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Abstract
Vaccines are one of the most cost effective methods to control infectious diseases and at the same
time one of the most complex products of the Pharmaceutical industry. Contrary to other drugs,
vaccines are used mainly in healthy individuals, many cases children. For this reason, very high
standards are set for their production.

Subunit vaccines, especially peptide vaccines, provide a cost effective alternative. Structural
studies of peptide-MHC complexes and biochemical characterizations of the peptide-MHC
interaction have provided conceptual foundation for the rational design of subunit vaccines and in
the other side of the spectrum, development of “immunological silent” therapeutic proteins. In this
review, we explain the manner in which the analysis of crystal structures of peptide-class II MHC
complexes opened the door to the understanding of the major rules that govern this interaction.
We also describe biochemical studies that allowed the development of “virtual matrices” of the
peptide-class II MHC interaction and MHC-peptide binding algorithms that incorporate in one or
other manner structural and/or biochemical information of the interaction. Finally, and using
malaria as a model, we describe the development of a minimal subunit vaccine for the human
malaria parasite Plasmodium falciparum.

Introduction
The use of vaccines is one of the most cost effective methods to control infectious diseases
as demonstrated by the eradication of smallpox in the 1970’s. In the USA, vaccines for 27
infectious diseases are currently used and many more are in development (http://
www.cdc.gov/vaccines/default.htm) [1]. Protective immune responses were generated in the
first generation of vaccines by immunization with attenuated or inactivated pathogens.
Subsequent vaccines were developed in this manner, but adverse reactions, difficulty in
generating attenuated versions of the pathogens, lack of large-scale culture methods, and
low protection were found to be roadblocks in the development of vaccines for many
important pathogens. The observation that immune responses are elicited to a limited
number of all possible targets, and that a subset of these responses confer protection, opened
the pathway to the development of subunit vaccines. In this type of vaccines antigens that do
not confer protection or induce unwanted responses are excluded in order to enhance the
immune response to protective antigens or epitopes. For these reasons a major goal in the
development of modern vaccines is the identification of protective antigens and more
specifically epitopes, the portions of an antigen actually recognized by the immune system.
Knowledge of epitopes can facilitate tracking productive immune responses in vaccine
evaluation, and can contribute to selection of antigens for development of subunit vaccines
capable of inducing long lasting protective responses without significant adverse effects.
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In this review we describe biochemical and structural studies of class II MHC – peptide
complexes that are providing an understanding of the mechanisms responsible for selection
of T cell epitopes, progress towards computational prediction of such epitopes, and efforts
towards development of peptide-based vaccines.

Role of CD4+ T cell responses in vaccine-induced immunity
Multiple studies in animal models have clearly demonstrated the requirement of CD4 T cell
help for the generation of protective antibody responses (for example, influenza [2], malaria
[3, 4], vaccinia [5, 6]). In humans, the magnitude of the antibody response elicited by
vaccination is determined by factors such as age, gender, and the genetic background of the
individual [7, 8]. Among the genetic factors, HLA polymorphism plays a critical role
(reviewed in [9]). Although correlates of protection with serum and/or mucosal antibodies
have been established for many licensed vaccines (reviewed in [1, 10, 11]), correlates of
protection with cellular responses have been established only for a few vaccines [10], and
for this reason efficacy of vaccination is measured in most cases in terms of antibody titer.
The lack of association with cellular responses in part may be due to limitations of the
methodology to study T cells, as demonstrated by characterization of T cell responses
elicited by a peptide vaccine in which correlation was established only upon expansion of T
cells and not by more classical methods [12]. Recent studies have also demonstrated that the
role of CD4+ T cells in the immune response is not limited to help for antibody production;
CD4+ T cells are also required to generate optimal CD8+ T cell responses [13–16].
Moreover, CD4+ T cells additionally can act as effector cells by the secretion of cytokines
and direct killing of infected cells [17–21]. Thus, development of methodologies for facile
measurement of CD4+ T cell mediated cellular immune responses in clinical trials, and
development of computational methods to predict such responses, should facilitate
evaluation of existing vaccines and development of novel ones.

