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Abstract

Antigenic variability of immunodominant antigens is a common mechanism used by pathogens to
escape the immune response. Frequently, the proposed solution is a universal vaccine based on
conserved antigens present on all strains of the pathogen. Indeed, a lot of progress has been made in
the development of vaccines that induce broad immune responses. However, truly universal vaccines
are not easy to produce and still face many challenges, mostly because in those pathogens that use
antigenic variability to escape the immune response, conserved antigens have been selected by
evolution to be poorly immunogenic. This review describes the progress made towards the
development of vaccines inducing broad protection against Neisseria meningitidis, influenza, HIV, and
Candida and the challenges of developing truly universal vaccines.

Introduction
The most immunogenic molecules on the surfaces of
pathogens—the ones that elicit the strongest immune
response—are often also the most variable. The influenza
virus changes its surface proteins so rapidly that a different
vaccine must be manufactured every year. However, the
nonimmunogenic part of the surface proteins remains
unchanged. To overcome this difficulty, researchers are
employing a number of new approaches—from tinkering
with the immune system to scouring viral genomes for
proteins that are conserved across generations (“reverse
vaccinology”)—in a quest to create so-called “universal”
vaccines. With such vaccines, one jab for each pathogen
will protect us from all current and future variations of
each disease, and maybe even from different families of
related pathogens. But why has it been difficult to create
such vaccines, and what progress are we making?

Serogroup B meningococcus
Neisseria meningitidis is a Gram-negative bacterium that
has been divided into 12 serogroups classified according
to the chemical composition of the polysaccharide
capsule, five of which cause disease in humans: A, B, C,
W135, and Y. Antibodies to the capsular polysaccharides
protect from disease, but the capsular polysaccharides

are not immunogenic, especially in children, because
they are T-cell-independent antigens. The poor immu-
nogenicity of the A, C, W135, and Y polysaccharides was
overcome by conjugating the polysaccharides to a
protein able to engage the T cells [1] (Figure 1). Using
this technology, vaccines against serogroups A, C, W135,
and Y were developed and licensed.

However, attempts to make a vaccine for serogroup B
meningococcus, which causes approximately 50% of the
global cases of meningococcal meningitis outside Africa
(where serogroup A predominates), failed many times
for two reasons. The first is that the capsular poly-
saccharide, which is the most conserved antigen, is
nonimmunogenic even when conjugated to a protein
carrier because it has a chemical composition identical to
a self antigen—the polysialic acid present in human
glycoproteins (Figure 2).

The second reason is that PorA, the most abundant and
most immunogenic protein in the envelope of the
bacterium, is highly variable in sequence and induces a
strong protective immune response against the homo-
logous strain only. Analysis of the feasibility of a universal
vaccine made using this approach in the United States
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revealed that a vaccine made from one strain would cover
a maximum of 27% of the strains in the United States and
that at least 20 different vaccine strains were necessary to
make a multicomponent vaccine covering 80% of the

bacterial population. This complex vaccine was found to
be beyond technical feasibility [2].

The solution for a broadly cross-reactive vaccine was
found by searching the genome of the bacterium for
antigens that being neither too abundant nor immuno-
dominant would not be subjected to strong selective
pressure, and would therefore be more conserved. The
search was successful, and out of 2,158 genes, 28 were
found to code for protective antigens with these proper-
ties [3]. Finally, three of them were used in a vaccine
formulation that also contained outer membrane vesi-
cles from a strain producing the PorA P.1.4. The vaccine
has now finished Phase III clinical trials and is being
submitted for regulatory approval to the European
Medicinal Agency.

