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Introduction

Streptococcus pneumoniae continues to be a major cause
of morbidity and mortality among very young, elderly
and immunocompromised individuals worldwide." More
than 1.2 million people per year, including 0-8 million
children <5 years of age, succumb to pneumococcal dis-
eases.” The rapid emergence of multidrug-resistant strains
of S. pneumoniae has limited the effectiveness of antibiot-
ics to treat this preventable disease.” Hence, pneumococ-
cal vaccines are of utmost importance to provide
protection against S. pneumoniae infection. Animal exper-
iments have identified several pneumococcal proteins and
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Summary

Pneumococcal surface adhesin A (PsaA) is a multifunctional lipoprotein
known to bind nasopharyngeal epithelial cells, and is significantly
involved in bacterial adherence and virulence. Identification of PsaA pep-
tides that optimally bind human leucocyte antigen (HLA) and elicit a
potent immune response would be of great importance to vaccine devel-
opment. However, this is hindered by the multitude of HLA polymor-
phisms in humans. To identify the conserved immunodominant epitopes,
we used an experimental dataset of 28 PsaA synthetic peptides and in silico
methods to predict specific peptide-binding to HLA and murine MHC
class II molecules. We also characterized spleen and cervical lymph node
(CLN) -derived T helper (Th) lymphocyte cytokine responses to these
peptides after Streptococcus pneumoniae strain EF3030 challenge in mice.
Individual, yet overlapping, peptides 15 amino acids in length revealed
residues of PsaA that consistently caused the highest interferon-y, inter-
leukin-2 (IL-2), IL-5 and IL-17 responses and proliferation as well as
moderate IL-10 and IL-4 responses by ex vivo re-stimulated splenic and
CLN CD4" T cells isolated from S. pneumoniae strain EF3030-challenged
F; (B6 X BALB/c) mice. In silico analysis revealed that peptides from
PsaA may interact with a broad range of HLA-DP, -DQ and -DR alleles,
due in part to regions lacking B-turns and asparagine endopeptidase sites.
These data suggest that Th cell peptides (7, 19, 20, 22, 23 and 24)
screened for secondary structures and MHC class II peptide-binding affin-
ities can elicit T helper cytokine and proliferative responses to PsaA
peptides.

Keywords: MHC; peptide vaccine; Streptococcus pneumoniae; T helper type
1/2 cytokine.

polysaccharides as promising vaccine candidates.* Indeed,
the 7-valent conjugate vaccine (PCV7) and 23-valent
non-conjugated polysaccharide vaccine (Pneumovax-23)
are used worldwide to reduce the pneumococcal burden.
However, both of these vaccines are limited to certain
pneumococcal strains and do not generate robust anti-
polysaccharide responses in infants and the elderly.
Pneumococcal surface adhesin A (PsaA) is a model
vaccine antigen, because of its role in pneumococcal
pathogenesis and conservation among virulent strains.*
The present study describes the characterization of T
helper (Th) cell epitopes of a candidate pneumococcal
vaccine antigen, PsaA, which is a cell wall-associated
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surface protein and plays a major role in pneumococcal
virulence by binding human lactoferrin and interferes
with complement deposition on the bacterial surface.*
PsaA is a divalent metal-ion-binding lipoprotein compo-
nent of an ATP-binding cassette transport system that has
specificity for manganese.”® It plays a vital role in bacte-
rial adherence and nasopharyngeal colonization, which
further progresses to invasive disease, by crossing natural
physical and immunological barriers. PsaA is an immuno-
genic protein that activates both humoral and cellular
branches of the immune system. Murine studies showed
that anti-PsaA antibodies confer protection against naso-
pharyngeal carriage and systemic infection.” Moreover,
this protein was found to be highly conserved in > 90
strains of S. pneumoniae so far reported, including all
clinically relevant strains. On these grounds, PsaA has
progressed as a promising target for pneumococcal vac-
cine development. However, vaccine development efforts
have been hindered by the limited characterization of
immunogenic S. prneumoniae epitope(s) that can bind to
multiple HLA alleles. Importantly, CD4" T cells play a
significant role in the clearance of pneumococcal coloni-
zation and are required for optimal protective antibody
responses to pneumococcal protein PsaA.'® Identification
of a suitable CD4" T-cell epitope(s) will be critical to
develop an effective pneumococcal vaccine.