Class II MHC-mediated antigen presentation
The targets of CD4+ T cells are short peptides bound to class II MHC molecules expressed
constitutively on the surface of professional antigen presenting cells (APCs) such as
dendritic cells (DCs), macrophages and B cells, or upregulated on the surface of other cells
in response to inflammation. Dendritic cells are thought to be crucial to the initial activation
of naïve T cells in lymph nodes and specialized lymphatic tissues, while other APC are
important in activation of mature effector CD4+ T cells at various sites in the body. Antigen
processing pathways, i.e. the manner in which intact proteins are converted to peptides and
loaded onto MHC molecules, have been studied in detail [22]. A general scheme is shown in
Figure 1. Class II MHC molecules bind peptides generated in endosomal / lysosomal
compartments, aided by the peptide exchange factor HLA-DM. Nascent class II MHC
molecules enter the endosomal pathway with their peptide binding sites occupied by a
segment of the class II MHC-associated invariant chain chaperone. Proteolytic digestion of
the chaperone leaves a peptide fragment known as CLIP bound to the MHC molecule; CLIP
is a particularly good substrate for HLA-DM and is readily exchanged for endosomal
peptides. Class II MHC molecules recycling into the endocytic pathway from the cell
surface also can enter this pathway and acquire peptides by an exchange mechanism. Direct
cell surface loading of empty class II MHC molecules and cell-surface peptide exchange
processes have been described as well, but the efficiency of these pathways relative to the
endosomal / lysosomal loading pathways currently is not known. After loading, MHC-
peptide complexes traffic to the cell surface where they can be recognized by CD4+ T cells.
Class II MHC trafficking and loading pathways and the morphology and contents of the
class II MHC containing intracellular compartments, are regulated by cell type and
developmental state.
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In the conventional pathway for class II MHC-mediated antigen presentation, peptides
destined for antigen presentation derive from antigens taken up from the extracellular
medium into the endosomal / lysosomal pathway. Depending on the type of APC, this could
involve phagocytosis, fluid-phase endocytosis, or receptor-mediated endocytosis. For
example, an inactivated virus vaccine preparation could enter an APC by phagocytosis, most
likely mediated by cell surface receptors for virus components, whereas a soluble subunit
vaccine would depend on fluid-phase endocytosis unless acquired by specific endocytic
receptors. Proteins delivered to the endocytic pathway denature as endocytic vesicles acidify
and fuse with lysosomes, and, perhaps assisted by oxido-reductases and unfoldases, are
degraded by proteases present in these compartments (cathepsins). Peptide fragments able to
compete successfully for binding to class II MHC proteins are protected from terminal
degradation, and can traffic to the cell surface for recognition by CD4+ T cells. This
conventional pathway thus provides a means for APC to present peptides derived from
extracellular antigens.

However, from the first experimental characterizations of the spectrum of peptides bound to
class II MHC proteins purified from APC [23, 24], it has been clear that peptides derived
from intracellular sources also are fodder for presentation by class II MHC proteins [25].
While the detailed mechanisms by which such antigens enter the class II MHC mediated
antigen presentation pathway are still being elucidated, autophagosomal processes are
believe to contribute [26, 27]. Chaperone-medicated autophagy and microautophagy (fluid
phase uptake of cytosol into lysosomes) can sample cytosolic proteins, and macroautophagy
(sequestering of organelles into double-membrane vacuoles that fuse with lysosomes) can
sample nuclear, mitochondrial, and microsomal proteins. These pathways provide a means
for peptides derived from intracellular sources to meet class II MHC proteins for
presentation. Thus autophagy might be important in presentation of peptides derived from
antigens expressed in infected cells but not present in assembled virions, or in cases where
viral evasion mechanisms interfere with conventional endosomal processing.

Class II MHC genes
Genes encoding class II MHC proteins are found on the major histocompatibility complex
(MHC) region located in chromosome 6 in humans and 17 in mice, together with genes
coding for class I MHC molecules and other proteins involved in antigen presentation
(Figure 2). In humans the MHC II locus includes genes for alpha and beta subunits of the
three class II MHC proteins HLA-DR, HLA-DQ and HLA-DP. In most humans the
expression level of class II molecules on APCs follows the order HLA-DR > HLA-DQ >
HLA-DP [28, 29]. In mice the corresponding proteins are I-E and I-A, which are expressed
at comparable levels. Generally, class II MHC alpha and beta genes are highly polymorphic
in the human population, with the exception of HLA-DRA (the alpha subunit of HLA-DR),
which is essentially monomorphic. Gene duplication events have resulted in nine DRB
genes designated DRB1-DRB9. Most haplotypes characterized to date include a functional
HLA-DRB1 gene and one other HLA-DRB gene (DRB3, DRB4 or DRB5), with the
remaining genes non-functional. HLA-DRB1 is one of the most polymorphic genes known,
with ~500 allelic protein variants described as of this writing, which fall into 15 clusters
roughly corresponding to serological reactivity. Polymorphism at the other loci is not as
extreme, ranging from 16 variants at DPA to 116 at DPB. Allelic variants are named
systematically as gene*number, where the first two digits reflect the cluster number and the
second two digits variations within that cluster, as for example HLA-DQB*0302, an allelic
variant linked to susceptibility to type II diabetes. (Additional suffixes describe silent,
intronic, or non-coding variation (see http://hla.alleles.org/). Older serologically defined
names are also in wide use, for example DR1, DR2, DR3, etc. HLA gene names and
sequences are assigned by the WHO Nomenclature Committee for Factors of the HLA
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System and the International Histocompatibility Workshops, and an authoritative sequence
database is maintained (IMGT/HLA, at http://www.ebi.ac.uk/imgt/). Allelic variants are co-
dominantly expressed so that up to 12 different class II MHC protein variants can be
expressed by any particular individual. These different variants have different peptide
binding activities (see below), helping to provide a broad spectrum of pathogen-derived
epitopes to CD4+ T cells, but leading to considerable complexity in assigning observed T
cell responses to particular class II MHC variants.