The three antigens identified by the genome search were:
Neisseria heparin-binding antigen (NHBA), which is
present in all strains and induces a bactericidal response
against all strains that produce enough quantity of the
protein; the factor H-binding protein (FHBP), which is
present in most of the strains, but due to sequence
diversity has been divided into three variants that do not
induce cross-neutralization (variant 1, which is present in
more than 60% of all strains, was included in the vaccine);
and Neisseria meningitidis adhesin A (NadA), which is
present in approximately 50% of the strains but, when
present, is a good target for bactericidal antibodies [4]
(Figure 2). A recent publication has analyzed the predicted
coverage of the global diversity of meningococcus B
strains of this vaccine. To do so, the amount of each
antigen and its antigenic distance from the vaccine antigen
were measured using a novel enzyme-linked immuno-
sorbent assay (ELISA) named “Meningococcal Antigen
Typing System” (MATS) [5]. The analysis revealed that
adults and infants immunized with the vaccine would be
protected from disease caused by 86% and 77% of the
global strains, respectively. Interestingly, more than 50%
of the strains were independently covered by two or more
of the vaccine antigens, suggesting that vaccine escape
mutants should be unlikely. In conclusion, in the case of
serogroup B meningococcus, the combination of several
antigens discovered by reverse vaccinology has allowed
the development of a vaccine that is predicted to cover
most of the strains of this highly variable bacterium.

Influenza
Currently, more than 100 World Health Organization
(WHO) centers worldwide monitor the circulation of
influenza strains and, by using this information every year,
the experts make a prediction of which strains are likely to
circulate during the following year. Based on this predic-
tion, new vaccine strains are developed and provided in

Figure 1. Schematic representation of Neisseria meningitidis
serotypes A, C, W, Y

The capsular polysaccharide, composed of many identical repeating units,
coats the bacteria. The chemical composition of the capsular polysaccharide
delivers the serogroup. Antibodies against the capsular polysaccharide that
coats the bacteria protect from disease, but the polysaccharide is not
immunogenic. The conjugation of the polysaccharide to a protein that
carries T cell epitopes makes the conjugate vaccine very efficacious and able
to protect against all strains of the serogroup.

Figure 2. Schematic representation of Neisseria meningitidis
serogroup B (MenB)

The capsular polysaccharide is a self antigen that cannot be used to make a
vaccine. The most abundant antigen is PorA, which is variable and induces only
strain-specific protection. A vaccine inducing broad protection was developed
using reverse vaccinology to mine the genome and identify less abundant but
more conserved antigens such as FHBP (factor H-binding protein), NadA
(Neisseria adhesin A), and NHBA (Neisseria heparin-binding antigen).
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February and September to vaccine manufacturers. So
currently we use a new vaccine strain for each variant of the
seasonal influenza virus. This also applies for pandemic
strains. For example, vaccines were made against several
variables of the pandemic influenza strain H5N1 clade O
isolated inHong Kong in 1997, clade I isolated in Vietnam
in 2004, and clade II isolated in Indonesia in 2005. In
developing a pandemic vaccine, it is advantageous to use
the latest virus isolate if possible, but this can cause delays.
For example, during the 2009 H1N1 pandemic, the
production and characterization of the vaccine strain
using the pandemic virus delayed the manufacturing of
the annual vaccine by a couple of months so that it only
became available in large quantities after the peak of the
circulating virus. Clearly, a universal vaccine able to
immunize against any form of influenza would be very
welcome. Is this possible? Figure 3 summarizes what we
know about influenza today.

Current practice has been established based on past
scientific knowledge: each influenza strain variant needs
a different vaccine. In the last few years we have learned
that using oil-in-water adjuvants such as MF59 increases
the titer of the antibody responses, the number ofmemory
T and memory B cells, and broadens the B cell epitopes
recognized by the antibodies so that the vaccine is able to
cover not only the immunizing strain, but also the strains
that are closely related [6,7]. Following these findings, it is
now possible that we could use one vaccine to cover all H5
strains, one vaccine to cover all swine H1N1 strains, and
one vaccine to cover related human H1N1 strains.
Therefore, we could already use the same vaccines for

closely related strains and change the vaccine only when a
major antigenic change occurs. This approach would not
be the much-dreamed-of “universal” vaccine, but it would
certainly be a major step forward compared with the
present situation.