A synthetic peptide designed to induce protective
immunity must: (i) show homology to the peptides natu-
rally presented to antigen-presenting cells during infec-
tion, (ii) induce an appropriate effector immune response
to the pathogen and (iii) be recognized by the majority
of the diverse human population.

Indeed, wide-ranging HLA haplotypes create diversity
in epitope specificity and T-cell repertoire but this can
make selection of vaccine peptides difficult.'"'* Methods
to identify peptide(s), containing ‘promiscuous’ or ‘uni-
versal’ epitope(s) that cover diverse HLA haplotypes are
greatly needed.

Recent advances in in silico prediction tools have eased
the process of immunodominant epitope identification.
To identify the immunodominant epitopes of PsaA, we
used in silico MHC affinity measurement methods that
use both affinity data from the Immune Epitope Database
and Analysis Resource (IEDB)," peptide data from the
SYFPEITHI' database as well as RANKPEP,"> SVMHC'®
and MHCPred tools'” to predict PsaA peptides that bind
HLA-DP, -DQ and -DR alleles. Further, to correlate the
predicted peptide-MHC binding affinities with in vivo
immunogenicity, PsaA peptide-specific Th cell prolifera-
tion and cytokine responses were studied in mice that
had been nasally challenged with S. pneumoniae strain
EF3030 (capsular type 19F). Together, these in silico and
in vivo studies revealed the immunodominant PsaA
Th cell epitopes that might serve as potential vaccine
candidates.
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Materials and methods

Animals

Eight- to twelve-week-old female F; (B6 x BALB/c) mice
were purchased from Jackson Laboratories (Bar Harbor,
ME) and used in this study. Experimental mice contain
MHC class II haplotype and corresponding T-cell recep-
tor diversity that approaches those seen in man.'®'® All
mice were housed in the Specific Pathogen-free Facility
(SPF) of the Center for Laboratory Animal Resources
(CLAR) at Morehouse School of Medicine (Atlanta, GA).
Routine antibody screening for animal pathogens and
routine histological analysis of organs and tissues were
performed to insure that mice were pathogen free. All
procedures involving mice were approved by the Institu-
tional Animal Care and Use Committees. Moreover, the
guidelines proposed by the committee for the Care of
Laboratory Animal Resources Commission of Life
Sciences — National Research Council were followed to
minimize animal pain and distress.

S. pneumoniae strain EF3030 growth and challenge

Streptococcus pneumoniae capsular strain EF3030 used in
this study is among the human isolates of capsular group
19 that were found to be relatively non-invasive in
mice.”> Pneumococci were grown in Todd-Hewitt broth
(Sigma-Aldrich, St Louis, MO) and stored frozen in
aliquots at — 80° in 20% glycerol in sterile lactated Ring-
er’s solution (Abbott Labs, North Chicago, IL). The
EF3030 strain expresses a polysaccharide capsule when
grown in Todd-Hewitt broth and has been used in previ-
ous studies.”*' To establish nasal carriage, pneumococci
were introduced into groups of mice by nasal administra-
tion. The animals were anaesthetized with ketamine
(100 mg/ml) and xylazine (20 mg/ml), mixed at a 4 : 1
(volume/volume) ratio, respectively. The anaesthesia mix-
ture was injected intramuscularly into the right hamstring
muscle at a dose of 100 mg of ketamine per kg of body
weight. After anaesthesia was established, the mice were
inoculated with approximately 107 colony-forming units
of S. pneumoniae strain EF3030 in 15 pl lactated Ringer’s
solution. Both experimental and control groups contained
10 mice each.

