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a  b  s  t  r  a  c  t

Cellular  immune  response  plays  a central  role  in  outcome  of  Hepatitis  C  Virus  (HCV)  infection.  While
specific  T-cell  responses  are  related  to viral  clearance,  impaired  responses  can  lead  to  chronic  infection,
turning HCV  variability  into  a major  obstacle  for vaccine  development.  In a  recent  work,  Fytili et  al.
(2008)  studied  the  cross  reactive  potential  of HCV  specific  CD8+  T-cells  and observed  a large  variation  in
immunogenicity  among  28 naturally  occurring  NS31073 variants.  In  this  work,  we  intend  to evaluate  this
immunogenic  variation  at molecular  level,  through  bioinformatics  approaches.  The  D1-EM-D2  strategy
was used  to  build  in  silico  MHC:peptide  complexes  (pMHC)  of  these  HCV-derived  peptides  in  the  context
of HLA-A*02:01  allele.  The  TCR-interacting  surface  of  these  complexes  were  evaluated  using the  GRASP2
program.  Structural  analysis  indicated  a sharing  of  topological  and  electrostatic  features  among  com-
plexes  that  induced  strong  response  in  vitro.  Besides,  complexes  that  induced  low  response  presented
an  important  positively  charged  spot  in  the center  of  TCR-interacting  area.  This  spot  was seen  even  in
complexes  with  conservative  amino  acid  changes  and  is  consistent  with  the  impairment  of recognition

by  wild-type-specific  T-cells,  observed  in  vitro.  Furthermore,  the  most  remarkable  difference  in electro-
static  potential  was  seen  precisely  in the  only  complex  unable  to  induce  in  vitro  stimulation.  All these
observations  were  confirmed  by Principal  Component  Analysis  (PCA)  and this  approach  was  also  applied
to a  set  of  45  non-related  immunogenic  viral  epitopes,  indicating  possible  new  targets  for  cross-reactivity
studies.  Our  results  suggest  structural  in  silico  analysis  of  pMHC  complexes  as  a reliable  tool  for  vaccine
development,  affording  to predict  the  impact  of  viral  escape  mutations  and selection  of epitopes  with

react
potential  to induce  cross-

. Introduction

Hepatitis C Virus (HCV) infection is persistent in most of the
nfected individuals, being the major cause of chronic liver disease,
irrhosis, and hepatocellular carcinoma. Cytotoxic T Lymphocyte

CTL) response seems to play a central role in the outcome of this
nfection, associated with both viral clearance and immunopatho-
enesis of the infection (Thimme  et al., 2002; Vertuani et al., 2002).
trong cellular immune response, especially in the acute phase of

Abbreviations: HCV, Hepatitis C Virus; MHC, major histocompatibility complex;
MHC, MHC-peptide complex; HLA, human leukocyte antigen; TCR, T-cell receptor;
CA, principal component analysis.
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ive  immune  responses.
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infection, has been related to viral control and eradication, nourish-
ing expectations regarding vaccine development (Cucchiarini et al.,
2000; Hiroishi et al., 2010). In this context, the HLA-A2-restricted
epitope NS31073 comes to light as a promising target, being the most
frequently recognized HCV-specific epitope (Engler et al., 2004;
Schlaphoff et al., 2007). NS31073-specific CTL response has been
related to clearance of acute HCV-infection (Lechner et al., 2000;
Rehermann and Nascimbeni, 2005; Thimme et al., 2002) and, prob-
ably due to its importance for viral fitness, this region presents a
very limited variation among the six HCV genotypes (Soderholm
et al., 2006). However, even a limited variation within an immun-
odominant target for host CTL response can be a huge obstacle for
vaccine development, since defective responses can lead to chronic
infection (Wedemeyer et al., 2002). This idea is also supported by
experimental HCV infection in chimpanzees, where animals rechal-

lenged with heterologous HCV genotypes seem to be viremic for
a longer time and develop chronic infection in a rate similar to
primary infections (Prince et al., 2005).