Some examples of the significant role played by HLA-DR variation can be found in the
response to measles, hepatitis, and mumps vaccines (reviewed in [30, 31]), in autoimmune
diseases triggered by Borrelia in Lyme disease [32] and in responses to many experimental
vaccines [12, 20, 30, 33, 34]. In the case of the measles vaccine, HLA-DRB1 seems to be a
major restriction element for the response to the MV-P and MV-N measles antigens [35],
with HLA-DRB1*03 and HLA-DPA1*0201 associated with seronegativity after vaccination
[36]. In hepatitis B, vaccine-induced responses are poorly elicited in 5–10% of healthy
subjects [37]. The poor responders frequently depict a HLA-DRB1*0701, DQB1*0202
haplotype [38, 39]. In the mumps vaccine low antibody titers are associated with HLA-
DQB1*0303 and strong T cell responses with particular alleles of the DRB1 (*0101, *0301,
*0801, *1001, *1201, and *1302), DQA1 (*0101, *0105, *0401, and *0501), and DQB1
(*0201, *0402, and *0501) loci [9]. The correlation between HLA class II DR molecules
and the immune response are not limited to vaccines. For example HLA-restriction analysis
of CD4+ T cells to Mycobaterium tuberculosiswhich are crucial in preventing disease,
suggests that HLA-DRB1 alleles are important in presentation of mycobacterial antigens
[40, 41].

Class II MHC protein structure
At the protein level, class II MHC proteins are heterodimeric membrane glycoproteins
composed of one alpha (34KD) and one beta (30KD) subunit. Each subunit contributes one
half of the binding site, one immunoglobulin domain, and transmembrane and short
cytosolic portions. The extracellular portion, consisting of the peptide binding and
immunoglobulin domain, has been characterized by X-ray crystallography and other
physical methods (see Figure 3A). At this writing approximately thirty human class II MHC
structures have appeared, for peptide complexes of HLA-DR1 (DRB1*0101), DR2b
(DRB1*1501), DR3 (DRB1*0301), DR4 (DRB1*0401), DR52a (DRB3*0101, 0102), and
DR2a (DRB5*0101), and for HLA-DQ2 (DQA1*0501, DQB1*0501) and DQ6
(DQA1*0601, DQB1*0602). No crystal structure has been determined for an HLA-DP
molecule, but the degree of sequence homology and patterns of conserved residues indicate
that it is very likely to share the canonical class II MHC structure. All the class II MHC
structures reveal essentially the same protein folding and mode of peptide binding. The
peptide binding site is formed by two roughly parallel alpha helical regions atop a beta
sheet. Peptides bind in the groove between the helices, with their terminal residues
extending from the site. In all cases characterized to date, the peptide adopts a similar
extended polyproline II-like conformation that exposes the peptide backbone for interaction
with conserved MHC hydrogen-bonding residues lining the groove, with the peptide termini
projecting from the ends of the site. This conformation places several of the peptide side
chains into pockets within the binding site, and directs others outward for interaction with
the T cell receptor antigen binding site (Figure 3B). The peptide side chains in the 1, 4, 6,
and 9 positions (conventionally numbered from the aromatic or large hydrophobic side chain
near the peptide N-terminus that binds into a prominent pocket in DR1) bind into MHC
pockets, peptide side chains at the -1, 5, and 8 positions project away from the site, and
peptide side chains at the 2, 3, 7, and 10 positions are accommodated by shallow pockets or
shelves (Figure 4).
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The first crystal structures of class II MHC-peptide complexes helped to resolve
contradictory descriptions of the sequence determinants for binding peptides, which in
retrospect were caused by the difficulty in aligning anchor residues of known peptide
binders. Since for class II MHC proteins the peptide termini extend out of the binding site,
and typical naturally-processed or experimentally determined minimally immunogenic
peptides average 15 residues in length, much longer than the 9–10 residue stretch making
specific MHC-peptide contacts, any particular peptide potentially can bind in multiple
registers. However, with the realization that the structure of the class II MHC binding site
and the conformation of bound peptides restrict peptide-MHC contacts to particular
positions (Figure 4), it became possible to more easily align peptide sequences to reveal key
residues. MHC-bound peptides adopt a characteristic polyproline type II like conformation,
with approximately three-residue repeating pattern, because of the location and chemical
identity of key MHC hydrogen bounding residues [42]. These interactions all involve
conserved aspects of the peptide (i.e. the main chain amide bonds) and conserved class II
MHC residues, and would therefore be expected to direct the same peptide conformation
and pattern of key MHC-peptide contacts in all complexes regardless of allelic variants or
peptide sequences. This prediction has been confirmed in all crystal structures determined to
date, and is the basis for motif-based prediction of peptide binding preferences of allelic
variants that have not been directly characterized experimentally, and for predicting T cell
epitopes from self and foreign peptide sequences.

