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representing the immunogenetic variability within the 
bacterial population, leading to a sustained and effec-
tive immunogenic protection.
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Introduction

The microaerophilic gram-negative bacterium Heli-
cobacter pylori can be considered one of the most 
prevalent human pathogens, being present in over 
half the human population (Li and Perez-Perez 2018). 
It is believed that H. pylori colonization of the gas-
tric mucosa is acquired early in life, usually before 
the age of 10 years, and mostly from an oral-oral or 
oral-faecal route, and mainly from mother to sons and 
among siblings (Goh et al. 2011). After infection and 
in the absence of antibiotic therapy, it generally per-
sists for life, leading to a gastric chronic inflammation 
(Kusters et  al. 2006; Cover et  al. 2009). Depending 
on multiple factors (such as the bacteria characteris-
tics, the host, and the environment), the inflammatory 
process can result in severe gastric pathologies such 
as ulcers, gastric cancer, or MALT lymphoma (Mal-
fertheimer et al. 2017).

Current therapeutic guidelines recommend a 
first-line treatment comprising of a proton-pump 
inhibitor and two macrolide antibiotics. Treat-
ment of infection can resolve ulcer disease in 90% 
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of patients and can result in 75% of cases to com-
plete remission of early MALT lymphomas (Mal-
fertheimer et al. 2017). However, relevant H. pylori 
resistance has been detected with macrolides (e.g., 
clarithromycin) and fluoroquinolones (e.g., levo-
floxacin) (Malfertheiner et  al. 2011). Furthermore, 
even in cases of bacteria eradication, the re-infec-
tion may occur. Therefore, it is imperative to focus 
on vaccine development. However, and until now, 
an efficient vaccine is still to be developed.

One of the main obstacles to achieve an efficient 
immunization against H. pylori, is the bacteria high 
genetic diversity. This diversity results from high 
mutation and recombinant events associated to an 
inefficient DNA repair mechanism and high com-
petence for transformation (Ailloud et  al. 2019). 
Consequently, the bacteria population in each host 
can evolve, presenting niche specific adaptations 
and selective sweeps according to alterations on 
the environment as e.g., resulting from antibiotic 
treatments (Ailloud et  al. 2019). Therefore, it is 
necessary to develop a vaccine covering this highly 
diverse and dynamic H. pylori population.

The target proteins usually selected for a H. 
pylori vaccine are immunogenic virulent factors. 
A high immunogenicity will result on a strong 
immune reaction, where the neutralization of viru-
lent factors will impair the bacteria infection pro-
cess. Examples of very appealing targets are the 
vacuolating cytotoxin A (VacA) (Moyat and Velin 
2016; Liu et  al. 2004) and the cytotoxin associ-
ated antigen A (CagA) (Takahashi-Kanemitsu et al. 
2020). However, VacA and CagA presents a high 
genetic variability (Gressmann et  al. 2005; Linz 
and Schuster 2007), besides CagA is not present in 
all bacteria strains (Gressmann et al. 2005). A vac-
cine based on diverse proteins, i.e., a multi-anti-
genic vaccine, covering the bacteria immunogenetic 
diversity, will minimize the probability of the bacte-
ria escaping the immune system. According to this, 
diverse researchers have proposed vaccines based 
on multi-proteins as e.g., based on VacA, CagA, 
and urease sub-unit B (UreB) (Liu et  al. 2011), or 
by CagA, VacA and neutrophil-activating protein 
(NAP) (Malfertheiner et  al. 2008), or by UreB, 
NAP, adhesin A (HpaA) and heat shock protein 60 
(HSP60) (Guo et al. 2017).

On the present work, the following five tar-
get virulent factors were considered: VacA, CagA, 

Adhesin-binding fucosylated histo-blood group anti-
gen (BabA), UreB and Flagellin A (FlaA).