In a recent work, Fytili et al. (2008) aimed to study the sequence
variability of the NS31073 epitope across all HCV-genotypes, to
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pal components explained 94.5% of total variance. PCA for selected
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etermine HLA-A2 binding affinities of all variants identified and
o investigate cross-reactivity of NS31073 wild-type-specific CD8+
-cells. In one of the performed assays, the authors used peripheral
lood mononuclear cells (PBMCs) from a healthy individual who
as vaccinated with the peptide vaccine IC41, which includes the
ild-type epitope “CINGVCWTV”, and observed a large variation of

mmunogenicity against 28 NS31073 peptides from naturally occur-
ing variants, in the context of HLA-A2, through ELISPOT assay.
lthough some mutations in anchor positions partially affected the
LA binding affinity, these mutations did not prevent TCR stimu-

ation in vitro. Similarly, immunogenic variation was  not restricted
o non-conservative amino acid exchanges, since even single con-
ervative exchanges may  abolish recognition of wild-type-specific
-cells. Therefore, the amino acid sequence analysis per se was
ot able to fully explain all the immunogenic variability observed

n vitro, and this unpredictability remains as an obstacle for vaccine
evelopment.

HCV represents a difficult challenge for conventional vacci-
ology and some alternatives, such as reverse vaccinology, have
lready been suggested (Rappuoli, 2000). In this scenario, bioin-
ormatics tools are used to analyse the pathogen genome and
redict the antigens that are most likely to be vaccine candidates.

n the past few years, many other applications of computational
ower to address immunological problems have been proposed,
nd immunoinformatic has emerged as a promising field (Korber
t al., 2006; Tong and Ren, 2009). One of the goals in this field is
o predict the three-dimensional structure of complexes formed
y hosts major histocompatibility complex (MHC) and peptides
erived from a given pathogen. These MHC:peptide complexes
pMHC) play a central role in cellular immune response, once it
llows the host lymphocytes to identify infected cells through the
nteraction with T-Cell Receptor (TCR).

Our group has used structural bioinformatics tools, such as
olecular docking and molecular dynamics, to build in silico mod-

ls of pMHC complexes that can be further analysed regarding
ts topology and electrostatic potential, among other features
Antunes et al., 2010; Rigo et al., 2009). Our approach, previously
escribed as D1-EM-D2 (Docking 1 - Energy Minimization - Docking
), uses a crystal structure of a given MHC  as a macromolecule for
ross-docking with the structure of each peptide. One intermediate
tep of energy minimization is also performed to accommodate the
HC  side chains to each new ligand. In the present work, this strat-

gy was applied to build in silico pMHC complexes of the 28 HCV
erived peptides previously tested in vitro by Fytili et al. (2008),

n the context of human MHC  allele HLA-A*02:01. Aiming to eval-
ate the immunogenic variation of these complexes at molecular

evel, images of the TCR-interacting area of these complexes were
btained and used as input to multivariate statistical methods. In
ddition, we submitted these 28 complexes to a short molecular
ynamics and reevaluated their TCR-interacting surfaces.

. Material and methods

.1. Construction of pMHC complexes

Complexes were built through combined use of molecular dock-
ng and energy minimization, previously described as D1-EM-D2
pproach (Antunes et al., 2010). Briefly, a crystal structure of HLA-
*02:01, Protein Data Bank (PDB) access code 2V2W, was  used as
MHC donor” (macromolecule) for cross-docking with the struc-
ure of each peptide. Epitopes were built from its linear amino

cid sequence using the crystal structure of an HLA-A2-restricted
eptide, PDB access code 1T1Z, as a reference for backbone three-
imensional conformation. Molecular dockings were performed
ith AutoDock Vina 1.0.2 (Trott and Olson, 2009) using default

alues (e.g. exhaustiveness = 8). All torsions in the macromolecule
nology 48 (2011) 1461– 1467

were kept rigid, as torsions in ligand backbone, while ligand side
chains were kept completely flexible. For each epitope, the same
input files were used to run AutoDock Vina 20 times, generating
a final population with up to thousand different conformations
(20 outputs with up to 50 structures each). Binding energy (BE)
values of the best conformation of each output were used to estab-
lish a threshold, and the conformations above this threshold were
used to calculate the root mean square deviation (RMSD) among
the selected conformations. These steps were performed using an
automated script developed by our team, which uses the g confrms
software, GROMACS 4.0.7 package (Van Der Spoel et al., 2005), to
calculate the RMSDs. The conformation with the lowest deviation
among the selected ones was  chosen as the final docking result
(side chains in most frequent positions) and saved in a pdb file,
along with the “MHC donor”. This complex is then submitted to an
energy minimization (EM) step, aiming to adjust the “MHC donor”
to its new ligand, and the resulting complex is used into a new round
of molecular docking. EMs  were also performed with GROMACS
4.0.7 package (Van Der Spoel et al., 2005).

