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In silico identification and modification of T cell epitopes in pertussis antigens
associated with tolerance
Corine Kruiswijka*, Guilhem Richardb*, Merijn L.M. Salverdaa, Pooja Hindochab, William D. Martinb, Anne S. De Grootb,
and Elly Van Rieta

aDepartment of Experimental Immunology & Clinical Research, Intravacc, Bilthoven, Netherlands; bEpiVax, Inc., Providence, RI, USA

ABSTRACT
The resurgence of whooping cough since the introduction of acellular (protein) vaccines has led to
a renewed interest in the development of improved pertussis vaccines; Outer Membrane Vesicles (OMVs)
carrying pertussis antigens have emerged as viable candidates. An in silico immunogenicity screen was
carried out on 49 well-known Bordetella pertussis proteins in order to better understand their potential
role toward the efficacy of pertussis OMVs for vaccine design; seven proteins were identified as being
good candidates for including in optimized cellular and acellular pertussis vaccines. We then screened
these antigens for putative tolerance-inducing sequences, as proteins with reduced tolerogenicity have
improved vaccine potency in preclinical models. We used specialized homology tools (JanusMatrix) to
identify peptides in the proteins that were cross-reactive with human sequences. Four of the 19
identified cross-reactive peptides were detolerized in silico using a separate tool, OptiMatrix, which
disrupted the potential of these peptides to bind to human HLA and murine MHC. Four selected cross-
reactive peptides and their detolerized variants were synthesized and their binding to a set of eight
common HLA class II alleles was assessed in vitro. Reduced binding affinity to HLA class II was observed
for the detolerized variants compared to the wild-type peptides, highlighting the potential of this
approach for designing more efficacious pertussis vaccines.
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Introduction

The causative agent of whooping cough or pertussis, the
Gram-negative bacterium Bordetella pertussis (Bp), accounted
for high mortality rates among children in the pre-vaccine era.
The number of cases drastically decreased since the introduc-
tion of a pertussis vaccine in the 1950s. Whooping cough has
reemerged in recent years despite relatively high vaccination
rates and several decades of successful infant immunization
programs.1–11 Several factors may be contributing to this
increase, such as improved diagnoses, vaccination-induced
pathogen adaptation, weaker memory responses and
increased transmission due to the replacement of killed
whole-cell pertussis vaccines (wPVs) with acellular vaccines
(aPVs).

Development of aPVs was initiated due to public concerns
with respect to the reactogenicity of the wPVs. The first aPV
was introduced in Japan in 198112,13 and was subsequently
integrated into the vaccination programs of other developed
countries.14,15 The aPVs currently in use contains one to five
purified Bp proteins adjuvated with alum. The proteins
included in the vaccines are: pertussis toxoid (Ptx: a protein
complex of five different protein subunits), filamentous
hemagglutinin (FhaB), pertactin (Prn), and fimbriae types 2
and 3 (Fim2 and Fim3). The amino acid sequence of FhaB

encodes a preproprotein and its mature version is used as
a component in several aPVs. A monovalent Ptx vaccine is
used in Denmark whereas a trivalent aPV (Ptx, Prn, Fha) or
pentavalent aPV (Ptx, Prn, Fha, Fim2, and Fim3) is used in
most other high-income countries.

The aPVs are currently thought to induce an inferior
immune response compared to wPVs. While aPVs do protect
against severe disease and mortality in the first year of life,
evidence suggests that the immune response is less broad,
perhaps due to fewer antigens being present in the vaccine.
In addition, wPV induces a mixed Th response with a Th1/
Th17 bias, whereas aPV induces a Th2-dominated response.
The latter was shown to result in more asymptomatic trans-
mission and to provide a shorter duration of protection.13,16

Therefore, in 2015, the World Health Organization recom-
mended that national vaccination programs that currently use
wPV should continue to do so for the primary vaccination
series.13

Young infants are more vulnerable to pertussis and their
morbidity and mortality risks are higher. Efforts to reduce
transmission of pertussis to infants include the recommenda-
tion of additional booster vaccinations for teenagers, who act
as a reservoir for transmission, maternal immunization or
cocooning strategies.17 However, all three approaches are
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difficult to implement on a large scale and are unlikely to
control pertussis in the long-term.