VacA is an exotoxin secreted by H. pylori that 
causes the formation of vacuoles in the host cells and 
has been considered a good vaccine target (Moyat and 
Velin 2016; Liu et al. 2004). CagA is present between 
50 and 70% of H. pylori strains and is delivered into 
gastric epithelial cells via bacterial type IV secretion, 
having been considered an oncogenic factor (Taka-
hashi-Kanemitsu et  al. 2020), and a target for vac-
cine construction (Stein et al. 2013). Both, VacA and 
CagA are therefore, secreted or injected by the bac-
teria, respectively, leading to modulation of diverse 
host pathways including the host immune response 
(Jones et al. 2010). BabA is an adherence factor that 
mediates the bacteria adhesion to the blood group 
antigen Lewis B on human epithelial cells (Ansari 
and Yamaoka 2017), and is therefore relevant in the 
first steps of the bacterial fixation and colonization, 
and consequently has been explored as a candidate 
for vaccine design (Prinz et al. 2003; Bai et al. 2004). 
The prevalence of BabA depends on the world region, 
were e.g. almost all strains from East Asia expressed 
it, and 10% of the Western strains lacks this gene 
(Sterbenc et  al. 2019). BabA is an important viru-
lent factor in gastric cancer development. Indeed, it 
has been shown that bacteria expressing BabA, VacA 
and CagA, are statistically associated to peptide ulcer 
and gastric cancer in relation to bacteria not express-
ing BAbA, but expressing VacA and CagA (Sterbenc 
et al. 2019). UreB, as with VacA and CagA, has been 
one of the most explored proteins for vaccine design. 
UreB is highly relevant for local buffering of gastric 
mucosa and consequently for bacteria gastric colo-
nization (Voland et  al. 2003), and for that several 
groups have already used UreB to induce immuni-
zation in animal models (Gomez-Duarte et al. 1998; 
Fujii et  al. 2004; Yang et  al. 2005; Morihara et  al. 
2007). UreB has been detected in the bacteria cyto-
plasm and periplasm (Marcus et  al. 2013), but also 
on the bacteria surface (Haas et  al. 2000). Flagellin 
A (FlaA) is a motility factor, involved in the coloni-
zation of the host and on the inflammatory processes 
(Gu et  al. 2017) and has been suggested as a good 
vaccine target (Yan et  al. 2003; Hamzehloo et  al. 
2019).

A limitation in developing multi-protein-based 
vaccines are the complexity of the production 
process, time, and costs. A more cost-effective 
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alternative to a mixture of proteins is an epitope-
based vaccine, with epitopes from diverse proteins. 
These epitopes-based vaccines can be present as a 
set of peptides, or in alternative, the epitopes can be 
included in a polypeptide (Purcell et al. 2007; Dudek 
et al. 2010; Yang et al. 2015; Skwarczynski and Toth 
2016; Nandy et  al. 2018). These epitopes can cover 
a higher number of protein targets, and consequently 
the bacteria immunogenetic diversity. By defining 
specific regions from each protein, the toxicity associ-
ated to whole proteins, as with the toxins VacA and 
CagA, are also minimised or even avoided. By using 
specific sequences from each protein, it is also possi-
ble to reduce exacerbated inflammatory processes as 
associated, for example, with the NAP and minimise 
possible auto-immune reactions by avoiding regions 
common to human proteins (Roggen 2006; Skwarc-
zynski and Toth 2016).

In the present work, an iterative method, enabling 
to determine epitopes from diverse target proteins, 
and that are antigenic and conserved among H. pylori 
strains was implemented. The method preliminary 
validation was based on the design of ten small pep-
tides, two from each target protein, and evaluating its 
recognition by polyclonal antibodies raised against a 
specific H. pylori strain. Hopefully, this methodology 
could potentiate the design of a cost-effective vaccine 
against H. pylori representing conserved and anti-
genic regions from diverse immunogenic proteins.

Material and methods

Antigenicity analysis

The sequences of the following target proteins of H. 
pylori 26,695 strain were obtained from the ExPASy 
Proteomics (http:// www. expasy. ch/): VacA, CagA, 
Adhesin-binding fucosylated histo-blood group anti-
gen, UreB and Flagellin A (FlaA).

The protein antigenicity was predicted by the Anti-
genic Index (AI) as defined by Jameson and Wolf 
(1988), using the package Protean of the Lasergene 
(DNASTAR) software. The total antigenic index 
(TAI) was defined as the sum of the AI for each ami-
noacid residue on the peptide sequence. For each pep-
tide associated to a specific target protein, the relative 
T.A.I. was determined considering a maximum of 
100.

