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A B S T R A C T

Although many of heat shock proteins (HSPs) are crucial in homeostasis due to their role in maintaining cellular
proteostasis by the integration of two pivotal processes—folding and degradation, several decades of cancer
proteomics suggest that HSPs may improve cancer establishment and progression. Therefore, it is imperative to
explore how these molecules impact patient outcomes and whether their interaction with the immune systems
improves the protumour or antitumour environment. Here, using an immunoinformatics approach were in-
vestigated the best probable epitopes from ten HSPs (HSP90α, HSP90β, HSPA1A, HSPA1L, HSPA2, HSPA5,
HSPA6, HSPB1, HSPB5 and HSP60/HSP10). To achieve this aim, antigenicity, immunogenicity (prediction of
continuous and discontinuous B cell epitopes, binding peptides to HLA class I and HLA class II, and overlapping
epitopes), analysis of conservancy and population coverage, and prediction of IgE epitopes were evaluated.
According to the physicochemical properties used for their prediction (hydrophilicity, flexibility, accessibility
and antigenicity propensity), ten continuous epitopes (one per HSPs) were considered as the best and also
several regions of each molecule were identified as B discontinuous epitopes. Interestingly, peptides of HSP90β,
HSPA2, HSPB1, and HSPB5 were predicted as both continuous and discontinuous B cell epitopes. For all the
HSPs evaluated were identified potential overlapping epitopes (“NTFYSNKEI”, “TTYSCVGVF”, “TADRWRVSL”,
“VKHFSPEEL” and “CEFQDAYVL”). Moreover, these peptides were negative for IgE epitopes and showed a large
coverage in the human population (HLA-A*02, HLA-B*15, HLA-C*03, and HLA-C*12). Taken together, these
data indicate that such epitopes may activate both the humoral and cell-mediated response, and thus serve as
therapeutic targets for cancer. However, it must be assessed their efficacy and safety in vitro and in vivo before
their translation in clinical trials.

1. Introduction

Heat shock proteins (HSPs) may aid either to stop or improve cancer
establishment and progression (Ciocca and Calderwood 2005). This
dual role is related to the intrinsic characteristics of HSPs that enable
them to bind provisionally to newly synthesized polypeptides to sup-
port their suitable folding, assembly, and intracellular trafficking.
Moreover, under stress conditions, HSPs prevent protein aggregation
and enhance their renaturation, in fact, such capacity to preserve the
structure and promote protein-protein interaction made possible the
emergence of their common name—molecular chaperones (Beckmann
et al. 1990; Freeman and Yamamoto 2002). This group of molecules is
induced by a variety of environmental stressors including heat shock,
viral infection, oxidative stress, UV radiation, toxins, among others
(Lindquist and Craig 1988; Georgopolis and Welch 1993), in

extracellular and cell-associated compartments in bacteria, plants, and
human, thereby indicating that HSPs are highly conserved in all king-
doms of life (Johnston et al. 1980; Key et al. 1981; Miller et al. 1982;
Tilly et al. 1983; Bradwell and Craig 1984). Regarding their regulation,
the major transcription factor associated with HSPs expression is the
heat shock transcription factor one (HSF1), which ensure fast tran-
scriptional activation in stress and equally precipitous switch-off after
recovery. Furthermore, HSPs activity is mainly controlled by ATP and
co-chaperones (Sorger and Pelham 1988; Edkins et al. 2017).

According to their molecular weight, HSPs can be classified within
the 70 kDa and 90 kDa chaperone families, which have an N-terminal
nucleotide binding domain (NBD) with ATPase activity (Subbarao et al.
2004; Wisniewska et al. 2010). On the other hand, small heat shock
proteins (sHSPs) ranging from 15 kDa to 40 kDa and carry a highly
conserved domain known as the α-crystalline domain (ACD) that
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represents their identification flag (Carra et al. 2017). This family,
whose function is ATP independent, perform critical functions in mul-
tiple signaling pathways in mammals, for instance, αB-crystalline
(HSPB5) and Hsp27 (HSPB1) are implicated in improve anti-apoptotic
pathways in cancer cells (Bruey et al. 2000; Kamradt et al. 2001;
McLemore et al. 2005).

Cancer is one of the most leading causes of death all over the world
(Fortunato et al. 2017), and its progression and expansion towards
other tissues is related to high expression of oncogenic molecules,
genomic instability, altered cellular metabolism as well as toxic insults
that stimulate cancer growth through survival pathways such as the
heat shock response (HSR) pathway (Edkins et al. 2017), whereby is
influenced gene transcription and the synthesis of new proteins. Like-
wise, increasing evidence has pointed out that HSPs are “moonlighting
molecules” —that is, proteins that may carry out more than one func-
tion in the cytosol, on the plasma membrane, and in the extracellular
space (Edkins et al. 2017). For the purpose of this research, we may
group these functions in two pivotal activities: protumour and anti-
tumour. The former includes protection against apoptosis, tumour cell
growth and migration, therapy resistance, tumour cell cross-talk, and
immune tolerance, while the latter involves tumour cell recognition,
activation, and migration of immune cells and tumour cell death
(Shevtsov et al. 2017). In this regard, current works have related ele-
vated HSPs levels with the histopathological characteristics of several
tumours including breast-, ovarian-, uterine-, esophageal-, gastric-,
liver-, lung-, and prostate cancer wherein the main HSP families in-
volved with the patient outcome are HSP70 (HSPA), HSPB1, HSPB5,
HSP90 (HSPC), and HSP60/HSP10 (HSP60 kDa/HSP 10 kDa) (Ciocca
and Calderwood 2005).