To date, no bulges or buckles interrupting the canonical polyproline-II pattern characteristic
of class II MHC-bound peptides have been observed. This contrasts the situation with class I
MHC proteins, where peptide bulges and conformational variation are common, a result of
the major MHC-peptide contacts being clustered at the peptide termini rather than
distributed throughout the length of the peptide [43]. The most variant conformer for an
MHC-bound peptide to date is for the complex of HLA-DR1 with a 17 residue peptide
derived from HIV-gag, in which the residues in the P10-P14 position adopt a hairpin
conformation as the peptide exits the binding site, aligning the P14 residue near the position
usually occupied by the P8 side chain [44]. Nonetheless, the conformation within the
binding site and the pattern of key MHC-peptide contacts are conventional for this complex.
In a few cases of auto-immune and allo-immune class II MHC complexes, the bound
peptides exit the site prematurely with weakened interactions in the P7-P10 region [45–47]
and for an murine autoimmune complex (I-Au bound to an N-acetylated peptide from myelin
basic protein) the bound peptide also leaves the P1 and P2 sites empty [47]. Whether the
altered immunoreactivity observed in these peptides is related to their unconventional
binding arrangements remains a matter of conjecture, but in the portions actually bound in
the site, the interactions are similar to those observed in conventional complexes. However,
in one case, Unanue and colleagues have provided extensive characterization of a peptide
that apparently can adopt different conformations in a class II MHC binding site. The
peptide, derived from hen egg lysozyme, is binds to I-A(k) in two different conformers, one
recognized by conventional T cells and another recognized by “type B” T cells [48]. While
there is no direct structural characterization of the type B-reactive species, it appears to be a
less-stable conformer that is sensitive to editing by HLA-DM, and is observed only under
conditions where the influence of HLA-DM is minimized. The possibility of such
alternative, HLA-DM-sensitive conformations has implications for the development of
peptide-based vaccines, since a vaccine peptide might load onto class II MHC molecules on
the cell surface, or in HLA-DM-negative intracellular compartments, and elicit type B-like T
cell responses that would not cross-react with pathogen-derived peptides conventionally
loaded onto the MHC molecules in the presence of HLA-DM.
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MHC peptide binding preferences
The chemical and steric character of the residues that line the side-chain binding pockets
determine which peptide sequences can be accommodated in the binding site. Because much
of the polymorphism in class II MHC sequence is localized in the pocket regions, different
class II MHC allelic variants have different peptide binding preferences. Such peptide
binding preferences, or “motifs” have been described, with varying degrees of accuracy, for
many human class II allelic variants, and are a great help in understanding and predicting
CD4+ responses to pathogenic and vaccine challenge.

Peptide binding motifs for class II MHC proteins have been characterized by various
methods (Table I). For some class II MHC variants, mass spectrometry and microchemical
separations have been used to characterize the spectrum of peptides bound to mature MHC
proteins present on the surface of antigen presenting cells, usually as part of studies
characterizing antigen processing pathways. Sequence motifs present in the resultant lists of
naturally processed peptides reflect MHC binding preferences (along with sequence
preferences in the processing machinery), and have also been used to develop allele-specific
binding motifs [49]. Many of these motifs have been collected in the Syfpeithi database
(http://hwww.syfpeithi.de) In general, these studies of naturally processed peptides have
been performed mostly in B lymphobastoid lines, although occasional studies of other sorts
of antigen-presenting cells have appeared [50].

In another approach, the effects of single amino acid substitutions on MHC binding affinity
of a test peptide are evaluated using an in vitro binding assay. Typically, this assay is
performed as a set of competition reactions between the test and mutated peptides, with the
effect reported as a relative IC50 for every possible substitution at each position in the
peptide. The final result is a matrix giving the effect of each possible amino acid at every
position in a nine (or ten) residue binding frame, corresponding to the portion of a bound
peptide making contact with class II MHC residues. One potential complication of this
approach is that the mutated peptides might shift register in the binding site, scrambling the
positional specificity of the effects of the substitution. To avoid this, Sinigaglia, Hammer,
and colleagues introduced their mutations into a polyalanine-based test peptide designed to
bind to DRB1*0401 only in a single register, by virtue of having a tyrosine at first position
in the peptide, which was known from earlier studies to be preferred at the P1 but disfavored
at the P2 and P3 positions [51]. This technique was applied to several other alleles as
sources of purified proteins became available and sufficient information was collected to
design test peptides (DR1, DR4). However, because of the great variation of MHC
sequences, and the difficulty in producing recombinant proteins for the binding assays,
binding motifs have been determined by this method only for a small fraction of class II
MHC allelic variants.

The method was extended by Sturniolo et al. to allelic variants that were not available for
direct experimental testing, but which shared pocket residues with well-characterized
variants [52]. Under the assumption that the peptide binding pockets have independent
effects, pocket-specific binding preferences were combined to form “virtual matrices” for
new alleles. For example, DRB1*1321 has all the same P1 pocket residues as DRB1*0101,
P4 residues as DRB1*1101, P6 residues as DRB1*0301, and P9 residues as DRB1*0801.
As each of these variants has been characterized in detail, their pocket preferences can be
combined to predict those of new DRB1*1321 variant. In this manner “virtual” binding
motifs for ~50 common DR allotypes were developed, and are available in the “TEPITOPE”
program [52] and in a similar form from the ProPred server (http://www.imtech.res.in/
raghava/propred/) [53]. It should be noted that this approach implicitly considered that
contributions of the various pockets be independent, but cooperativity has been observed in
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particular cases [54], and would be expected to complicate motif-based analysis of peptide
binding preferences. We have used a more explicitly structure-based approach to extend
known binding preferences to additional pockets and allelic variants [55]. In a study of
binding specificity in the shallow P10 pocket or “shelf”, for which MHC-peptide contacts
were observed but for which specificity had not been analyzed in detail, MHC variants
carrying substitutions in the P10 pocket spanning the range of natural sequence variation
were constructed and tested against series of peptides carrying P10 substitutions (Figure 5).
The resultant sequence preferences were added to a TEPITOPE-like algorithm, resulting in a
small but significant improvement in binding predictions [56].

