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Summary When we look back to Edward Jenner vaccination of a young man in 1796, we cannot help thinking that he
was both lucky and crazy. Crazy because he decided to test in a human being a hypothesis based mainly in the traditional
belief that people who had acquired cowpox from the udders of a cow were thereafter resistant to smallpox, a quite
devastating disease, and lucky because (even considering that he did not know this at that time) he succeeded to induce
protection against a pathogen through the induction of an immune response directed against a different agent. Not only
was he able to protect the young man but he took the first step towards the development of a vast new field,
vaccination. It is acceptable to say that Jenner was lucky because he succeeded in promoting protection against
smallpox using a cowpox virus and this induction of protection in a cross-reactive way is believed to be quite rare.
Nevertheless, more and more examples of cross-reactive immune responses are being described and we are beginning to
admit that cross-reactivity is far more common and important than we used to think. Here we review cross-reactivity in
the immune system and the plasticity of T cell recognition. Based on the existence of T cell receptor promiscuous
recognition and cross-recognition of conserved viral immunodominant epitopes, we propose two approaches to develop
wide spectrum viral vaccines. The first one is based on the identification, characterization, and cloning of
immunodominant viral epitopes able to stimulate responses against different viruses. The produced peptides could
then be purified and serve as a basis for vaccine therapies. A second strategy is based on the identification of conserved
patterns in immunodominant viral peptides and the production of synthetic peptides containing the amino acid residues
necessary for MHC anchoring and TCR contact. Although we are still far from a complete knowledge of the cross-
reactivity phenomenon in the immune system, the analysis of immunodominant viral epitopes and the identification of
particular ‘‘viral patterns’’ seems to be important steps towards the development of wide spectrum viral vaccines.
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Introduction

The human immune system has developed,
throughout its evolution, different mechanisms to
eliminate pathogenic organisms. Pathogens, in
rved.
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turn, have developed strategies to evade our de-
fense mechanisms. Some of the interaction mecha-
nisms between the immune system and pathogens
are already well understood. For viral systems,
however, the subject is not fully elucidated, mainly
due to the highly mutable nature of viruses, which
requires the development of specialized and com-
plex defense mechanisms.

Many cells of the immune system are involved in
the eradication of viral infections. We will give spe-
cial attention to the interactions between cells
that express major histocompatibility complex
(MHC) class I molecules (all the nucleated cells)
and cytotoxic CD8+ T lymphocytes (CTLs).

When an MHCI-expressing cell is infected by a
virus, it starts producing proteins necessary to viral
assembly. Part of these proteins is, however, pro-
teolytically degraded in the proteasomes, along
with other cytosolic self-proteins or even proteins
provenient from intracellular bacteria that have
been also ubiquitinated. This degradation process
generates peptides 6–30 amino acids (aa) long that
may, potentially, bind to the MHC class I molecule
peptidic cleft, in the endoplasmic reticulum, being
transported to the cell surface. These peptides
have little variation in size, presenting normally
8–12 amino acids. The peptide size restriction is
due to the nature of the MHC I peptidic cleft, which
presents closed extremities, contrasting to the
peptidic cleft of MHC class II molecules which can
accommodate longer sequences (up to 30 aa).

Imagine that a given viral protein possesses 200
amino acids and that its proteolysis generates, in
average, peptides with 10 aa (it must be empha-
sized that fission does not occur, necessarily, at
10 aa from the initial extremity, but that random
cuts in any part of the protein generate peptides
of different sizes). The number of sequences
yielded, in such case, would reach some hundreds.
Considering that the exemplified protein size is rel-
atively small and considering the classical idea that
each CD8+ T cell recognizes only one peptide, the
repertoire of memory T cells would have to be lar-
ger that 1012, the total number of lymphocytes in
human beings, to be efficient [1]. Therefore, the
recognition of peptidic sequences must involve
mechanisms with a certain plasticity and adaptabil-
ity, without, however, loss of specificity. This
would allow the immune cell repertoire to be
shaped according to ongoing experiences leading
to the establishment of memory, but at the same
time, it would allow the maintenance of a source
of naive, inexperienced cells.

We will discuss here some mechanisms that
could indicate events that bypass the problem of
the size limitation of the immune system and, at
the same time, could confer it a powerful resource
for viral recognition. Most of these mechanisms
involve cross-reactivity.
Cross-reactivity

The capacity of a T lymphocyte to recognize non-
related peptides derived from the same virus, or
even peptides from heterologous viruses, will be
defined here as cross-reactivity [2,3]. This phe-
nomenon is mainly observed in cytotoxic T lympho-
cytes, even though it also occurs in T helper cells
[4]. Several examples of cross-reactivity between
heterologous viruses have already been described
and some of them will be presented throughout
the text.