The use of the immune system to fight cancer has been focused of
intense investigation over the last decades (Johnson et al. 2009;
Lechner et al. 2011; Iwai et al. 2012; Nobuoka et al. 2013) wherein
immunoinformatics techniques have allowed an accelerated growth of
the design and study of algorithms for mapping potential B- and T cell
epitopes (immunologically active regions of an immunogen) to achieve
the development of new therapeutics that positively impact cancer
immunotherapy at faster time and lower cost (Tomar and De 2010). In
this regard, HSPs are promising tumour targets for cancer im-
munotherapy, however, until now the main therapeutics against over-
expressed HSPs comprise small molecule inhibitors, protein aptamers
and antisense oligonucleotides (Chatterjee and Burns 2017), and only a
few approaches employ the immune response to attack tumours
through the recognition of HSPs, such as the monoclonal antibody
(mAb) cmHsp70.1, which binds to the extracellular motif—TKDNNLL-
GRFELSG (TDK) on membrane-bound HSP70 (Stangl et al. 2011).
Currently, this mAb is tested in combination with chemoradiation
therapy in a phase II trial involving non-small-cell lung carcinoma pa-
tients (NCT02118415). Other similar trials include several vaccines
consisting of disease-specific epitopes and HSP70 DNA (NCT00027144;
NCT00121173; NCT00030303; NCT02118415).

In this work, the identification of epitopes on molecular chaperones
(HSPB1, HSPB5, HSP90, HSP70 and HSP60/10), which have been re-
cognized previously as upregulated in several cancers (Ciocca and
Calderwood 2005), was carried out using immunoinformatics tools to
elucidate novel immunogenic determinants and provide clinically re-
levant potential therapeutic targets for cancer treatments and im-
munodiagnostics.

2. Methods

2.1. Protein sequence retrieval

Taking into account that the main HSP inhibitors are directed to the
NBD in HSP70 and HSP90 (Chatterjee and Burns 2017), it was decided
to study this region in these HSPs, as well as were selected two and five
isoforms, respectively. On the other hand, the whole molecule from

HSPB1, HSPB5, and HSP60/HSP10 was analyzed. The protein sequence
from HSP90α, HSP90β, HSPA1A, HSPA1L, HSPA2, HSPA5, HSPA6,
HSPB1, HSPB5 and HSP60/HSP10 was retrieved in FASTA format from
Protein Data Bank (PBD) (accession Nos. 3T0Z, 1UYM, 3JXU, 3GDQ,
3I33, 3IUC, 3FE1, 2N3J, 3L1G and 4PJ1, respectively). The data ac-
quisition of all HSPs evaluated is summarized in Table 1.

2.2. Tumour antigenicity

Tumour antigenicity (capacity of HSPs to bind specifically to T cell
receptors and membrane-bound or free antibodies [Abs]) for each
probable epitope was corroborated on Vaxijen (www.ddg-pharmfac.
net/vaxijen/) using the most accurate threshold (0.5) established by
Doytchinova and Flower (2007).

2.3. Immunogenicity

The overall parameter was computed using EPITOPIA (http://
epitopia.tau.ac.il/) that predict the immunogenic nature of a protein
implementing a machine learning scheme to rank individual amino
acids in a protein, according to their potential of eliciting a humoral
immune response (Rubinstein et al. 2009). The input (PDB 3D-struc-
ture) of each HSP was analyzed according to its physicochemical and
structural-geometrical properties. Immunogenic and solvent accessible
residues in the input structure were visualized through JSmol, which
express the immunogenicity score by a colour scale. Moreover, to ob-
tain specific results according to B and T cell immune responses, several
immunoinformatics tools—described in the next sections—were used to
achieve this aim.

2.3.1. Prediction of epitopes for B lymphocytes
Amino acid sequences of HSPs were submitted to online servers to

predict linear and conformational epitopes for B lymphocytes, using
BCPRED (http://ailab.ist.psu.edu/bcpred/) and Ellipro (http://tools.
iedb.org/ellipro/), respectively. In addition, with BCPred (http://crdd.
osdd.net/raghava/bcepred/bcepred_submission.html) overlapping
linear epitopes were chosen based on the following criteria: hydro-
philicity, flexibility, accessibility and antigenicity propensity
(threshold = 1 for each parameter). Prediction of conformational epi-
topes was performed at a minimum level of 0.8, and the maximum
distance for residue clustering was defined as 6.0 Å. The main epitopes
were visualized with JSmol to illustrate their 3D structure and position.