In yet another approach to characterize allele-specific peptide binding motifs, binding data
obtained for large sets of natural peptide sequences are studied instead of a series of
designed point mutations. Patterns among the binding peptides are used to determine
position-specific peptide binding preferences. In some studies, quantitative binding data
from hundreds to thousands of in vitro competition assays have been used. With the
development of publicly-available databases of MHC-peptide binding data, a variety of
computational approaches have been used to derive binding motifs from these data [57, 58].
Similar approaches have been applied to development of motifs from more qualitative
datasets, such as lists of known epitopes [59, 60] or hits in positional scanning [61] and
phage display [62] libraries. This approach also has been expanded to predict binding
preferences for allelic variants not directly studied in the NetMHCIIPan algorithm, which
used a neural network approach to associate sequences with binding specificities [63], rather
than an explicit pocket mapping as in the TEPITOPE approach.

Identification of class II MHC epitopes
Often in vaccine research one is interested in defining the targets of CD4+ T cell responses
elicited by vaccination or natural infection. Classically, CD4+ T cell responses are identified
by challenging PBMC (peripheral blood mononuclear cells) or PBMC-derived cells lines
with a series of overlapping synthetic peptides that cover the entire sequence of a protein or
the whole set of proteins expressed by an organism. The overlaps are designed so that every
potential T cell epitope is present on at least one peptide. Peptides able to induce CD4+ T
cell proliferation or cytokine production (or occasionally other T cell responses) are
considered candidate epitopes. Additional studies are required to establish the MHC
specificity, since PBMCs from most individuals express multiple class II MHC proteins.
Epitope validation studies can include inhibition studies using antibodies specific for HLA-
DR, HLA-DP or HLA-DQ, isolation of epitope specific T cell lines or clones, studies of
cross-reactivity with epitopes processed from native proteins or pathogens, and class II
MHC tetramer binding studies. Many epitopes from influenza, HIV, and other small-
genome pathogens have been identified in this way. A database of known epitopes has
recently been developed (IEDB, http://www.immuneepitope.org) [64].

For pathogens with large genomes this systematic approach for epitope mapping is not
practical due to the large number of peptides required. For example, a large DNA virus like
vaccinia can have as many as 50,000 potential 9-mer epitopes, which would require ~5000
overlapping 20-mers. Even if the peptides were assayed in pools, practical and ethical
considerations limit the amount of PBMC available for epitope determination. Bacterial and
protozoan pathogens, with much larger genomes, are even more impractical. In many cases
investigators have used MHC-peptide binding prediction approaches described above to
limit the number of peptides to be screened in cellular assays with samples from immune
donors. This approach obviously will be limited by the accuracy of the predictions.
Somewhat surprisingly, there have not been many systematic examinations of this issue for
class II MHC binding predictors, despite the widespread use of these motifs in epitope
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prediction. In part this is due to the difficulty in finding independent datasets for statistically
valid testing, particularly for algorithms designed using all available published data, and by
the difficulty in identifying the relevant 9-mer binding frames within the longer peptides
tested experimentally. In Figure 6 we show HLA-DR1 (DRB1*0101) binding predictions
and experimental HLA-DR1 binding data for a series of peptides derived from the gE
surface protein of varicella zoster (chicken pox) virus gE (our unpublished data), from
human glutamic acid decarboxylase [65], a suspected diabetes autoantigen, and from a
major honeybee venom allergen [66]. The prediction algorithms evaluated are representative
of the motifs developed from different sources of information: panel A shows a motif
derived from binding studies of single amino acid variants of a test peptide (TEPITOPE),
panel B from alignment of naturally processed peptides eluted from purified MHC
molecules (Syfpeithi), and panel C from binding studies of a large series of synthetic
peptides (IEDB). In all cases, there is significant non-random correlation between the
predicted and observed binding behavior, but the overall correspondence is fairly low. Tight
binders are found more frequently among the high-scoring peptides for all algorithms, but
are also found among the low scoring sets. Very recently two systematic evaluations of class
II MHC binding predictions have appeared, including a comprehensive test of several
available algorithms against all peptide binding data collected to date in the Immune Epitope
database [67], and one testing more algorithms against a smaller set of high-quality binding
data [68]. The predictive power observed in those studies is similar to that shown in Figure
6.

