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a b s t r a c t

Cytotoxic T-lymphocytes (CTLs) are the key players of adaptive cellular immunity, being able to identify
and eliminate infected cells through the interaction with peptide-loaded major histocompatibility com-
plexes class I (pMHC-I). Despite the high specificity of this interaction, a given lymphocyte is actually
able to recognize more than just one pMHC-I complex, a phenomenon referred as cross-reactivity. In the
present work we describe the use of pMHC-I structural features as input for multivariate statistical meth-
ods, to perform standardized structure-based predictions of cross-reactivity among viral epitopes. Our
improved approach was able to successfully identify cross-reactive targets among 28 naturally occurring
hepatitis C virus (HCV) variants and among eight epitopes from the four dengue virus serotypes. In both
cases, our results were supported by multiscale bootstrap resampling and by data from previously pub-
lished in vitro experiments. The combined use of data from charges and accessible surface area (ASA) of
selected residues over the pMHC-I surface provided a powerful way of assessing the structural features
involved in triggering cross-reactive responses. Moreover, the use of an R package (pvclust) for assessing
the uncertainty in the hierarchical cluster analysis provided a statistical support for the interpretation
of results. Taken together, these methods can be applied to vaccine design, both for the selection of can-
didates capable of inducing immunity against different targets, or to identify epitopes that could trigger
undesired immunological responses.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Cellular immunity is one of the two main branches of the
adaptive immunologic response, focused on specific functions of
the cytotoxic T-lymphocytes (CTLs). Although both cellular and
humoral immunity are desired for an ideal and longstanding immu-
nization, CTL response plays a central role in regard to antiviral
immunity (Brehm et al., 2004). After infecting a host cell, the virus
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will use the host molecular machinery to replicate its genome
and produce new virions. In addition to all the mechanisms that
allow virus escape from circulating neutralizing antibodies, dur-
ing its intracellular replication cycle the virus is virtually hidden
from the action of humoral immunity. However, some viral pro-
teins will unavoidably be marked to enter the endogenous antigen
presentation pathway. Through this route, virus-derived peptides
will be presented at the cell-surface in the context of major his-
tocompatibility complex (MHC) class I molecules, forming stable
peptide:MHC-I (pMHC-I) complexes. Each CTL produced by the host
has one specific T-cell receptor (TCR), which is able to recognize
pMHC-I complexes presenting nonself peptides. Therefore, through
the interaction between pMHC-I complexes and TCRs, CTLs are able
to identify and eliminate infected cells.

The TCR/pMHC-I interaction is highly specific, which allows
the development of memory T-cells that will be once again
triggered in future challenges with the same target. However, a
given lymphocyte is able to recognize more than just one pMHC-I
complex. This capacity of a CTL to recognize non-related peptides
derived from the same virus, or even peptides from heterologous

http://dx.doi.org/10.1016/j.molimm.2015.06.017
0161-5890/© 2015 Elsevier Ltd. All rights reserved.

dx.doi.org/10.1016/j.molimm.2015.06.017
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molimm.2015.06.017&domain=pdf
mailto:marcus.famendes@gmail.com
mailto:dinler@gmail.com
mailto:mauriciomr985@gmail.com
mailto:msinigaglia@gmail.com
mailto:gusfioravanti@yahoo.com.br
dx.doi.org/10.1016/j.molimm.2015.06.017


304 M.F.A. Mendes et al. / Molecular Immunology 67 (2015) 303–310

viruses, was defined as cross-reactivity (Vieira and Chies, 2005).
As expected, cross-reactivity has direct implications over vac-
cine development, autoimmunity and heterologous immunity, a
process by which the immunization with one pathogen confers
protection against another (Cornberg et al., 2010; Selin et al., 1994;
Welsh and Fujinami, 2007; Welsh and Selin, 2002). Understanding
of the molecular features driving these cross-reactivities became a
major goal for several immunologists, but the system’s complexity
has delayed progress in the field. Wedemeyer et al. (2001) have
proposed that cross-recognition of two heterologous epitopes
could be triggered by the high amino acid sequence similarity
between them. Similarity in terms of biochemical properties
was also proposed as being the key for cross-recognition (Vieira
and Chies, 2005), and was even applied with some success to
predict cross-reactivity (Frankild et al., 2008; Moise et al., 2013).
However, structural studies have shown that even epitopes with
low sequence and biochemical similarity might present quite
identical pMHC-I surfaces (Antunes et al., 2011; Sandalova et al.,
2005), indicating that this structural similarity should account for
the cross-stimulation of a given T-cell population.