Pneumococcal antigens

Twenty-eight pneumococcal overlapping synthetic pep-
tides, spanning the entire length of S. pneumoniae
strain D39/R6 PsaA protein sequence (NCBI Accession
#P0A4G3), starting with the first 15 residues at the
N-terminus, was synthesized by the multipin synthesis
method by Chiron Mimotopes Peptide Systems, San
Diego, CA. Synthesized peptides overlapped by four
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amino acids (Table 1) and were acetylated at the N-terminus
and ended with a C-terminal. Purity of these peptides
was approximately 95%. The peptides were dissolved in a
mixture (volume/volume) of 75% DMSO (Sigma-Aldrich)
and 25% water, to a concentration of 70 mwm, divided
into small aliquots and stored frozen at —80°.

Tissue collection and cell isolation

Mice were euthanized by CO, inhalation for collection
of spleen and cervical lymph nodes (CLNs) for single
cell isolation of lymphocytes 28 days after S. pneumoniae
strain EF3030 challenge. Spleen and CLNs were collected
separately and single cell suspensions were prepared by
aseptically removing tissues and passage through a sterile
wire screen. Unpooled CD4" T cells were further sepa-
rated by autoMACS™ separator (Miltenyi Biotec,
Auburn, CA) using negative selection. The remaining
lymphocytes including non-CD4" T cells, after treatment
with mitomycin C (Sigma-Aldrich), were used as acces-
sory feeder cells for PsaA peptide-specific stimulation
assays.

Cytokine quantitation by Luminex™ analysis

Purified CD4" T cells were cultured with mitomycin
C-treated feeder cells at a ratio of 5 : 1. Feeder cells were
treated with mitomycin C at a final concentration of
25 pg/ml for 30 min. Following treatment, the cells were
washed three times with complete RPMI-1640 medium to
remove traces of mitomycin C. CD4" T cells, at a density
of 5 x 10° cells/ml, were incubated with 10° mitomycin
C-treated feeder cells/ml in complete medium containing
1 pM PsaA peptide at 37° with 5% CO,. For the assess-
ment of cytokine production, 100 pl of culture superna-
tants from 96-well flat bottom plates (Corning, Tewsbury,
MA) were harvested 3 days after ex vivo PsaA peptide
stimulation to determine the levels of interleukin-2
(IL-2), IL-4, IL-5, IL-10, IL-17 and interferon-y (IFN-y)

Table 1. Overlapping pneumococcal surface adhesin A (PsaA) peptides

secreted by CD4" T cells. Phorbol-12-myristate-13-acetate
(1 pg/ml) was used as a positive control, whereas ovalbu-
min (1 pg/ml) and medium only were used as negative
control to reduce the background reading. Cytokine levels
in culture supernatants were determined by the Beadlyte™
mouse multi-cytokine detection (Bio-Rad, Hercules, CA).
Briefly, the filter-bottom ELISA plates were rinsed with
100 pl Bio-plex assay buffer and liquid was removed
using a Millipore™ Multiscreen Separation Vacuum Man-
ifold System (Millipore, Billerica, MA) set at 5 mm Hg.
Analyte beads in assay buffer were added to the wells fol-
lowed by 50 pl of serum or standard solution. The plates
were incubated for 30 min at room temperature with
continuous shaking (at setting #3) using a Lab-Line™
Instrument Titer Plate Shaker (Melrose Park, IL). The fil-
ter bottom plates were washed, as before, and centrifuged
at 300 g for 30 seconds. Subsequently, 50 pl of anti-
mouse IL-2, IL-4, IL-5, IL-10, IL-17 and IFN-y antibody-
biotin reporter solution was added to each well, after
which the plates were incubated with continuous shaking
for 30 min followed by centrifugation and washing. Next,
50 pl streptavidin-phycoerythrin solution was added and
plates were incubated with continuous shaking for
10 min at room temperature. Then, 125 pl Bio-plex assay
buffer was added, and Beadlyte™ readings were measured
using a Luminex™ System and calculated using Bio-pLex™
software (Bio-Rad). The cytokine Beadlyte™ assays were
capable of detecting > 5 pg/ml for each analyte. All
experiments were performed in triplicate.