2.3.2. Prediction of HLA binding peptides
Prediction of binding peptides to human leukocyte antigen (HLA)

class I and HLA class II were identified using several prediction tools on
the Immune Epitope Database and Analysis Resource (IEDB-AR), a
website of experimentally characterized immune epitopes (B and T cell
epitopes) for several animal species including human, nonhuman

Table 1
Summary of data acquisition of all HSPs evaluated.

HSP Isoform PDB ID Length
(aa⁎)

Region
Evaluateda

Molecular
weight (KDa)

HSP90 alpha 3T0Z 228 NBD 29.71
beta 1UYM 220 NBD 28.58

HSP70 HSPA1A 3JXU 409 NBD 52.51
HSPA1L 3GDQ 408 NBD 52.26
HSPA2 3I33 404 NBD 51.64
HSPA5 3IUC 408 NBD 52.47
HSPA6 3FE1 403 NBD 51.63

HSP27 B1 2N3J 98 EP 12.62
HSPB5 alpha 3L1G 96 EP 12.61
HSP60/HSP10 4PJ1 9408 EP 1242.69

a EP: entire protein.
⁎ Amino acids.
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primates, mouse, among others (http://tools.immuneepitope.org/
main/). The protein sequences in FASTA format were loaded on
IEDB-AR and through the artificial neural network (ANN) method
(Nielsen et al. 2003; Tenzer et al. 2005) the 9-mer binding peptides to
HLA class I were predicted, while a combination of the average relative
binding (ARB) matrix method and the stabilization matrix alignment
method (SMM_align), altogether known as consensus method (Wang
et al. 2008), were used to obtain the 15-mer binding peptides to HLA
class II. These binding peptides to HLA class I and HLA class II were
classified using as reference the half-maximal inhibitory concentration
of a biological substance (IC50nM) wherein peptides with IC50 va-
lues < 50 nM are considered high affinity, < 500 nM intermediate af-
finity and < 5000 nM low affinity.

2.4. Prediction of overlapping epitopes for humoral and cell-mediated
immunity

An epitope may induce a stronger humoral and cellular immune
response than others by overlapping region of amino acid sequence that
binds to antigen-specific membrane receptors on lymphocytes and se-
creted Abs, thereby enhancing the tumour attack (Salerno-Gonçalves
and Sztein 2006). Therefore, it was imperative to evaluate the presence
of such epitopes, using for this purpose the following databases: BCPred
(for B cell epitopes), ANN (for 9-mer binding peptides to HLA class I),
and ARB-SMM_align (for 15-mer binding peptides to HLA class II) in
which was considered the IC50nM to choose peptides with a high affi-
nity for the HLA molecules.

2.5. Prediction of IgE epitopes and allergic sites

An allergic reaction involves the participation of a key im-
munoglobulin known as IgE whereby is induced the release of mole-
cules that elicit irritation and inflammation when the interaction be-
tween this IgE and its specific antigen (allergen) occurs (Owen et al.
2013). Therefore, to determining the allergenicity of all predicted epi-
topes, a mapping of IgE epitopes was applied (www.imtech.res.in/
raghava/algpred/).

2.6. Analysis of conservancy and population coverage

The HLA loci are highly polymorphic, that is, many alternative
forms of the gene, or alleles, exist at each locus, and each set of these
alleles is referred to as a haplotype (Owen et al. 2013). Therefore,
promiscuous peptides (a peptide with the ability to bind to several HLA
alleles) increasing human population coverage by which they would be
attractive targets, for instance, in vaccine trials. In this regard, to avoid
ethnically biased population coverage due to the exponential HLA
polymorphism, through IEDB Analyses Resource (http://tools.iedb.org/
population/) the fraction of individuals predicted to respond to a given
epitope set on the basis of HLA genotypic frequencies and on the basis
of MHC binding and/or T cell restriction data were calculate (Bui et al.
2006). The HLA allele genotypic frequencies are integrated on the
website and were obtained from the Allele Frequency database (http://
www.allelefrequencies.net/) that provides allele frequencies for 115
countries and 21 different ethnicities grouped into 16 different geo-
graphical areas. On the other hand, the degree of conservancy of an
epitope within a given protein sequence set at a given identity level was
analyzed in the same platform (http://tools.iedb.org/conservancy/).
Conservancy and identity were defined as the fraction of protein se-
quences that contain the epitope and the degree of correspondence
(similarity) between two sequences, respectively (Bui et al. 2007).

3. Results

3.1. Immunogenicity

This property was evaluated using EPITOPIA, which infers the im-
munogenic potential at the single amino acid site resolution computing
an immunogenicity score from each solvent accessible residue. The
HSP90 (HSP90α and HSP90β) and HSP70 (HSPA1A, HSPA1L, HSPA2,
HSPA5, and HSPA6) isoforms, as well as HSPB5, showed a potential
score of immunogenicity distributed along their surfaces, thereby des-
ignating probable B cell epitopes (Fig. 1). Unfortunately, due to the
structural complexity of HSP60/HSP10 and HSPB1 was impossible to
compute their overall immunogenicity. Although EPITOPIA may

Fig. 1. Immunogenicity predicted by Epitopia web server for several HSPs studied. Colors indicate the immunogenicity score: low (turquoise), average (cyan, white,
pink), and high (purple). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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provide a general result in an attractive 3D structure for a protein 3D
structure or a linear sequence, it is restricted to B cell epitopes and does
not predict binding peptides to HLA class II and HLA class II. In addi-
tion, this software is unable to discriminate between continuous and
conformational B cell epitopes that elicit the humoral response. To
overcome this issue the protein sequences were analyzed on different
web servers to determine continuous and conformational epitopes as
well as binding peptides to HLA (class I and class II) molecules.