Accurate prediction of class II MHC binding preference is limited by several intrinsic and
extrinsic factors. Approaches based on competition assay data have been criticized because
the assay cannot be conducted under equilibrium conditions due to the extremely long
lifetimes (>200 hrs) of tight-binding test peptides [69], and so can give different results for
different investigators depending on experimental conditions. In addition, the molecular
property measured, the equilibrium dissociation constant, might be less relevant to
immunogenicity than other properties of the MHC-peptide interaction, such as the
dissociation lifetime [70]. However, kinetic data which might more suitable are available
only for few MHC-peptide complexes. As noted above, many peptides can bind to class II
MHC proteins in multiple registers, and uncertainly in the actual register bound complicates
straightforward use of any experimental binding data. For the naturally processed peptide
data, factors other than MHC-peptide interaction influence the selection of peptides,
including peptide abundance in the antigen presenting cell, susceptibility to endosomal
proteolysis, and different effects of the peptide exchange factor HLA-DM on different
peptides [71]. As these factors differentially affect the various predictive approaches, they
might, to some extent, be mitigated by a consensus approach that combines data from
different sources. Such consensus algorithms recently have been implemented [56, 67] and
appear to provide significantly improved predictive performance as compared to single
algorithm approaches.

Despite these uncertainties, motif-based predictions can contribute significantly to epitope
identification. In a recent study of CD4+ vaccinia immunity induced by vaccination, we
used a consensus approach based on Syfpeithi and TEPITOPE-like algorithms to identify 36
epitopes strongly predicted to be bound by HLA-DR1, of which 25 were recognized by
immune donors [56]. This very high predictive accuracy was unexpected, but appears to
result from the very stringent selection of epitopes scoring in the top range by multiple
algorithms, and was also observed in several independent test cases [56]. Two of the high
scoring peptides additionally subsequently were observed to be present among the set of
naturally processed vaccinia-derived peptides eluted from infected cells [72], Iending
additional credence to this approach.

Stern and Calvo-Calle Page 8

Curr Pharm Des. Author manuscript; available in PMC 2013 April 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Malaria, a widespread disease of the tropics that is transmitted by mosquitoes infected with
parasites of the genus Plasmodium and for which as many as 500 million cases result in 1
million deaths per year [73] is a particularly challenging case for epitope identification, as
more than 5000 proteins are encoded by the genome, and there are hundreds of thousands of
possible CD4+ T cell epitopes. Moreover, identification of CD4+ epitopes from malaria is
urgently required to track various vaccine approaches, and to evaluate candidates for subunit
vaccines. In a study of malaria epitopes recognized by immune donors, Doolan et al first
used proteomic approaches to identify 27 highly-expressed candidate antigens, and then
used HLA-DR binding predictions to identify 723 predicted HLA-DR binders [74]. Of
these, 39 peptides binding tightly to HLA-DR variants derived from four newly-identified
antigenic targets were identified [74]. This application of proteomics and bioinformatics to
epitope identification seems particularly powerful, and is likely to prove useful in other
applications, particularly as consensus motif prediction approaches evolve and become
accessible to a wider subset of the immunological community.

Peptide vaccines
We have shown how structural studies provided a conceptual framework for understanding
of the peptide-MHC interaction and the development of MHC binding motifs. Chemical
synthesis of peptides provides a potential method to develop low cost and well defined
subunit vaccines based on these motifs. Studies in animal models in the 1980’s
demonstrated the viability of synthetic peptides as the ultimate subunit vaccine [75]. Malaria
was, and probably is, for several reasons the perfect model to evaluate this nascent
technology. First, naturally-induced immunity to malaria provides some degree of protection
to the disease, but not to the infection. Second, although robust immunity can be obtained
with inactivated parasites, there are not yet methods to obtain large numbers of this
organism for formulation in an affordable vaccine that could be easily distributed and used
in malaria-infested regions. Peptide-based vaccines inducing responses directed at the same
epitopes as elicited by inactivated parasites might be expected to provide similar immunity.
Third, and most important, short linear peptide sequences that could be synthesized in large
quantities at low cost were recognized by neutralizing antibodies, suggesting that protective
antibody as well as T-cell responses might be induced by peptide vaccination.

The first clinical trials of peptide vaccines were carried out at the end of the 1980’s, not
surprisingly with peptides based on malaria parasites protein [76–78]. These trials were
designed to test in humans the ability of the synthetic peptides to induce protective
antibodies. We will refer here to the results of a vaccine designed to target the sporozoite,
the stage of the parasite inoculated by infected mosquitoes. The target of protective anti-
sporozoite antibodies are short repetitive units located in the central part of the
circumsporozoite (CS) protein. In the CS protein of the most important human malaria
parasite, P. falciparumthe repeats are represented by the sequence (NANP) [79, 80] and the
minimal B cell epitope consists of 3 repetitive units. Although antibodies recognizing the
(NANP) repeats are observed in most individuals, the antibody levels T cell responses to the
repetitive units are usually low. This limitation was solved by coupling the synthetic
(NANP)3 peptide to tetanus toxoid protein as a carrier to generate the (NANP)3-TT
conjugate. In the first clinical trial of the (NANP)3-TT conjugate, a large fraction of the
immunized volunteers generated antibodies that recognized the (NANP)3 peptide and the CS
protein on the parasite surface [21, 78]. Even more importantly, some volunteers were
protected against challenge with parasites. These findings were considered a significant
development and the basis for a much larger trial that included more than 200 individuals
[81]. However in this second trial, the (NANP)3-TT conjugated elicited low anti-parasite
antibody titers that could not be boosted and the tetanus toxoid carrier enhanced and
suppressed responses in volunteers to the (NANP)3 peptide. These findings suggested that
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subunit vaccines should preferentially include pathogen-derived T cell epitopes that could be
boosted by natural infection.

