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Structural vaccinology starts to deliver

Philip R. Dormitzer, Guido Grandi and Rino Rappuoli

Abstract | Following the impact of the genomics revolution on vaccine research
and the development of reverse vaccinology, it was predicted that another new
approach, structure-based antigen design, would become a driving force
for vaccine innovation. Now, 5 years on, there are several examples of how
structure-based design, or structural vaccinology, can deliver new vaccine antigens
that were not possible before. Here, we discuss some of these examples and the
contribution of structural vaccinology to our understanding of the protective
epitopes of important bacterial and viral pathogens.

Vaccines have been instrumental in con-
quering many infectious diseases, and they
have contributed greatly to the increased life
expectancy and quality of life that we now
take for granted in modern societies. In the
twenty-first century, new vaccine technolo-
gies have the potential to make continued
important contributions to improving our
quality of life by conquering those diseases
that could not be defeated with older tech-
nologies'. The list of new vaccines needed by
modern societies includes vaccines against
those pathogens that cause the remaining
infectious diseases of infants and neonates,
such as the serogroup B meningococcus
(MenB; Neisseria meningitidis serogroup B),
respiratory syncytial virus (RSV), group A
Streptococcus (GAS; Streptococcus pyo-
genes) and group B Streptococcus (GBS;
Streptococcus agalactiae). It is also becoming
increasingly important to develop vaccines
against antibiotic-resistant bacteria such as
Staphylococcus aureus, Clostridium difficile
and Pseudomonas aeruginosa. In addition,
we still need vaccines for some of the most
difficult infectious diseases to target, such as
tuberculosis, malaria, HIV/AIDS and hepa-
titis C virus (HCV) infection, and we also
need vaccines against emerging diseases,
such as pandemic influenza’.

In the late 1990s, the development of
high-throughput DNA sequencing allowed
entire bacterial genomes to be sequenced,
providing access to the complete antigenic
repertoire of bacterial pathogens and
facilitating the discovery of many previously

unknown vaccine antigens through a
process known as reverse vaccinology®.
Over the past decade, advances in X-ray
crystallography and NMR spectroscopy
have increased the throughput of protein
structure determination so that today we
can determine the structure of most vaccine
antigens and their epitopes. Five years ago,
we predicted that this knowledge would
form the basis for another major change

in vaccine research and development, with
the beginning of the era of structural vac-
cinology, in which three-dimensional (3D)
structural information could be used to
design novel and improved vaccine anti-
gens’. In this Progress article, we discuss the
first published reports of structure-based
antigen design, demonstrating that struc-
tural vaccinology is becoming a reality. In
the near future, it may be possible to use
this technique to design fully synthetic and
universal vaccines and also to obtain a fuller
understanding of the nature of the antigenic
epitopes that are recognized by the human
immune system.

MenB fHbp

Licensed vaccines against N. meningitidis
serogroups A, C, Y and W135 are com-
posed of capsular polysaccharides usually
conjugated to a carrier protein. However,
carbohydrate and glycoconjugate vaccines
cannot be used to target MenB because the
capsular polysaccharide of this serogroup is
chemically identical to a human self-antigen.
Recently, potential antigens that could be

used in a vaccine against MenB have been
discovered based on the determination of
the MenB genome sequence. One of these
protein antigens is a surface-exposed lipo-
protein, factor H-binding protein (fHbp)*~.
This antigen is very effective at eliciting pro-
tective antibodies, but it has more than 500
known amino acid sequence variants (see
http://pubmlst.org/neisseria/fHbp). These
variants can be classified into two® or three*
distinct variant groups (hereafter referred
to as variants 1, 2 and 3) that do not induce
cross-protective immunity to each other, as
measured by an in vitro bactericidal assay
in which antibodies mediate complement-
dependent bacterial killing. To induce strong
protective immunity against all three vari-
ants, antigens specific for each variant must
be included in the vaccine, which makes the
manufacturing process complex and expen-
sive. Therefore, the N. meningitidis vaccines
that are currently in clinical trials include
either two fHbp variants®, or only the fHBP
variant from the most abundant group
(variant 1) in combination with other anti-
gens to cover strains that express the other
variants®.