Improved pertussis vaccines that provide broader immune
responses, that stimulate long-term protection and that could
prevent transmission may solve these problems. New types of
vaccines currently under development include a live attenu-
ated vaccine and Bp Outer Membrane Vesicle (OMV) vac-
cines (omvPV).18 With respect to omvPV, it is hypothesized
that these vaccines would provide the broad and long-term
protective immune memory similar to the first-generation
wPV, while also featuring a safety profile that is comparable
to the second-generation and less reactogenic aPVs. Previous
studies with omvPVs have shown that they confer protection
in mice after both subcutaneous and mucosal immunization
with a mixed Th1/Th17 response, similar to the response
induced by infection.19–21 These results suggest that omvPVs
have the potential to be a safe and effective next-generation
pertussis vaccine.

Genetic engineering of Bp strains used in omvPV develop-
ment allows for further reduction of reactogenicity and
immunogenicity optimization. For example, genetic engineer-
ing of the LPS biosynthesis pathway has led to the identifica-
tion of deletion mutants with reduced endotoxic activity.22,23

In addition, bacteria could be modified to express immuno-
genic proteins or peptides in their OMVs that are either not
naturally present, or only present in very low amounts.24–27

Also, proteins that may downregulate immune responses, e.g.
by activating regulatory T cell (Treg) pathways, can be
removed and/or the regions of these proteins that induce
Treg response can be altered.

Mouse studies have showcased differences in antibody
responses and the type of T cell responses induced by aPV,
omvPV, and infection. However, the poor correlation between
serum antibody titers and effective protection from infection
indicates that T cells may play an important role in protection
against Bp. Published reports regarding Bp virulence factors
have primarily focused on B cell epitopes, while only 14 HLA
class II restricted T cell epitopes have been reported.28 In the
current study, a comprehensive in silico immunogenicity
screen was performed to gain more insight in the potential
contribution of well-known Bp proteins toward the efficacy
and safety of omvPVs. In addition, in silico tools were used to
screen these antigens for the presence of epitopes to which the
immune system may be tolerant, due to high homology at the
TCR interface with self-sequences.

Forty-nine Bp proteins were selected for an in silico eva-
luation of their HLA class II restricted T cell-dependent
immunogenic potential. Selection criteria for these proteins
included their role in the virulence of Bp, their confirmed
immunogenicity in mice, or their abundance in wild-type
(WT) omvPVs, wPVs,29 or aPVs. A homology screen against
the human proteome was also performed to determine if these
antigens contained T cell epitopes that had potential immune-
modulating cross-reactivity with T cells trained to recognize
human antigens.30 Seven of these 49 proteins were subse-
quently studied in detail, particularly with regard to their
immune-modulating potential. Two outer membrane pro-
teins, Vag8 and BrkA, were selected for detailed evaluation
because they are the two most abundant proteins in WT

OMVs and rank among the top 10 most abundant proteins
in wPV.29 In addition, these proteins are present in Bp in its
virulent phase31 and induce strong antibody responses in
mice. Even though Ptx is not present in WT Bp OMVs,
three subunits of Ptx (S1, S2, S3) were also selected as they
are virulence factors generally thought to be important for
protection, as showcased by the monovalent Ptx-based vac-
cine currently used in Denmark.

Finally, two virulence factors that are present in most aPVs
but only present in low amounts in WT Bp OMVs, Prn and
FhaB, were selected. This in-depth analysis focused on the
characterization of epitopes associated with tolerance. Amino
acid modifications were introduced in four of the identified
putative Treg epitopes to remove the predicted tolerogenic
signals. The predicted detolerized epitopes were confirmed to
have reduced HLA binding affinity compared to their wild-
type counterparts when tested in vitro.

Material & methods

In silico analysis

Amino acid sequences were retrieved for 49 Bp antigens
(Tohama I/ATCC BAA-589/NCTC 13251) from the UniProt
database and evaluated for HLA class II epitope content using
the EpiMatrix algorithm.32 This algorithm as well as the
ClustiMer, JanusMatrix, and OptiMatrix algorithms discussed
below are part of the proprietary iVAX toolkit developed by
EpiVax, which is available for use under a commercial license
or in grant-funded collaborations.