Cell proliferation

Lymphocyte proliferation was measured using 5-Bromo-
2'-deoxy uridine (BrdU) absorption and detection (Roche
Diagnostics, Indianapolis, IN). In brief, purified CD4" T
cells and mitomycin C-treated feeder cells were cultured
at a density of 5 x 10° and 10° cells/ml, respectively, in
complete medium containing 1 puMm of each PsaA peptide
at 37° in 5% CO,. After 2 days of ex vivo antigen

O1-MKKLGTLLVLFLSAI
04-KVVATNSIIADITKN
O07-HEYEPLPEDVKKTSE
10-FTKLVENAKKTENKD
13-KGKEDPHAWLNLENG
16-KEFYEKNLKEYTDKL
19-KLIVTSEGAFKYFSK
22-TPEQIKTLVEKLRQT
25-VSQDTNIPIYAQIFT
28-YNLDKIAEGLAK

02-LSAIILVACASGKKD
O5-ITKNIAGDKIDLHSI
08-KTSEADLIFYNGINL
11-ENKDYFAVSDGVDVI
14-LENGIIFAKNIAKQL
17-TDKLDKLDKE SKDKF
20-YFSKAYGVPSAYIWE
23-LRQTKVPSLFVESSV
26-QIFTDSIAEQGKEGD

03-GKKDTTSGQKLKVVA
06-LHSIVPIGQDPHEYE
09-GINLETGGNAWFTKL
12-VDVIYLEGQNEKGKE
15-AKQLSAKDPNNKEFY
18-KDKFNKIPAEKKLIV
21-YIWEINTEEEGTPEQ
24-ESSVDDRPMKTVSQD
27-KEGDSYYSMMKYNLD

Twenty-eight different, overlapping synthetic peptides spanning the Streptococcus pneumoniae strain D39/R6 PsaA protein sequence were synthe-

sized by the multipin synthesis method. The sequences highlighted with grey are peptides that yielded the maximum T helper cell proliferation

and cytokine responses.
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stimulation, cells were transferred to polystyrene 96-well
plates (Corning). BrdU labelling solution (10 um final
concentration) was added to each well and plates were
incubated for 18 hr at 37° with 5% CO,. The cells were
then fixed and incubated with 100 pl nuclease in each
well for 30 min at 37° with 5% CO,. Following nuclease
treatment, cells were washed with complete RPMI-1640
mediuum and incubated with anti-BrdU antibody—perox-
idase conjugate solution for 30 min at 37° with 5% CO,.
BrdU incorporation was developed with 2,2"-azino-bis 3-
ethylbenzthiazoline-6-sulphonic acid (ABTS) solution and
optical density (OD) was read at 450 nm. Antigen-
specific CD4" T-cell proliferation was obtained by
measuring BrdU incorporation, according to the manufac-
turer’s instructions (Roche Diagnostics). BrdU absorption
or optical density at 450 nm (ODysq) was detected using a
scanning multi-well SpectraMax 250 spectrophotometer
(Molecular Devices, Sunnyvale, CA). The proliferation
index (PI) was calculated as follows: PI = ODy5, in pep-
tide-stimulated wells/ODyso in unstimulated wells x 100.
The results were expressed as mean =+ standard error of
mean (SEM) of the response of three replicates. Statistical
significance was assessed by Student’s #-test.

To quantify non-specific cytokine and proliferation
responses of PsaA peptides we calculated the cut-off value
(dash lines) using mean value = SEM of control responses
(naive cells from control group mice).