A single antigen that could induce immu-
nity against all the fHbp sequence variants
would be an ideal vaccine candidate. Such an
antigen has been created through structure-
based design: epitopes from each of the three
fHbp antigenic-variant groups were engi-
neered into a single molecule. The 3D struc-
ture of fHbp was determined by NMR and
X-ray crystallography, revealing a core struc-
ture consisting of two 3-barrels connected
by a short linker®". The epitopes recognized
by protective monoclonal antibodies against
each of the three antigenic variants were then
determined'>*. The protective epitopes of
variant 1 and of variants 2 and 3 map in non-
overlapping regions located mostly in the
amino- and carboxy-terminal regions of
fHbp, respectively. Interestingly, the epitopes
of variant 1 and variants 2 and 3 overlap in
the primary protein sequence but not in the
3D structure. The first approach used to
create a single cross-protective antigen was
to engineer the variant 1 gene to contain
codons for the amino acids that are essential
for the recognition of variants 2 and 3. This
approach failed, and it became clear that to
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Figure 1| Rational design of a cross-protective factor H-binding protein. The structure of fac-
tor H-binding protein variants 1, 2 and 3 from the serogroup B meningococcus (Neisseria meningitidis
serogroup B), and the engineered antigen for the vaccine. A cluster of amino acids from the surface of
variants 2 and 3 was engineered into the variant 1 structure to generate a chimeric molecule that
elicits immunity against all three variants. In the antigen, the patch of the protein surface that matches
variant 2 is coloured green (this patch includes both residues that are specific to variant 2 and those
that are shared with variants 1 and 3), whereas residues that are specific to variant 3 are coloured
yellow, and residues that are specific for variant 1 are coloured blue.

elicit protective antibodies it would be nec-
essary not only to introduce the key amino
acids from each epitope but also to recreate
the entire epitope surface, strictly mimicking
its 3D structure in the native molecule, and

a large-scale design effort was started®. The
C-terminal region of variant 1 was divided
into ten areas large enough to contain at least
one conformational epitope (approximately
900-2,000 A (REF 2)), and the residues of the
variant 1 C terminus were then replaced with
the corresponding amino acids of variants 2
and/or 3, regardless of their position in the
primary sequence (FIC. 1). To preserve folding,
amino acid substitutions were introduced
only for residues with side chains that are
well exposed to solvent, leaving the internal
core of the protein unaltered. Fifty-four
molecules were designed, approximately

five molecules for each of the ten areas iden-
tified. The molecules were then expressed,
purified and used to immunize mice, and
the sera generated were tested for the pres-
ence of bactericidal antibodies against MenB
strains carrying fHbp variants 1, 2 and 3.
Several molecules elicited a broad immune
response. One was selected for further

study and was shown to elicit bactericidal

antibodies against MenB strains carrying
fHbp variants 1, 2 and 3 (REF. 5). The crystal
structure of the successful molecule showed
complete conservation of the native fold,
making it an ideal candidate for the next
generation of meningococcal vaccines.

The main lessons learned from this
work are that the epitopes recognized by
antibodies are larger than the ‘patches’ of
amino acids that can be identified using
conventional epitope mapping, and that the
individual amino acids identified as being
essential for an epitope can be less impor-
tant than preserving the overall epitope
surface>”. fHbp is the target of several other
projects using structure-based design to
improve the immunogenicity of the protein
or the breadth of the immune response that
it stimulates''*'*. For example, it has been
proposed that removing factor H-binding
activity could improve fHBP immuno-
genicity in humans, so several fHbp mutants
that are unable to bind factor H have been
generated, and one of these has been shown
to be more immunogenic than wild-type
fHbp in rats that are transgenic for human
factor H". In another case, the breadth of
the immune response generated has been

improved by fusing the N terminus of
fHbp variant 1 to the C terminus of fHbp
variant 2 (REF. 16).

