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Recombinant subunit vaccines based on hemagglutinin
proteins produced in bacteria (bacterial HAs) are prom-
ising candidates for enhancing the supply of vaccines
against influenza, especially for a pandemic. Over 20
years after the failure to obtain the antigen with native
HA characteristics in the early 1980’s, there are increas-
ing data on successful production of HA proteins in bac-
teria. The vast majority of bacterial HAs have been based
on the HA1 subunit of HA expressed separately or as a
component of conjugate vaccines, but those based on
the ectodomain and the HA2 subunit have also been
reported. The most of HAs have been efficiently ex-
pressed as insoluble aggregates called inclusion bodies.
Refolded and purified proteins were extensively studied
for structure, the ability to bind to sialic acid-containing
receptors, antigenicity, immunogenicity and efficacy.
The results from these studies contradict the view that
glycosylation determines the correct structure of the
hemagglutinin, as they proved that bacterial HAs can
be valuable vaccine antigens when appropriate folding
and purification methods are applied to rationally de-
signed proteins. The best evidence for success in bacteri-
al production of protective HA is that vaccines based on
proprietary Toll-like Receptor (Vaxinnate) and bacterio-
phage QB-VLPs (Cytos Biotechnology) technologies have
been advanced to clinical studies.
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INTRODUCTION

Research on subunit vaccines against influenza re-
sponds to the demand for technology that would allow
the efficient production of the vaccine in a relatively
short time, contrary to the traditional egg- or cell cul-
ture-based manufacturing (Osterholm ez 4/, 2012). The
availability of such technology would be useful for sea-
sonal vaccine production, especially as vaccine antigens
need to be matched to circulating strains of influenza vi-
rus on an annual basis. This is of special importance in
case of a pandemic flu threat, as was highlighted by the
emergence of the 2009 HIN1 swine influenza virus pan-
demic (HIN1pdm09). Currently, the highly pathogenic
avian influenza virus (HPAIV) H5N1 poses a perma-
nent pandemic threat as there is still a risk that the vi-
rus will acquire the ability of direct transmission between
humans. Moreover, emerging disease outbreaks often

of epizootic characteristics are accompanied by high in-
fectivity and mortality among birds, including domestic
avian species. Therefore, the development of efficacious
influenza vaccines against H5N1 HPAIV is of veterinary
and public health significance. An important advantage
of the subunit vaccines against HPAIVs is that their us-
age does not interfere with epidemiological surveillance,
as the serological differentiation of naturally vaccinated
animals/flocks from vaccinated ones is possible. The so-
called DIVA (differentiation of infected from vaccinated
animals) strategy is a prerequisite for vaccinations against
avian influenza (Suarez, 2005).

The obvious candidates for the production of subu-
nit vaccines against influenza are the major surface gly-
coproteins of influenza viruses: hemagglutinin (HA) and
neuraminidase (NA), since they induce a specific humot-
al immune response that provides immunity or recov-
ery after the infection (McMurry ¢/ a/, 2007). Immunity
induced by HA and NA wvaries considerably (Johansson
et al., 1989; Sylte & Suarez, 2009) because of different
roles they play in the life cycle of influenza viruses. By
binding to sialic acid residues of host cell receptors, HA
allows internalization of the influenza viruses by endocy-
tosis, and then mediates the fusion of viral and cellular
membranes leading to the release of viral RNA to the
cytoplasm and virus replication (Skehel & Wiley, 2000).
NA is an enzyme that cleaves terminal sialic acid resi-
dues from the oligosaccharide chain which determines
the release of progeny virus from infected cells and
thereby the virus spread (Lamb & Choppin, 1983). An-
tibodies against HA generated both during infection and
vaccination have the ability to neutralize influenza virus-
es (Wilson & Cox, 1990). In contrast, anti-NA antibod-
ies, referred to as infection permissive, do not prevent a
viral infection and act at a later infection stage. There-
fore, HA is considered as the main constituent of subu-
nit vaccines, while NA as an additional component en-
hancing vaccine effectiveness (Johansson & Brett, 2007).
HA is also an immunodominant antigen in conventional
vaccines against influenza (Sylte & Suarez, 2009).

Hemagglutinin is synthesized as a single polypeptide
chain, the so-called precursor HA (HAO), containing a
hydrophobic signal sequence, HA1 and HA2 subunits
separated by the cleavage site for proteolytic enzymes
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(Wilson & Cox, 1990). The apolar region of the HA2
subunit adjacent to the cleavage site is referred to as a
fusion peptide (Skehel ez al, 2001). HA is classified as an
integral membrane protein with a large hydrophilic do-
main on the external surface of the membrane, a small
hydrophobic transmembrane domain, and a hydrophilic
cytoplasmic domain on the internal side of the mem-
brane (Wilson e# al, 1981). The transmembrane and cy-
toplasmic domains are formed by C-terminal fragments
of the HA2 subunit. Posttranslationally, HA undergoes
host-cell dependent glycosylation and is cleaved to subu-
nits connected by a disulfide bridge. Cleavage of HAO
is a prerequisite for protein activation, which determines
infectivity of influenza viruses (Skehel & Wiley, 2000).

Up to date, crystal structures of several HAs have
been solved. All of them share a similar three-dimen-
sional structure. The protein consists of a globular
domain formed by the HA1 subunit and the stem do-
main formed largely by the HA2 subunit, but also by
amino acid sequences from the N- and C-termini of
the HA1 subunit (Wilson e a/, 1981; Ha ez al., 2002).
The globular domain of HA contains the receptor-
binding subdomain, by which the virus binds to the
host cell, while the fusion of viral and endosomal
membranes is mediated by the stem domain (Wilson
et al., 1981; Skehel & Wiley, 2000). The HA2 subu-
nit of the stem is responsible for the formation and
stability of the HA homotrimer and its anchorage in
the lipid envelope of influenza viruses (Wilson e/ al,
1981). Cleavage of HA results in structural rearrange-
ments (Chen ef al, 1998) such as upon reduction of
the pH in the endosome to ~5, the protein adopts a
fusogenic conformation in which the fusion peptide is
exposed, binds to the endosomal membrane and fu-
sion takes place (Skehel & Wiley, 2000).

The globular domain of HA comprises epitopes,
which are targeted by antibodies neutralizing virus infec-
tivity by interference with binding of viruses to the host
cell receptors (Wiley e7 al, 1981; Bizebard et al, 1995;
Fleuty et al, 1999). Antibodies to the stem domain are
able to neutralize the virus infectivity by blocking mem-
brane fusion (Okuno e al, 1993; Ekiett et al., 2009; Sui
et al., 2009). Antibodies against the HA1 subunit cross-
linking globular domains of the HA trimer could also
have the ability to prevent membrane fusion (Barbey-
Martin ez al, 2002). Due to the variability and suscep-
tibility to mutations (Shih ez a/, 2007), the globular do-
main is considered as an immunogenic HA fragment
for subtype-specific vaccine production. In contrast, the
stem region is relatively well conserved among different
HA subtypes (Krystal ef al, 1982), and therefore is seen
as the target for the universal vaccine development (Pica
& Palese, 2013).