MHC class II epitope prediction using external tools

IEDB  (http://www.immuneepitope.org/), ~ SYFPEITHI
(http://www.syfpeithi.de/), SVMHC (http://www.bs.infor-
matik.unituebingen.de/SVMHC/), RANKPEP (http://bio.
dfci.harvard.edu/RANKPEP/), and MHCPred (http://
www.jenner.ac.uk/MHCPred) external software(s) were
used to predict peptide binding affinities to mouse I-A
and I-E as well as to HLA-DR, -DP and -DQ. In brief,
for average relative binding evaluation, 10-fold cross vali-
dation IEDB results were used to estimate overall perfor-
mance. Because the binding of peptides to MHC class 1I
molecules is not dependent on exact size, the derivation
of MHC class II average relative binding matrices fol-
lowed an iterative procedure. For the first iterative step, a
matrix was generated from a set of nine-residue core
sequences randomly obtained from each peptide sequence
in the training set. For subsequent cycles, nine-residue
core sequences were used to generate a matrix. The over-
all binding affinity of a peptide was predicted using the
highest scoring nine-residue core sequence. For SYFPEI-
THI prediction, we matched each testing peptide with
three glycine residues at both ends before evaluation. This
was recommended by the creators of SYFPEITHI to
ensure that all potential binders were correctly presented
to the peptide-binding prediction algorithm. For all other
methods, the original tested peptides were submitted

© 2013 John Wiley & Sons Ltd, Immunology, 141, 514-530
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directly for prediction. To assign a single MHC binding
affinity prediction for peptides longer than nine amino
acids in the context of predictive tools, we took the high-
est affinity prediction of all possible 9-mers within the
longer peptide as the initial result. For each MHC class II
molecule whose binding can be predicted by three or
more algorithms, the top three methods were selected
that gave the best performance. For each method, pep-
tides were tested and ranked by their scores with higher
ranks for better binders. For each tested peptide, three
rankings from different methods were taken and the med-
ian rank was taken as the consensus score. Peptides were
classified into binders (ICs, < 500 nm) and non-binders
(ICso = 500 nMm), as practical cut-offs. Three-dimensional
structure analysis was performed using the YASARA
program.

Statistics

Data are expressed as the mean + SEM and compared
using a two-tailed Student’s t-test or an unpaired Mann—
Whitney U-test. The results were analysed using Micro-
soft ExceL and were considered statistically significant if
P values were < 0-01. When cytokine levels were below
the detection limit, they were recorded as one-half of the
lower detection limit for statistical analysis.

Results

Peptide selection, binding analysis and overview of
PsaA predicted secondary structure

Individual but overlapping synthetic PsaA peptides, 15
amino acids in length, were used in this study (Table 1).
The complete amino acid sequence of full-length PsaA
was used to predict the protein structure as well as B-turn
(t) using PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/)*
and COUDES (http://bioserv.rpbs.jussieu.fr/Coudes/index.
html)*® methods. Coiled—coiled (C) as well as helical (H)
structures were noted throughout the PsaA protein
(Fig. 1). Small coiled-helix (PsaAgs g;) and (PsaAys; 26s)
domains showed no B-turns or potential asparagine (N)
endopeptidase sites. An array of complex secondary struc-
tures and numerous potential N endopeptidase sites
were also observed in PsaA. The latter sites are typically
found in bacterial cell wall-associated domains and are
known to effect antigen processing and to decrease MHC
presentation.*

Overlapping PsaA peptides were used to determine
MHC 1I binding affinities in silico. These data span a total
of 16 human and four mouse MHC class II types. Each
of these PsaA peptides was scanned using IEDB, MHC-
Pred, RANKPEP, SVMHC and SYFPEITHI MHC class II
epitope databases. Five different databases were used to
predict the binding affinity of PsaA peptides to cover the
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Figure 1. Modular ~ pneumococcal  surface
adhesin A (PsaA) amino acid sequence show-

ing regions of predicted immunogenicity and

Predicted (Pred) secondary structure
T =Helix (H)
= = Strand (E)
— =Caolil (C)

= B turn region

@@ = peptide no.