All complexes built for these work, as well as GRASP2 images of
these complexes, are being compiled to be released as part of the
CrossTope Structural Data Bank for Cross-Reactivity Assessment
(www. crosstope.com.br).  This database also stores the structures
(PDB files) and GRASP2 images for other immunogenic viral pep-
tides in the context of four different MHC  alleles (HLA-A*02:01,
HLA-B*27:05, H-2Db and H-2Kb), allowing on-line comparison of
these complexes data (Sinigaglia M,  personal communication).

2.2. Analyses of topology and charges distribution

The MHC  surface analyses were performed with the GRASP2
program (Petrey and Honig, 2003), on Windows 7 platform. Elec-
trostatic potential of the 28 NS3-1073-variants was  calculated with
a scale from −10 to +10 kT. A narrower range, from −5 to +5 kT, was
used to generate images of selected immunogenic viral epitopes.
Images of complexes after molecular dynamics were depicted with
a range from −3 to +3 kT. All images were obtained with complexes
in the same position.

2.3. Images acquisition and data extraction

Top view images of pMHCs were generated with GRASP2 pro-
gram (Petrey and Honig, 2003) and seven selected regions were
defined over the TCR-interacting surface (Appendix A). Color his-
tograms (RGB) of these selected areas were obtained from all
GRASP2 images using the ImageJ 1.43u software (National Institute
of Health, USA, http://rsb.info.nih.gov/ij). In total, 63 values were
obtained from the seven histograms of each image, such as color
mean, mode and standard deviation. Figures included in the article
were edited with Adobe Photoshop CS2 v.9.0. program (Adobe, San
Jose, CA).

2.4. Principal component analysis (PCA)

Values of mean and standard deviation of each color (red, green
and blue) were taken as correlated variables for a factor analysis
using principal component method, using the SPSS software (PASW
Statistics 18, IBM, Chicago IL. USA). For the 28 NS3-1073-variants,
PCA was based on data from selected region 1 (S1) and two princi-
immunogenic viral epitopes was  based on data from three selected
regions (S1, S2 and S5) and three principal components explained
just 68.2% of total variance. In this specific case, values regarding
green color were not included, given its poor contribution for the
principal components.

http://www.%20crosstope.com.br/
http://rsb.info.nih.gov/ij
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Fig. 1. Comparison between in vitro and in silico results for cross-reactivity potential among HCV- NS31073-variants. (A) Results of an in vitro assay performed by Fytili
et  al. (2008), in which NS31073 wild-type-specific CD8+ T-cells were tested for IFN-gamma production after stimulation with 28 NS31073 naturally occurring variants, in the
context of HLA-A*02:01 allele (Fytili et al., 2008). (B–I) TCR-interacting area of pMHC complexes presenting some of these peptides, after construction by D1-EM-D2 approach
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Antunes et al., 2010). Charged areas over the complexes surface were computed wit
pots,  with a range from −10 to +10 kT. Complexes with strong in vitro response (
esponse (F–I) presented charged areas that differentiate them from the wild-type 

re  shown in Appendix C. (For interpretation of the references to color in this figure

.5. Hierarchical cluster analysis (HCA)

Hierarchical cluster analysis was performed assisted by the
PSS software (PASW Statistics 18, IBM, Chicago IL. USA). The cen-
roid clustering method was used with squared Euclidean distance
nterval and results were plotted as a dendrogram. HCA of the 28
S3-1073-variants was based on data from selected region 1 (S1).
CA for selected immunogenic viral epitopes was performed with
ata from all seven selected regions over the TCR-interacting area
f the pMHC complexes.