3.2. Identification of B cell epitopes

3.2.1. Identification of probable continuous B cell epitopes
Probable continuous B cell epitopes are listed in Table 2. They were

chosen based on their physicochemical properties such as their surface
accessibility, hydrophilicity, flexibility, antigenic and immunogenic
properties, considering also their tumour antigenicity, the extent of
conservancy and allergenicity. Thus, ten epitopes were considered as

Table 2
Best probable continuous B cell epitopes predicted from different HSPs using several parameters.

HSP Epitopesa Tumour
antigenicityb

Hydrophilicity
(average)

Flexibility
(average)

Accessibility
(average)

Antigenicity
propensity (average)

Epitope
conservancy

Allergenicityc

HSP90α FVEKERDKEVSDDEAE 0.80 0.22 2.24 1.75 1.47 100% Negative
HSP90β PEEVHHGEEEVETFA 0.77 1.72 1.18 1.77 1.37 100%
HSPA1A IAYGLDRTGKGERN 1.27 2 2.33 2.1 0.53 100%
HSPA1L QVINEGGKPKV 1.42 0.33 1.58 1.35 1.35 100%
HSPA2 IAYGLDKKGCAGGEKN 1.10 1.39 1.63 1.71 1.22 100%
HSPA5 QSMDVGT 0.70 0.60 0.60 1.15 1.55 100%
HSPA6 GRKFADTTVQSDMKH 0.60 1.69 0.74 1.83 1.19 100%
HSP27 EMQLSSGVSEI 0.64 1.16 1.06 1.25 1.60 100%
HSPB5 EVHGKHEERQDEHGF 0.75 0.96 1.50 1.50 1.6 100%
HSP60/HSP10 SPYFINTSKGQKCEF 1.19 0.23 0.94 1.45 1.56 100%

a Best residues are underlined.
b > 0.5 = positive.
c Mapping of IgE epitopes.

Fig. 2. Conformational B cell epitopes of HSP90α and HSP90β predicted from the 3D structure template under PDB ID 3T0Z and 1UYM, respectively. In the ball-and-
stick model, yellow balls are the residues of predicted epitopes (HSP90α: E1 to E4, and HSP90β: E5 to E9) and white sticks are the structures for non-epitope and core
residues. Each epitope is shown with predicted residues (abbreviated amino acids): E1, PME; E2, KAEAQAGA; E3, ERK; E4, RSLTDPSKLDSGKNDD; E5, PQE; E6,
KAEALQAGA; E7, EVET; E8, YESLTDPSKLDSGKN; E9, KQF.
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the best ones and all of them have shown the best scores of tumour
antigenicity ranging from 0.60 to 1.42, however, the HSP70 (isoforms:
HSPA1A, HSPA1L, and HSPA2) and HSP60/HSP10 families obtained
the highest scores (Table 2).

3.2.2. Identification of conformational B cell epitopes
Amino acid sequences were analyzed on Ellipro server and con-

formational B cell epitopes were visualized through JSmol. From
HSP90α, four residues were identified as potential B cell epitopes, while
5 residues were identified from HSP90β (Fig. 2). Regarding the HSP70
family, from HSPA1A, HSPA1L, HSPA2, HSPA5, and HSPA6 were found
nine (Fig. 3), eleven (Fig. 4), ten (Fig. 5), five (Fig. 6) and two (Fig. 7)
epitopes, respectively. Likewise, from HSPB1, only one epitope was
identified and from HSPB5 three epitopes were recognized (Fig. 7).
Interestingly, HSP60/HSP10 resulted in a whole target for Abs (Fig. 7).
This is explained by its endosymbiotic origin that confer it a high
structural and functional homology with the prokaryotic chaperonin
GroEl-GroES (Nielsen et al. 1999). Therefore, HSP60/HSP10 not only
may stimulate an adaptive immune response but also, perhaps, has
pathogen-associated molecular patterns (PAMPs) that trigger the innate
immune response through the activation of toll-like receptors (TLRs) or
other pattern recognition receptors (PRRs).

Amino acid sequence (residue positions designated as superscript
numerals) “EDSGIDY283,285,286,290,291,292,294” was found only in con-
formational B cell epitopes from the HSPA1A and HSPA1L isoforms. On
the other hand, amino acid sequence “EVET16—19” was predicted as a
continuous and conformational B cell epitopes from HSP90β. A similar
result was obtained from HSPA2, HSPB27 and HSPB5 wherein both
linear and nonlinear B cell epitopes were predicted in “CAGGEK191—196”,

“MQLSSGVSEI79—88” and “ERQDHGF105,107,108,109,111,112,113” amino acid
residues, respectively.