—

d:.]] = Confidence (Conf) of conformation prediction|
AA = PsaA amino acid sequence
= Potential asparagine endopeptidase site

Green shading = regions of low HTL immunogenicity
Red shading = regions of high HTL immunogenicity

secondary structure. The three-dimensional
structure shows the immunogenic peptide (red
colour) regions in PsaA. The PsaA amino acid
(AA) sequence was used to predict helical (H),
coiled (C), strand (E), turns (t), and asparagine
endopeptidase sites (N). Regions shaded with

green show regions of low immunogenicity.

maximum human HLA alleles. The hypothetical binding
affinities of PsaA peptide with MHC alleles from different
databases were similar. The selected PsaA peptides were
compared with archived peptide datasets previously used
to measure peptide-MHC class II affinities. Peptides were
classified into binders (ICs, < 500 nm) and non-binders
(ICsp > 500 nMm) based on in silico-derived binding affini-
ties. This analysis revealed that nearly all PsaA peptides
could potentially bind a variety of mouse and human
MHC class IT molecules (Table 2).

Proliferative responses of S. pneumoniae-specific
systemic and mucosal CD4" T cells following PsaA
peptide stimulation

To better determine whether the predicted PsaA peptide-
MHC class II binding affinities corresponded with Th cell
proliferation, PsaA peptide-specific CD4" T-cell responses
were characterized 28 days after S. pneumoniae strain
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EF3030 or mock challenge. PsaA peptide-specific prolifer-
ative responses by spleen- or CLN-derived CD4" T cells
from S. pneumoniae strain EF3030-challenged mice were
found to be significantly higher than those by naive
CD4" T cells from mock challenged mice (Fig. 2). CLN-
and spleen-derived Th cells from S. pneumoniae strain
EF3030-challenged mice significantly proliferated in
response to PsaA peptides 7, 19, 20, 22, 23 and 24
compared with naive controls. CLN CD4" T cells PsaA
peptide-specific proliferation responses were moderately
higher than similar cells isolated from the spleen of
S. pneumoniae strain EF3030-challenged mice.

Cytokine production by S. pneumoniae-specific helper
T cells following PsaA peptide stimulation

In general, pneumococcal infection resulted in signifi-
cantly higher Th cell cytokine secretion by ex vivo PsaA
peptide-stimulated CD4" T cells from the spleen as well

© 2013 John Wiley & Sons Ltd, Immunology, 141, 514-530
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Table 2. Overview of pneumococcal surface adhesin A (PsaA) peptide predicted binding affinities to MHC class II alleles

ICsp insilico
prediction (nm)

PsalA peptide I-2° 1-A% I-EP I-EY PredictionHLA-DRB Alleles IC50 < 500 nu

01 MKKLGTLLVLFLSAI 126 15 — — DR4, DQ2, DQ4, DQB1*02, DQB1*03, DQB1*302,
1*0101, 1*0401, 1*0404, 1*0701, 1*0802,
1*1501, 11302, 1*0901, 1*1101

02 LSAIILVACASGKKD 115 5 — — DR4, DR2, DR13, DR52, DQ2, DQ6, DQ7, DQ8,
DOB1*03, DQB1*0302, 1*0401, 1*0404, 1*0701

03 GKKDTTSGQKLKVVA 457 80  — — DR1, DR9, DR11, DR2, DQ13, DR52, DQ6,
DQ7, DQB1*0301, 1*0101, 1*0401, 1*0405,
1*0701,1*0802

04 KVVATNSIIADITKN 231 100 — — DR1, DR11, DR2, DR8, DR13, DR15, DR52,
DQ7, DQB1*0201, 1*0101, 1*0401, 1*0701,
1*0802,1*%1302