GBS pilus BP
GBS causes serious infections in 30-300
newborns for every 100,000 births". In
most industrialized countries, pregnant
women colonized with GBS are treated
with antibiotics during childbirth, and this
practice has reduced but not eliminated
the number of neonate infections. Because
babies delivered by women with high titres of
GBS-specific opsonophagocytic antibodies
are protected from GBS infection'?, vaccina-
tion of women of childbearing age and/or
pregnant women appears to be an ideal long-
lasting solution to the problem of neonate
infection. However, for several reasons, an
effective anti-GBS vaccine is not yet available.
One reason is the fact that there are ten GBS
serotypes, necessitating a complex vaccine
if serotype-specific immunogens are selected.
It was recently shown that all GBS strains
express pili, which are long filamentous
structures involved in bacterium-host inter-
actions, bacterial aggregation and biofilm
formation'**. GBS pili are composed of
three protein subunits: backbone protein
(BP), which forms the pilus shaft; ancillary
protein 1 (AP1), which decorates the pilus
stem; and AP2, which is often found at the
base of the pilus and anchors it to the cell
wall. All three proteins are covalently linked
to each other through a sortase-mediated
transpeptidation reaction?'. BP proteins
induce protective immunity, suggesting
that they can be used as vaccine antigens.
However, there are three genomic pilus
islands (PI-1, PI-2a and PI-2b) that each
encode a complete set of pilus proteins,
and each GBS strain can carry one or two
islands®. Furthermore, the BP encoded by
PI-2a (BP-2a) has six sequence variants®,
suggesting that antigens from eight BPs
would be required to make a vaccine that
was effective against all GBS strains. This
is a challenge. The 3D structure of one
of the six BP-2a variants suggested a pos-
sible solution, as it revealed a four-domain
organization in which domain three (D3),
which is 100 amino acids long, is likely
to face the external side of the pilus shaft,
based on the capacity of D3-specific anti-
bodies to bind GBS. D3 elicits high titres
of opsonophagocytic antibodies, which
protect mice against lethal challenge with
GBS isolates expressing the PI-2a pilus.
The 3D structure was used to model the
structures of the other five BP-2a variants
and confirmed that all BP-2a variants have
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Figure 2 | Targeting the group B Streptococcus pilus backbone
protein. A chimeric antigen based on domain three (D3) of the group B
Streptococcus (GBS; Streptococcus agalactiae) type 2a pilus backbone
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against GBS strains.

protein (BP-2a) variants is shown. The concatamer of D3 antigenic variants,
connected by a Gly-Ser linker (GSGS) was designed to elicit broad immunity

a similar four-domain structural organiza-
tion. Immunization with recombinant D3
domains from the other BP-2a variants

also proved to be highly protective against
challenge with GBS cells expressing the
respective pili. These experiments led to the
important observation that the protective
capacity of a BP-2a variant is restricted to the
D3 region of that variant (FIC. 2). Because of
their small size, the D3 domains from each
variant could be fused into a single recom-
binant construct that is efficiently expressed
in Escherichia coli and can be purified. The
recombinant chimaera (FIC. 2) confers strong
protection against all strains expressing a
BP-2a variant®. This structure-based work
might pave the way for the development of
a universal, broadly protective GBS vaccine.
In more general terms, this work revealed
that specific structural domains within a
protein can sometimes be sufficient to elicit
a protective immune response.

RSV F glycoprotein

RSV infects the lower respiratory tract of
most infants and children and is often asso-
ciated with hospitalization®. The virus is a
difficult vaccine target. An early formalin-
inactivated RSV vaccine candidate actu-
ally enhanced subsequent RSV-mediated
disease®; live attenuated vaccines have yet
to strike an acceptable balance between
over- and under-attenuation?®; and subunit
vaccines have proved to be biochemically
challenging to develop.