Conservation analysis

The protein sequences of different H. pylori strains 
were obtained by the SIB BLAST (Basic Local 
Alignment Search Tool) Network Service tool. Mul-
tiple alignments were made using the ClustalW algo-
rithm (Thompson et  al. 1994). In average, a total of 
30 protein sequences for each target protein was con-
sidered. It was considered sequences from H. pylori 
isolated world-wide.

Selection of epitopes along the polypeptide

The selection of epitopes from each target protein was 
based on the following iterative algorithm (Fig.  1). 
A.I. was determined along the consensus sequence of 
the polypeptide; Linear epitopes with 12 aminoacid 
residues were considered. From each polypeptide, all 
combinations of linear epitopes were considered. For 
example, for a polypeptide with 1000 residues long, 
there will be 1000–12 possible different epitopes, 
since each epitope may start in any of the 1000 resi-
dues. The epitopes considered on the following steps 
should fulfil the following two conditions: (1) It must 
include an aminoacid residue with an A.I. > 12; (2) 
The central aminoacid residue, i.e., at the 6th or 7th 
position, should present the highest A.I from all resi-
dues. A minimum A.I. of 12 was empirically defined 
to obtain a reasonable number of epitopes from each 
polypeptide, resulting in the selection, in average, of 
one epitope in peptides with 40 to 90 aminoacids resi-
dues. The epitope conservation was determined only 
for epitopes that meet the two requirements pointed 
above. The epitopes that fulfil the two conditions and 
were present in at least 50% of all sequences, were 
then tested against the human genome. This last con-
dition aims to minimise auto-immune reactions. For 
that, a BLAST search was conducted against the 
Homo sapiens taxonomic group.

The dimension of the epitopes, based on 12 resi-
dues, was supported on the following: it was intended 
to predict linear epitopes recognised by B-lympho-
cytes to promote an immune response against the 
proteins that can be at the bacteria surface or have 
been secreted to the extracellular space. B-lympho-
cytes utilizes the major histocompatibility complexes 
(MHC) class II (MHCII), to process the antigens 
bounded to the B-cell receptors and internalized 
antigens, and subsequently to present the epitopes 

http://www.expasy.ch/
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to CD4 + T lymphocytes (Adler et  al. 2017). The 
MHC class I (MHCI) usually presents epitopes with 
dimensions between 8 and 10 residues (Janeway et al. 
2001), whereas most MHCI peptide ligands have 9 
residues and, consequently, it is generally preferable 
to predict peptides with that size (Sanchez-Trincado 
et  al. 2017). The MHCII usually presents epitopes 

with higher dimensions (Janeway et  al. 2001), 
although the peptide binding core to this complex is 
also based only on 9 residues (Sanchez-Trincado et al. 
2017). For that, there are authors that design small 
linear B-epitopes, as low as 5 to 6 residues (Amela 
et  al. 2007). This low dimension, however, most 
probably will result in epitopes with low specificity. 

Fig. 1  Iterative method 
to determine epitopes 
along the polypeptide that 
simultaneously maximize 
the total of antigenic index 
(TAI) and its conservation 
among bacteria
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Considering the above mentioned, and since CD4 + T 
lymphocytes usually recognise peptides between 
12 and 16 residues in the context of MHCII (Hem-
mer et al. 2000), epitopes based on 12 residues were 
defined.

For validation of the iterative method, the fol-
lowing two epitopes from each target protein were 
selected: One peptide with the highest T.A.I. and con-
served at least in 50% of the strains; a second peptide 
with the highest conservation, independently of the 
T.A.I.

Peptide synthesis

Peptides with ten aminoacids residues, each designed 
in the previous step, were chemically synthetized by 
Thermo Biopolymers (Germany).