CHALLENGES OF BACTERIAL HEMAGGLUTININ
PRODUCTION

The first research on HA protein expression in
bacterial cells (the bacterial HA) was undertaken
in the early 1980’s. Attempts to obtain direct ex-
pression of HA proteins failed because of the pro-
tein instability in bacterial cells similar to that ob-
served for other complex heterologous proteins ex-
pressed bacterially at that time (Davis e al, 1981).
For efficient expression, the fragments of influen-
za virus HA were produced in fusion with bacte-
rial proteins: B-galactosidase (Davis ez al, 1981) or
trpLE’> (Davis ef al, 1983). Studies on the antigenici-

ty and immunogenicity of the obtained bacterial HA
showed that the protein structures are quite different
from those displayed by the native protein (Davis ef
al., 1981; 1983; Nayak e al., 1985). At the same time,
recombinant HAs (rtHAs) with biological and struc-
tural characteristics similar to native viral HA were
obtained in the eukaryotic (animal cell cultures, yeast)
expression systems (Nayak ez a/, 1985).

The potential difficulties of efficient production
of properly folded bacterial HA, such as the pres-
ence of three hydrophobic regions (signal sequence,
fusion peptide, transmembrane domain) and lack of
glycosylation, were already secen at the first attempts
to obtain the antigen by direct expression in prokary-
otic cells (Davis ez al., 1981; 1983; Nayak ez al., 1985).
In bacteria, large hydrophobic regions of proteins
are recognized as misfolded and undergo degradation
(Baneyx & Mujacic, 2004), and this limits or prevents
bacterial expression of transmembrane proteins. Be-
sides, such proteins are usually lethal when expressed
in bacterial strains commonly used in the production
of biopharmaceuticals. Although the strains of bac-
teria intended for the production of transmembrane
proteins are currently available (Miroux & Walker,
1996; Dumon-Seignovert e al., 2004), hydrophobicity
will always decrease expression levels. On the other
hand, experience with HA expression in mammalian,
insect and yeast cells suggests that soluble HA pro-
teins based on the ectodomain of viral HA can be
valuable immunogens (Saclens ez al., 1999; Wei et al.,
2008; Bosch ez al., 2010; Cornelissen e al., 2010; Wel-
don ef al., 2010; Loeffen e/ al., 2011).

Glycosylation is known to play an important role
in HA folding during viral multiplication in host cells
(Roberts ez al., 1993). For this reason, the widely ac-
cepted view over the years was that HA glycosylation
determines the correct structure of the protein, and
the lack of glycosylation is the cause of failures in ob-
taining valuable vaccine antigens with the bacterial ex-
pression system (Davis e# al., 1983; Nayak ez al., 1985).
On the other hand, it is known that oligosaccharides
attached to viral HA can modulate protein antigenicity
by epitope masking and interfering with their recogni-
tion by the respective antibodies (Skehel ez a/, 1984,
Wiley & Skehel, 1987). More recently, experimental
data concerning the impact of glycosylation status on
conformation, host cell receptor binding activity, anti-
genicity, immunogenicity, and efficacy of the HA pro-
teins have been published (Bright ez a/, 2003; Wang ez
al., 2009; de Vries e al., 2012). Altogether these data
justify the view that the removal of structurally nones-
sential glycans on viral surface glycoproteins (Wang ef
al., 2009), or avoiding glycosylation (Xuan ef al., 2011)
may constitute effective approach for vaccine design
against influenza. The vaccine strategy relying on non-
glycosylated HA protein has been accomplished with
bacterially produced antigens. However, it should be
noted that obtaining glycosylated proteins by overex-
pression in bacteria is possible owing to the discovery
of the N-glycosylation system in Campylobacter jejuni
(Wacker ef al, 2002). Indeed, glycosylation of HAI1
subunit of H1 HA in recombinant E. ¢/ containing
the glycosylation system of C. jguni has been con-
firmed (Farahmand ez o/, 2012).

The main challenge of bacterial HA production is
the development of a refolding method, which would
allow to obtain the antigen similar to viral HA even
though the HA protein can be efficiently produced
in bacteria cells as a nonglycosylated protein, in addi-



Vol. 61

Influenza virus hemagglutinin as a vaccine antigen

563

Table 1. Bacteria-expressed proteins based on HA1 subunit of HA

HA protein

Influenza virus strain

Reference

< H5(1-340 aa) >

A/H5N1/Ck/Hatay

A/Chicken/Hatay/04

Shen et al., 2008

H5(1-346 aa)*

A/H5N1/VN, HK, THA

consensus sequence of
A/Vietnam/1194/04
A/Hong Kong/483/97
A/Thailand/LFPN-2004/04

Chiu et al., 2009

H1(1-330 aa)** A/H1N1pdm09/CA07 A/California/07/09 Khurana et al., 2010b
H5(1-330 aa)** A/H5N1/VN A/Vietnam/1203/04 Khurana et al., 2011b
H1(1-320 aa)*** A/H1N1pdm09/CA07 A/California/07/09 Khurana et al., 2011a
A/HTN1pdm09/CA04 A/California/04/09 Khurana et al., 2011b
H5(1-320 aa)*** A/H5N1/VN A/Vietnam/1203/04 Khurana et al., 2011a, b
Verma et al., 2012
A/H5N1/IN A/Indonesia/5/05 Khurana et al., 2011a, b
A/H5N1/WS/Mong A/Whooperswan/ Verma et al., 2012
Mongolia/244/05
H7(1-320 aa)*** A/H7N7/NL A/Netherlands/219/03 Khurana et al.,, 2011b
H3(1-320 aa)*** A/H3N2/WIS A/Wisconsin/15/09 Khurana et al., 2011b
A/H3N2/VIC A/Victoria/210/09 Khurana et al., 2011b
H5(28-320 aa) A/H5N1/VN A/Vietnam/1203/04 Khurana et al., 2011b
. Aguilar-Yanez et al., 2010
H1(63-286 aa)* A/H1N1pdm09/Mex A/Mexico/4603/09 DuBois et al,, 2011
H1(63-286 aa)* .
2xH1(63-286 aa)* A/H1N1pdm09 N/A Sanchez-Arreola et al., 2013
H1(57-264 aa)*
/ H1(57-272 aa) / A/H1N1pdm09/CA04 A/California/04/09 Xuan et al., 2011
/ H1(50-280 aa) /
H3(91-261 aa) A/H3N2/PC A/Port Chalmers/1/73 Jeon & Arnon, 2002

HA(61-287 aa)

A/H1N1, H3N2, H5N1

HTN1 — consensus seq
+ H3N2, H5N1 epitopes

Dukhovlinov et al., 2013

Legend to Table 1: < > purified by electroelution from SDS/PAGE gels, at least partially denatured; *properly folded monomers; **largely trimers/

oligomers from properly folded monomers; ***more stable oligomers; / / refolding efficiency and biochemical properties not satisfactory.