The obvious target for RSV subunit
vaccines is the fusion (F) glycoprotein®”*
(FIG. 3a). This trimeric protein forms a lolli-
pop-shaped structure on the virion (FIG. 3b),

with a C-terminal triple coiled-coil domain
anchored in the virion membrane® .
Palivizumab, a human monoclonal antibody
against this protein, neutralizes the virus
and is licensed for prophylaxis against RSV
infection in high-risk infants. During RSV
entry into cells, the RSV F protein, like other
paramyxovirus F proteins, rearranges from
the pre-fusion form through an intermediate
extended structure to a post-fusion state”->!
(FIG. 3b,c). During this rearrangement, the
C-terminal coiled-coil dissociates into its
three constituent strands, which then wrap
around the globular head and join three
additional helices to form the post-fusion
six-helix bundle. Thus, the six-helix bundle
‘stem’ of the crutch-shaped post-fusion mol-
ecule (FIG. 3¢) is on the opposite side of the
globular head from the three-helix coiled-
coil stem of the pre-fusion molecule (FIG. 3b).
As a result of these molecular gymnastics,
the viral membrane (traversed by the F
transmembrane domain) and the host cell
membrane (into which the F fusion peptide
has inserted) are brought into close approxi-
mation, facilitating membrane fusion and
virus entry.

On initial inspection, the desired con-
former of F for use as a vaccine antigen
seems obvious. The pre-fusion form is
displayed on infectious virions, and from
its gross contours looks very different from
the post-fusion form™® (FIG. 3b,c). However,
producing a subunit vaccine antigen cor-
responding to the pre-fusion conformer has
proved difficult. The pre-fusion form flips
to the post-fusion state when it is extracted
from a membrane with detergent or when
expressed as a non-membrane-anchored

ectodomain®. The extended intermedi-
ate form is transient, inferred rather than
observed and an unlikely candidate for a
vaccine antigen. The post-fusion form has
difficult biochemical characteristics, as it is,
essentially, a detergent, with one hydrophobic
end and one hydrophilic end. With difficulty,
native post-fusion F can be semipurified.
However, electron microscopy of post-fusion
F prepared by gentle means revealed amor-
phous globules decorated with crutch-shaped
F spikes, presumably corresponding to
lipid droplets solubilized by an F ‘detergent’
(PR.D., unpublished observations). Given
the conformational heterogeneity of F and its
detergent-like properties, it is not surprising
that preparations extracted from RSV virions
have proved difficult to use as reproducible,
homogeneous vaccine antigens™?*.
Structural insights from studies on
the related human parainfluenza virus 3
(HPIV-3) and parainfluenza virus 5 (PIV-5)
F glycoproteins have guided engineering of
RSV F?*?!, Elimination of the transmem-
brane and cytoplasmic regions to produce
an ectodomain was an obvious first step
(FIG. 3a). Subsequent manipulation of the
fusion peptide region to reduce hydropho-
bicity was less obvious. A molecule in which
the fusion peptide had been deleted might
have misfolded owing to the pre-fusion
protein lacking the interactions of the fusion
peptide within the globular head. However,
RSV F has substantial differences from the
parainfluenza virus F proteins in this region,
and partial deletion of the fusion peptide
from the RSV F ectodomain resulted in
the formation of a hydrophilic, very stable,
homogeneous post-fusion trimer”. This
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Figure 3 | Targeting the respiratory syncytial virus fusion protein. a|A comparison of wild-type
fusion (F) protein from respiratory syncytial virus (RSV) with the engineered RSV F antigen. Arrowheads
indicate furin cleavage sites, and the peptide p27 is released after cleavage. The F1 and F2 fragments
of the wild-type sequence, which are produced as a result of furin cleavage, are indicated.
b | A model of the engineered RSV pre-fusion F, based on data from parainfluenza virus 5 (PIV-5) pre-
fusion F and engineered RSV post-fusion F crystal structures. The carboxy-terminal coiled-coil region,
which includes heptad repeat B (HRB), is shown in violet. Globular-head residues (HRA in part a) that
will extend to form the coiled-coil at the centre of the post-fusion six-helix bundle are shown in green.
Residues from epitope A, the motavizumab and palivizumab epitope, that were included in the pep-
tide approximation of the epitope are shown in red; the extended epitope A also includes the isolated
pink residue. Residues from epitope C, the 101F epitope, that were included in the peptide approxima-
tion of the epitope are shown in dark blue; the extended epitope also includes the residues in light
blue (the pink residue is also in the extended epitope C). The remnant of the fusion peptide (FP) is
shown in orange, and glycans are shown in dark grey. c| The engineered RSV post-fusion F structure.
d | The core post-fusion structure of the motavizumab and palivizumab epitope of RSV F (based on
Protein Data Bank (PDB) accession 3RKIl), and the homologous post-fusion structure of F from human
parainfluenza virus 3 (HPIV-3) (based on PDB accession 1ZTM). The RSV structure has a short helical
insertion, a7, that is not present in HPIV-3 F and that forces the helix-turn—helix (a5 and a6) epitope to
the surface in RSV F. The structural models were generated using Rasmol. CT, cytoplasmic tail; SP, signal
peptide; TM, transmembrane region.