.6. Molecular dynamics

Complexes presenting 28 NS3-1073-variants were submitted to
 short molecular dynamics with GROMACS v4.0.7 package (Van
er Spoel et al., 2005), on Linux platform (Ubuntu 9.10). An energy
inimization step was performed using steepest-descent integra-

or with no restrains (nsteps = 10000), allowing relaxation of the
ntire system. Then, the system was submitted to an equilibration
tage for 100 ps, with position of non-hydrogen atoms restrained
o allow the formation of solvation layers. Finally, the system was
radually heated from 50 to 310 K preserving 100 kJ−1 nm−1 of posi-
ional restraints for all heavy atoms, over a period of 100 ps.
.7. Selection of complexes presenting immunogenic viral
pitopes

A set of 45 pMHC complexes presenting immuno-
enic viral epitopes was selected from CrossTope Data
SP2 program and represented as red (negative charges) and blue (positive charges)
resented similar topology and charge distribution, while those with poor in vitro

ex (green arrows). GRASP2 images for the entire set of HLA-A2-NS31073 complexes
d, the reader is referred to the web version of the article.)

Bank (http://www.crosstope.com.br/). These epitopes were
curated from two well-known epitope databases: SYFPEITHI
(http://www.syfpeithi.de/) (Rammensee et al., 1999) and IEDB
(http://www.immuneepitope.org) (Vita et al., 2010). Information
about protein source and epitope position was  manually verified
(Appendix B), as well as results of in vitro experiments performed
to identify these epitopes as immunogenic. Selected epitopes were
complexed to HLA-A*02:01 structure for further analysis of these
pMHC complexes and inclusion in the CrossTope Data Bank.

3. Results/discussion

3.1. In silico study of cross-reactivity potential among the
wild-type complex HLA-A2-NS31073 and 28 pMHCs presenting
naturally occurring NS31073-variants

Two  sequences are considered as wild-type for the NS31073 epi-
tope, CVNGVCWTV and CINGVCWTV. In one of their experiments,
Fytili et al. (2008) used PBMCs from a healthy individual vaccinated
with the peptide vaccine IC41 (which includes “CINGVCWTV”) in an
ELISPOT assay. These cells were tested for IFN-gamma production
after stimulation with 28 naturally occurring variants, covering all
six HCV genotypes and including the wild-type CVNGVCWTV (these
results were summarized in Fig. 1A).
In a previous work, our group have already analysed Accessible
Surface Area (ASA) of this set of NS31073 peptides in the context of
HLA-A*02:01 allele (Antunes et al., 2010). Although this approach
alone was  not able to explain all variation observed in vitro, ASA val-
ues from genotype 6 presented the same pattern of the wild type

http://www.crosstope.com.br/
http://www.syfpeithi.de/
http://www.immuneepitope.org/
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Fig. 2. Simple scatter plot of a principal component analysis (PCA). GRASP2 images
were analysed using the ImageJ software and the color histogram (RGB) of a selected
area was  used to a PCA assisted by the PASW Statistics 18 software (for more infor-
mation, see Section 2). Complexes presenting peptides from genotypes 4, 5 and 6
464 D.A. Antunes et al. / Molecular

eptide, while peptides with higher deviation from this “ASA pat-
ern” were those with the lowest levels of IFN-gamma production
n all ELISPOT assays.

In this work, TCR-interacting surface analysis of these 28 pMHC
omplexes confirmed a sharing of topological and electrostatic
spects among complexes that induced strong response in vitro
depicted with black bars in Fig. 1A), especially among the wild-
ype (G1-1) and the variants from genotypes 4, 5 and 6 (Fig. 1C–E).
ifferences in electrostatic potential over the pMHC surface are

eferred to as being more crucial for TCR recognition than subtle
hanges in topology (Jorgensen et al., 1992; Kessels et al., 2004).
herefore, despite some minimal topological variation, these com-
lexes can be recognized by the same specific T-cell population.
n the other hand, complexes that induced lower responses, espe-
ially variants from genotypes 2 and 3, presented an important
ositively charged spot in the center of the TCR-interacting area
Fig. 1F–H). Furthermore, the most remarkable difference in elec-
rostatic potential was seen precisely in G3-18, the only complex
nable to induce an in vitro stimulation of wild-type-specific T-cells
Fig. 1I and Appendix C). This is not the only pMHC subset in which
ur approach agreed with in vitro data regarding cross-reactive
otential against a wild-type-specific T-cell population. The basis
f our in silico approach for cross-reactivity assessment was used
n a previously work to explain the immunogenic variation within

 group of HCV-derived alanine exchanged peptides in the context
f HLA-A*02:01 allele (Antunes et al., 2010).