3.3. T cell epitope prediction

3.3.1. Identification of HLA class I- and HLA class II-binding peptides
The protein sequences in FASTA format were summited to IEDB-AR

database for HLA class I-binding peptides prediction using a combina-
tion of proteasomal processing, TAP transport, and MHC binding to
produce a general score for each peptide's intrinsic potential of being a
T cell epitope. Likewise, these protein sequences were analyzed in the
above software to predict HLA class II-binding peptides. Peptides were
selected considering the following criteria: IC50 values < 50 nM, in-
teraction of a peptide with several HLA class I molecules (at least six
alleles) and the ability to overlapping with HLA class II-binding pep-
tides. Thus, “FQAEIAQLM” from HSP90 (both isoforms), “NLYFQS-
MAK” from HSPA1A, “MATAKGIAI” from HSPA1L, “VAMNPTNTI”
from HSPA2, “RVMEHFIKL” from HSPA5, “HAVITVPAY” from HSP6,
“LTVEAPMPK” from HSPB1, “KVLGDVIEV” from HSPB5, and “FGAD-
ARALM” from HSP60/HSP10 showed the best result in population
coverage, conservancy and allelic variation as well as they did not
present IgE epitopes (Table 3).

3.4. Identification of overlapping epitopes for humoral and cell-mediated
immunity

For all HSPs evaluated were identified potential overlapping epi-
topes, which promote the simultaneous enhancement of the cellular
and humoral immunity. The epitope “NTFYSNKEI” was found in both

Fig. 3. Conformational B cell epitopes of HSPA1A predicted from the 3D structure template under PDB ID3JXU. In the ball-and-stick model, yellow balls are the
residues of predicted epitopes (E1 to E9) and white sticks are the structures for non-epitope and core residues. Each epitope is shown with predicted residues
(abbreviated amino acids): E1, GETK; E2, EDSGIDY; E3, EEFKRKHKKDISSTQFEAFTS; E4, KFGINDGDK; E5, RDAKLDKAQ; E6, TGKGERDDGH; E7, NGR; E8, LGYPV;
E9, TDTEYK. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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HSP90 isoforms, while for the HSP70 isoforms was recognized the
epitope “TTYSCVGVF” as the most ubiquitous in this family.
Furthermore, “TADRWRVSL”, “VKHFSPEEL” and “CEFQDAYVL” were
identified as overlapping epitopes from HSPB1, HSPB5, and HSP60/
HSP10, respectively (Table 4).

4. Discussion

HSPs are involved in tumour cell proliferation, differentiation, in-
vasion, metastasis, and death in different types of cancers (Lianos et al.
2015). Here, were selected several HSPs overexpressed in different
human cancers to evaluate through immunoinformatics tools their
ability to elicit a humoral and/or cell-mediated immune response
against the tumour, thereby serving as possible targets for the devel-
opment of novel immunotherapeutics.

Although EPITOPIA provided a general immunogenicity score for
almost all HSPs studied, additional tools on the IEDB server were used
to identify the most probable B cell epitopes. The main difference be-
tween continuous and conformational B cell epitopes is that the former
are sequential residues along the polypeptide chain while the latter are
nonsequential residues from segments of the chain brought together by
the folded conformation of an antigen (Owen et al. 2013). The identi-
fication of such epitopes by means of immunoinformatics tools have a
high impact on the development of new approaches to treat a range of
pathologies, for instance, B cell epitopes of Emy162 protein of Echino-
coccus multilocularis, a parasite that causes a zoonotic infection resulting
in a fatal chronic liver infestation, were predicted using BCPred and
ABCPred (Arnaboldi et al. 2013). Therefore, epitopes predicted in this
study, perhaps, have a similar potential for cancer treatment, of course,
it will be needed future in vitro and in vivo studies to corroborate their

clinical impact. According to the physicochemical properties evaluated
(hydrophilicity, flexibility, accessibility and antigenicity propensity),
ten continuous epitopes (one per HSPs) were considered as the best
including “FVEKERDKEVSDDEAE213—228” for HSP90α, “PEEVHHGEE-
EVETFA1—15” for HSP90β, “IAYGLDRTGKGERN203—216” for HSPA1A,
“QVINEGGKPKV117—127” for HSPA1L, “IAYGLDKKGCAGGEKN201—216”
for HSPA2, “QSMDVGT21—27” for HSPA5, “GRKFADTTVQSD-
MKH114—128” for HSPA6, “EMQLSSGVSEI18—28” for HSPB1, “EVHGK-
HEERQDEHGF52—66” for HSPB5, and “SPYFINTSKGQKCEF227—241” for
HSP60/HSP10 (Table 2). Also, the epitope residues underlined in
Table 2 fulfilled with all physicochemical properties with the exception
of hydrophobicity that was the criterion with the lowest value (0.97 on
average). This is not a matter of concern because B cell epitopes on
native proteins generally are composed by hydrophilic amino acids and
tend to be topographically accessible to membrane-bound or free Abs
(Owen et al. 2013). Indeed, the main current hydrophilic amino acids
on HSPs epitopes were E, D, H, R, K, and Q, while the flexibility and
accessibility reached high values (2.33 and 2.1 respectively) and passed
the threshold level. Likewise, their sequences are enriched with en-
hancers of immunogenicity such as aromatic amino acids (Y and F)
(Owen et al. 2013).