tion devoid of the regions (signal sequence, anchoring
peptide) participating in the formation of higher-order
structures of HA protein during its biosynthesis in
host cells (Wilson e al, 1981). The efforts to preserve
the native structure of the vaccine HA atre reasonable
as most epitopes targeted by neutralizing antibodies
are conformational ones (Wiley e¢f al, 1981). Moteo-
ver, results from studies on rHAs from cukaryotic ex-
pression system indicate that, in addition to a proper
conformation of the HA monomer, the oligomeriza-
tion status of HA antigen has a significant influence
on the level and the quality of the immune response
(Wei et al., 2008; Weldon et al., 2010). The conclusion
is that the trimeric/oligomeric antigens are undoubt-
edly more immunogenic than monomeric ones, but
the oligomerization may also impact on the reper-
toire of induced antibodies (Wilson & Cox, 1990; Wei
et al., 2008; Weldon et al, 2010). In order to obtain
the soluble HA proteins forming desired stable oligo-
meric structures, ectodomain-based antigens produced
in mammalian or insect cells have been expressed to-
gether with intentionally added foreign trimerizing se-
quences (Wei ez al., 2008; Bosch ez al., 2009; Weldon ez
al., 2010; Loeffen et al., 2011).

BACTERIAL HEMAGGLUTININS

The increasing data on three-dimensional structures
of various-origin HAs in conjunction with the possibili-
ties afforded by in silico modeling as well as the devel-
opment of protein bioengineering and biotechnology
have opened up new opportunities for the design of HA
proteins to be expressed in bacterial cells. The currently
ongoing research is focused on HA1 subunit-, HA2 sub-
unit- and ectodomain-based bacterial HAs. Proteins con-
taining the HA1 subunit or its fragment are intended to
provide immunity against influenza viruses of a specified
subtype. Despite of the presence of conservative neutral-
izing epitopes in the HA2 subunit (Okuno ef al, 1993;
Ekiert ez al, 2009; Sui ez al, 2009), the longer HA im-
munogens can also be classified as the subtype-specific,
because the globular domain inhibits immune recogni-
tion of HA stem region presumably through masking or
due to immunodominance (Steel ez al, 2010). As highly
variable antigenic sites of the HA1 subunit are immu-
nodominant, the problem to provide cross-protection
even against related influenza virus strains by vaccina-
tion with HA-based vaccines has also been encountered.
Attempts to provide intra-subtype cross-protection with
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Table 2. Conjugate vaccines with bacteria-expressed HA globular domain

HA protein Influenza virus strain Reference

[H1(101-276 aa) ] A/H1N1/PR8 A/Puerto Rico/8/34 Song et al., 2008

{ H1(53-324 aa)* }

{ STF2.H1(53-324 aa)* }

H1(62-284 aa)*

STF2.H1(62-284 aa)*

STF2.H1(62-284 aa)* A/H1IN1/SI A/Solomon Island /3/06 Song et al., 2008

VAX125 Treanor et al., 2010
Taylor et al., 2011

STF2.H1(63-285 aa)* A/H1N1pdm09/CA07 A/California/07/09 Liu et al., 2011
Hong et al., 2013

VAX128A Taylor et al., 2012

STF2R3.H1(63-285 aa)* Liu et al., 2011

VAX128B Taylor et al., 2012

STF2R3.2xH1(63-285 aa)* Liu et al., 2011

VAX128C Taylor et al., 2012

STF2.H5(62-284 aa)* A/H5N1/VN A/Vietnam/1203/04 Song et al., 2009

| STF2R0.H5(62-284 aa) | Song et al., 2009

STF2R3.H5(62-284 aa)* Song et al., 2009
Liu et al., 2012;

STF2R3.2xH5(62-284 aa)* Liu et al., 2012

STF2R3.H5(62-284 aa)* A/H5N1/IN A/Indonesia/5/05 Liu et al., 2012

STF2R3.2xH5(62-284 aa)*

STF2R3.H5(62-284 aa)* A/H5N1/AN A/Anhui/1/05 Liu et al., 2012

STF2R3.2xH5(62-284 aa)*

Group A (4 disulfide bridges) A/HIN1/PR8m.a. mouse adapted (m.a.) Jegerlehner et al., 2013

gH1_A1* + gH1_A2* A/Puerto Rico/8/34

Group B (2 disulfide bridges)

gH1_B1* + gH1_B4*

Group C (1 disulfide bridge)

[gH1_C11+[gH1_C5]

Vv

QB-gH1_A1=A2 " °

QB-gH1 B1+B3"°

QB-gH1_B4V ins

gH1_A A/H1N1pdm09/CA04 A/California/04/09 Jegerlehneretal.,, 2013

QB-gH1_A

QB-gH5_A v A/H5N1/VN A/Vietnam/1203/04 Jegerlehneretal.,, 2013

A/H5N1/IN A/Indonesia/5/05

QB-gH1_A v A/H1N1/Bris A/Brisbane/59/07

QB-gH3_A v A/H3N2/Uru A/Uruguay/716/07

QB-gH FluB_A v B/Bris B/Brisbane/3/07

gH1_A* A/H1N1pdm09/CA07 A/California/07/09 Skibinski et al., 2013

QB-gH1_A Vi

QB(pGlu)-gH1_A

Gcf(131-230aa) — H1(62-284 aa) A/H1N1/PR8 A/Puerto Rico/8/34 Park & Chang, 2012

Legend to Table 2: [ ] misfolded; { } refolding efficiency not satisfactory; *properly folded; STF2 — type 2 flagellin of Salmonella typhimurium; STF2.
H1(H5), STF2R3.H1(H5), STF2R3.2xH1(H5), STF2R0.H5 — STF:HA fusion proteins in C-term, R3, R3.2xHA and RO formats, respectively; R — replace-
ment of the D3 (R3) or DO (R0O) domain of STF2 with HA protein; R3.2xH1(2xH5) — two HA protein copies per molecule, one in place of the D3
domain, the second one fused to the C-terminus of STF2; | | low TLR5 activity; gH — globular domain; YgH proteins covalently linked to E. coli
produced QB-VLPs derived from bacteriophage Qf with ssRNA inside; ssoluble; rsinsoluble; VIgH proteins covalently linked to QB(pGlu)-VLPs devoid
of ssSRNA; Gcf — respiratory syncytial virus G protein core fragment.