Fytili et al. (2008) have also called attention for an observa-
ion that even single conservative amino acid changes impaired
ecognition of wild-type-specific T-cells, highlighting the risk for
scape in this epitope. This feature cannot be predicted from the
inear amino acid sequence, and could limit the potential efficacy
f vaccines containing the NS31073-wild-type peptide. However,
ur results suggest that this feature could be predicted by TCR-
nteracting surface analysis, since the complexes with affected CTL
ecognition due to conservative amino acid changes (G1-3, G1-4
nd G1-6) also presented a positively charged spot in the center of
CR-interacting area (Fig. 1F and Appendix C).

.2. Confirmation of in silico observation by principal component
nalysis (PCA)

Principal component Analysis has been applied to a wide range
f problems, including structural bioinformatics and immunoinfor-
atics (Andrusier et al., 2008; Bremel and Homan, 2010a,b; Tian

t al., 2008). In this work, PCA was performed with a view to eval-
ating the contribution of a positively charged spot, seen in some
omplexes surface, to the recognition by wild-type-specific T-cells.
his analysis was based on color histograms extracted from GRASP2
mages (see Section 2) and confirmed our previous observations,
rouping peptides from genotypes 4, 5 and 6 with the optimal
esponders from genotype 1 (Fig. 2). Peptides from genotypes 2
nd 3, which presented poor in vitro stimulation, formed separate
lusters. Also in agreement with in vitro data, complex G3-18, the
nly non-inducer complex, was placed in a completely separated
osition in the scatter plot.

Complexes G1-3, G1-4 and G1-6, in which conservative amino
cid changes affected CTL recognition, were distributed in positions
ar from genotype 6. In this analysis, complexes G1-5 and G1-8 were
laced among the optimal responders, although these complexes

nduced an intermediate stimulation in vitro (depicted with dark
rey bars in Fig. 1A). It is important to note that G1-5 complex, along

ith complexes G1-3 and G1-6, presented the most remarkable

opological differences among all the studied complexes (Appendix
). This difference is given by the presence of an alanine at the fifth
osition (p5), which occurs only in these complexes. Topological
spects, though less important than electrostatic potential, can also
were grouped with the optimal responders from genotype 1. Complex G3-18, the
only non-inducer complex, was placed in a completely separated position in the
scatter plot. Moreover, the already described cross-reactive target IV-NA231 was
placed near the NS31073 wild-type epitope.

influence the TCR/pMHC interaction. Since this PCA was based only
on color information, it does not reflect topological issues.

Although according to in vitro assay the complex G1-8 induced
intermediate levels of IFN-gamma production, this complex does
not present any important structural difference as compared to the
wild type. However, it is important to stress that we  are using as
reference just one of the experiments carried out by Fytili et al.
(2008). We choose to focus our discussion in the results of the assay
performed with PBMCs recovered from the vaccinated individual,
aiming to avoid any external issues that could enhance the variabil-
ity in our system and bias our results, but the authors presented in
their work data from 7 ELISPOT assays (representative of a larger
group). These experiments were performed with PBMCs recovered
from seven individuals with different immunological backgrounds:
healthy volunteers (anti-HCV negative), as well as acute and chron-
ically HCV infected patients. It was  observed some variation in
the levels of IFN-gamma production among different experiments,
even comparing the values of the same HCV variant. Considering
the results of all these seven independent assays, the three com-
plexes that we grouped as intermediate responders (G1-5, G1-6
and G1-8) presented distinct patterns. IFN-gamma production by
complex G1-6 was  around 20% in all assays and complex G1-5 pre-
sented similar levels, except for one assay in which this complex
stimulated 40% of IFN-gamma production. On the other hand, com-
plex G1-8 presented more than 40% of IFN-gamma production in
three assays performed both with CTLs from healthy volunteers, as
well as from recovered or chronically HCV infected patients. There-
fore, our structural analysis is in agreement with in vitro data, since
it was able to separate complex G1-8 from complexes G1-5 and
G1-6, identifying in the former the potential to be a cross-reactive
target for NS31073-specific T-cells.
Apart from being involved in cross-genotype-reactivity, the
HCV-derived NS31073 epitope is also implicated in cross-reactivity
with epitopes from non-related viruses. For instance, Wedemeyer
et al. (2001) were able to expand specific-NS31073-CTLs from the
blood of HCV-negative blood donors. The authors identified the
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euraminidase-derived NA231 epitope, from Influenza Virus (IV),
s the target for these cross-reactive memory T-cells. This IV-
erived epitope was included in principal component analysis and,

n agreement with in vitro data, was placed near the NS31073 wild-
ype epitope (Fig. 2). This result indicates that structural-based
pproaches for cross-reactivity assessment can be used both to
tudy determinants of related viruses, as well as to identify possible
argets for cross-reactivity among any other epitopes of interest.