Each input sequence was parsed into overlapping 9-mer
frames. In total, 180,323 frame-by-allele assessments were
analyzed (Supplementary Table 1). Each 9-mer frame was
evaluated for its likelihood to be presented by a panel of
eight HLA class II supertype alleles: DRB1*0101,
DRB1*0301, DRB1*0401, DRB1*0701, DRB1*0801,
DRB1*1101, DRB1*1301, and DRB1*1501. Collectively,
these alleles cover HLA variability of over 95% of the
human population worldwide.33 Input sequences were also
evaluated for their potential to present epitopes via the I-Ad
and I-Ed Balb/c MHC class II alleles. Each significant 9-mer/
allele assessment is defined as an EpiMatrix hit and epitope
density is summarized into an EpiMatrix Protein Score.
Proteins with EpiMatrix Scores greater than 20 are consid-
ered to have an elevated immunogenic potential, while ran-
domly generated sequences are expected to score around
zero. A normalization process allows EpiMatrix Scores to be
compared across antigens of different lengths or against a set
of benchmark antigens on an EpiMatrix immunogenicity
scale.

Regions of high epitope density were then identified in the
protein sequences, using the ClustiMer algorithm, for selec-
tion of vaccine candidates with an increased breadth of
reactivity.32 ClustiMer searches for contiguous segments of
15–30 amino acids with elevated binding across common
HLA-DR alleles. Epitope density within a cluster is estimated
by EpiMatrix Cluster Scores, where scores of 10 and above are
considered elevated. Peptide sequences with elevated
EpiMatrix Cluster Scores contain multiple HLA class II
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binding motifs with scores reflecting the high likelihood of
binding to most, if not all, HLA-DR supertype alleles.

Full-length antigens or clusters were subsequently evalu-
ated with the JanusMatrix algorithm to identify epitopes that
may be unlikely to stimulate effector T cell responses due to
similarity (at the T cell receptor interface of the epitope) with
epitopes contained in host antigens.30 Each of the putative
T cell epitopes identified by EpiMatrix was screened for T cell
receptor (TCR)-face homology against epitopes derived from
the human proteome (and restricted by the same HLA allele).
A full description of the methodology has been published.30

Full-length antigens and clusters with a JanusMatrix
Homology Score greater than 3 and 2, respectively, are
hypothesized to contain tolerated epitopes or epitopes that
induce regulatory T cell (Treg) responses. Sequences with
similar homology scores have been found to induce Tregs in
several other studies.34–36 Clusters with a high potential for
cross-reactivity with self-sequences were set aside for later
evaluation.

A subset of these putative Treg sequences were further
analyzed with the OptiMatrix algorithm to identify amino
acid changes that could disrupt their regulatory potential.
Mutations were identified such that they would (1) remove
the binding motif of the putative Treg epitopes, or (2) modify
the TCR-face of the putative Treg epitopes such that it
decreases their homology with self-sequences and renders
them more non-self.

Peptide synthesis

Selected HLA class II-restricted peptides were synthesized
using standard solid-phase 9-fluoronylmethoxycarbonyl
(Fmoc) chemistry (21st Century Biochemicals). The peptides
were designed with N-terminal acetyl group and C-terminal
amino group caps and delivered >85% pure as ascertained by
HPLC, mass spectrometry and UV scan (ensuring purity,
mass, and spectrum, respectively). Based on advice received
from twenty-first Century Biochemicals, the BrkA_357 WT/
OPT and Vag8_282 WT peptides were synthesized without an
N-terminal acetyl group to facilitate synthesis and purifica-
tion. In all cases, the amino acid content of each peptide was
determined to enable reconstitution at highly accurate
molarity.

HLA class II binding assay

In vitro HLA class II binding assays were performed as
described previously.37,38 The binding assay yields an indir-
ect measure of peptide-MHC affinity. In this assay,
a fluorescently labeled, high binding control peptide, and
soluble HLA molecules are loaded onto a 96-well plate along
with unlabeled experimental peptides. The mixture is then
allowed to stand overnight. Once the mixture has reached
steady equilibrium (at 24 h), the HLA-peptide complexes
are captured on an ELISA plate coated with anti-human
HLA-DR antibody and labeled control peptides are detected
with an Europium-linked probe. Time-resolved fluorescence
measuring bound, labeled control peptide is assessed by

a SpectraMax M5 unit. Binding of experimental peptides is
expressed as the percent inhibition of the labeled control
peptide (experimental fluorescence/control fluorescence
multiplied by 100). The percent inhibition values for each
experimental peptide (across a range of molar concentra-
tions) are used to calculate the concentration at which it
inhibits 50% of the labeled control peptide’s specific bind-
ing. This value is referred to as the peptide’s IC50.