Structural analysis of pMHC-I complexes can provide a level of
information much closer to that presented in vivo for the interac-
tion with the TCR. On the other hand, structural approaches are
frequently limited by the number of pMHC-I structures already
produced by experimental methods, such as X-ray crystallog-
raphy and NMR (nuclear magnetic resonance). Our group has
used structural bioinformatics tools to build in silico models of
pMHC-I complexes that were not yet determined by experimental
methods. This approach, referred as D1–EM–D2 (docking 1–energy
minimization–docking 2), was previously validated through the suc-
cessful reproduction of several crystal structures (Antunes et al.,
2010; Sinigaglia et al., 2013) and has been used to provide novel
complexes for the CrossTope Data Bank for cross-reactivity assess-
ment (Sinigaglia et al., 2013). Our group has also combined this
approach with the use of multivariate statistical methods to make
structural-based cross-reactivity predictions (Antunes et al., 2011).
In a previous study, we used images of the electrostatic potential
distribution over the pMHC-I surface to predict the cross-reactivity
pattern among 28 naturally occurring hepatitis C virus (HCV)
variants, in the context of HLA-A*02:01 (Antunes et al., 2011).
Hierarchical clustering of proteins based on electrostatic poten-
tial over the entire surface has being previously used to protein
functional assignment and protein classification, as performed by
the webPIPSA server (Richter et al., 2008). This approach, how-
ever, is not suitable for cross-reactive prediction since most of
the pMHC surface will not be contacted by the TCR and only few
residues from the TCR-interacting face will play a key role in trig-
gering a T cell response. The innovative image-based clustering of
pMHC-I complexes here described has been shown to be a fast
and efficient way to predict cross-reactivity using structural infor-
mation, being able to identify cross-reactive targets even between
epitopes which shared no amino acids in sequence (Zhang et al.,
2015).

In a previous study, one region over the pMHC-I surface was
defined, based on the observation of the main spots of variation
among the 28 complexes analyzed. Based on the extracted infor-
mation from the pMHC-I structures, we were able to predict the
same clusters of cross-reactivity observed in vitro (Antunes et al.,
2011). Despite the success of this approach, the same parameters
could not be applied to other subsets, since different regions of
the pMHC-I surface might have diverse influence over the TCR
recognition. In this context, we presented here an improved and
standardized structural-based method for T-cell cross-reactivity
prediction of HLA-A*02:01-restricted epitopes. In the present
work, we aimed to provide a generic set of “gates” that could be
applied to any subset of epitopes restricted to HLA-A*02:01. These

gates were defined considering the key TCR interactions regions,
which could be involved in cross-reactive responses.

Another improvement we implemented in this work was the
inclusion of topography prediction. There are experimental evi-
dences suggesting that charge similarity is more important than
subtle topographic differences between the cross-reactive com-
plexes (Jorgensen et al., 1992; Kessels et al., 2004). However,
pMHC-I complexes are 3D structures and, hence, topography vari-
ation certainly has some influence over the TCR recognition. The
accessible surface area (ASA) of a residue can provide a quantita-
tive measure of how exposed or buried its side chain is, which will
have impact over the pMHC-I topography. ASA values of the epitope
residues, for instance, were previously related to immunogenicity
(Meijers et al., 2005) and were also able to identify non-cross-
reactive complexes (Antunes et al., 2010).

The predictive capacity of our method was enhanced by the
inclusion of these new features such as mapping interaction
zones in TCR/p:MHC complexes that are responsible for cytotoxic
response, topography prediction, and a bootstrap-based statisti-
cal method to validate the hierarchal clusters. Our results with the
analysis of hepatitis C virus and dengue virus epitopes support its
use as an important guidance tool for rational vaccine development.