The dream is to create a truly universal vaccine to be used
against all strains of influenza, but is this going to become
a reality, and if so, when? At this point it is difficult to
make predictions, and although tremendous progress has
been made in this direction, we still do not even know
whether this is actually possible. Many of the proposed
solutions for a universal influenza vaccine suggest using
conserved antigens such as theM1 andM2proteins.While
using these proteins makes sense scientifically, it is worth
considering that the M1 protein is already present in most
vaccines and little progress has been made using M2 since
it was originally proposed as a vaccine antigen more than
10 years ago [8]. Recently, universal neutralizing anti-
bodies have been isolated against the conserved HA2
region of hemagglutinin (HA), raising the expectation that
a universal vaccinemay be developed using this region [9]
(Figure 4).

Figure 3. The path towards broadly protective influenza vaccines

Up to this point, one vaccine has been used for each influenza strain so that 11
different vaccines are needed to cover the 11 strains shown in the figure.
Today, using oil-in-water adjuvants such as MF59, it is possible to vaccinate
against the 11 strains using only 3 or 4 vaccines. The dream for the future is to
develop a universal vaccine able to protect from all strains.

Figure 4. Schematic representation of the influenza hemagglutinin
trimer showing the conserved HA2 region and the variable HA1
regions

The figure shows that the contact surface of the poorly immunogenic HA2
region is flat and may be difficult to bind with high affinity. On the other
hand, the immunodominant HA1 region has many cavities that allow
antibody binding with high affinity.
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However, universal neutralizing antibodies are rare, have
low affinity, and cannot be induced in large quantities
during infection or vaccination. The most advanced work
in this direction showed that priming with plasmid DNA
encoding H1N1 influenza hemagglutinin and boosting
with seasonal vaccine or replication-defective adenovirus
5 vector encoding hemagglutinin can stimulate some
broadly neutralizing antibodies against this region [10].
However, even in this case, these antibodies represent a
small fraction of the total neutralizing antibodies and
had to be preabsorbed with a protein without the stem of
hemagglutinin in order to be analyzed. The question is
why are the most conserved universal epitopes so poorly
immunogenic? Clearly, these epitopes have been strongly
selected during evolution to be nonimmunogenic. In
fact, variant strains of influenza would not cause disease
in previously exposed individuals if they were able to
induce a strong protective response. The molecular
reasons behind the poor immunogenicity are less clear.
Maybe they evolved to have epitopes that coincide with a
hole in a B cell germline repertoire, maybe the epitope is
hard to reach [11], or maybe there is an even simpler
reason. For instance, looking at Figure 4 it is clear that the
surface of the HA2 region is simply flat and that it is very
difficult for the antibodies to find something to grab and
bind to with high affinity. This is in marked contrast with
the antibodies that bind the globular head of hemagglu-
tinin, which is the most immunogenic but variable
region in hemagglutinin. This region is full of cavities and
this makes it easy for the antibodies to grab and stick with
high affinity. Therefore, to make a universal vaccine
against the HA2 region of the influenza hemagglutinin,
we may need to “teach” the antibodies to bind and climb
a flat slippery surface, and this may not be easy.

HIV
In the case of HIV, in order to make a vaccine able to
protect against all the HIV variants, scientists focused their
attention on the CD4 binding site, which is the most
conserved part of the HIV envelope protein gp120. The
virus cannot change this region without committing
suicide and therefore it would be an ideal epitope for a
universal vaccine. Indeed, two beautiful papers recently
published in Science showed that rare broadly neutralizing
antibodies against this region can be found in infected
patients and showed the structural basis for the broad
neutralization [12,13]. A similar paper also published in
Nature some years ago showed the structural details of
another broadly neutralizing antibody, B12, against this
region [14]. These publications, which represent the most
advanced state of the art in the field, havemade incredible
progress in the understanding of the basic mechanisms of
broad HIV neutralization, but unfortunately have not yet