Brehm et al. [5] demonstrated that the sensiti-
zation with a subdominant epitope of the lympho-
cytic choriomeningitis virus (LCMV) elicits strong
immune response against an heterologous subdomi-
nant epitope of the pichinde virus (PV). It is impor-
tant to note that the PV peptide which elicited the
cross-reactivity shared six out of eight amino acids
with the one used to sensitize the cells. In that
case, infection with an heterologous virus stimu-
lated a strong T cell immunodominant response
to an epitope that was previously weak and subdo-
minant, indicating that not only the hierarchy of
virus-specific T cells can be more malleable than
formerly imagined, but also that the hierarchy of
immunodominance can be deeply affected by pre-
vious encounters with heterologous pathogens.

Another interesting work involved a panel of
four heterologous viruses: LCMV, PV, vaccinia virus
(VV) and murine cytomegalovirus (mCMV). This
study evidenced that memory T cells primed by a
given virus may alter the host immune response
to a second unrelated virus. Thus, cross-reactivity
was observed between those viruses, mainly be-
tween LCMV and PV, and between LCMV and VV.
It was also demonstrated that previous immuniza-
tion with one of those viruses, in some cases, en-
hanced the clearance of a second unrelated virus,
early in infection, although the sequence of viral
infection was important and cross-protection was
not necessarily reciprocal [6].

In the work of Wedemeyer et al. [1], the pres-
ence of specific CD8+ T cells directed to one immu-
nodominant epitope of the hepatitis C virus (HCV)
among blood donors that did not present any his-
tory of infection by HCV or hepatitis B virus
(HBV), led to an inquiry that revealed that those
patients had been cross-sensitized by a previous
encounter with influenza A virus (IVA). The cross-
response occurred against one endogenously pro-
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cessed epitope of the IV neuraminidase (IVNA-231),
which is conserved among influenza viruses, being
normally included in vaccines, and an HCV immuno-
dominant viral determinant called HCVNS3-1073,
which is an HLA-A2 determinant frequently recog-
nized during acute HCV infection. In the previous
example, the degree of similarity between the se-
quences of both epitopes, which share seven out
of nine amino acids, seems to be quite important.
Additionally, both peptides present conserved aa
in residues 2 and 9, the critical residues for binding
to the HLA-A2 molecule. Although they differ in
two aa, these non-identical amino acids belong to
the same chemical group and share certain physi-
cochemical characteristics.

Several examples of cross-reactivity involving
the influenza virus have already been reported.
This is, to a certain extent, an expected fact since
any given human immune system is challenged by
this virus several times throughout life. Conse-
quently, memory cells for many epitopes, from dif-
ferent influenza strains, must be abundant in the T
cell repertoire of any human being.

In 1989, Shimojo et al. [7] observed that a rota-
virus-derived peptide could sensitize HLA-A2.1+
targets, inducing their lysis by CTLs specific to a
IV-derived matrix peptide. One variant of this IV
peptide, the FLU-M1:58–66, presented cross-reac-
tivity with an HIV-I epitope. Cells stimulated in
vitro with FLU-M1 were capable of lyse not only
cells marked with the IV epitope but also cells pre-
senting the HIV epitope [8]. It is interesting to point
out that this observation was done in peripheral
blood mononuclear cells from both HIV-infected
and uninfected individuals, suggesting that, in indi-
viduals vaccinated against influenza, the response
generated against the IV matrix protein could di-
rect a specific immune response to an HIV epitope.
It is known that the IV matrix protein and the HIV
capsid and matrix proteins present notable struc-
tural similarities, mainly in the three-dimensional
structure of the proteins rather than homology in
the amino acid sequence. Interestingly, both virus
proteins have similar functions in their assembly,
mediating the encapsidation of the ribonucleopro-
tein complex by the viral membrane [9]. Another
work demonstrated the existence of cross-reactiv-
ity in the immune responses directed to japanese
encephalitis and dengue viruses [10].