40 conformational epitopes were predicted, with a length from 3 to
7 amino acids (Fig. 2) to Fig. 7). Interestingly, the amino acid sequence
“EVET16—19”, “CAGGEK191—196”, “MQLSSGVSEI79—88” and
“ERQDHGF105,107,108,109,111,112,113” were recognized as linear and
conformational B cell epitopes. This is due to that most of identified
linear antigenic determinants form part of conformational B cell epi-
topes (Laver et al. 1990; Van Regenmortel 1996; Rubinstein et al.
2008). Nevertheless, several works (Janin and Chothia 1990; Kunik and
Ofran 2013; Kringelum et al. 2013) have suggested that such amino

Fig. 4. Conformational B cell epitopes of HSPA1L predicted from the 3D structure template under PDB ID 3GDQ. In the ball-and-stick model, yellow balls are the
residues of predicted epitopes (E1 to E10) and white sticks are the structures for non-epitope and core residues. Each epitope is shown with predicted residues
(abbreviated amino acids): E1,TDTEYK; E2, GENK; E3, EDSGIDY; E4, KFNINEGG; E5, GEDDG; E6, ERDAKMDKAKH, E7; NGR; E8, LGHPV, E9, NFTS; E10, TDTEK;
E11, GIM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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acid composition is indistinguishable between epitopes and non-epi-
topes. In this sense, we must consider not only epitope intrinsic prop-
erties but also the antigen-binding site on the Ab, such as the

hypervariable regions or the complementarity-determining regions
(CDRs), to refined immunoinformatics algorithms and avoid the ex-
pensive, laborious and time consuming of current methods for epitope

Fig. 5. Conformational B cell epitopes of HSPA2 predicted from the 3D structure template under PDB ID 3I33. In the ball-and-stick model, yellow balls are the
residues of predicted epitopes (E1 to E10) and white sticks are the structures for non-epitope and core residues. Each epitope is shown with predicted residues
(abbreviated amino acids): E1, EEFKRKHKKDIGPEDSYEGVDFYTS; E2, EGETK; E3, KFEVSEGG; E4, AKLDKGQ; E5, TDTEK; E6, MPLGGKV; E7, NGK; E8, GLKKG-
CAGGEKQ; E9, STQ; E10, EDG. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Conformational B cell epitopes of HSPA5 (Homodimer) predicted from the 3D structure template under PDB ID3IUC. In the ball-and-stick model, yellow balls
are the residues of predicted epitopes (E1 to E5) and white sticks are the structures for non-epitope and core residues. Each epitope is shown with predicted residues
(abbreviated amino acids): E1, GDKREGEKNTIDNGVESDLKKSDID; E2, TPEGENDIGGGQTKT; E3, KNGR; E4, NGKEP; E5, GTVIEAYLGKKVTHTGLS. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mapping (Sela-Culang et al. 2013; Potocnakova et al. 2016).
Antigen-presenting cells (APCs) load endogenous intracellular pep-

tides onto the HLA class I molecules (HLA-A, —B and —C) and present
these peptides to CD8+ T cells, as well as they regulate innate immune
responses by interacting with killer cell immunoglobulin-like receptors
(KIRs) expressed on natural killer (NK) cells (Parham 2005; Shiina et al.
2009), whereas the HLA class II molecules (HLA-DP, −DQ and -DR)
bind peptides exclusively derived from exogenous proteins and engage
with CD4+ T cells (Rehermann 2016). In this study, the HLA-binding
peptides predicted, like “FQAEIAQLM” from HSP90 (both isoforms),
“NLYFQSMAK” from HSPA1A, “MATAKGIAI” from HSPA1L, “VAMN-
PTNTI” from HSPA2, “RVMEHFIKL” from HSPA5, “HAVITVPAY” from
HSP6, “LTVEAPMPK” from HSPB1, “KVLGDVIEV” from HSPB5, and
“FGADARALM” from HSP60/HSP10, were found to interact with the
maximum number of HLA class I and HLA class II alleles established for
the analysis (Table 3). Moreover, 9-mer peptides (“NTFYSNKEI” from
both HSP90 isoforms, “TTYSCVGVF” from all HSP70 isoforms, “TAD-
RWRVSL” from HSPB1, “VKHFSPEEL” from HSPB5 and “CEFQDAYVL”
from HSP60/HSP10) were compared with continuous B cell epitopes
resulting in overlapping, thereby indicating that they possibly have the
potential to induce simultaneously both humoral- and cell-mediated
immune response. Furthermore, the main antigen-presenting alleles
were HLA-A*02, HLA-B*15, HLA-C*03 and HLA-C*12 (Table 3 and
Table 4). Due to its high prevalence, the HLA-A*02 allele could be an
important molecule for cancer immunotherapy in most population
worldwide, regardless race and ethnicity (Gonzalez-Galarza et al.
2011), for instance, the HLA-A*02:01 subtype is highly represented in
human settlements in Europe, Asia, North America, South/Central
America, Oceania, and Sub-Saharan Africa (Sidney et al. 2001; Castelli
et al. 2005; El-Awar et al. 2007; Pekiner et al. 2013). In addition, the
HLA-B*15 allele is also highly expressed in Costa Ricans, non-Hispanic
African Americans, Colombian black ethnic group, South Africans,
Cameroonians, as well as Bangladeshi and Japanese population, among
others (Middleton et al. 2000; Samandary et al. 2014). In fact, as a
result of their high frequency, these allelic groups (HLA-A*02 and HLA-

