removal of the globular head.
Working in the mouse model, the authors went on to demonstrate that this stabilized
construct could protect animals from both lethal homologous and heterologous
challenge (Bommakanti et al. 2010, 2012). Advances leading to the stable expres-
sion of structurally accurate headless HA antigens stand to increase the protective
potential of vaccines based on headless HA approaches.

4.2 Chimeric Hemagglutinin-Based Vaccine Constructs

An alternative strategy to induce stalk-reactive antibodies is based on the obser-
vation that sequential exposure to influenza viruses with divergent head but con-
served stalk domains refocuses the immune response to the usually subdominant
stalk. Vaccination with chimeric HAs exploits this approach. Chimeric HAs
consist of H1 (group 1) or H3 (group 2) stalk domains combined with ‘exotic’ head
domains, usually of avian origin (Hai et al. 2012). A conserved disulfide bond
between cysteines 52 and 277 is used to demarcate the head and stalk domains.
The region between these amino acids represents the head domain while the rest of
the HA ectodomain is comprised of the stalk domain (N- and C-terminus of the
HA1 and the ectodomain of HA2). The use of a heterologous head domain sta-
bilizes structural epitopes in the stalk domain. Importantly, the stalk, in contrast to
many headless HA approaches, is correctly folded and fully functional. In fact,
influenza viruses Influenza expressing cHAs can be rescued and grown to titers
comparable to wild type in embryonated eggs and cell culture (Hai et al. 2012). It
was subsequently shown that sequential vaccination with different cHAs that have
the same stalk but divergent heads induces high titers of stalk-reactive antibodies
in mice and ferrets and broadly protects from lethal challenge with divergent group
1 and group 2 viruses including HSN1 and H7N9 viruses (Krammer and Palese
2013, 2014; Krammer et al. 2013, 2014a, b; Margine et al. 2013b). However, it is
important to note that to date no cross-group protection has been observed
(Krammer et al. 2013). Animals vaccinated with group 1 constructs failed to
mount titers against the group 2 stalk and were not protected from group 2 (H3N2)
virus challenge. This indicates that a successful cHA-based vaccine should min-
imally include three components: a group 1, a group 2 and an influenza B cHA
(Krammer and Palese 2014). Chimeric HA based vaccine approaches have been
successfully applied in the form of DNA vaccines, recombinant protein vaccines
and viral vectors as well as in combination with several experimental adjuvants
including oil-in water emulsions similar to the ones licensed for use in humans
(Goff et al. 2013; Krammer and Palese 2013, 2014; Krammer et al. 2013, 2014a, b;
Margine et al. 2013b). Vaccination with viruses expressing cHAs with exotic
heads and N1 or N2 NAs may also enhance the immune response to the relatively
conserved NAs. The resulting immune response, based on stalk-specific as well as
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NA-specific conserved epitopes may afford the cross protective responses neces-
sary for a universal influenza virus vaccine.

4.3 Other Approaches

In addition to headless and chimeric HA constructs, a number of other strategies
have been attempted to induce neutralizing antibodies to the HA stem. A vaccine
based on the completely conserved fusion peptide was able to provide protection
against homologous and heterosubtypic challenge (Janulikové et al. 2012). Fur-
thermore, rationally designed nanoparticles based on the Flock House virus capsid
have been used to elicit CR6261-like antibodies (Schneemann et al. 2012). A
bacterial ferritin nanoparticle displaying HA trimers on its surface was also able to
induce broadly reactive antibodies against both the head as well as the stalk
domain of H1 and protected ferrets from heterologous HIN1 challenge (Kanekiyo
et al. 2013). However, this approach was unable to elicit significant amounts of
heterosubtypic immunity (Kanekiyo et al. 2013). Finally regimens using DNA or
live virus priming followed by inactivated virus boosts are currently being
investigated as novel strategies to increase broadly neutralizing antibody responses
(Wei et al. 2010; Talaat et al. 2014).

5 Conclusions and Future Perspective

Recent developments in technologies that allow screening for and isolation of Abs
derived from humans and animals exposed to influenza viruses Influenza antigens
have expanded the extent of our knowledge on the repertoire of antibodies that are
generated in response to influenza viruses. Examples of relatively rare, or previ-
ously unrecognized, classes of broadly neutralizing antibody have been identified,
and common themes are emerging in relation to the mechanisms of neutralization
of these antibodies. Biochemical, virological, as well as crystallography-based
studies have allowed the detailed characterization of these novel antibodies, which
map to conserved epitopes on group I or group II HA proteins (stem or globular
head domains). These antibodies neutralize virus through distinct mechanisms,
such as inhibition of receptor binding or fusion of the viral and cellular mem-
branes. The availability of multiple classes of antibodies that neutralize virus
through different mechanisms, as well as antibodies that function through a single
mechanism but bind to the viral antigen using differing fine specificities, provide
opportunities to develop multi-drug cocktails for use in humans.

Furthermore, the recent surge of interest in bnAbs, especially those antibodies
that recognize the stalk domain of the hemagglutinin molecule, have stimulated
research into the development of alternative influenza virus vaccines and vaccine
regimens, in order to elicit greater cross protective responses to influenza virus.
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Considerable progress has been made towards demonstrating the potential utility
of headless and chimeric hemagglutinin-based antigens, but further research is
needed to understand how best to direct the antibody response to conserved epi-
topes and how to optimally elicit potent antibodies specific to such conserved
epitopes. Efforts towards improved influenza vaccines designed to induce the
broadest and most potently protective responses would greatly benefit from a
better understanding of the immunological correlates of protection from disease.
Taken together, the data reviewed here highlight the exciting advances being made
to fulfill the vital and unmet need for improved influenza vaccines and vaccination
practices.
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