Among phylogenetically related viruses there
are several examples of cross-recognition, such as
the occurrence of cross-recognition to different
peptides from the same subtype of influenza virus
A (IVA) [11], or among epitopes from different sub-
types of IVA [12], although cross-reaction between
viruses with widely divergent primary amino acid
sequences (HIV-1 and HIV-2, for instance) seems
also to be common [13].
T cell receptor promiscuous recognition

Much of the cross-reactivity phenomenon involves
the degenerated capacity for antigen recognition
of the T cell receptor (TCR). The TCR consists of
an heterodimeric structure formed by an a chain
and a b chain or, alternatively, a c and a d chain.
Within each one of these chains, there are three
hypervariable sites known as complementary
determining regions (CDRs), which protrude as
loops from the TCR and directly contact sites on
the peptide and MHC molecule [14].

The classical view of a monogamous relationship
between the TCR of a given lymphocyte and the
corresponding MHC-peptide (MHC-pep) complex
has been wearing. As previously mentioned, the
number of MHC-pep complexes that could be gen-
erated exceeds that of T cells in the repertoire of
an individual. Specifically, this limitation is due to
spatial and/or numerical restrictions on the mature
T cell pool, rather than the number of possible TCR
rearrangements. The size of the potential TCR rep-
ertoire is estimated in 1015, considering all gene
segment rearrangements and the imprecise junc-
tions generated by insertions and deletions in the
N terminal regions. This number is greater than
the theoretical number for different nonamer pep-
tides that could be generated, which equals 209

[15]. It is logical that the repertoire full combinato-
rial potential cannot be exhausted in humans or
other animals, even if there were a mechanism
ensuring that any TCR is produced only once in a
given individual.

Thus, cross-reactivity is necessary for T cell
receptors. Such wide spectrum cells can be acti-
vated by a primary peptide and also by closely re-
lated peptides, or even by peptides that present
a certain homology with the required sequence.
The TCR flexibility is exhibited at different levels,
influencing the positive selection of immature thy-
mocytes as well as the immune response to heter-
ologous antigens, in peripheral mature T cells [15].

Considering that, during an immune response, it
is expected that multiple T cell clones recognize
the same MHC-pep complex and considering that
the number of potential antigens exceeds that of
available T cells, it can be suggested that a high de-
gree of cross-reactivity is an intrinsic and necessary
property for an efficient immune system. A mathe-
matical model supports this idea, predicting that a
single TCR may be able to interact with over one
million different peptides [16]. The CDR3 loops of
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the TCR are subject to significant conformational
alterations to accommodate the three-dimensional
structure of the MHC-pep complex surface. The
natural TCR flexibility allows it to be promiscuous
in peptide recognition, making it inherently able
for cross-recognition [14].

It can be argued that not all possible peptides
will naturally occur and that, among them, some
will associate with MHC molecules while others will
not. Even so, the number of MHC-pep complexes
effectively formed is extremely high. Nevertheless,
we must consider that not all the MHC-pep com-
plexes formed will trigger clonal expansion, mem-
ory CTLs reactivation and infected cell lysis.

Another level in the antigen recognition con-
cerns the MHC. Although the classical view dictates
that the majority of antigenic peptides could be
recognized in the context of only one or a few al-
leles of the MHC, nowadays it has been observed
that T cell determinants can be recognized in the
context of a variety of class II alleles [17], although
the structural basis for this promiscuous recogni-
tion is not yet understood.
Implications of cross-reactivity in the
available T cell repertoire

Brehm et al. [18], through the infection of mice,
obtained specific CTLs for LCMV-derived peptides
which also recognized allogeneic antigens. These
allospecific cells generated in response to the viral
infection have been kept in high frequencies in the
memory cell compartment, indicating that allo-
specific CD8+ memory T cells can develop as a con-
sequence of viral infection. In fact, mice previously
infected with LCMV were refractory to the toler-
ance induction to skin allogeneic graft. The suscep-
tibility to tolerance induction is influenced by the
immunological history of the individual, i.e., indi-
viduals that have suffered multiple viral infections
tend to be more refractory to tolerance induction
than those who have had less infections. Such
observation can have some implications in the
transplant research field [19].