B*15) have been considered for the development of a universal CD8+ T
cell epitope-based vaccine against herpes simplex virus infections
(Samandary et al. 2014). On the other hand, the HLA-C*03 allele has a
strong linkage disequilibrium with HLA-B*40 or B*15 and occasionally
it shares sequence homology with human HLA-A and HLA-B molecules
by which it is difficult to distinguish between HLA-C from HLA-B re-
stricted responses.

Previous works (Yamada et al. 1999; Takiguchi et al. 2000) de-
monstrate that 9-mer peptides bind with stronger affinity to HLA class I
molecules than larger or shorter peptides and also containing specifics
residues that improve HLA-binding. Almost all 9-mer peptides ex-
amined to date contain a carboxyl-terminal anchor (hydrophobic re-
sidues) that enhances the interaction bweteen the peptide and the
groove of the HLA molecule (Owen et al. 2013). This pattern did not
change in almost all HLA class I-binding peptides predicted in this re-
search, in which the majority of anchor residues were hydrophobic
(e.g., L, V, and I) (Table 3 and Table 4).

Even though these and other peptides may be used in im-
munotherapy is probable that cancer cells do not present them onto
HLA molecules because of alterations in HLA expression are a frequent
and early event in carcinogenesis (Campoli and Ferrone 2008; Ferns
et al. 2016). Thus, efforts to treat cancer through the induction of a
CD8+ T cell response will be unsuccessful in tumours with negative or
deficient HLA-I expression. Under these circumstances, HLA status on
the tumour cell surface must first be confirmed to determine the suit-
ability of an immunotherapy treatment based on T cell activation (Zhou
and Levitsky 2012). In addition, although epitopes predicted in this
study were negative for IgE epitopes and had a high potential to com-
bine with the final products of the humoral and/or cell-mediated im-
mune responses, which may induce a strong immune response against
tumour cells, is imperative to evaluate their efficacy and safety by
biological experimentation before translated them in human clinical
trials.

Fig. 7. Conformational B cell epitopes of HSPA6 (Homodimer), HSP27(Homodimer), HSPB5 and HSP60/HSP10 predicted from the 3D structure template under PDB
ID3FE1, 2N3J, 3L1G, and 4PJ1, respectively. In the ball-and-stick model, yellow balls are the residues of predicted epitopes and white sticks are the structures for
non-epitope and core residues. Each epitope is shown with predicted residues (abbreviated amino acids): E1, GLDRRGAGERNVLVLSIDAGVFEVKATALEPVEKALR-
DAKLDKAQIHDQDFFNGKEL; E2, AALNPHNKFAQMKWPFRVVSEGGRVCGEDKTRLVNHFMEEFRRKHGKDLSGNKRALRRLTLSSSTQATLEIDSLFEGVDFYTSITRARFEE-
LCSDRKKLD for HSPA6; E1, MQLSSGVSEIRHTAD for HSP27; E1, RTIPIT; E2, ERQDHGFI; E3, VSGPE for HSPB5. In the case of HSP60/HSP10 the whole molecule
resulted as a target for antibodies. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 3
High-affinity (IC50 of < 50 nM) binding peptides to HLA class I and HLA class II from different HSPs.

HSP HLA-I peptides Interacting HLA-I
alleles

Overlapping HLA-II peptides Interacting HLA-II
alleles

Population
coverage

Conservancy analysis Allergenicity

HSP90a FQAEIAQLM HLA-A*02:01
HLA-A*02:06
HLA-B*15:01
HLA-B*15:25
HLA-B*39:01
HLA-C*03:02
HLA-C*02:02
HLA-C*02:09
HLA-C*03:03
HLA-C*03:04
HLA-C*12:02
HLA-C*12:03