Vol. 61

Influenza virus hemagglutinin as a vaccine antigen 565

Table 3. Bacteria-expressed proteins based on HA ectodomain

HA protein Influenza virus strain Reference

ny (1480 aa” A/HINTpdm09/CA07 A/California/07/09 Khurana et al., 2010b

H5 — 60 kDa A/H5N1/VN A/Vietnam/1203/04 Biesova et al., 2009

H5 — 63 kDa A/H5N1/THA A/Thailand/HA20/05 Horthongkham et al., 2007
msyB:H5 — 97 kDA A/H5N1/Ck/Gd A/Chicken/Guangdong/01 Xie et al., 2009

Legend to Table 3: *properly folded monomers

HA1 subunit containing immunogens focus on both the
antigen design and adjuvants. Data from studies on im-
munogenicity of different glycosylation forms of HA
proteins indicated that the glycosylation state does not
seem to significantly affect the breadth of cross-protec-
tion (Bright ez al, 2003; Wang e/ al., 2009; de Vries e
al., 2012). The possibility to elicit broader protection by
the development of effective vaccine composition was
demonstrated with MF59 adjuvant applied to inactivated-
H5NT1 vaccines (Khurana et a/, 2010a).

A quite new approach to obtaining a vaccine which
would provide intra- or even inter-subtype protection
is engineering the antigen that could focus the immune
response to the aforementioned neutralizing epitopes in
the HA2 subunit (Okuno e af., 1993; Ekiert ez al., 2009;
Sui et al., 2009). For this purpose, the cross-reactive HA2
determinants are being unmasked by removal of the im-
munodominant globular domain from HA proteins, re-
sulting in expression of so-called stalk or stem domain-
based immunogens (Steel ez a/., 2010; Bommakanti ez al,
2010; 2012). On the other hand, universal influenza vac-
cines based on a single or a few conservative epitopes
of influenza virus proteins, including HA and produced
as proteins consisting of repeated sequences of selected
epitopes have also been obtained by expression in bacte-
rial cells (i ef al, 2003; Rudolph & Ben Yedidia, 2011;
Atsmon et al., 2012). The epitope-based vaccines are be-
yond the scope of this review.

Design

The bacterially produced HA proteins based on the
HAT1 subunit, expressed separately or as a component
of conjugate vaccines as well as those based on the
ectodomain and the HA2 subunit of HA are listed in
the Tables 1-4 together with the virus strains from
which the HA sequences were derived. The frag-
ment of H5 HA containing the signal sequence and
the HA1 subunit expressed with (Chiu ez a/, 2009) or
without (Shen ez al, 2008) basic amino acids of the
cleavage site were produced by overexpression in E.
coli. The shorter fragments of the HAT subunit con-
taining the globular domain, expressed in bacteria
with the signal sequences, were obtained by Khurana
and coworkers (2010b; 2011a; 2011b) and Verma and
coworkers (2012). The vaccine project was inspired
by results showing that large fragments of the HA1
subunit encompassing the receptor-binding subdomain
are bound by broadly neutralizing human monoclonal
antibodies (Mabs) from H5NT1 recovered individuals,
and by polyclonal convalescent sera (Khurana ez al,
2009).

Other designs of subtype-specific vaccines against in-
fluenza were based on the assumptions that the isolated

globular domain comprises all well-defined antibody-rec-
ognizing sites (Xuan ef al, 2011), and is able to better
expose the receptor-binding region of HA than subunit
HA1 or ectodomain (Jeon & Arnon, 2002) and further-
more, has much less surface hydrophobicity than the en-
tire HA ectodomain, so it could be expressed with higher
efficiency than larger protein fragments (Aguilar-Yafiez ef
al., 2010). To obtain a more universal immunogen, the
HAT1 subunit fragment containing immunogenic epitopes
of various HA subtypes was produced (Dukhovlinov et
al., 2013).

The first group of conjugate vaccines against influenza
produced by overexpression in bacterial cells, listed in
Table 2, consists of fusion proteins containing the type
2 flagellin from Salmonella typhimurium (STF2), which is
the ligand of Toll-like Receptor (TLR) type 5. It was hy-
pothesized that providing the antigen and TLR5 signal-
ing to the same antigen presenting cells (APCs) would
lead to enhancement of antigen presentation as well as
to the induction of both humoral and cellular responses
(Liu et al., 2011). For this purpose, three various-length
fragments comprising the globular domain were pro-
duced. Thereafter, two of them were fused to the C-tet-
minus of STF2 by a flexible linker (Song e# al, 2008).
Subsequently, the other formats of conjugated vaccines,
denoted RO, R3, R3.2XHA, which differed in the num-
ber of copies and the placement of HA molecules in the
fusion proteins, were developed (Song ez al., 2009; Liu et
al., 2011, 2012).

Conjugate vaccines of another group (Table 2) were
generated by coupling of bacterial HAs to QB-VLPs i.c.
bacterially expressed virus-like particles derived from
bacteriophage QP (Jegetlehner ¢ al, 2013; Skibinski
et al., 2013). The fragments of the HA1 subunit were
chosen for conjugation as they contain the globular do-
main (gH) comprising most of the protein’s neutralizing
epitopes, and are expected to fold independently from
the rest of the HA molecule (Jegerlehner ez al, 2013). It
was hypothesized that conjugation of gH protein to QB-
VLPs would enhance its immunogenicity and efficacy
through a number of mechanisms (Skibinski ez af., 2013).
Presentation of gH proteins on the surface of VLPs in a
repetitive fashion might be a strong activation signal for
B cells, and the particulate nature of VLPs makes them
likely to be more efficiently taken up by APCs. In addi-
tion, the bacterial single stranded RNA (ssRNA), which
is incorporated into VLPs during recombinant expres-
sion, is a ligand of TLR type 7. Thus, it could activate
APCs and B cells upon VLP uptake. Eleven gH proteins
containing four (group A), two (group B) or one (group
C) disulfide bridge(s) per molecule, and comprising intact
secondary structure elements were rationally designed
and produced (Jegetlehner e al, 2013). Proteins from
the A and B groups were subsequently coupled in vitro
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Table 4. Bacteria-expressed proteins based on HA2 subunit of HA

HA protein Influenza virus strain Reference

< H5(347-522 aa1) > A/H5N1/Ck/Hatay A/Chicken/Hatay/04 Shen et al., 2008

(1-185 aa) *° N/A Kim et al., 2011

(23-185 aa) * ° N/A Chen et al., 1999

(38-175 aa) * ° N/A Chen et al., 1995

H3HAG 2 M WT+ A/H3N2/HK A/Hong Kong/2/68 Bommakanti et al., 2010

H3HAG 2M m1 +

H3HAe 2 M M2

H3HA6 2M+ A/H3N2/Phil A/Philippines/2/82 Bommakanti et al., 2010

H1HA6 2ZM+o A/H1N1/PR8 A/Puerto Rico/8/34 Bommakanti et al., 2012

H1HAG 2M M3 + A/HINT/NC A/New Caledonia/20/99

HiHAe 2 M ™+ A/HIN1pdm09/CA07 A/California/07/09

H1HAOHA6 3M+e A/H1N1/PR8 A/Puerto Rico/8/34 Bommakanti et al., 2012
Legend to Table 4: < > purified by electroelution from SDS-PAGE gels, at least partially denatured; 'full-length HA numbering; Xlow pH, fusogenic
conformation; °trimeric; 2HA2 fragment — linker — 1stpeptide from HA1 (N-termini) — linker — 2"dpeptide from HA1 (C-termini); Mmutations in-
troduced to remove exposed hydrophobic patches and stabilize the neutral pH conformation; Wwild-type; *neutral pH, pre-fusion conformation;
midisulfide mutant 1; m2disulfide mutant 2; ™3 m4additional, sequence related mutations; 31stpeptide from HA1 (N-termini) — linker — 2ndpeptide
from HA1 (C-termini) — HA2 fragment, mutation in the cleavage site; *largely aggregated.

to QB-VLPs to form various QB-gH proteins. The HA
fragment was also used to design the composite vaccine
against both influenza and respiratory syncytial viruses
(Park & Chang, 2012).