2. Results and discussion

2.1. Identification of conserved contacts among
TCR-HLA-A*02:01 crystal structures

The human HLA-A*02:01 is largely studied for being the
most frequent MHC-I allele in human populations (http://www.
allelefrequencies.net/) (Fernandez-Vina et al., 1992). For this rea-
son, the protein encoded by this specific allele (called allotype) also
presents the larger number of crystal structures available at the
Protein Data Bank (PDB). Aiming to identify the residues involved
in the recognition of this allotype by different TCRs, we performed
an extensive search for all available crystal structures of TCR/HLA-
A*02:01complexes. This search returned 31 complexes (Table A.1),
presenting 16 different TCRs and 20 different epitopes. Despite
this variability, five epitope positions (p4–p8 – gates 1–3) and four
MHC-I residues were consistently indicated as involved with TCR
interactions, being present in more than 85% of these complexes.
The P4–P6 positions of the epitope had already been observed as
being directly involved in the stimulation of immunogenicity (Calis
et al., 2012, 2013; Frankild et al., 2008; Hoof et al., 2010; Rudolph
et al., 2006; Wucherpfennig et al., 2009). Several residues over the
pMHC-I surface might participate in the interaction with the TCR,
influencing the specific level of T-cell stimulation that will be trig-
gered by each pMHC-I. However, we here postulate that changes in
these nine conserved contacts might have greater impact over the
T-cell recognition, therefore influencing cross-reactivity.

Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molimm.2015.06.
017

2.2. Inclusion of ASA values

We decided to include ASA values together with electrostatic
potential information to improve our prediction method. It is
important to note that the epitope amino acids composition will
affect not only the charges and the ASA values of the epitope itself,
but also of surrounding MHC-I residues. For that reason, in addition
to the ASA values for the nine epitope residues, we also included
ASA values from 28 frequently TCR-interacting MHC-I residues in
our approach (Fig. 1B).
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Fig. 1. Seven gates defined to obtain color histograms and selected residues for ASA assessment. Top view of a pMHC-I complex presenting a dengue-derived epitope in the
cleft of HLA-A*02:01, obtained with the UCSF Chimera package (Trott et al., 2010). In (A), electrostatic potential over the surface was computed with the Delphi program and
represented as red (negative charges) and blue (positive charges) spots, with a range from −3 to +3 kT. The seven gates (G1–G7) relate to conserved contacts with different
TCRs, as observed in the crystal structures available, and were selected for the RGB analysis with ImageJ. In (B), the complex surface is depicted in grey while the surface of
all residues selected for ASA assessment are indicated in blue. Black rectangles indicate the seven gates (from G1–G7) used in the RGB analysis. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Comparing results with and without ASA, we observed a
better definition in the clusters, making the results more con-
sistent with in vitro data. To exemplify this improvement, G6 26
(not including ASA values) appears in other branch, outside of
the cross reactive cluster, being now included in the correct
cross reactive cluster. For a full comparison, an image of clus-
terization analysis without ASA values can be viewed in Fig.
A.1.

Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molimm.2015.06.
017

2.3. Method validation with a previously studied subset

Twenty-eight variants, covering all six HCV genotypes, were
tested in vitro against the same T-cell population, which was

Fig. 2. HCA of 28 HCV natural occurring variants. Dendrogram representing the hierarchical cluster analysis (HCA) of 28 pMHC-I complexes loaded with HCV-derived epitopes
covering all six HCV genotypes (from G1–G6). The input data was accessible surface area values and color histograms (RGB) for each pMHC-I, which provided information on
topography and charges distribution over the surface. Red boxes indicate the main clusters identified (alpha = 0.95). High (Cluster 1) and low (Cluster 2) G1 01 cross-reactive
complexes fell in independent main clusters. The only complex that presented no response in vitro, G3-18, fell alone in an independent branch. The strong (dark blue),
intermediate (light blue), low (yellow) and without (brown) cross-reactive targets in respect to G1 01 are represented inside individual boxes. Information on the specific
response presented by each complex in cross-reactivity tests (in vitro) is provided in Additional file 3. G, HCV genotype; AU, approximately unbiased; BP, bootstrap probability.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. HCA of 28 HCV naturally occurring variants from previous article. A modified figure from our previous article (Antunes et al., 2011), representing a hierarchical cluster
analysis (HCA) of 28 pMHC-I complexes loaded with HCV-derived epitopes covering all six HCV genotypes (from G1–G6). The input data was extracted from a single spot
in the surface, and provided information on charges distribution using color histograms (RGB) values. The dark blue boxes indicate the G1 01 cross-reactive complexes,
light blue boxes depict the intermediate targets, yellow boxes indicate targets with low cross-reactives and brown boxes indicate the target with no cross-reactives. The
dendogram was generated by the SPSS software, using hierarchal clustering, with centroid method and squared euclised. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

obtained from an individual vaccinated with the wild-type epi-
tope HCV-NS31073 (CINGVCWTV) (Fytili et al., 2008). The level of
IFN-gamma production stimulated against a highly cross-reactive
variant from genotype 1 (G1-01: CVNGVCWTV) was defined as a
reference of high response, which was used to classify the other
variants into high, intermediate or low cross-reactive complexes
(Table A.2).

Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molimm.2015.06.
017

A HCA based in our improved approach was able to divide the
complexes into two main clusters (Cluster 1 and Cluster 2) and one
out-group represented by G3-18 (Fig. 2). A threshold was defined
with the pvrect function to highlight these groups (alpha = 0.95),
which are corroborated by AU p-values with low standard errors
(Fig. 2). The variant G3-18 (from genotype 3) fell in a completely
independent branch. This result is in agreement with our previous
analysis and with the experimental data, since G3-18 was the only
among the 28 complexes that presented no detectable response
in vitro (Fytili et al., 2008). All the high G1 01 (HCV-NS31073) cross-
reactive complexes fell in Cluster 1 (AU = 98). Of note, in the in vitro
assay, the complexes with the higher IFN-� levels within the cross-
reactive complexes were G1-02, G1-07, G5-22, G6-25 and G6-27
(Antunes et al., 2010, 2011; Fytili et al., 2008; Sinigaglia et al., 2013).
With the exception of G5-22, all other complexes fell in the same
sub-cluster of the reference variant G1-01 (AU = 76). It is impor-
tant to note that this level of information was not contemplated
by our previous work (Fig. 3). The high responder variant G6-26
and the intermediate responder G1-05 fell in separate branches,
but still within the main cluster of the cross-reactive complexes
(AU = 98). It is also important to mention that our previous analysis
of these complexes presented the intermediate responder G1-05
as the closest related complex to the reference complex G1-01

(Antunes et al., 2011). We explained this unexpected result by sug-
gesting that despite the surface charges distribution other issues
might account for the lower response presented by G1-05. Our
improved approach was able to identify neglected structural dif-
ferences between G1-01 and G1-05, and correctly placed G1-05
outside the sub-clusters of high responders.

All low cross-reactive complexes fell in Cluster 2 (AU = 97). The
low responders from genotype 1, G1-03 and G1-04, fell correctly
into this main low responders cluster, as well as the intermedi-
ate responders G1-06 and G1-08. The complex G1-06 was also
placed within the low responders in the original analysis (Fig. 3).
Of note, a trend to the separation of the variants according to their
genotypes is also observed, since we have a sub-cluster only with
G3 complexes (AU = 79) and a sub-cluster with the majority of G2
complexes (AU = 99). Our HCA results also provide other sugges-
tions, such as that G1-08 is more closely related to G2-11 and
G3-20 (AU = 95) than to G1-06. However, to these new cross reactive
suggested targets, there is no experimental background in Fytili’s
paper to support this level of speculation (Fytili et al., 2008). Note
that the in vitro assay with these 28 HCV variants was performed
to verify the cross-reactivity against the wild-type HCV-NS31073.
Cross-reactivity also depends on the T-cell population involved,
so to evaluate the cross-reactivity against G1-08, an assay with a
G1-08-specific T-cell population would be needed.

2.4. Cross-reactivity prediction among dengue virus serotypes

Dengue virus (DV) represents a major challenge for vaccine
development (Halstead, 2013). Despite effective immunization
against one serotype is easy to achieve, and protective T-cell
response is observed, challenge of an immunized individual with
an heterologous serotype often leads to severe symptoms, such as
dengue hemorrhagic fever and dengue shock syndrome (DHF/DSS).
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Fig. 4. Structure-based hierarchical clustering of pMHC-I complexes. Dendrogram of 36 pMHC-I complexes representing the hierarchical cluster analysis performed with the
Pvclust R package. The input data was accessible surface area values and color histograms (RGB) for each pMHC-I, which provided information on topography and charges
distribution over the surface. Red boxes indicate the main clusters identified (alpha = 0.95). Cross-reactive and non-cross-reactive complexes of both subsets (HCV and DV)
fell in independent clusters. AU, approximately unbiased; BP, bootstrap probability. Dark blue box indicates the G1 01 cross-reactive complexes, light blue box indicates the
intermediate targets, yellow box indicates targets with low cross-reactives and brown box indicate the target with no cross-reactives. Green box indicates NS4b targets and
red box indicates NS4a targets. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In this context, cross-reactive T-cells are believed to mediate the
immunopathogenesis of DHF/DSS during secondary heterologous
challenge (Duan et al., 2012). Therefore, the identification of non-
cross-reactive immunogenic targets, specific for each DV serotype,
is one way to develop a combined tetravalent vaccine. In a recent
publication, Duan et al. (2012) identified HLA-A*02:01-restricted
peptides from the four DV serotypes, and examined their immuno-
genicity and cross-reactivity. From their data, we extracted the
epitope sequence of two groups of targets, one being identified as
(i) cross-reactive variants, and the other as (ii) non-cross-reactive
variants (Fig. A.2).