In addition to PCA, we used the same data from GRASP2 images
o perform a hierarchical cluster analysis (HCA). The results agreed
ith PCA, and were plotted as a dendrogram using centroid linkage

Appendix D). All complexes from genotypes 4–6 were placed in
he same cluster, along with G1-1, G1-2, G1-7, G1-8 and IV-NA231.
omplexes G1-3, G1-4 and G1-6 were placed in a group close to
omplexes from genotype 2. Finally, complexes from genotype 3
ormed a separated cluster and the G3-18 complex remained as
he most distant one.

.3. Molecular dynamics with position restrains

All structural analyses described so far were taken over “static”
omplexes that were obtained by D1-EM-D2 approach. Despite gen-
ral similarity, some topological differences were seen among these
8 complexes, especially in complexes G1-3, G1-5 and G1-6. In
rder to verify if these topological differences would remain even in
olution, all complexes were submitted to an energy minimization
EM) followed by a short molecular dynamics (MD). Once the main
oal was to observe subtle variation in topology and electrostatic
otential, a mild position restrain for heavy atoms was preserved
uring the simulations. These restrains allowed to accommodate
ide chains with unfavorable steric interactions, while avoiding a
reater variability of the solvent exposed side chains.

Structural analysis taken after MD  presented results in agree-
ent with our first observations (Appendix E). Complexes G1-3,
1-5 and G1-6 preserved their topological differences even after
D,  with the absence of a neutral crest which was present in all

ther complexes. All pMHCs from genotypes 2 and 3 preserved their
ositively charged spot in the TCR-interacting area and, in all cases,
his spot was represented as a small cavity in the complexes sur-
ace. On the other hand, none of the complexes with good response
n vitro presented this cavity or the positively charged spot.

Molecular dynamics also seems to smooth out the electrostatic
otential over the pMHC complex. Principal component analy-
is is affected by this, since PCA is based on charge distribution
ifferences. PCA using data from MD  was able to cluster com-
lexes G1-7, G4-21, G5-22 and G6-23 as the most closely related
ith the wild-type (G1-01). However, this analysis was  not able

o clearly separate all G6 complexes from those from genotypes
 and 3, even using images with a narrow electrostatic potential
ange.

.4. In silico analysis of cross-reactivity among the HCV wild-type
pitope CVNGVCWTV (NS31073) and a set of selected
mmunogenic viral epitopes

Aiming at applying this structural analysis to a larger set of
on-related pMHC complexes, forty-five complexes presenting

mmunogenic viral epitopes in the context of HLA-A*02:01 were
elected from the CrossTope Data Bank (see Section 2). Most of
hese complexes do not possess crystal structures available, and

ere built using the D1-EM-D2 approach. The IV-derived epi-

ope CVNGSCFTV (NA231) was also included in this analysis, along
ith the HCV-NS31073 wild-type and all variants from genotypes

 to 6. Relevant information about selected epitopes, totaling 55
equences, is shown in Appendix B.
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PCA results for these 55 non-related structures preserved the
clusterization of the immunogenic HCV-NS31073 variants studied
before, as well as the proximity between the epitopes HCV-NS31073
(wild-type) and IV-NA231 (Appendix F). In addition, other com-
plexes were identified as having similar distribution according
to three principal components. For this analysis, we used data
obtained from three different regions selected over the TCR-
interacting surface (see Section 2). The inclusion of these new areas,
however, made it impossible to summarize the whole span of vari-
ation in just two  or even three principal components. For instance,
the three components used in this case explained just 68.2% of the
variance.