The experimental peptides were initially solvated in
DMSO. The reconstituted peptides were then mixed with
binding reagents in aqueous buffering solution, yielding
a range of final concentrations from 100,000 nM down to
100 nM. All peptides were then assayed against a panel of
eight common HLA class II alleles: DRB1*0101, DRB1*0301,
DRB1*0401, DRB1*0701, DRB1*0801, DRB1*1101,
DRB1*1301, and DRB1*1501.

In this assay, the experimental peptides are considered to
bind with very high affinity if they inhibit 50% of control
peptide binding at a concentration of 100 nM or less, high
affinity if they inhibit 50% of control peptide binding at
a concentration between 100 nM and 1,000 nM, and moderate
affinity if they inhibit 50% of control peptide binding at
a concentration between 1,000 nM and 10,000 nM. Low-
affinity peptides inhibit 50% of control peptide binding at
concentrations between 10,000 nM and 100,000 nM.
Peptides that fail to inhibit at least 50% of control peptide
binding at any concentration below 100,000 nM or do not
show a dose-dependent response pattern are considered to
have a negligible affinity or to be non-binders, respectively.

Results

Overall immunogenicity and homology to the human
proteome for 49 pertussis proteins

A selection of 49 proteins was made from thousands of
potential vaccine targets present in pertussis (over 3,000)
since immunogenicity screening of all potential vaccine tar-
gets would have been too time-consuming and costly.
Twenty-three virulence factors were selected from a study by
van de Waterbeemd and coworkers.39 Twenty-six proteins
were selected for their abundance in omvPVs and 22 proteins
for their abundance in wPVs, based on LC-MS.29

Furthermore, 8 proteins present in aPVs (pertussis toxin
consists of 5 subunits) and 12 proteins with confirmed immu-
nogenicity in mice29 were selected (supplementary Table 2).
Several proteins had multiple selection criteria (supplemen-
tary Figure 1) resulting in 49 unique proteins.

The 49 Bp antigens were screened with the iVAX platform
to evaluate their overall immunogenic potential, calculated as
EpiMatrix Protein Scores. Scores for these antigens ranged
from 129.55 to −61.83 on the normalized immunogenicity
scale (Supplementary Figure 2). Eight of the 49 proteins
(16%) score in the upper range on the immunogenicity scale
(i.e. their EpiMatrix Protein Scores exceed +20), indicating an
elevated immunogenic potential. Sixteen out of 49 proteins
(32%) score in the neutral range (EpiMatrix Protein Scores
between −20 and +20), indicating an average immunogenic
potential. Twenty-five out of 49 proteins (51%) score in the
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lower range on the EpiMatrix scale (EpiMatrix Protein Scores
below −20), indicating a weak immunogenic potential.

Homology to the human proteome was then investigated
with the JanusMatrix algorithm. Overall JanusMatrix
Homology Scores for the 49 pertussis protein sequences ran-
ged from 0.30 to 5.77, with an average JanusMatrix Homology
Score of 1.71 (Supplementary Table 1). Six proteins had
JanusMatrix Homology Scores ranging above 3, from 3.05 to
5.77. These proteins are expected to contain significant num-
bers of potentially cross-reactive peptides which may induce
tolerance due to their homology with human sequences. This
does not, however, mean that proteins with low JanusMatrix
Homology Scores do not contain potentially cross-reactive
peptides. Out of the eight proteins scoring highest on the
immunogenicity scale (EpiMatrix Protein Score above 20),
two were predicted to be potentially tolerated (EpiMatrix
Protein Score above 20 and JanusMatrix Homology scores
above 3). Four other proteins with a lower immunogenicity
score also had high JanusMatrix Homology Scores and were
also thought to be potentially tolerated.

In-depth analysis of seven pertussis proteins

Seven of the 49 Bp protein sequences were selected to be
studied in detail using the iVAX platform: Vag8, BrkA, Ptx
subunits S1, S2, and S3, Prn and FhaB (Table 1 and Figure 1).
Selection of these proteins was not solely based on their
immunogenicity and JanusMatrix scores from the initial
screening, but also on their expected relevance for OMV
vaccine design and presence in aPVs.