Supplementary material related to this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molimm.2015.06.
017

We performed new predictions with the combined data from
both subsets (HCV and DV), totaling 36 pMHC-I complexes. The
HCV and DV variants fell in independent main clusters, HCV main-
taining the same complexes in Clusters 1 and 2 and defining two
more groups (Clusters 3 and 4). The same threshold (alpha = 0.95)
was able to identify cross-reactive and non-cross-reactive com-
plexes within these groups (Fig. 4). All four NS4b variants fell in
the same cluster (Cluster 3) (AU = 100). This was expected, since
cross-reactive in vitro response was indeed observed for these four
variants. The same level of clustering was not observed for the NS4a
variants (AU = 83), a group that did not present cross-reactivity in
the study of Duan et al. (2012).

The variants D1V-NS4a140 and D4V-NS4a140 fell in independent
branches, while the other two (D2V-NS4a140 and D3V-NS4a140)
fell in the same cluster (AU = 95). Our HCA, therefore, indicates a
possible cross-reactivity between D2V-NS4a140 and D3V-NS4a140,
which could be understood as a false positive result. However, it
is important to highlight that cross-reactivity is also dependent
on the specific T-cell population involved, and normally produces
responses with lower intensity when compared to the challenge
with the cognate peptide. Of note, the D2V-NS4a140 presented
really low levels of response even upon challenge with the cog-
nate epitope (Fig. A.1) (Duan et al., 2012). Despite of a possible
structural similarity (Fig. 5), a cross-reactive response would be
probably undetectable with this T cell population. However, our
approach relies exclusively on structural features of the pMHC-I
surface, such as charges distribution and ASA values, and therefore
is capable of identifying the closer related complexes. Also, other
features in antigen processing might prevent the T cell stimulation
process.

Finally, the combined HCA (HCV and DV) was able to reproduce
the same results observed in the independent HCV analysis. This
combined approach corroborates the consistency of our method,
even with a greater number of complexes, suggesting its possible
use in a larger scale as a virtual screening method. In this sense,
we also explored an alternative way to present our HCA results.
Instead of a dendrogram, this data can be used as input for relational
networks, which can provide more intuitive information about the
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Fig. 5. Topography and electrostatic potential comparison among pMHCs presenting dengue-derived epitopes. “TCR-interacting surfaces” of three pMHC-I complexes
presenting epitopes derived from three different Dengue Virus serotypes are depicted. Regions with positive (blue) and negative (red) charges are represented with a scale
from −3 to +3 kT. Sequences of presented peptides are depicted below each complex, with mutations in relation to “D1V” indicated in red. Alpha-1 and Alpha-2 MHC domains
are also shown. TCR-interacting surfaces of complexes “D2V” and “D3V” share greater similarity in terms of electrostatic potential, while “D1V” presents some differences in
three positively charged spots (green arrows). Images were obtained with the UCSF Chimera package (Trott et al., 2010). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

cross-reactive-networks studied (Fig. 6), indicating, however, the
same relationships.

2.5. Applicability to vaccine development

Several immunogenic targets were identified and successful
immunization can be achieved, but HCV diversity remains a major
challenge. The identification of targets capable of triggering cross-
genotype responses could drive the efforts to develop a new
generation of vaccines, improving vaccination coverage.

On the other hand, cross-reactivity is an issue to be avoided in a
DV vaccine development, since it is involved in the immunopatho-
genesis of DHF/DSS. Once again, our improved structurally based
prediction could be applied as a virtual screening method to iden-
tify undesirable cross-reactive responses that are unknown, and
must be tested before the use of predicted targets in an anti-DV
vaccine.