engineered RSV F is hydrophilic enough to
be readily purified and formulated as a vac-
cine antigen, stable enough to heat to above
90 °C without apparent disruption, and
homogeneous enough to crystallize.

From a biochemical perspective, the
engineered post-fusion F is a highly desir-
able vaccine antigen with the potential for
efficient and consistent production, easy
characterization and room temperature

stability. But the post-fusion conformation
of full-length F appears to be considerably
different from the pre-fusion form, which
is thought to be the dominant conformer
on the virion. If neutralizing and protec-
tive antibodies function by interfering with
virus entry, as is thought to be the case, then
antibody recognition of a conformer that
forms only after membrane fusion would
not be useful in protection. Indeed, struc-
tural modelling based on the known PIV-5
pre-fusion F structure predicts that the key
epitope recognized by the potent neutral-
izing antibodies palivizumab and mota-
vizumab is buried in the interface between
the pre-fusion RSV F trimer subunits and
not accessible for antibody binding™,

and most of the corresponding residues

of HPIV-3 F are buried in the post-fusion
crystal structure® (FIC. 3d). However,
immunization of animals with the engi-
neered RSV post-fusion F elicits high

titres of RSV-neutralizing antibodies,

some of which compete for binding with
motavizumab?.

The crystal structure of the engineered
RSV post-fusion F antigen explains one
aspect of the unanticipated efficiency of
this antigen in eliciting neutralizing anti-
bodies*?. On first inspection, the engi-
neered RSV post-fusion F structure appears
to be almost identical to that of HPIV-3
post-fusion protein. However, there is a
subtle difference: the engineered RSV F
has a six-residue a-helix (a7) inserted adja-
cent to the helix-turn-helix (a5 and a6)
motif recognized by motavizumab (FIC. 3d).
This insertion, which was not predicted
by homology modelling, forces residues
from the motavizumab (and palivizumab)
epitope out from their buried position in the
intersubunit interface and onto the solvent-
exposed surface, where they are accessible
to antibody. A combination of the deter-
mined structure for the engineered RSV
post-fusion F protein and modelling based
on the PIV-5 pre-fusion F structure revealed
that, although F proteins undergo a dra-
matic gross rearrangement from pre-fusion
to post—fusion, this rearrangement consists
of refolding of a limited number of struc-
tural elements. Thus, the best characterized
neutralizing epitopes (those that have been
determined from known antibody-peptide
structures and from single point muta-
tions that result in escape from monoclonal
antibody neutralization) are well preserved
between the pre- and post-fusion forms. The
engineered post-fusion form of the F protein
is now approaching clinical trials in a vaccine
against RSV.
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Lessons from RSV. Observations made
regarding the RSV F protein epitopes that
are recognized by motavizumab and 101F
(another monoclonal antibody) correlate
well with the observations made for MenB
fHbp, for which the extended surface of an
intact, folded domain had to be engineered
to obtain an immunogen that elicited func-
tional antibodies. Motavizumab recognizes
peptide 254-277 (red in FIC. 3b.c), and 101F
recognizes peptide 422-438 (dark blue in
FIG. 3b,c) of RSV F*>%*, The conformations of
synthetic peptides (corresponding to these
two regions) bound to the antigen-binding
fragments of the antibodies, as determined
by X-ray crystallography, are similar to the
conformations of the same residues in the
native protein, adopting a helix-turn-helix
(FIG. 3d) and an extended coil (not shown),
respectively?”*. However, despite having
similar conformations in the co-crystal
structures, the two isolated synthetic pep-
tides bind the antibodies with affinities