05 ITKNIAGDKIDLHSI — 360 — — DQ4, DQB1*0201, 4*0101, 1*0101, 1*0401,
1*0701

06 LHSIVPIGQDPHEYE 440 343 — — DQ4, 4*0101, 1*0101, 1*0401, 1*0404,
1*0701, 1¥*0901, 1*1101

_ 348 — — — DR3, DR53, 1*0101, 1*0401, 1*0404, 1*0701

08 KTSEADLIFYNGINL 32 — — DR9, DR3, DR7, DQ6, DQB1*03, 1*0101, 1*0401,
1*0701, 4*0101, 1*0405

09 GINLETGGNAWFTKL — 183 — — DR7, DR6, DQ7, DQB1*02, 1*0401, 1*0404,
1*0405,1*0701

10 FTKLVENAKKTENKD 441 401 — — DR9, DR15, 1¥*0405, 1*1501, 1*0101, 1*0401,
1*0701

11 ENKDYFAVSDGVDVI 369 24  — — DR13, DQ6, 1¥*0101, 1*0401, 1*0701, 1*0901

12 VDVIYLEGQONEKGKE — — — — DR2, DR8, 1*¥0101, 1*0401, 1*0701

13 KGKEDPHAWLNLENG 127 313 — — DQB1*0201, DQB1*03, DQB1*0301, 1*¥0101,
1*0401, 1*0701

14 LENGIIFAKNIAKQL — 19  — — DR1, DR11, DR5, DR7, DR51, DQA1*0501,

DOB1*02,DQB1*0201, DQB1*0302, 1*0101,
1*0701 1*1101

15 AKQLSAKDPNNKEFY 165 123 — — DR1, DR3, DR7, DR51, DQ2, DQA1*0501,
DQB1*02,DQB1*0302, 1*0101, 1*¥0401, 1*0701
16 KEFYEKNLKEYTDKL 289 — — — DR3, DR5, DQ6, DQB1*0201, 1*0101, 1*0301,
1%0401, 1*0701
17 TDKLDKLDKESKDKF 185 — — — DQ6, DQ8, DOB1*0302, 1*0101, 1*0401,
10701 1*1501
18 KDKFNKIPAEKKLIV 183 50 — — DR11, DR5, DR15, DR52, DR53, 1*0101, 1*0401,
10701, 1*1501
— 27 — — DQ15, 50101, 1*0101, 10401, 1*0701,
1*%1501
151 478 — — DQB1*0301, 10101, 5*0101, 10401, 1*0701,
1*%1101
21 YIWEINTEEEGTPEQ 359 298 — — DR8, DQB1*03, 1*0101, 10401, 1*0701
211 81  — — DR4, DR2, DR3, DR5, DR8, DR53, DQA1*0501,
DQB1*03, 1*0101, 1*0301,1*0401, 1*0701,
1*0802
129 132 — — DR4, DR2, DR3, DR5, DR8, DR53, DQA1*0501,
DQB1*02, DQB1*03, 1*0101, 1*0301, 1*0401,
10701, 1*0802
345 — — DR53, DQ4, DQ8, 40101, 1*0101, 1*0401,
1*0701
(continued)
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Table 2. (Continued)

ICs0 insilico
prediction (nm)

PsaA peptide I-2° 1-A% I-EP I-EY PredictionHLA-DRB Alleles IC50 < 500 nu

25 VSQDTNIPIYAQIFT 306 495 — — DR4, DR5, DR51, DQ7, DQB1*0201, 1*0101,
4*0101,5*0101, 1*0101, 1*301, 1*0401,
1*0405, 10701 1%1302

26 QIFTDSIAEQGKEGD — 371 — — 1*0101, 1*0401, 1*0701,

27 KEGDSYYSMMKYNLD — 432 — — DQ2, 1*0101, 10401, 1*0701, 1*1501

28 UUUYNLDKIAEGLAK

DR11, DR51, DQ2, 1*0101, 1*0401, 1*¥1501

The PsaA peptide datasets were analysed in silico for their predicted binding affinities to different MHC class II alleles. Dashes (—) represent pep-

tides that were predicted to bind mouse I-AY 1-E® 1-AY or I-EY alleles with low affinity, i.e. IC5o > 500 nm. Whereas numeric ICs, values

< 500 nm are shown. Similarly, absent HLA alleles are those that were predicted to poorly (i.e. IC5, > 500 nMm) bind the corresponding peptide.