The eight proteins with overall immunogenicity scores
above 20 and the six proteins with high Janus scores, were
detected in very low amount in LC-MS analyses of omvPVs
(<0.40% and <1.06% of total protein, respectively) or not
detected at all and therefore considered less relevant for
OMV vaccine design. Of note, engineering in antigens with
the highest immunogenic potential and limited predicted
similarity with self-antigens into OMVs may offer a way to
increase their antigenicity while mitigating risks of inducing
tolerance. Currently, however, these proteins can be consid-
ered to be less than ideal candidates for removing potential

Table 1. Seven pertussis proteins ranked by JanusMatrix homology scores.

Protein
Name

UniProt
Protein
ID

Amino
Acid
length

Frame-by-
allele

Assessments
EpiMatrix

Hits

EpiMatrix
Protein
Scores

JanusMatrix
Homology
Scores

Ptx S2 P04978 226 1,744 122 30.95 3.84
Ptx S3 P04979 227 1,752 130 40.54 1.61
BrkA Q45340 1,010 8,016 290 −38.88 1.29
FhaB P12255 3,590 28,656 1018 −40.59 1.27
Prn P14283 910 7,216 290 −30.79 1.06
Vag8 Q79GN7 915 7,256 266 −38.23 1.06
Ptx S1 P04977 269 2,088 89 −24.43 0.91

Figure 1. EpiMatrix Protein Immunogenicity Scale. EpiMatrix Protein Immunogenicity Scores (EPX) higher than 20 are considered to be potentially immunogenic. On
the left of the scale we have included some well-known proteins for comparison. Note that the low-scoring proteins near the bottom of the scale are known to
engender little to no immunogenicity while the higher scoring proteins near the top of the scale are all known immunogens. JanusMatrix Homology Scores (JMX)
indicates the level of homology between epitopes present in the source antigen and with epitopes derived from the human proteome.
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tolerance inducing epitopes because of their absence or low
abundance in OMVs and their limited homology with human
sequences.

Three of the eight immunogenic proteins are present in
acellular vaccines: Ptx S2, S3 and S5, as components of
Pertussis toxin. The subunits with the highest scores, S2 and
S3, were therefore selected for detailed analyses. In addition,
Ptx S2 also showed regions with a high JanusMatrix homology
score.

Five additional proteins were selected for detailed analyses
despite having low-predicted immunogenicity and
JanusMatrix scores. Ptx S1, FhaB, and Prn were selected
because they are important components of aPVs. Vag8 and
BrkA were selected because they are highly abundant in
omvPVs29 (33.98% and 24.10% of total protein, respectively).

The in-depth immunogenicity analysis identified 113 epi-
tope clusters containing potential T effector (Teff) or
T regulatory (Treg) epitopes (data not shown). Eight epitopes
were excluded since they are located in the signal peptides of
their source antigen and are thus absent from the mature
protein. Of the 105 remaining epitopes, 86 were identified as
putative Teff epitopes and 19 displayed a high degree of
homology with the human proteome and were therefore
designated as putative Treg epitopes, following similar
approaches used when identifying and validating tolerogenic
sequences in our other vaccine work.34–36 The iVAX platform
identified three putative Treg epitope sequences in both Vag8
and BrkA, 11 in FhaB, and one in both Ptx subunit S2 and
Prn. These sequences have similar homology scores to pre-
viously identified Treg epitopes.34–36 No putative Treg epitope
sequences were found in Ptx subunits S1 and S3.

Design of detolerized variants of four putative
T regulatory epitopes

Out of the 19 putative Treg epitopes with elevated human
cross-conservation, four putative Treg peptide epitopes
(designated WT for wild-type) were selected based on their
elevated cross-conservation with the Balb/c proteome (Table
2), rendering them relevant in humans as well as in murine
models which are currently used in vaccine development.
Two of these four putative Treg epitopes were derived from
Vag8 (Vag8_282; 15-mer sequence and Vag8_385; 16-mer
sequence), one was derived from BrkA (BrkA_357; 17-mer
sequence), and one was derived from FhaB (FhaB_531; 17-

mer sequence). Detolerized variants (designated OPT for
optimized; Table 2) were designed with iVAX for each pep-
tide by disrupting the binding anchors of the predicted
human HLA and murine MHC binding motifs. Limiting
the binding affinity effectively abrogates the ability of the
peptide to induce a T cell response, whether regulatory or
effector. Detolerized and wild-type sequences had identical
lengths.