been able to instruct us on how to design an immunogen
able to induce broadly neutralizing antibodies to HIV. As
in the case of influenza and meningococcus B, the most
conserved epitope has been selected during evolution to
be poorly immunogenic, and therefore antibodies against
it are very rare, but why? A quick look at the crystal
structure of the B12 antibody gp120 complex shows that
the antibody binds the epitope only with the heavy chain,
because the epitope is recessed and not easily accessible
(Figure 5). So, while influenza makes the HA2 epitope
nonimmunogenic by making it a flat surface, HIV made
the CD4 binding site nonimmunogenic by hiding this
region in a remote and hardly accessible site.

Candida and other pathogenic fungi
Opportunistic pathogens such as Candida, Aspergillus, and
Cryptococcus are not dangerous for healthy individuals, but
under particular conditions where the immune system is
weakened they canbecome fiercepathogens and causehigh
mortality. Given the increasing importance of opportunis-
tic pathogens today, vaccines against these fungi would
be desirable. Fungal vaccine development has mostly used
cell wall extracts, which contain polysaccharides that are

Figure 5. Schematic representation of the HIV CD4 binding site
that is conserved in all HIV envelopes, but is recessed and poorly
immunogenic
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generally poorly immunogenic, and protection in animal
models has been controversial. In fact, antibody-mediated
protection has been difficult to demonstrate because
inhibitory and protective antibodies seem to be equally
induced. However, it was encouraging to see recently that
the monoclonal antibody 2G8 was isolated and able to
control infections caused by two fungi, Candida and
Cryptococcus. The antibody was shown to recognize beta
1,3 glucan, a component of the cell wall that is present in all
fungi, and to be able to inhibit the growth of the Candida
hyphae in vitro [15]. Given the poor immunogenicity of the
beta glycan, it was decided to conjugate laminarin (a
product derived from algae that contains mostly beta
glycan) to the carrier protein CRM197. This proved to be
another success—the CRM197–laminarin conjugate vac-
cine was immunogenic and protected against infection
with Candida and Aspergillus [16].

It is therefore possible that the conjugation technology
that has been so successful in making immunogenic
bacterial polysaccharides may be useful in the develop-
ment of universal “cross-kingdom” vaccines able to protect
against multiple fungal infections.

Conclusions and future outlook
Highly conserved antigens of successful pathogens are
usually poorly immunogenic and have been selected
during evolution to avoid engaging the immune system.
In some cases, new technologies have been able to
overcome the poor immunogenicity. A successful
example is bacterial capsular polysaccharides. In this
case, the conjugation technology allowed the develop-
ment of “universal vaccines” able to cover all strains
belonging to one serogroup. A similar conjugation
technology may be used to develop a vaccine against
Candida and all pathogenic fungi. A genomic approach
such as reverse vaccinology was necessary to find good
antigens suitable for the development of a vaccine
against meningococcus B. In the case of influenza,
quantum jumps were made by using innovative adju-
vants. However, many challenges are still ahead of us.
Making an HIV vaccine, a truly universal vaccine against
influenza, a vaccine against malaria, and a vaccine
against rhinoviruses, for example, is still far away. The
main approach used in these cases has been the use
of structure-based antigen design to render the con-
served epitopes immunogenic. After several challenging
years, we have made a lot of progress in the scientific
understanding of conserved regions, especially in the
case of HIV and influenza; however, little progress has
been made in engineering immunodominance in these
regions. Therefore it is important that we also look for
alternative technical solutions. An alternative approach
could also be to use structure-based antigen design to

engineer immunodominant epitopes to cover multiple
strains as described in Figure 6. Preliminary data suggest
that such an approach may be feasible at least in some
cases.

Abbreviation
HA, hemagglutinin.
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