Also, previous immunity to a given virus can sig-
nificantly improve the clearance of a second, non-
related virus, in initial stages of the infection,
when specific high affinity T cells directed against
this second virus (generated by the stimulation of
naı̈ve T cells) were not yet available. Thus, the task
of reducing infection spreading can be delegated to
cross-reactive cells and the organism will gain time
to assemble a more specific artillery. The idea that
cross-reactive T cells lead to a low affinity re-
sponse to heterologous epitopes generated the
argument that this could cause deleterious effects
to the host, who would lack an acute, virus-specific
immune response for some types of viral infec-
tions. In fact, some works have verified that such
situation is possible and can be used by viruses as
an extra evasion mechanism. It was observed that
human papillomavirus type 16 (HPV16)-infected
individuals that had developed cervical cancer pre-
sented an almost complete absence of specific T
lymphocytes directed to the oncoprotein (HPV16)
E711–19(20) epitope. Cross-reactivity between this
epitope and a coronavirus epitope called NS252–60
was identified. It was proposed that frequent con-
tacts with a virus could lead to an ‘‘exhaustion’’
of the T cell repertoire, which could lead to an
inefficient CTL response. Moreover, this same
HPV epitope presented considerable sequence
homology with peptides from diverse organisms,
including some sequences from self-peptides, pro-
viding support for the suggestion of toleration of
the immune system [20]. Another strategy used
by viruses to evade the immune system is exempli-
fied by the murine cytomegalovirus (MCMV), which
codes for an evasion immune protein (m152/gp40).
This protein prevents the presentation of an immu-
nodominant peptide, provenient from an antiapo-
ptotic protein (M45), in pathologically relevant
tissues. Thus, this peptide stimulates a CD8+
long-term response, but the target is not present
in the tissues of interest [21].

A possible role for the plasticity of T cell recog-
nition in the development of human immunity is
supported by De Silva-Udawatta et al. [22]. Human
T cell clones were generated against two autoanti-
gens which are frequent targets of autoantibodies
and T cells in the same lupus patient. Interestingly,
the TCRs from all isolated clones had substantial
sequence homology in their CDR3 region 3. Cloning
of the TCR a and b chains from these cells, in a
TCR-negative human cell line, and a subsequent
analysis of interaction between the TCR and the
antigenic peptides revealed TCR stimulation by
both peptides, evidencing a degeneration or plas-
ticity in the recognition of these lupus autoantigens
by the T cell receptor.

Memory, in the immune system, is also affected
by cross-reactivity. The immunological history of
an individual will constantly shape the T cell reper-
toire and, consequently, affect the induction of
cells in future viral infections. Memory cells are
not isolated in the immune system but participate
in an interactive network, which is continuously
evolving in such a way that the any immune re-
sponse modifies the frequency, distribution and
activity of all other components of the immune sys-
tem [23]. Finally, if it was previously thought that
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memory T cells were present in relatively low fre-
quency and were essentially resting cells, recent
studies have demonstrated that virus-specific CTLs
were kept in high frequencies during the lifespan of
a mice that had been infected by LCMV, PV or VV.
In addition, a subpopulation of those memory T
cells consisted of cytolytically active circulating
cells, expressing IL-2 receptors and high levels of
adhesion molecules, which is in agreement with a
plastic and interconnected immune system [6].
How does a virus reveal us its identity?

Considering the previous discussion, and focusing
specifically in viral immunodeterminants, some
questions arise. If the same peptide can, poten-
tially, trigger either a strong immune response or
a barely detectable response, how can we talk
about immunodominant peptides? In other words,
how can the immune system detect a virus? Beyond
the need for costimulation, it seems that
viral immunodominant peptides share some
characteristics.

Joshi et al. [17] studied cross-reactivity of three
promiscuous epitopes of T helper cells (linked to
MHC class II), which did not show strong sequence
homology and were of distinct origins. The se-
quences seemed totally not related. A more careful
analysis, however, revealed some structural simi-
larities, such as the presence of positively charged
residues in the middle of their sequences.

The same work comments that few lateral
chains from the amino acids of the peptide concen-
trate the focus of the TCR action. Moreover, the
same TCR can accommodate peptide sequences
with different lateral chains, depending on the size
and chemical properties of the TCR contact
surface.

In addition, a study with an Epstein-Barr virus
immunodominant epitope that represents the main
target for CTLs identified that only 3 out of 9 amino
acids of the peptide possessed crucial function for
T cell recognition. Two of those amino acids were
anchorage residues and occupied positions 2 and
9, and the residue in position 4 was responsible
for making contact with the TCR. Polyalanine ana-
logues that share these 3 amino acids were capable
of inducing reactivation and clonal expansion of
specific CTLs for the wild-type epitope, indicating
that a simple but specific amino acid residue is suf-
ficient to productively interact with the TCR. Not
only was the original amino acid (aspartic acid) at
position 4 capable of inducing reactivation of spe-
cific CTLs, but also the glutamic acid or glutamine,
all of them presenting a carbonylic group on the
side chain. Such peptides, however, have failed
to trigger the cytolytic mechanisms, demonstrating
the existence of different requirements in TCR
stimulation. Thus, different interactions must in-
duce reactivation of memory CTLs and unchain
the cytotoxic mechanisms [24].