Antigenic analysis of the designed peptides

Indirect Enzyme-Linked Immunosorbent Assay 
(ELISA) were performed in 96-well plates (Nunc, 
Immobilizer™—Amino Plates). The plates were 
coated with the synthetic peptides, dissolved in a 
carbonate buffer 0.1  M pH 9.6 (100  μl per well, of 
a 0.1 mg/ml solution), as instructed by the manufac-
turer. After overnight incubation at 4 °C, the plates 
were washed four times with 300  μl of phosphate-
buffered saline, with 0.1% of tween 20 (PBST). The 
wells were blocked with 200  μl of blocking buffer 
(PBST with 5% of low-fat dry milk), for 1 h at 37 °C, 
with gentle agitation. The plates were washed with 
PBST (3 times, 250 μl each time), and then incubated 
with, the primary antibody (Rabbit antibody to H. 
pylori, Biodesign, Meridian Life Science) for 1 h, at 
37 °C, with gentle agitation. The antibody was pre-
viously prepared (dilution 1:1500) in the blocking 
buffer (100 μl per well). The plates were washed with 
PBST (4 times, 250 μl each time), and then incubated 
with the secondary antibody (Anti-rabbit IgG, peroxi-
dase-linked species-specific whole antibody, NA934) 
for 1  h, at 37 °C, with gentle agitation. This anti-
body was previously diluted (1:1500) in the block-
ing buffer (100 μl per well). The plates were washed 
with PBST (6 times, 200 μl each time). HRP activity 
was detected by chemiluminescence: a working solu-
tion of SuperSignal ELISA Pico Chemiluminescent 
Substrate (from Pierce) was prepared as instructed 
by the supplier and 100  μl was added to each well. 

For controls, in some cases, no peptides were added, 
while in other cases, the peptides were added but no 
primary antibody was applied. The chemilumines-
cence emission was measured using a microplate 
reader Synergy™ 2 (Biotek, USA). Analysis of vari-
ance (ANOVA) was conducted in Microsoft Excel.

Results

By application of the Jameson-Wolf method, it was 
predicted in all five target proteins several antigenic 
rich regions (Fig. 2), that are in accordance with these 
proteins being immunogenic, i.e., that leads to the 
production of antibodies in infected patients (Kim-
mel et  al. 2000; Hass et  al. 2002; Mini et  al. 2006; 
Vitoriano et al. 2011). Since in all these proteins, the 
predicted antigenic regions were intercalated with 
regions with low antigenicity (Fig. 2), it is critical to 
choose the correct regions.

The iterative method described in Fig. 1, enabled 
the prediction of linear and sequential epitopes that 
are antigenic, conserved, and specific to the pathogen, 
i.e., are not present in the human genome. From the 
VacA, CagA, UreB, FlaA and BabA, it was possible 
to define 14, 27, 7, 7 and 21 epitopes along the poly-
peptide, respectively, presenting at least one residue 
with A.I. > 12 and with the highest A.I. at the centre 
of the epitope (Fig. 3). From all these epitopes, 7, 15, 
7, 6 and 6 from VacA, CagA, UreB, FlaA and BabA, 
were present in at least 50% of the bacteria strains, 
respectively (Fig. 3).

From the multiple alignments, an almost inverse 
relationship was observed for VacA, CagA and BabA 
between the peptides TAI and its conservation among 
diverse strains (Fig. 3). This is according to the fact 
that most variable regions are usually the ones most 
recognized by the host immune cells, i.e., more anti-
genic, since the genetic variations enables the bacteria 
to escape from the immune system. In contrary, the 
most conserved regions, are, or critical for the protein 
function and consequently for the bacteria surviving, 
or not so accessible to the host immune system.

To validate the method, two epitopes for each tar-
get protein were selected, and its corresponding pep-
tides synthesised and tested with an ELISA (Table 1). 
All ten peptides were recognized by polyclonal 
antibodies raised against a specific H. pylori strain 
(ATCC 43,504) (Fig.  4). Therefore, the predicted 
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peptides were all antigenic and conserved since were 
recognised by antibodies raised against a specific 
strain.

It is worth to point that the H. pylori strain (ATCC 
43,504) used to generate the polyclonal antibod-
ies produces all the five target proteins (i.e., VacA, 
CAgA, UreB, FlaA and BabA) (Vitoriano et al. 2011; 

Kinoshita-Daitoku et  al. 2020). For example, the 
same polyclonal antibodies used in the present manu-
script also recognised in an 2D-western blotting, the 
whole proteins CagA, UreB, and FlaA obtained from 
diverse H. pylori strains (Vitoriano et al. 2011).