TFAFQAEIAQLMSLI
ETFAFQAEIAQLMSL
VETFAFQAEIAQLMS
EVETFAFQAEIAQLM
FAFQAEIAQLMSLII
AFQAEIAQLMSLIIN
FQAEIAQLMSLIINT

HLA-DRB1*04:01
HLA-DRB1*07:01
HLA-DRB1*15:01
HLA-DRB3*01:01
HLA-DRB3*02:02

80.7% 100% in both HSP90
isoforms

Negative

HSPA1A NLYFQSMAK HLA-A*03:01
HLA-A*11:01
HLA-A*68:01
HLA-C*03:02
HLA-C*03:03
HLA-C*03:04

TENLYFQSMAKAAAI
NLYFQSMAKAAAIGI
GTENLYFQSMAKAAA
ENLYFQSMAKAAAIG

HLA-DRB1*01:01
HLA-DRB1*09:01
HLA-DRB1*11:01

53.16% 100% Negative

HSPA1L MATAKGIAI HLA-C*02:02
HLA-C*03:02
HLA-C*03:03
HLA-C*03:04
HLA-C*08:01
HLA-C*12:03

NLYFQSMATAKGIAI
LYFQSMATAKGIAIG
YFQSMATAKGIAIGI
FQSMATAKGIAIGID

HLA-DRB1*04:01
HLA-DRB1*09:01
HLA-DRB3*02:02

43.73% 100% Negative

HSPA2 VAMNPTNTI HLA-C*02:02
HLA-C*02:09
HLA-C*03:02
HLA-C*03:03
HLA-C*03:04
HLA-C*08:01
HLA-C*12:02
HLA-C*12:03

AKNQVAMNPTNTIFD
QVAMNPTNTIFDAKR
VAMNPTNTIFDAKRL
DAAKNQVAMNPTNTI
NQVAMNPTNTIFDAK
AAKNQVAMNPTNTIF
KNQVAMNPTNTIFDA

HLA-DRB1*03:01
HLA-DRB1*04:01
HLA-DRB1*08:02
HLA-DRB1*13:02
HLA-DRB3*01:01

66.25% 100% Negative

HSPA5 RVMEHFIKL HLA-A*02:01
HLA-A*02:06
HLA-A*30:01
HLA-B*08:01
HLA-B*15:25
HLA-C*03:02
HLA-C*03:04
HLA-C*12:03

DFDQRVMEHFIKLYK
DQRVMEHFIKLYKKK
FDQRVMEHFIKLYKK
RVMEHFIKLYKKKTG
GEDFDQRVMEHFIKL
EDFDQRVMEHFIKLY
QRVMEHFIKLYKKKT
EDFDQRVMEHFIKLY

HLA-DRB1*08:02
HLA-DRB1*11:01
HLA-DRB1*12:01
HLA-DRB1*15:01
HLA-DRB3*01:01
HLA-DRB5*01:01

75.30% 100% Negative

HSPA6 HAVITVPAY HLA-A*30:02
HLA-B*15:01
HLA-B*15:02
HLA-B*15:25
HLA-B*35:01
HLA-C*03:02
HLA-C*12:03

PVKHAVITVPAYFND
VKHAVITVPAYFNDS
GQPVKHAVITVPAYF
QPVKHAVITVPAYFN
KHAVITVPAYFNDSQ
HAVITVPAYFNDSQR

HLA-DRB1*04:05
HLA-DRB1*07:01
HLA-DRB1*08:02
HLA-DRB1*12:01
HLA-DRB1*15:01
HLA-DRB3*01:01
HLA-DRB5*01:01

51.35% 100% Negative

HSPB1 LTVEAPMPK HLA-A*03:01
HLA-A*11:01
HLA-A*30:01
HLA-A*30:02
HLA-A*68:01
HLA-B*15:01

EGTLTVEAPMPKLAT
PEGTLTVEAPMPKLA
GTLTVEAPMPKLATQ
SPEGTLTVEAPMPKL
TLTVEAPMPKLATQS
LSPEGTLTVEAPMPK

HLA-DRB1*03:01
HLA-DRB5*01:01

49.76% 100% Negative

HSPB5 KVLGDVIEV HLA-A*02:01
HLA-A*02:06
HLA-A*30:01
HLA-A*68:02
HLA-B*58:01
HLA-C*02:02
HLA-C*02:09
HLA-C*03:02
HLA-C*03:03
HLA-C*03:04
HLA-C*12:03
HLA-C*12:02

EELKVKVLGDVIEVH
ELKVKVLGDVIEVHG
LKVKVLGDVIEVHGK
KVKVLGDVIEVHGKH
VKVLGDVIEVHGKHE
PEELKVKVLGDVIEV

HLA-DRB1*03:01
HLA-DRB1*08:02

75.85% 100% Negative

HSP60/HSP10 FGADARALM HLA-B*35:01
HLA-C*02:02
HLA-C*02:09
HLA-C*03:02
HLA-C*03:03
HLA-C*03:04
HLA-C*08:01
HLA-C*12:03

KDVKFGADARALMLQ
DVKFGADARALMLQG
AKDVKFGADARALML
VKFGADARALMLQGV
FGADARALMLQGVDL
SAKDVKFGADARALM
KFGADARALMLQGVD
KDVKFGADARALMLQ

HLA-DRB1*08:02
HLA-DRB1*09:01
HLA-DRB3*01:01
HLA-DRB3*02:02
HLA-DRB4*01:01

54.03% 100% Negative
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