We can suggest that, even though there is a need
for co-stimulation, some factors really character-
ize some epitopes as viral sequences and that these
‘‘sequences’’ will probably not be represented in
higher organisms, otherwise we would observe a
high incidence of autoimmune diseases. However,
in some cases, viral epitopes present considerable
similarities to self peptides and can be involved
in the pathogenesis of autoimmune diseases. Epi-
demiologic evidences alert that infections fre-
quently precede autoimmune reactions,
moreover, variant epitopes of viral origin may act
as antagonists of their own CTLs, by possessing
the anchor residues but not the contact residue.
How can we use cross-reactivity to develop
wide spectrum viral vaccines?

Considering the phenomena previously discussed,
we can propose at least two major strategies to de-
velop wide spectrum viral vaccines. The first one is
based on the identification, characterization, and
cloning of immunodominant viral epitopes able to
stimulate responses against different virus involved
in frequent human diseases. The produced peptides
could then be purified and serve as a basis for vac-
cine therapies. As previously mentioned, a number
of peptide candidates fits this initial criteria of
cross-reactivity induction, making this first step
easy and feasible. After the identification of this
potentially useful peptides, several admixtures
could be elaborated, aiming at inducing protection
to different virus-induced diseases. Certainly, the
administration of such a peptide pool should be
associated to adequate immune stimuli (meaning
the inflammatory/infectious context necessary to
induce immune responses) in order to enhance
the probability of immune response stimulation
and long term protection.

A second strategy is potentially more powerful
than the first one, but also demands more time
and studies to become a reality. It starts from
the identification of patterns (in the amino acid se-
quence or in the biochemical properties) in immu-
nodominant viral peptides (such as conserved
amino acids in specific residues) that are capable
to induce immune response against a broad range
of different organisms. The deduced conserved
amino acid sequences (or biochemical properties)
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should be used for the production of synthetic pep-
tides containing the amino acid residues necessary
for MHC anchoring and TCR contact. Except for
these conserved residues, these synthetic peptides
could be filled with amino acids with few or none
lateral chains (that could interfere with the MHC/
TCR contact). Thus, a priori, a limited number of
highly conserved and immunogenic peptides could
be enough to induce protection, by means of
cross-reactivity, against a variety of virus.

Nevertheless, a series of technical problems sur-
round the identification of conserved viral immuno-
dominant peptides. Obviously, the existence of a
‘‘golden sequence’’ containing the elements nec-
essary to stimulate immune responses against all
kinds of virus is highly improbable, although the
identification of consensus sequences representing
different viral groups is a concrete possibility. Also,
different HLA alleles require different peptides as
anchor motifs and this variability should also be
considered during peptide screenings. It is impor-
tant to point out that sometimes viral peptides
are associated to the development of autoimmu-
nity and, consequently, it will always be necessary
to take into account the cross-reactive phenome-
non as a whole and not only as a characteristic of
immune responses against pathogens. Conversely,
a potential application to conserved viral epitopes
includes tolerance induction against peptides in-
volved in autoimmune diseases. As discussed, these
features do not invalidate the potential of immuno-
dominant viral peptides as inducers of long term
immune responses but points out the need of a
deep knowledge of cross-reactivity phenomena.

Both vaccination approaches previously pro-
posed have as an advantage, the use of single pep-
tides instead of complex viral particles, when
compared to conventional vaccine strategies. This
is extremely relevant when organisms such as
HCV or HIV are the therapy targets. Besides, if rel-
evant conserved features in immunodominant pep-
tides could be identified and associated to specific
viral groups (a pool of peptides that confer protec-
tion against different IV lineages, for instance), the
vaccine could be directed to this viral group, with
minimal interference in the remaining T cell pool.
Interestingly, as immunodominance hierarchy is af-
fected by previous encounter with other epitopes,
also subdominant epitopes could be envisaged as
putative candidates to vaccine development. Thus,
the analysis of immunodominant viral epitopes in
search of particular features and the subsequent
use of these features to the development of syn-
thetic peptides with a ‘‘viral pattern’’ seems to
be interesting steps towards the development of
wide spectrum viral vaccines.
Acknowledgements
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