that are 6,000-fold (for motavizumab) and
16,000-fold (for 101F) lower than the affin-
ity of full-length F glycoprotein®-*. One
explanation for this finding is that there

are additional residues in F that are not
included in the synthetic peptides but bind
the antibodies (FIG. 3b,c). In the case of mota-
vizumab, structural and functional evidence
indicates that, at least in pre-fusion F, the
antibody contacts not only the residues

of peptide254-277 but also residue 454,
located in an F subunit adjacent to the one
containing the helix-loop-helix motif.
Therefore, the optimal antibody-binding
surface has a quaternary conformation
involving two subunits of the trimer?.
Contact with an additional residue, amino
acid 465, is also possible, but experimental
confirmation is lacking. Similarly, in the
case of 101F, the antibody contacts not only
the residues peptide 422-438 but also amino
acids 418-421 and 451-456 of the same
subunit® (light blue in FIC. 3d). An alterna-
tive explanation is that the overall F protein
fold is necessary to scaffold the peptides,
locking them in the correct conformation
to allow high-affinity interactions with anti-
bodies. It is likely that the isolated peptides
are floppy and adopt many conformations,
but that the bound antibody locks them in
the conformation observed in the co-crystal
structures®.

Consistent with their low affinity for
motavizumab, when synthetic peptides cor-
responding to the contiguous sequence at
the core of the motavizumab epitope are
used as immunogens, they fail to elicit neu-
tralizing antibodies”. Indeed, immunization

of rabbits with such peptides elicits antisera
that recognize the peptides but fail to rec-
ognize RSV itself. When floppy peptides are
used to immunize animals, these peptides
can gyrate through many conformational
states, binding many B cell receptors and
not just those that recognize the peptide
conformer matching the state of the cor-
responding residues in the native protein.
Thus, clonal expansion and affinity matura-
tion is not restricted to B cells bearing
virus-neutralizing antibodies, and there is
no significant increase in the proportion of
virus-neutralizing antibodies in the sera
of immunized animals. When a peptide at
the core of the motavizumab epitope was
engineered into protein scaffolds that were
designed to maintain the peptide in the
native conformation, the affinity of the pep-
tide for the antibody increased only three-
fold, and the immunogen still failed to elicit
neutralizing antibodies, reflecting the dif-
ficulty of engineering truly authentic mimics
of intact domain and epitope structure®.
These examples confirm that the pep-
tides that we usually call epitopes, because
they are recognized in vitro by antibodies,
are imperfect mimics of the real surfaces
recognized by antibodies in immunized or
infected hosts. The peptides probably con-
tain key residues that form the epitope, but
they might lack additional residues that are
outside of the linear epitope; they usually
lack a single, defined conformation; they
might bind functional antibodies with affini-
ties that are several orders of magnitude
lower than the affinity of the native protein;
and they might preferentially elicit antibod-
ies that recognize different structural aspects
than those recognized by protective anti-
bodies. Therefore, the future of structural
vaccinology is in the engineering of antigenic
surfaces on domains rather than the use of
isolated epitopes.

Influenza virus HA

The examples that we cite above demon-
strate the use of structural vaccinology to
improve the biochemical characteristics of
vaccine antigens and to guide the combina-
tion of epitopes that is necessary to increase
the breadth of the immune response. In the
future, a better understanding of how pro-
tein structures interact with the cells of the
immune system during antigen uptake,
processing and presentation, during clonal
expansion of B cells and during antibody
affinity maturation could allow a more
sophisticated use of structural biology to
guide antigen design®. For instance, recent
work shows that the germline-encoded
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antibody precursor against an HA epitope
has such a low affinity for this epitope that it
can only bind the antigen in the membrane-
bound pentameric immunoglobulin M
conformation, and that only 7 amino