Inclusion of new selected regions can increase the power to
discriminate among complexes, and this information can be used
directly to an hierarchical cluster analysis (HCA). For this alternative
approach, GRASP2 images from the 55 selected complexes were
used to collect data from seven regions over the TCR-interacting
surface (Appendix A). Data from all these regions were used as
input for a HCA and plotted as a dendrogram using centroid link-
age (Fig. 3). As expected, all HCV-NS31073 variants were grouped
together, along with IV-NA231. Interestingly, five complexes pre-
senting non-related viral epitopes – CrossTope IDs  A0201 0014,
A0201 0073, A0201 0076, A0201 0083 and A0201 0095 – were
placed in the same group.

Further evaluation of these five complexes revealed that at
least two  of them (A0201 0073 and A0201 0095) presented lit-
tle differences in both topology and electrostatic potential, and
could be promising candidates for in vitro cross-reactivity assays
(Appendix G). Two of the remaining complexes presented some
topological differences (A0201 0014 and A0201 0083) and com-
plex A0201 0076 presented a positively charged spot in a position
that was  not represented among the selected regions, also differing
from the HLA-A2-NS31073 complex presenting the wild-type.

One of the two  promising complexes presents the HIV-1-derived
peptide “SLYNTVATL” (GAG77), which has not been so far described
as a possible target for cross-reactivity with the HCV-NS31073 epi-
tope. Interestingly, this same HIV epitope was already described as
being cross-reactive with the HCV-NS5b peptide, in HIV/HCV co-
infected individuals (Vali et al., 2010). The other indicated complex
present the “LLWTLVVLL” peptide, from the Human herpesvirus 4
(LMP2329). It is important to note that this peptide does not share
even a single amino acid with the target peptide (CV/INGVCWTV)
and, nevertheless, presented almost the same structural pattern
when presented in the context of HLA-A*02:01. This result stresses
the power of this structural approach in prospecting new cross-
reactive targets.

The present approach was able to reproduce in vitro data for
the identification of cross-reactive targets and suggested new can-
didates for future in vitro experiments. The seven regions used
to build the dendrogram were chosen considering the spots of
variation in charge distribution among the selected complexes in
the whole TCR-interacting surface. Interestingly, all these selected
regions are placed within an area that corresponds to already
described footprints of public TCRs (Gras et al., 2009; Rudolph
et al., 2006; Turner et al., 2006). Therefore, the same variation
that allowed us to discriminate among complexes is probably
involved with in vivo differential stimulation of CTLs. However,
it is important to consider that this structural approach must
be refined before it can be safely and efficiently used in other
applications, such as vaccine development. For instance, we could
use information about the whole TCR-interacting surface, extract-

ing data from several spots and allowing the PCA to infer which
spots contribute more or less to group the complexes in a given
analysis.

The main idea behind this work is that structural informa-
tion about pMHC complexes, especially regarding the electrostatic
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Fig. 3. Dendrogram of 55 complexes presenting selected immunogenic viral epi-
topes. GRASP2 images were analysed using the ImageJ software and the color
histogram (RGB) of seven selected areas were used to a Hierarchical Cluster Analy-
sis using the PASW Statistics 18 software (see Section 2). All HCV-NS31073 variants
were grouped together, along with IV-NA231. In addition, five complexes presenting
non-related viral epitopes (CrossTope IDs A0201 0014, A0201 0061, A0201 0073,
A0201 0076 and A0201 0083) were also placed in the same group. This complexes
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Rammensee, H., Bachmann, J., Emmerich, N.P., Bachor, O.A., Stevanovic, S., 1999.
resented similar pattern of charges distribution over the TCR-interacting area and
t  least two  of them (A0201 0073 and A0201 0095) could be promising candidates
or in vitro cross-reactivity assays (Appendix G).

otential over the TCR-interacting area, can be used to predict tar-
ets of cross-reactivity for immunological applications. In addition,
e postulate that future approaches for cross-reactivity prediction

hould incorporate even more information about the complexes,
uch as topology measures, ASA values, binding affinity and even
ata over pMHC stability, feeding one global analysis that can
over most of many details underlying TCR/pMHC interaction. This
ork has important implications especially to vaccine develop-

ent against HCV, as it can be used to design new cross-reactive

accines that can safely protect against a group of related viral
enotypes (Hiroishi et al., 2010; Vieira and Chies, 2005; Wang et al.,
008; Yu and Chiang, 2010).
nology 48 (2011) 1461– 1467
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