The binding affinity of these eight peptides (4 WT and 4
OPT peptides) was tested and validated in in vitro HLA class
II binding assays for eight supertype HLA-DRB1 alleles.

HLA class II binding assays

Figure 2 shows the binding results for the putative
T regulatory peptides and their detolerized variants (see also
Supplementary Table 3). In the case of BrkA_357, the WT
peptide bound to all eight alleles, as predicted. Disruption of
the predicted binding anchors in OPT-BrkA_357 reduced the
binding affinity of the peptide for HLA-DR in all cases. For
DRB1*0101, OPT-BrkA_357 bound at a lower affinity but
within the same affinity category. For DRB1*0401,
DRB1*1101, and DRB1*1501, OPT-BrkA_357 bound at
a lower affinity category. For DRB1*0801, the OPT peptide
bound with a negligible affinity, and for DRB1*0301,
DRB1*0701, and DRB1*1301, the OPT-BrkA was a non-
binder. In addition, modifications to the OPT peptide affect
TCR facing residues in all three 9-mer frames30 that remain
predicted to bind to HLA-DR, reducing the likelihood of
cross-conserved T cell responses.

In the case of FhaB_531, the WT peptide bound to six of
the eight alleles. Disruption of binding anchors in OPT-FhaB
_531 reduced the binding affinity in all six cases. For
DRB1*0101, DRB1*0401, DRB1*0701, and DRB1*1501,
OPT-FhaB_531 bound at a lower affinity but within the
same affinity category as the WT peptide. For DRB1*1101,
WT-FhaB_531 bound at moderate affinity while the OPT
peptide registered an IC50 in the low-affinity category.
Conversely, for DRB1*1301, the WT peptide had
a negligible affinity, but the OPT peptide bound at a low
affinity. For DRB1*0301, OPT-FhaB_531 was a non-binder.
Lastly, for DRB1*0801, neither the WT nor the OPT
sequences bound, as predicted. In addition, modifications
to the OPT peptide affect TCR facing residues in two of the
four 9-mer frames that remain predicted to bind to HLA-DR,

Table 2. Candidate T regulatory peptides derived from Bp with elevated cross-conservation to human and Balb/c mice (WT) and their detolerized variants (OPT).

Input Sequence Cluster Address Cluster Sequence Human EpiMatrix Cluster Score Human JanusMatrix Homology Scores

BrkA_357 (WT) 357 VVNTVLRTAKSLAAGVS 30.33 3.88
BrkA_357_A365 - VVNTVLRTGQSLAAGVS 2.2 1.67
G_K366Q (OPT) 373
FhaB_531 (WT) 531 ARGMTVVAAGALAARNL 18.85 3.27
FhaB_531_A541 - ARGMTVVAAGCLAMRNL 4.46 1.5
C_ A544M (OPT) 547
Vag8_282 (WT) 282 PAAWLLAGGSAQFRD 12.49 5.33
Vag8_282_A288 - PAAWLLGGGSAEFRD −0.93 0
G _Q293E (OPT) 296
Vag8_385 (WT) 385 ESNVSLLNGARLSSDQ 16.92 2.64
Vag8_385_A394 - ESNVSLLNGGRLSNDQ 4.02 0.33
G _S398N (OPT) 400

WT: Wild-type; OPT: Optimized; Mutated residues in OPT versions are shown in are shown in italics and are underlined.
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reducing the likelihood of cross-recognition by tolerogenic
T cells.

The WT version of Vag8_282 bound to six alleles. For all
six of these alleles, the OPT version bound at a reduced
affinity. For DRB1*0101, DRB1*0401, DRB1*0701,
DRB1*1101, and DRB1*1501, the OPT peptide was a non-
binder, while for DRB1*0801 the OPT peptide had
a negligible affinity.