A search for T cell epitopes in the CS protein that could be used instead of TT resulted in the
identification of strong T helper epitopes in the C-terminal region of the protein. One of
these T cell epitopes was recognized by CD4+ T cells in the context of multiple MHC class
II molecules from humans and mice [82] -- a novelty, since at this time only a few peptides
were observed to bind to more than one MHC allele [83–85]. Shortly after, other epitopes
with similar properties were identified [86–89]. These epitopes were designated as
promiscuous or universal T cell epitopes [90]. Proof that such universal epitopes could be
used to provide broadly based immunity in individuals of varied MHC haplotype was
provided some years later by immunization of humans with a second generation of synthetic
malaria vaccine [12]. This minimal subunit vaccine included just a universal T helper
epitope (different from the one mentioned above and designated as a T*) and repeats of the
P. falciparum CS protein. This vaccine induced high antibodies titers in 7/10 randomly
selected volunteers.

The discovery of universal T helper epitopes mitigated a major potential limitation of
peptide vaccines in application to open human population, that the extremely high variability
of human MHC genes might restrict T cell recognition of particular peptide sequences to
individuals carrying only certain MHC allelic variants. Such epitopes can bind to a wide
variety of MHC variants with affinity sufficient to allow immune recognition; to be termed
universal epitope the promiscuity should extend to a sufficient number of MHC variants that
a substantial fraction of a population of interest will carry those variants. Initially, studies
with truncated peptides suggested that universal helper epitopes contained a series of close
overlapping frames for class II MHC antigen presentation [91]. However, based on current
understanding of MHC structure and MHC-peptide interactions, the broad MHC-reactivity
of universal peptide epitopes can be seen to be due also to degeneracy in binding motifs,
particularly for HLA-DR restricted epitopes. For most if not all HLA-DR alleles, the major
determinant of binding is the P1 pocket. Of the 9 MHC residues that line the P1 pocket, six
(a7I, a24F,a31I,a32F,a34F, a52A) are contributed by the non-polymorphic alpha chain [92],
and one from the beta chain (b89F) is non-polymorphic among the 559 HLA-DRB alleles
described to date. Of the remaining two positions, b86 is di-morphic, with all known alleles
having either Gly or Val, while b85 usually is Val but occasionally Ala. The 85 and 86
substitutions are known to direct the specificity of the P1 pocket: Gly85/Val86 (GV) alleles
prefer large aromatic and aliphatic side chains, whereas AV and VV alleles prefer small
aromatic and aliphatic side chains. At the other P4, P6, P7, and P9 pockets, much of the
binding specificity is negative, i.e. certain side chains interfere with binding, and consensus
residues able to bind to many alleles can be found. Thus, universal HLA-DR epitopes tend
to have Tyr, Phe or Leu at the P1 position, and small or uncharged residues at the P4, P6,
P7, and P9 positions.

A totally synthetic pan DR helper T cell epitope (PADRE) designed along these lines carries
a non-native cyclohexylalanine observed to bind well to all P1 pocket variants at the P1
position and small consensus side chains at the P3, P4, P6, and P7 positions, as well as bulky
and charged side chains at T cell contact positions P2, P5, and P8. PADRE was shown to
bind to 15 of 16 MHC alleles tested [93], and to induce in vitro T cell responses in PBMCs
from 90% of the normal donors tested [94]. The strong helper activity of this epitope has
been shown to be of great use in the generation of optimal CTLs responses in subunit
vaccines for cancer [95, 96], in overcoming tolerance for the generation of CTLs in a HBV
vaccine model [97] and antibody responses for TNF-a [98], and recently in Alzheimer’s
disease [99]. In this last case, the use of PADRE as T helper epitope in an experimental
vaccine that includes also a B cell epitope from the B-amyloid protein have shown to induce
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in mice protective antibodies without the autoimmune T cell responses generated when T
cell epitopes from the β-amyloid protein are included [99]. Similar considerations can be
used to help identification of naturally occurring universal or near-universal epitopes in
native pathogen and cancer antigens, and to help guide design of improved T cell epitopes
for inclusion in peptide and subunit vaccines [100–102].