Although the vast majority of bacterially produced
antigens are based on the HA1 subunit, there are also
reports on bacterial expression of the proteins contain-
ing sequences from HA1 and HA2 subunits of HA
(Table 3). Thereby, the resultant immunogens comprise
neutralizing epitopes of both HA subunits. The 1-480 aa
fragment of the Hlpdm09 HA ectodomain, expressed
with the signal sequence (Khurana es a/, 2010b) as well
as full-length ectodomain of H5 HA (Biesova ¢t al,
2009) were produced. Based on the sequences of HA
from H5N1 HPAIVs, the 63 kDa immunogen (Hort-
hongkham ez al., 2007) as well as soluble 97 kDA fusion
protein of HA fragment with a chaperonin msyB (Xie ez
al., 2009) were obtained.

Bacterial expression of HA2 subunit-based proteins
(Table 4) for vaccination purposes was reported excep-
tionally, and the rationale was to obtain the immunogen
comprising conservative neutralizing epitopes. Various-
length proteins containing exclusively HA2 subunit se-
quences from the HA ectodomain were bacterially pro-
duced (Chen e al, 1995; 1999; Shen ef al, 2008; Kim et
al., 2011). Alternatively, Bommakanti ez a/. (2010, 2012)
rationally designed the stem domain immunogens con-
taining a large portion of the HA2 subunit, and two
fragments of HA1 subunit considered to be interact-
ing with HA2 regions in the whole HA molecule. The
project resulted in the expression of the prototype con-
structs, denoted HAG and HAOHAG.

Refolding and purification

The vast majority of bacterially produced HA pro-
teins, listed in Tables 1-4, were expressed with affinity
0xHis-tags as insoluble aggregates called inclusion bod-
ies. Besides purification, obtaining of the vaccine with

such a form of HA requires the protein to be dissolved
and refolded. Experimental data wete published indicat-
ing that the majority, but not all of refolded and puri-
fied bacterial HAs, adopt the correct conformation. With
vatious procedures aiming to obtain recombinant HA1
subunit (Table 1), it was shown that the effectiveness of
protein refolding strongly depends on the applied meth-
od (Chiu et al, 2009). In the case of rHAs largely con-
sisting of the globular domain (Tables: 1, 2), it has been
proven that the refolding effectiveness and/or its effi-
ciency substantially depends on the HA fragment which
has been selected for the vaccine antigen design (Song
et al., 2008; Xuan et al, 2011; Jegerlehner et al, 2013).
Moreover, these results highlighted the role of the sec-
ondary structure elements flanking the globular domain
(Song et al., 2008) as well as of the disulfide bond forma-
tion (Jegetlehner ez al., 2013) for proper folding of the
isolated globular domain. It was also shown that some
of the globular domain-based proteins (Tables: 1, 2) are
able to adopt the proper conformation when they were
expressed separately, in a fusion with flagellin (Song ef
al., 2008) as well as a monomeric or dimeric protein con-
nected by a flexible linker (Sanchez-Arreola ez al, 2013).

The structure and/or antigenicity studies showed that
some of HA1 subunit-based bacterial HAs, listed in
Tables: 1, 2, as well as the 1-480 aa fragment of HA
ectodomain (Table 3) display well preserved conforma-
tional neutralizing epitopes essential for the induction
of the protective immune tesponses (Song ¢ al., 2008;
Chiu ez al, 2009; Aguilar-Yafiez ef al., 2010; Khurana ef
al., 2010b; 2011b; DuBois e a4/, 2011; Xuan e al., 2011;
Verma ef al., 2012; Hong e al., 2013; Sanchez-Arreola ez
al., 2013). Comparative studies on antigenicity and TLR5
activity of STF2.H5, STF2R0.H5, STF2R3.H5 fusion
proteins (Table 2) showed that both HA protein and
flagellin are better presented in the R3 construct than
in the C-term one and that decreased antigenicity of the
RO construct is accompanied by the loss of the TLR5
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activity (Song e al., 2009). Substantially improved anti-
genicity of HA protein in the R3 configuration in com-
parison to the C-term one was also observed in the im-
munoreactivity studies of STF2:H1pdm09 fusion protein
(Liu e al., 2011). However, the strongest immunoreactiv-
ity was found for the R3.2XH1pdm09 construct as two
HA copies were present in the fusion protein molecule.
Screening of the prototype gH constructs (Table 2) pro-
duced to be coupled with QB-VLPs revealed that gH_A
and gH_B proteins bind to the sialic acid on the fetuin
glycoproteins indicating that receptor-binding activity of
HA was preserved (Jegerlehner e/ al, 2013).

Taking into account the importance of higher-order
structure of the vaccine HAs for induction of protec-
tive immune responses, the oligomeric status of bacte-
ria-expressed HA proteins was studied in addition to
antigenicity testing. It was reported that refolded and
purified HA1 subunit fragments (1-330 aa, 1-320 aa)
of HAs from HIN1pdm09 and H5NT1 viruses (Table
1), in contrast to the shorter H5 HA fragment (28-
320 aa), existed in the majority as trimers and oli-
gomers (Khurana ez a/, 2010b; 2011a; 2011b; Verma
et al, 2012). It has been shown that oligomerization
of the HA proteins involves conservative amino ac-
ids of the signal sequence and that the 1-320 aa frag-
ments of HAs form more stable oligomers than the
1-330 aa ones. The HA1 subunit-based design was
used successfully to obtain propetly folded HA pro-
teins from H1pdm09, H5, H7 and H3 HAs (Table 1).
All these proteins were shown to form functional oli-
gomers (=70%) which generate rosette-like structures
composed of trimers resembling those formed by the
native HA isolated from the influenza viruses. The
refolded and purified HA1 subunit-based proteins,
shorter than that generated by Khurana and cowork-
ers (2010b, 2011a, 2011b) and Verma and cowotkers
(2012), and expressed bacterially without the signal se-
quence (Table 1), did not form oligomers and existed
as monomers containing the properly folded globular
domain of HA (Aguilar-Yafiez ¢t al, 2010; DuBois ez
al., 2011; Xuan et al. 2011), or as dimers due to the
linker peptide (Sanchez-Arreola er al, 2013). In spite
of the presence of the signal sequence, the properly
folded ectodomain-based HA protein (1-480 aa, Table
3) was monomeric and did not display oligomeric HA
activities, such as binding to fetuin and hemaggluti-
nation (Khurana ez a/, 2010b). On the other hand, it
was shown that properly folded gH proteins induce
agglutination of erythrocytes with comparable efficien-
cy to influenza viral particles upon coupling to QB-
VLPs (Jegerlehner e al., 2013).