Traditional methods of vaccine development provided some
successful results, but have been unable to overcome some of the
major challenges for global health, such as the control of HIV and
HCV. In that context, a new generation of rationalized vaccines is

Fig. 6. Relational network of 36 pMHC-I complexes. Relational network generated with the Gephi program, based on the dendrogram of 36 pMHC-I complexes (Fig. 4).
Each sphere represents a given pMHC-I and different colors indicate different HCV genotypes or DV serotypes. For instance, red spheres indicate pMHC-I complexes loaded
with HCV genotype six epitopes. Lines (edges) indicate cross-reactivity between the connected complexes (nodes), complexes without connections are considered non-
cross-reactive. The strength of each line indicates the similarity between the connected complexes, being a structure-based indicative of the strength of the cross-reactivity
between them. The distribution of the clusters is merely representative, and distance between nodes in the picture has no meaning. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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starting to be planned, and bioinformatics tools are playing a major
role in this process (Donati and Rappuoli, 2013; Dormitzer et al.,
2012). Combined in silico approaches can save time and money,
identifying the candidates more likely to stimulate the desired
immune response, which can then be tested with in vitro and in vivo
experiments to confirm its safety and efficacy for the use in a new
vaccine.

3. Conclusions

The CD8+ T-cell cross-reactivity is a complex phenomenon
triggered by the structural similarity between two different pMHC-
I complexes that are recognized by the same TCR. Despite the
enormous variability of TCRs and epitopes involved in these inter-
actions, there are few conserved contacts that are shared by all
TCR/pMHC-I crystal structures available, providing a map of the
most important regions over the pMHC-I surface. Moreover, cross-
reactivity between two pMHC-I complexes can be predicted based
on the electrostatic potential over these selected regions. Although
there are many studies about possible characteristics that trig-
ger cross-reactivity, our method applying electrostatic potential
(Antunes et al., 2011) and topology data to predict cross reactiv-
ity is a new one in this field. Our innovative approach showed
that use of ASA values can improve this prediction, adding valu-
able information on the topography of these complexes. Finally,
the use of an R package to assess the uncertainty of the hierarchi-
cal clustering provided a statistical validation of the results. Our
method can be applied in rational vaccines construction, allow-
ing to predict the impact of heterologous immunity and anticipate
individual response to vaccination (Wlodarczyk et al., 2009; Zhang
et al., 2015). It can also be used to predict unexpected off-target
toxicity in T cell based immunotherapies for cancer, field in which
cross-reactivity has become a major concern (Linette, 2013; Stone
et al., 2015).

The presented results demonstrate that our technique is on the
right track. The next steps to consolidate this approach will come
with the increase on analyzed cross-reactive networks, through the
recovery and inclusion of in vivo experimental data available in
scientific literature. This increase in the number of networks will
strengthen the specificity of the approach, decreasing the number
of false positive results. Alternatively, we aim to implement a strat-
egy using neural network or Suport Vector Machine algorithms to
infer immunogenicity in pMHC complexes considering their charge
distribution and topographic patterns. These different tools will
became available in our immunoinformatics platform Crosstope –
Structural Data Bank for Cross-Reactivity Assessment (http://www.
crosstope.com.br).

4. Materials and methods

4.1. Identification of conserved contacts between TCRs and
pMHCs

An extensive search for all available crystal structures of
TCR/pMHC-I complexes restricted to HLA-A*02:01 with 9 residues
epitopes was performed in the Protein Data Bank and IMGT/3D
structure-DB (Kaas et al., 2004). Curated and calculated contacts
between TCR and pMHC, for each complex, were obtained from
IEDB-3D (Ponomarenko et al., 2011). An arbitrary cut-off of 85%
and 60% was used to select TCR-interacting residues of the pMHC
to retrieve electrostatic potential and ASA (Fig. 1) values, respec-
tively. Information on included complexes is provided in Table A.1.
Considering the nine key positions identified in crystal structures,
we defined a group of seven regions over the pMHC-I surface
(Fig. 1A). These regions, or “gates”, were defined considering the

specific contribution of each one of these residues to the pMHC-I
surface. Three regions were defined covering the epitope surface.
The contribution of epitope positions p4 and p5 were collected
by two independent gates (G1 and G2). In the case of positions
p6, p7 and p8, only one gate was defined, centered over p7 (G3).
This was decided because p7 is much more exposed to the contact
with the TCR, while p6 and p8 have a lower contribution to the
pMHC-I surface. Other four gates were defined over selected
MHC-I residues (G4, G5, G6 and G7). These seven key regions
are in agreement with previously described “TCR footprints” for
this allotype (Gras et al., 2009, 2012; Rudolph et al., 2006) and,
therefore, will be probably involved in cross-reactive responses.