Lastly, the WT version Vag8_385 bound to four alleles. For
three of these alleles, the OPT version bound at a reduced
affinity. For DRB1*0101 and DRB1*1501, the OPT peptide
bound within a lower affinity category, while for DRB1*1101
OPT Vag8_385 was a non-binder. For DRB1*0801, there was
no change in the binding category and for DRB1*0301,
DRB1*0401, DRB1*0701, and DRB1*1301 neither the WT
nor the OPT versions showed any binding. In addition, mod-
ifications to the OPT Vag8_385 affect TCR facing residues of
all three 9-mer frames that remain predicted to bind to HLA-
DR.

Discussion

Epitope-engineering is a well-established technique that has
been used widely in protein therapeutics,40–42 and has also
been used to modify potential cross-reactive epitopes that
could contribute to undesirable auto-immune responses. For
example, the approach was used to reduce the potential for
cross-reactivity with self in the context of a Lyme disease
vaccine.43 Recent studies have demonstrated that engineering

epitopes may also improve the antigenicity and efficacy of
vaccines.

Here we performed a first high-level screen of 49 candi-
date Bp vaccine antigens that showed that these proteins
covered the whole range of immunogenic potential, from
elevated to negligible (Supplementary Figure 2). It is notable
that few Bp proteins (16%) were identified as potentially
highly immunogenic based on their predicted T cell epitope
content, while the majority of proteins were predicted to
have a low or neutral immunogenicity potential. In this
regard, some proteins were classified very differently from
what was expected. For example, Ptx S1 is a protein against
which a very strong antibody response is raised and for
which putative T cell epitopes have been reported, whereas
no putative T cell epitopes have been reported in the litera-
ture for Ptx S2.28 In our MHC II-restricted T cell screen,
however, Ptx S1 was the only Ptx subunit with an overall
low predicted immunogenic potential, whereas Ptx S2
showed an elevated predicted immunogenic potential.

Discrepancies between observed and predicted immuno-
genicity might be explained in several ways. First, B cell and
helper T cell epitopes do not necessarily co-localize, on the
same protein. Alternatively, proteins with several immuno-
genic regions, but also long stretches of low T cell epitope
content, have lower scores than shorter proteins with more
concentrated T cell epitopes per unit protein. The immuno-
genic regions of these low-scoring proteins may, however,
drive effective immune response. Indeed, Ptx S1 is not devoid
of T cell epitopes and contains six predicted effector T cell

Figure 2. Measured IC50 of the candidate T regulatory peptides and their detolerized variants across HLA-DR alleles. Each line connects the IC50 measured for the
wild-type (WT) and detolerized (optimized, OPT) sequences for HLA-DR1, HLA-DR3, HLA-DR4, HLA-DR7, HLA-DR8, HLA-DR11, HLA-DR13, and HLA-DR15. Binding
affinity categories: very high affinity, IC50 ≤ 100 nM, high affinity, 100 nM < IC50 ≤ 1,000 nM, moderate affinity, 1,000 nM < IC50 ≤ 10,000 nM, low affinity, 10,000
nM < IC50 ≤ 100,000 nM, negligible affinity, 100,000 nM < IC50. Peptides with no dose-dependent response (no IC50) are considered non-binders.
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epitope clusters with an immunogenicity score above 10 (data
not shown). These may induce an immune response despite
the overall immunogenic potential of the protein. The nor-
malization of the immunogenicity scores based on protein
length also tends to disfavor shorter protein sequences, such
as Ptx S1.

In addition, it is important to identify signal peptides when
evaluating the immunogenicity of antigens. These regions
usually contain many putative T cell epitopes, which can
artificially distort the predicted immunogenic potential of
mature antigens in which signal sequences are absent. Due
to the highly homologous nature of signal peptides across
proteins and species, putative T cell epitopes present within
these regions tend to share a high degree of similarity with
other self-sequences containing these motifs, which may also
artificially increase predicted homology with human
sequences.

Altogether, this initial screening of candidate epitopes gave
a high-level overview of the overall immunogenic potential of
Bp antigens. We, however, believe that a detailed screening is
essential in order to better select and optimize antigens for vaccine
design.

A detailed immunogenicity screening may be relatively
easy to perform for viruses. The limited number of antigens
present in their genomes usually allows the screening of all
proteins within a short timeframe. Thousands of potential
vaccine targets are however present in bacteria (over 3,000
in the case of pertussis). Therefore, the selection of a smaller
subset of proteins is recommended to reduce analysis time
and cost. Our in-depth analysis was restricted to seven Bp
proteins known to be virulence factors. Other criteria for
selection were their abundance in OMV (Vag8, BrkA), their
presence in aPV (Ptx S1, S2, S3, Prn, FhaB) and high immu-
nogenicity and homology scores in the previous high-level
immunogenicity analysis (Ptx S2, S3).