It was reported that bacterially expressed HA2 subu-
nit-based proteins (Table 4), containing sequences exclu-
sively from the HA2 subunit ectodomain, spontaneously
fold into the low pH conformation and trimerize form-
ing stable structures corresponding to that of the native
HA in its fusogenic state (Chen e al, 1995; 1999; Kim et
al., 2011). By introducing the regions of the HA1 subu-
nit that are in close spatial proximity to the HA2 subu-
nit in the whole HA molecule as well as the rationally
designed mutations to the HA2 subunit-based proteins
(Table 4), it was possible to obtain soluble immunogens
containing the HA2 subunit fragment in the desired neu-
tral pH, pre-fusion conformation (Bommakanti ez al,
2010, 2012). This was evidenced by spectroscopic analy-
sis and reactivity studies with broadly neutralizing Mabs.
Moreover, it was shown that HAG design is better than
the HAOHAG one, as the former is trimeric in the ma-
jority and the latter is largely aggregated.

Immunogenicity

Immunization studies showed that bacterial HAs are
immunogenic and in animals they elicit HA-specific an-
tibodies. However, more relevant to the evaluation of
the protective efficacy of HA proteins are their abilities
to induce functional antibodies: inhibiting hemagglutina-
tion and neutralizing influenza viruses. Titers of these
antibodies measured by the hemagglutination inhibition
(HI) and the microneutralization (MN) tests are consid-
ered as correlates of protection against influenza. It was
demonstrated that proteins based on the HAT subunit
(Table 1) as well as the fragment (1-480 aa) of the HA
ectodomain (Table 3), for which conformational integrity
was proven by structute and/or antigenicity studies, ate
capable of inducing antibodies inhibiting hemagglutina-
tion by homologous viruses and/or neutralizing these vi-
ruses under zz vitro conditions (Aguilar-Yafiez et al. 2010;
Khurana e 4/ 2010b; 2011a; 2011b; Xuan e 4/, 2011;
Verma ¢t al, 2012). The HI antibody-inducing ability was
also shown for recombinant 60 kDA full-length ectodo-
main protein (Table 3) with not yet demonstrated bio-
chemical properties (Biesova ez al., 2009).

In immunization studies with the 1-320 aa fragment
of H5 HA (Table 1), it was shown that anti-H5 sera are
neutralizing not only against the virus from which the
vaccine antigen was derived, but also against viruses be-
longing to other H5N1 HPAIV clades (Khurana e al.,
2011a; 2011b). Comparative studies of antisera induced
by vaccination with oligomeric (1-320 aa) and mono-
meric (28-320 aa) H5 HA proteins (Table 1) have docu-
mented that induction of high-titer antibodies with broad
cross-clade neutralizing activity is related to antigen oli-
gomerization (Khurana ez al, 2011b). The significance
of oligomerization for immune response quality was fur-
ther confirmed in vaccination trials with the monomeric
and oligomeric forms of the 1-320 aa H5 HA protein
(Table 1) obtained by size exclusion chromatography of
refolded and affinity purified bacteria-expressed antigen
(Verma et al, 2012). Oligomeric protein was supetior to
the monomeric one in eliciting high-avidity anti-HA and
HI antibodies against both the homologous and the het-
erologous antigens.

The early studies on immunogenicity of flagellin adju-
vanted HA proteins carried out with STF2.H1_SI pro-
tein (Table 2) to immunize mice and rabbits, showed the
ability of the protein to induce high titers of antibod-
ies inhibiting hemagglutination and neutralizing viruses
in vitro (Song et al., 2008). Subsequent experiments with
vatious constructs of STF2:HA fusion proteins (Table 2)
have proven that placement of the globular domain
within flagellin substantially affects the titer of HI an-
tibodies induced by the tespective antigens (Song e/ al,
2009; Liu ef al, 2011t 2012). Protein in the RO configu-
ration, as the exception, was not capable of inducing sig-
nificant levels of HI antibodies in mice consistently with
its low TLR5 activity. Vaccine candidates against H5N1
and HIN1pdm09 viruses in the R3 configuration were
more effective in inducing protective HI antibody titers
in animals than those in the C-term one. Immunogenic-
ity of STF2R3.H5_IN and STF2R3.H1_CA antigens, but
not of STF2R3.H5_AN protein, was further increased
by coupling the second HA molecule to the C-terminus
of STF2.

Immunogenicity of gH proteins (Table 2) were ex-
amined both before and after coupling to QB-VLPs (Je-
gerlehner ez al., 2013; Skibinski e# al., 2013). The vaccine
candidates when used to immunize mice evoked signifi-
cantly higher native HA-specific IgG, HI and neutraliz-
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ing antibody titers than their unconjugated counterparts.
Immunization studies with QB-gH VLPs containing
or devoid of ssRNA in the mouse model showed that
QB-based vaccines induce a potent T helper cell type 1
(Th1) response and that the presence of ssRNA in Qp-
VLPs is responsible for an increased Th1 bias (Skibinski
et al., 2013).

Efficacy

The ability of bacteria-expressed Hlpdm09 HA im-
munogens to confer protection against 2009 pandemic
influenza was studied in the ferret (Aguilar-Yafiez ef al.,
2010; Khutana e/ al., 2010b; Skibinski e# a/, 2013) and
in the mouse (Xuan et al, 2011; Skibinski ¢ al., 2013)
models by challenging the vaccinated animals with ho-
mologous HIN1pdm09 virus strains which are relatively
mild, and thus did not cause severe disease in animals.
It was shown that immunization with proteins based on
the HAT subunit (1-330 aa, 57-264 aa, 63-286 aa; Ta-
ble 1), HA ectodomain (1-480 aa; Table 3) as well as
with QB-gH1pdm09 VLPs (Table 2) induce protective
immune responses against influenza in mice and ferrets
(Aguilar-Yafiez et al., 2010; Khurana ef al., 2010b; Xuan
et al., 2011; Skibinski ef al, 2013). Protective effects of
vaccination were evident in that the animals did not get
sick from flu or the course of the disease was milder
than in unvaccinated controls.

Various formats of STF2:H1pdm09 fusion proteins
(Table 2) were examined for vaccination efficacy in the
lethal challenge experiment with the mouse adapted
HIN1pdmO09 virus (Liu e al, 2011). All tested fusion
proteins conferred protection against mortality when giv-
en to mice at 3 pg and even at as little as 0.3 pg of an-
tigen per dose. However, survival rates in the mice vacci-
nated at 0.03 pg-doses showed consistently with the pre-
determined immunogenicity rank that the order of the
relative effectiveness of the three formats is: R3.2xXH1 >
R3 > C-term.