ANOVA of ELISA signals (R.L.U) pointed that, 
for each target protein, there was no significant 

Fig. 2  Antigenic index along the polypeptide of the following five target proteins. VacA; CagA; UreB; FlaA; and BabA

Fig. 3  Conservation (white bars) vs antigenicity (black bars) 
of peptide (with 12 aminoacids residues) of the following 
proteins: VacA; CagA; UreB; FlaA; and BabA. The lines are 

trendlines of the antigenicity and conservation. Data were nor-
malised to the first peptide
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difference between the recognition of the two pep-
tides (p > 0.1), with exception for the BabA peptides 
(p < 0.001) (Fig. 4). This last observation is in accord-
ance with the fact that the second peptide of BabA 
presented 55% of the A.I. of the first peptide (Fig. 3). 
It was also observed that peptides from CagA, VacA 
and UreB presented significant higher R.L.U. than the 
peptides from FlaA and BabA (p < 0.001) (Fig. 4).

Discussion

An epitope-based vaccine, representing diverse tar-
get proteins of H. pylori can theoretically represent a 
cost-effective vaccine covering the immune-variabil-
ity of the H. pylori population. These types of vac-
cines will also minimise possible toxicities associated 

to some proteins, as with the toxins CagA and VacA, 
minimises auto-immune reactions and exacerbate 
inflammatory processes, while leading to more 
rapid and economic production processes. However, 
to achieve all of this, it is critical to select epitopes 
from each target protein that are both antigenic and 
conserved.

The prediction of the proteins antigenicity was 
based on the Jameson-Wolf Antigenic Index algo-
rithm, since it predicts linear antigenic determi-
nants based on structural protein properties, as sur-
face probability, backbone flexibility and secondary 
structure prediction (Jameson and Wolf 1988). The 
algorithm predicts the surface contour profile of the 
protein, i.e., predicts which regions are at the protein 
surface. The algorithm application to a large num-
ber of proteins resulted in a high accuracy to predict 
antigenic determinants (Kolaskar and Tongaonkar 
1990), and consequently it has been applied to design 
diverse vaccines as pointed e.g., in Amela et  al. 
(2007), Frikha-Gargouri et al. (2008), Da Silva et al. 
(2009), Zhao et al. (2011), Li et al. (2014), and Hos-
sain et al. (2017).

The algorithm is particularly relevant to pre-
dict linear and sequential B-lymphocytes epitopes 
(Roggen et  al. 2006), as intended for H. pylori, to 
promote a humoral immune response mediated by 
B-lymphocytes. The subsequent antibodies produced 
by the B-cells will recognise the target proteins pre-
sent at the bacteria surface or that were secreted 
towards the extracellular space. The identification of 
the bacteria ultimately leads to its neutralization. In a 
similar mode, the protein recognition will also lead to 
the proteins activity neutralization, and consequently 
on the infection process impairment. For example, 
UreB and BabA are proteins that can potentiate the 
bacteria recognition by the immune system, where all 
five targets are virulent factors, and whose neutrali-
zation may impair the infection process. Three of the 
target proteins are critical for the bacteria survival in 
the stomach hostile environment due to their function 
as medium buffer (UreB), bacteria adhesion (BabA) 
and movement (FlaA). The remaining two target pro-
teins are critical to regulate diverse pathways of the 
human host towards the bacteria maintenance, includ-
ing the immune host response (VacA and CagA). It 
is also worth mentioning that the prediction of linear 
epitopes, instead of conformational ones, is crucial 
when working with small dimension epitopes.