4.2. Construction of pMHC-I complexes

All our structural analysis were performed with pMHC-I com-
plexes obtained through the previously described D1–EM–D2
approach (Antunes et al., 2010). Briefly, only the FASTA sequence of
the epitopes was recovered from the reference studies (Duan et al.,
2012; Fytili et al., 2008) and used as input to produce 3D struc-
tures of these epitopes, with PyMOL scripts. A “donor” structure
of an empty HLA-A*02:01 was obtained by removing the epitope
from a reference PDB structure (Protein Data Bank code 2V2W).
The new pMHC-I structure, harboring the epitope of interest in
the context of HLA-A*02:01, was then obtained by a combined
sequence of molecular docking and energy minimization steps.
These steps were performed with AutodockVina (Trott et al., 2010)
and GROMACS 4.5.1 (Pronk et al., 2013), respectively. The accuracy
and reliability of this D1–EM–D2 approach was tested in previous
studies (Antunes et al., 2010; Sinigaglia et al., 2013).

4.3. Electrostatic potential and ASA calculations over the pMHC-I
complexes

Electrostatic potential for each pMHC-I structure was calcu-
lated with Delphi (Li et al., 2012), with custom parameters (e.g.:
indi = 1.0, exdi = 80.0, prbrad = 1.4, salt = 0.2). Accessible surface area
(ASA) from each pMHC-I complex was calculated with NACCESS
V2.1.1 (http://www.bioinf.manchester.ac.uk/naccess/), which in a
simplified explanation calculates the atomic accessible surface by
rolling a probe of specific size around a van der Waals surface, of
the selected residues. In this work, we used a probe size 1.40 Å.

4.4. Image acquisition and data extraction

Images of the electrostatic potential distribution over the “TCR-
interacting surface” of each pMHC-I were obtained with the UCSF
Chimera package from the Resource for Biocomputing, Visualiza-
tion, and Informatics of the University of California, San Francisco
(Pettersen et al., 2004). The “Electrostatic surfacing coloring” option
of Chimera was used to import and visualize the electrostatic poten-
tial calculated with Delphi, using a range from −3 to +3 kT. Selected
regions over these images were defined, and color histograms (RGB)
of these areas were obtained with ImageJ 1.43u software (National
Institute of Health, USA, http://rsb.info.nih.gov/ij). In total, 42 val-
ues were obtained from the seven histograms of each image, such
as color mean and standard deviation for each RGB component. Fig-
ures included in the article were edited with Adobe Photoshop CS2
v.9.0. program (Adobe, San Jose, CA).

4.5. Clustering analysis

As previously described, our prediction method was based on
the use of pMHC-I structural features as input for multivariate sta-
tistical methods (Antunes et al., 2011). Originally, only information
on electrostatic potential was used to define the clusters of putative

http://www.crosstope.com.br/
http://www.crosstope.com.br/
http://www.crosstope.com.br/
http://www.crosstope.com.br/
http://www.crosstope.com.br/
http://www.bioinf.manchester.ac.uk/naccess/
http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
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cross-reactive complexes. Now, we combined additional informa-
tion on ASA values and improved our approach with the use of
an R package (pvclust) to assess the uncertainty of the hierarchical
cluster analysis (HCA) (Suzuki and Shimodaira, 2006). This pack-
age provides both bootstrap probability (BP) and approximately
unbiased (AU) p-values, which are computed by multiscale boot-
strap resampling, and has been shown to be less biased than other
methods in typical cases of phylogenetic tree selection (Shimodaira,
2002). The “average” linkage method was used with “correla-
tion” distance, and the number of bootstrap replications was set
to 10,000. Results were plotted as dendrograms with bootstrap
probabilities (BP) and approximately unbiased (AU) p-values. Main
clusters were identified with pvrect (alpha = 0.95) and standard
errors for AU p-values were obtained with seplot. Relational net-
works were plotted with the open-source platform Gephi (https://
gephi.org).

This improvement adds a statistical validation to the den-
drogram, enriching the discussion of the results, and avoiding
unsubstantiated conclusions.
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