In most of the challenge experiments testing bacte-
rial Hlpdm09 HAs the viral loads in the nasal lavages
of ferrets (Khurana ez a/, 2010b; Skibinski e al., 2013),
or in the lungs of mice (Liu ez al, 2011; Skibinski e# al,
2013) following HIN1pdm09 virus challenge were deter-
mined. This led to the conclusion that vaccination leads
to substantial reduction of viral titers in both ferrets and
mice. Altogether these results demonstrated that vaccina-
tion with bacterially expressed vaccine HA could provide
control of influenza virus infection and transmission
rates in a population under pandemic conditions.

The HA1 subunit-based bacterial HAs originated from
H5N1/VN virus (Table 1): largely oligomeric, 1-320 aa,
only monomeric, 28-320 aa, (Khurana ez a/, 2011b) as
well as oligomeric and monomeric fractions of the 1-320
aa protein (Verma e al, 2012) were used to immunize
ferrets prior to the challenge with homologous (H5N1/
VN, clade 1) and/or heterologous (H5N1/WS/Mong,
clade 2.2) HPAIVs. Ferrets vaccinated with largely oli-
gomeric tHA were highly protected from lethality against
homologous and heterologous challenges, resulting in
100% and 80% survival rates, respectively, while those
vaccinated with the oligomeric fraction of tHA were fully
protected from both strains of HP H5N1 viruses (100%
survival rates). The level of animal protection after im-
munization with entirely oligomeric rHA was the same
as observed in the groups vaccinated with the adjuvanted
licensed inactivated-H5N1 subunit vaccine. In contrast,
both the 28-320 aa tHA which exists as a monomer and
the monomeric fraction of the 1-320 aa protein were not

very protective: only 20% and 33% of animals survived
after a homologous challenge, respectively. As few as
17% of animals vaccinated with the monomeric immu-
nogen (1-320 aa) survived after a heterologous challenge.
In addition, the challenge experiments revealed that im-
munization of ferrets with largely or entirely oligomeric
rHA (1-320 aa) reduced viral loads in the nasal washes
following a challenge with H5N1 HPAIVs. Moreover,
viral loads after a heterologous H5N1 challenge were
more efficiently controlled in ferrets vaccinated with oli-
gomeric fraction of rHA (1-320 aa) than in ferrets vac-
cinated with the commercial vaccine against H5N1, and
this was related to the induction of higher-avidity anti-
bodies against the HA1 subunit. Therefore, the success
of vaccination with oligomeric forms of HA proteins is
also due to the capacity to reduce viral replication in the
upper respiratory tract. This is important for the preven-
tion of lung infection as well as for the limiting virus
transmission.

Four formats (C-term, RO, R3, R3.2XHA) of STF2:H5
fusion proteins (Table 2) were examined for efficacy
by the lethal homologous challenge experiments in the
mouse and/or ferret models (Song ¢# al, 2009; Liu et al.,
2012). The protein in RO configuration failed to induce
the protective immune response in mice (0 or 10% sur-
vival rates). In contrast, STF2:H5 fusion protein formats
other than RO were highly efficacious in mice and fer-
rets, resulting in 100% (exceptionally 93%) survival rates
for certain immunization schemes. However, immuniza-
tion of mice at lower-dosage regimens demonstrated that
the R3 format of protein is more effective in protecting
mice from disease and death than the prototype C-term
one and that the protein in the R3.2XHA configuration
is the most effective, being efficacious even at sub-mi-
crogram doses. Importantly, it was shown that STF2:H5
fusion proteins are able to reduce the virus titers in the
brains, lungs and nasal wash samples of vaccinated and
challenged mice and ferrets, respectively, which could
predictably reduce viral transmission.

The challenge experiments with bacterially produced
H5 HA immunogens were also performed in chickens,
being the main target for vaccination against H5N1
HPAIV. In the high-dose regimen, full protection was
achieved with the 97 kDA msyB:H5 protein (Table 3)
similar to that obtained with a commercial vaccine
against H5N1 HP viruses (Xie e al, 2009). The ability
to induce a protective immune response in chickens re-
sulting in high rates of survival in challenge experiments
with homologous and heterologous HPAIVs, was shown
with bacterial H5 HA designed and produced in the In-
stitute of Biotechnology and Antibiotics (Warsaw, Po-
land). Currently, the HA protein and the vaccine against
influenza are subject to the patent procedure.

Several vaccine candidates based on the H1 and H3
tHAs were examined for efficacy by homologous and/
or heterologous challenge experiments with the use of
HIN1/PR8 or H3N2 viruses for animal infection. The
early STF2:HA immunogen in the C-term configuration
- STF2.H1_PR8 (Table 2) was administered to mice sub-
sequently infected with the mouse adapted HIN1/PR8
virus (Song ¢ al., 2008). All vaccinated animals survived
the lethal challenge and showed neither weight loss nor
other signs of morbidity.

Type A and B gH proteins (Table 2) were examined
in challenge experiments before and after coupling to
QB-VLPs (Jegetlehner e al., 2013). Mice immunized with
gH1_B_PR8 proteins quickly succumbed to HIN1/PRS8
virus infection, and those immunized with gH1_A_PR8
and gH1_A_CA were only partially protected. In con-
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trast, all mice immunized with gH proteins conjugated
to QB-VLPs at the same dosage regimen survived after
infection with challenging viruses. Importantly, immuni-
zation of mice with the most promising prototype influ-
enza vaccines: QB-gH_A1_PR8 and QB-gH_A2 PRS
resulted in complete protection against lethal infection
not only with the homologous, but also with highly
drifted viral strains. The broad protective potential of
candidate vaccines based on QB-gH VLPs was further
strongly confirmed with QB-gH1_A_CA protein applied
for mouse vaccination before infection with H1N1/PR8
virus. Moreover, it was shown that protection from mor-
tality and largely from morbidity against both homolo-
gous and heterologous influenza virus strains can be
achieved with low, even sub-microgram doses of antigen.

The HAG- or HAOHAG-like stem domain immu-
nogens based on the HA sequences of various HINT,
HIN1pdm09 and H3N2 influenza virus strains (Table
4) successfully protected mice from homologous viral
challenge, resulting in 100% survival rates at certain dos-
age regimens. High survival rates were also observed in
mice immunized with H3HAG_Phil protein and infected
with heterologous A/HK/68(H3N2) virus (80%) as well
as those immunized with HIHA6_NC and HIHAG_CA
proteins, and infected with highly drifted HIN1/PRS8 vi-
ral strain (90%). However, H3HAG_HK failed to confer
protection against a heterosubtype HIN1/PR8 influen-
za vitus. These results led to the conclusion that stem
domain immunogens are able to provide intra- but not
inter-subtype protection.