acid changes were necessary to obtain a
high-affinity antibody*. In complex multi-
epitope antigens, such as influenza virus
haemagglutinin (HA), the unfavourable
immunodominance of variable epitopes is

a key challenge in immunization. We now
know that HA has conserved, broadly neu-
tralizing epitopes on its stem*'*>. However,
the immunodominance of variable, strain-
specific epitopes on the HA head results in
vaccine- and infection-elicited responses
that are narrowly neutralizing, necessitating
frequent changes in the strain composition
of the antigens in influenza virus vaccines*.
If we could decode the rules of antibody
epitope immunodominance, we might learn
to manipulate the antigen structure

to render the conserved neutralizing
epitopes immunodominant. Analyses of the
human B cell repertoire and increasingly
efficient physical and structural epitope-
mapping techniques could make investi-
gation of the structural basis for epitope
immunodominance, and the use of that
information in vaccine design, much more
tractable.

Recent investigations employing these
techniques have yielded useful results. An
antibody cloned from a human immune
response to an influenza virus vaccine neu-
tralized H1 influenza virus strains broadly,
although there were ‘drop-outs’ of strains that
escaped neutralization. X-ray crystallographic
analysis of a complex between the antibody
and the HA head revealed the basis for this
pattern of broad neutralization®. In an exam-
ple of molecular mimicry, complementarity-
determining loop 3 (CDR3) of the antibody
reaches into the sialic acid-binding site of the
HA head and binds the base of the pocket.
The side chains of the amino acids in the
antibody loop mimic the HA-interacting moi-
eties of sialic acid with remarkable accuracy.
Thus, the antibody does not bind the vari-
able rim of the sialic acid-binding site, as do
most HA head-specific antibodies, but rather
docks on the conserved sialic acid-binding
surface itself.

The discovery of a broadly neutralizing
epitope on the HA stem has prompted wide-
spread interest in engineering an HA that
can elicit broadly neutralizing antibodies
more efficiently*. This had been difficult
because of the complexity of this epitope: it
is formed by strands from both the HA1 and
HA2 fragments of HA, which are brought
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into association through the overall folding
of the multidomain pre-fusion conformer
and which have different structural roles

in the lower energy, post-fusion state. It has
therefore proved challenging to convinc-
ingly recreate the stem structure as a single-
domain construct for immunization studies.
By contrast, the broadly neutralizing epitope
at the base of the sialic acid-binding pocket
is displayed on a single globular domain
that is simple enough to be refolded from

E. coli inclusion bodies and has a quanti-
fiable function (haemagglutination) that
can be assayed as an indicator of correct
folding*-*'. This tool might enable studies
of how structure can be manipulated to
focus antibody responses on the epitopes of
greatest interest for vaccine design.

Structural vaccinology realized

In 2008, we wrote that the use of structural
information in vaccine design would allow
us to engineer more stable, homogeneous,
efficiently produced vaccine antigens®.
This ambition has guided vaccine research
efforts in the intervening years, leading

to the engineered RSV F subunit anti-

gen, which is approaching clinical trials.
Structural insights have also enabled the
design of a GBS pilus-based fusion protein
and an improved MenB single-domain
fHbp antigen, both of which elicit immu-
nity against more antigenic variants than
their wild-type progenitors. The tools
developed in these efforts will enable us to
realize the longer-term vision of improving
our understanding of the structural basis
for immunogenicity and immunodomi-
nance in order to improve vaccine efficacy.
Structural analysis has become a work-
horse of practical vaccine design. We now
routinely determine structures of vaccine
antigens as a central task in vaccine optimi-
zation. The essential insights that antibody
epitopes are conformational, extended pro-
tein surfaces and that short, floppy peptides
rarely elicit protective antibodies are essen-
tial for selecting vaccine research strategies
that have a high probability of success.
Structure-based antigen design might ulti-
mately enable us to succeed in overcoming
some of the greatest remaining challenges
in vaccinology, such as the development of
an HIV*? vaccine and a universal influenza
virus vaccine®.

Note added in proof

A recent report from Tang and colleagues®
describes the structure-based design and
evaluation of fHbps that are defective in fac-
tor H binding.
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