Table 1  Sequences of 10 peptides from diverse virulent fac-
tors of H. pylori 

PROTEIN PEPTIDE AMINOACID SEQUENCE

BabA BA4 SKKNNPYSPQGI
BA14 KATNFLGKNNKL

CagA CA3 DPDQKPIVDKND
CA14 FNQKNMKDYSDS

FlaA FA1 AQDGQTTESRKA
FA3 ADIKKNDSDGRL

UreB UB1 KGGNKDMQDGVK
UB2 FGRLKEEKGDND

VacA VA12 NRVGSGAGRKAS
VA2 PEGGYKDKPNNT

Fig. 4  ELISA chemiluminescence for the ten peptides 
described in Table 1, obtained from BabA, CagA, FlaA, UreB 
and VacA, respectively. Each result represents triplicates. 
(RLU: Relative Luminescence Units)
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In the present work, it was evaluated the anti-
genicity and conservation for VacA, CagA, UreB, 
FlaA and BabA (Fig.  2). The high conservation 
observed among FlaA and UreB was according 
to other authors. For example, FlaA was one of the 
most conserved immunoproteins in a study includ-
ing the proteome of ten different strains (Vitoriano 
et  al. 2011). In that study, proteins were first sepa-
rated in a 2D-electrophoresis gel, and subsequently 
recognized in a Western blotting by polyclonal anti-
bodies. The antibodies detected FlaA in eight out of 
the ten H. pylori strains proteome. This pointed FlaA 
as the most conserved protein among the evaluated 
strains. Similar results were obtained by other immu-
noproteomics works, where FlaA, FlaB and GroEL, 
obtained from 3 different strains, were the only pro-
teins that reacted with serum from all 5 infected 
patients (Mini et al. 2006). In another study, FlaA was 
the only protein that reacted with all the 16 human 
sera from infected patients (Kimmel et  al. 2000). In 
this last work, the other more immune-conserved pro-
teins were GroEl, that was recognised in 14 sera, and 
UreB and NAP that were recognized by 11 out of 16 
sera. Hass et  al. (2002) also observed that, from the 
target proteins evaluated in the present work, the most 
immune-conserved was UreB, which was detected in 
14 out of 24 human sera from infected patients. There 
are some works pointing the genetic diversity of the 
flaA gene (Forbes et al. 1995), however, most of the 
diversity were due from nucleotide synonymous sub-
stitutions, i.e., nucleotide substitutions, which do not 
result in aminoacidic modifications. Indeed, it has 
been detected a ratio between synonymous and non-
synonymous substitutions for the flaA gene between 
52 and 58 (Suerbaum 1998), much higher than the 
observed for the cagA gene, between 2 and 5 (van 
der Ende et al. 1998; Achtman and Suerbaum 2000), 
or for the vacA gene, between 1.7 and 4 (Atherton 
et  al. 1999), or for the babA gene, between 2.3 and 
5.2 (Pride et al. 2001; Ghose et al. 2002). For VacA, 
CagA and BabA it was observed an inverse relation-
ship between T.A.I. and conservation (Fig. 3), accord-
ing to these targets’ high genetic variability (Suer-
baum et al. 1998; van der Ende et al. 1998; Athtman 
and Suerbaum 2000; Pride et. al, 2001).

The algorithm presented here, promoted the 
selection of conserved and antigenic epitopes from 
all five targets. The predicted two peptides from 
each target protein were all commonly recognised 

by the polyclonal antibodies raised against a specific 
H. pylori strain. Therefore, the ten designed pep-
tides are antigenic and conserved. Interestingly, the 
second peptide from BabA was less antigenic than 
the first one, i.e., presented a lower ELISA signal in 
relation to the first peptide. This is according to the 
prediction for the second peptide of half of the theo-
retically antigenicity in relation to the first peptide. 
The ELISA also pointed as more antigenic peptides, 
the ones obtained from UreB, VacA and CAgA in 
relation to peptides from FlaA and BabA. This is 
according to UreB being one of the most abundant 
proteins of the bacteria, that may represent 15% of 
the total protein (Hu et  al. 1990). The high quan-
tity of the protein will potentiate the immune host 
recognition. The VacA and CagA high antigenic-
ity are also according to these proteins being major 
toxins secreted or injected by the bacteria, respec-
tively, which translates into a strong interaction 
with human cells, including immune cells (Sterbenc 
et al. 2019). All these observations corroborate the 
epitopes selection process.

Briefly, the iterative method presented, enabled to 
predict, from a defined target protein, epitopes that 
are antigenic and conserved. The method described 
could therefore potentiate the design of multiva-
lent vaccines, based on epitopes from multi-target 
proteins, towards the representation of the bacteria 
immune–variability. The use of multiple epitopes 
from diverse target proteins instead of the whole 
protein presents the advantage of enabling covering 
a higher dimension of antigenic proteins as targets, 
while minimizing the risk of adverse immune reac-
tions as exacerbated inflammatory processes, autoim-
mune reactions, and even toxicity associated to whole 
proteins. Hopefully, this methodology could potenti-
ate the design of a cost-effective vaccines against H. 
pylori.
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