Conclusions
Structural and biochemical studies of peptides bound to HLA-DR molecules provided a
conceptual frame for the understanding of the factors that determine the binding of peptides
to class II molecules. This information has been used to develop virtual matrixes
incorporated in algorithms that predict peptide binding to MHC molecules. Although many
researchers consider these programs to be of limited use, the predictive power recently has
improved considerably with the development of consensus approaches, and published
studies demonstrate that these programs can be of great use in cases where comprehensive
screening of all potential epitopes is not possible. These studies also have provided a rational
course to select potent and broadly recognized T cell epitopes for inclusion in subunit
vaccines, to enhance suboptimal epitopes, and to develop immunotherapeutic approaches for
cancer and other diseases. Continued improvement in class II MHC epitope prediction
strategies is likely to lead to continued advances in these areas.
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Figure 1.
Class II MHC antigen processing pathway. MHC class II alpha and beta subunits associate
with the invariant chain chaperone, which escorts them to an endosomal compartment,
perhaps via transient appearance at the cell surface. Proteins destined for processing also
arrive at the endosome, by fluid-phase or receptor mediated uptake, or by autophagy (double
arrows). Endosomal proteases (cathepsins) cleave the invariant chain, leaving a small
remnant “clip” in the MHC peptide binding site. Proteins are also degraded by endosomal
cathepsins, perhaps aided by oxidoreductases and unfoldases. HLA-DM catalyzes exchange
of clip for endosomal peptides (or partially degraded proteins). Fully processed MHC-
peptide complexes traffic to the surface for interaction with TCR on CD4+ T cells. Surface
MHC-peptide complexes can recycle to endosomes for reloading (dotted line), or can
exchange peptides at the surface (dashed lines).
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Figure 2.
The Major Histocompatibility Complex (MHC) region of the human (A) and mouse (B)
genome. This region comprises approximately 4 million base pairs. MHC class I heavy
chain genes and MHC class II alpha and beta subunit genes are indicated. Note that class I
heavy chains associate with the β-2-microglobulin subunit (β-2m); and class II alpha and
beta subunits associate transiently with the invariant chain chaperone. Both β-2m and the
class II-associated invariant chain are encoded on other chromosomes. The HLA-DRB locus
consists of nine duplicated genes, the first five of which can code for functional proteins
(although only one or two per haplotype). DMA and DMB (Ma and Mb in mouse) code for
the MHC-like peptide exchange factor HLA-DM (H-2M in mouse), and DOA and DOB (Oa
and Ob) code for the MHC-like DM inhibitor HLA-DO (H-2O).
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Figure 3.
Structure of the class II MHC – peptide complex. (A) Extracellular domain containing alpha
(green) and beta (cyan) subunits and bound peptide. Short peptide sequences connecting the
extracellular domain to the membrane spanning regions extend from the alpha and beta
termini at the bottom of the figure. (B) Overlay of DR1-peptide complexes, with peptide N-
terminus to the left and the MHC beta subunit in front. All peptides adopt essentially the
same conformation, although variation at the peptide termini can be seen.
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Figure 4.
Pockets in the HLA-DR binding site.. HLA-DR1 surface shown in tan (A,B) or cyan (C).
Bound influenza peptide shown in CPK ball (A,C) or stick (B) representation. (B) Peptide
side chains accessible to TCR interaction are visible in this top view, at positions P-1, P2,
P5, and P8, with partially buried side chains at P3, P7, and P10. (B) Peptide side chains
bound into MHC pockets at the P1, P4, P6, and P9 pockets are evident when the peptide is
represented by sticks. Peptide side chains at P3, P7, and P10 are partially buried. (C) Side
cut-away view of the same complex, with side chain preferences of the P1, P4, P6, and P9
pockets indicated.
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Figure 5.
Variability and side-chain binding preferences of the P10 pocket. (A) Crystal structure, and
(B–D), computational models, of the P10 “minor” pocket or shelf. Polymorphism at beta
subunit residues 57 and 60 leads to different side chain binding preferences at this position
(shown in yellow). From Zavala-Ruiz et al [55].
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Figure 6.
Comparison of DR1 binding predictions with actual binding data. IC50 vales shown were
determined for overlapping peptide series from Varicella (chickenpox) virus glycoprotein E
antigen (A. Arvin, D. DeOliveira, L. Stern, unpublished), glucose decarboxylase autoantigen
[65] and honeybee venom allergen [66]. Values were normalized with the influenza
HA307–319 peptide common to all studies. Syfpeithi scores are on an arbitrary linear scale,
IEDB scores reflect estimated IC50 values, and TEPITOPE scores are on a linear scale
reflecting the binding relative to a test polyalanine-based peptide. None of the algorithms
provide highly reliable predictions of binding affinity as measured by IC50 values, although
consensus approaches based on these algorithms have proven useful in efficient prediction
of T cell epitopes.
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Table I

Some approaches to predicting HLA-DR peptide binding

Approach Name Notes References

Endogenous peptide sequences SYFPEITHI Preferred residues at particular positions [1]

IC50 assay of single amino acid variants of
test peptides

TEPITOPE ProPred Includes “virtual” matrices for some alleles
by pocket combination

[2, 3]

IC50 assay of large sets of varied peptide
sequences

ARB, SMM - align Position-specific scoring matrices [4, 5]

Analysis of known T cell epitopes RANKPEP Position-specific scoring matrices [6]

Analysis of known T cell epitopes MULTIPRED Neural network and Hidden Markov model
algorithms, identification of promiscuous

epitopes

[7]

Direct binding of peptide displayed on a
phage libraries

“anchor combination” Position-specific scoring matrices [8]

Binding inhibition by a positional scanning
libraries

“undecapeptide library screen” 10-residue motif developed [9]

Known T cell epitopes, MHC structures and
sequences

NetMHCIIPan Neural network approach to associate
binding preferences and MHC sequences

[10]
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