Using the ClustiMer tool, we found 113 high-density
T cell epitope clusters in the seven proteins under study,
of which 19 were predicted to contain putative tolerance
inducing epitopes. Identification of putative Treg epitopes
using similar in silico methodologies and their subsequent
functional validation has been previously reported by
EpiVax.34–36 Since loss of immune memory is a problem
associated with existing vaccines, removing these epitopes
might increase the efficacy of vaccine antigens and could
lead to increased longevity of memory responses. As a first
step to test this hypothesis, putative Treg epitopes were
carefully assessed, potential amino acid modifications were
identified, and detolerized variants were designed to reduce
their immunomodulating potential. Modifications that
would reduce the HLA-DR binding of tolerizing epitopes
were prioritized for testing in HLA binding assays.

The detolerized (or optimized) variants showed decreased
binding affinities in in vitro HLA binding assays (Figure 2 and
Supplementary Figure 3), suggesting that putative tolerizing
epitopes are less likely to be presented to circulating T cells,
including Tregs, when detolerized. The modifications intro-
duced here also took into consideration the removal of putative
murine Treg epitopes, allowing the testing of concept vaccines
lacking these immunomodulatory epitopes in mice and

maximizing their relevance for translation to humans (binding
to murine MHC was not tested but in vivo studies are
anticipated).

While we have confirmed decreased binding affinity to HLA
for the detolerized pertussis sequences, we have not validated in
the current study the regulatory nature of the wild-type putative
Treg epitopes using functional T cell assays. Although our
approach has been validated in other studies,34–36 it is possible
that some of the sequences selected for detolerization would not
induce Tregs in their native form.

These results highlight that removing Treg epitopes from
omvPVs via targeted mutagenesis to improve their efficacy is
a potential method of improving vaccine efficacy. Such an
approach was effectively applied to H7N9 influenza: a Treg epi-
tope in the HA protein was identified in silico, modifications were
introduced, and improved immunogenicity of the H7 hemagglu-
tinin antigen was observed in vivo in humanized mice.36

Additional influenza-related immune-engineering studies are
ongoing.44

Several aspects of this study are important for designing
the next generation of Bp vaccines. First, lessons were learnt
from broadly studied differences between the efficacy of wPV
and aPV and between vaccines and natural infections. In this
regard, omvPV were found to induce broad antibody
responses and a mixed Th1/Th17-dominated T cell response
in mice, resembling responses induced by wPV21 and
infection.45 However, though responses to infection often
serve as a reference, we know from past studies that natural
infections confer improved protection compared to current
vaccines, but do not promote life-long immunity to Bp.46

Next-generation vaccines should ideally alleviate this issue,
which could be achieved by removing immunomodulatory
factors such as Treg epitopes.

This study has some potential limitations. In silico predic-
tions are based on contiguous linear epitopes and spliced
epitopes will not be found. With respect to modifying the
sequence of putative Treg epitopes, it is possible that the
amino acid changes that were introduced will affect the con-
formation of the antigen. Further investigation is needed to
determine if these changes will disrupt existing B cell epitopes
or the stability of proteins within the omvPV. In addition, the
detailed immunogenicity screening and Treg epitope identifi-
cation analyses performed here can be expanded to other Bp
proteins to gain a more comprehensive understanding of
pertussis antigens which could be important for the develop-
ment of improved vaccines.

In conclusion, current pertussis vaccines are effectively pre-
venting severe disease in young children, but new approaches
are needed to reverse its resurgence. It is currently thought that
increasing the longevity of memory responses and the preven-
tion of asymptomatic transmission will be important character-
istics of a truly improved vaccine. Removal of Treg epitopes
present in natural Bp antigens could possibly contribute to this
achievement. We detail here a method for the identification and
modification putative Treg epitopes in pertussis antigens that
are contained in current vaccines. We demonstrate that targeted
modifications to a few key amino acids can reduce binding to
HLA. Overall, the concept of removing or altering Treg epitopes
from antigens used in current vaccines is possible and
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incorporation of these detolerized variants might be an impor-
tant next step in vaccine optimization.
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