Clinical studies

VaxInnate has already generated clinical data for its
bacterially produced influenza vaccines based on propri-
etary Toll-like Receptor technology. The first one was
a monovalent seasonal vaccine (VAXI125) containing
HIN1/SI virus HA protein genetically fused to flagel-
lin in the initial C-term configuration (Table 2). With
the VAXI125, the seroconversion rates: 64% in healthy
young adults (1849 years old) at 0.5 pg to 2 pg doses
and 75% in elderly subjects (65-84 years old) at 5 pg
and 8 ug doses were achieved resulting in high seropro-
tection rates: 91% and 98%, respectively (Treanor ez al.
2010; Taylot, et al. 2011). Importantly, the vaccine was
generally well tolerated, although a few instances of flu-
like symptoms at doses 3-8 ug were noticed. Altogeth-
er, these results showed that the new vaccine is safe and
highly immunogenic even in the elderly population, a
group that is typically less responsive to influenza vac-
cines. Moreover, the efficacious doses of VAX125 were
substantially lower than those used for conventional vac-
cines against influenza e.g. Fluzone owing to the adju-
vant activity of flagellin which, on the other hand, was
also responsible for the improved immune response in
the elderly.

STF2:H1pdm09 fusion proteins in C-term, R3 and
R3.2XHA configurations contained in VAXI28A,
VAX128B and VAXI128C, respectively (Table 2), and
were evaluated for safety and immunogenicity successive-
ly in rabbits and in humans (Taylor ef @/, 2012). In both
models, it was found that replacing the HA antigen in
the D3 position of flagellin in VAX128B and VAX128C
produces a vaccine that was at least as immunogenic and
better tolerated at higher doses than the C-terminal fu-
sion construct (VAX128A). VAX128C selected for the
second study caused high seroconversion (79%) and se-
roprotection (92%) rates in subjects 18—64 years old at
the doses of 1.25 pg and 2.5 pg.

High levels of immune responses at low doses of
antigen, and the relative ease of the production associ-
ated with bacterial expression suggest that VaxInnate’s
technology can represent an effective strategy for en-
hancing the global influenza vaccine supply. VaxInnate
announced that it can generate at least 50 million doses
within 5-6 months, with first doses becoming available
as soon as after 12 weeks. In both a rapidly emerging
pandemic and in seasonal virus mismatch events, such
speed is a distinct advantage. Currently, VaxInnate’s ac-
tive pandemic programs focus on H5N1 and H7N9 can-
didates and research on seasonal influenza vaccine is still
continuing. In March 2014 VaxInnate began a phase I
clinical trial to evaluate a quadrivalent recombinant vac-
cine for prevention of seasonal flu — VAX2012Q).

Another bacterially produced HA-based immunogen
advanced into clinical study is the HINT influenza vac-
cine candidate based on Cytos’ proprietary bacteriophage
QB-VLP technology. Started in May 2013, the first phase
I clinical trial was conducted by the Agency for Science,
Technology and Research (A*Star) and Cytos Biotech-
nology. A*Star reported that the novel vaccine was safe,
well tolerated and induced immune responses which
were comparable to those of approved seasonal influen-
za vaccines.

CONCLUSIONS

The technology for producing large quantities of pro-
teins in bacteria, including biopharmaceuticals, has been
practiced for over two decades. Exploitation of this
technology for the production of the HA-based vaccines
against influenza seems to be hampered for a long time
by the widely accepted view that glycosylation deter-
mines the correct structure of the protein. More recently,
experimental data for both considerable independence of
HA folding from the glycosylation status, and the suc-
cessful production of bacterial HAs have been published.
In contrast to full-length or ectodomain-based HAs pro-
duced in eukaryotic expression system, the vast majority
of bacterially produced HA proteins have been based on
the HA1 subunit and only a few examples of bacterial
HAs based on the ectodomain or the HA2 subunit have
been reported so far. The recombinant proteins, de-
rived from the 2009 HIN1 pandemic, highly pathogenic
H5NT1, seasonal HIN1 and H3N2 as well as prototype
HIN1/PRS8 influenza viruses, have been efficiently ex-
pressed in the form of inclusion bodies.

The studies of refolded and purified HA proteins
proved that bacterial HAs can be valuable vaccine an-
tigens. Although devoid of the regions participating in
the formation of higher-order structures of HA during
its biosynthesis in host cells, bacterial HAs can adopt
the conformation similar to that displayed by the na-
tive protein. In addition, some of these proteins were
shown to form functional oligomers, what has a proven
beneficial effect on both protective efficacy and dose
sparing. Consistently with the biochemical characteris-
tics, immunization studies clearly demonstrated the po-
tential of the bacterially produced vaccine candidates to
confer intra-subtype protection against influenza virus-
es, including highly drifted ones as well as to provide
control of virus infection and transmission rates in ani-
mals. Moreover, clinical studies with vaccines based on
proprietary Toll-like Receptor (Vaxlnnate) and bacte-
riophage QB-VLPs (Cytos Biotechnology) technologies
generated positive data.
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The data so far published indicate that the success in
the bacterial production of the vaccine antigens strongly
depends on the HA fragment chosen for expression as
well as on the applied refolding method. For short frag-
ments of HA, it was well documented that careful se-
lection of the peptides from the protein sequence to be
expressed with the target HA regions, such as the globu-
lar domain or the HA2 subunit, is prerequisite to obtain
properly folded proteins with satisfactory efficiency. It
was also shown, that the expression of specified-length
fragments from HA1 subunit with the signal sequences,
which are absent in the mature viral HAs, is essential
for protein oligomerization. In some vaccine projects,
one should consider the introduction of rationally de-
signhed mutations to obtain protein adopting the desired
conformation, as it was evidenced for the stem domain
immunogens. The determinations of the HA sequence
for the antigen production in bacteria, especially those
based on the short HA fragments, were often preceded
by the analyses of the HA structure 7z silico. Experience
with bacterial HAs shows that 7z si/ico modeling is help-
ful in the selection of protein sequences to be expressed
bacterially, but does not guarantee success of the design.
The value of refolded and purified rHAs needs to be
verified through extensive studies of structure, the abil-
ity to bind to sialic acid-containing receptors, antigenic-
ity, immunogenicity and finally efficacy in the challenge
experiments and clinical trials. Once the HA protein is
validated, the precise selection of the sequence from HA
of various influenza A virus strains seems to be possible
simply through structural alignment of the prototype HA
fragment with the target HA proteins.

The vast majority of valuable, bacterially produced,
vaccine antigens have been expressed with His-tags and
purified by metal affinity chromatography, which is both
expensive and poses the safety problem related to the
presence of even trace amounts of metal in the final
products. Thus, the development of appropriate purifica-
tion procedures is needed to take advantage of bacterial
cell expression technology for enhancing the supply in
vaccines against influenza, especially for a pandemic. The
research on subunit vaccines against influenza based on
bacterial HAs is still continuing. The exemplification is
the patent pending HA protein designed and bacterially
produced in the Institute of Biotechnology and Antibiot-
ics (Warsaw, Poland).
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