The sequences highlighted with grey are peptides that yielded the maximum HTL proliferation and cytokine responses.
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Figure 2. Proliferation responses of pneumo-
coccal surface adhesin A (PsaA) peptide-spe-
cific systemic and mucosal CD4" T cells
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during pneumococcal carriage. Cervical lymph
node (CLN) and splenic lymphocytes were iso-
lated, 28 days after intranasal challenge, from
both Streptococcus pneumoniae strain EF3030
challenged (M), and naive () F; (B6 x BALB/
c) group mice. CD4" T cells were incubated
. with 1 M of PsaA peptide (15-amino acid pep-
tides that overlapped every 11 residues) plus
mitomycin C-treated naive syngeneic feeder
cells, for 3 days, at a ratio of 5: 1 x 10° cells.
Proliferation was measured by 5-bromo-2'-
deoxy uridine incorporation, which was mea-
sured by ELISA. The data presented are the
mean optical density at 450 nm (OD,s). Exper-
imental groups consisted of 10 mice. The results
i were expressed as mean =+ standard error of

ﬁii z

ﬂ

mean (SEM) of the response from three repli-

n cates. (¥) represents the peptides showing signif-
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as from CLNs of S. pneumoniae strain EF3030-challenged
mice, compared with mock-challenged mice. In contrast
to proliferation responses, spleen-derived CD4" T cells
from S. pneumoniae strain EF3030-challenged mice
showed higher levels of IL-2 secretion following PsaA

520

icantly higher proliferation response. Dotted
line (—) represents the cut-off value above which
the values were considered significant.

peptide ex vivo stimulation than CLNs derived from
CD4" T cells. Interferon-y and IL-2 secreting Th cells
from CLNs and spleen of pneumococcus-challenged mice
significantly responded to PsaA peptides 7,19, 20, 22, 23
and 24 (Figs 3 and 4).

© 2013 John Wiley & Sons Ltd, Immunology, 141, 514-530
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Figure 3. Pneumococcal surface adhesin A B
(PsaA) peptide-specific interleukin-2 (IL-2) 90
secretion by CD4™" T cells following pneumococ-
cal challenge. Groups of 10 F; (B6 x BALB/c) 60
mice were intranasally challenged with 107 col-
ony-fomring units of Streptococcus pneumoniae 30 i ﬁl ﬂ :n Ini _ I IH]_I I ﬁI Jﬂ =I - EI inlﬂ[
strain EF3030 in a 15 pl volume of Ringer’s 12345678 91011121314 151617 18 1920 21 2223 24 25 26 27 28
solution. Cervical lymph node (CLN) and sple- 510+
nic lymphocytes were isolated, 28 days after x
. . Spleen CD4* T Cells *
intranasal challenge, from both S. pneumoniae 450 1
strain EF3030 challenged (M), and naive ([J)
group mice. CD4" T cells were incubated with 390 -
1 um of PsaA peptide (15 amino acid peptides N
that overlapped every 11 residues) plus mitomy- __ 3301 N :
cin C-treated naive syngeneic feeder cells, for :g «
3 days, ata ratio of 5 : 1 x 10° cells. The results £ 2701
were expressed as mean + standard error of :
mean (SEM) of the response from three repli- 2107
cates. The IL-2 production of cultured superna- [ ]
tants was determined by Luminex capable of 150
detecting >2 pg/ml of IL-2. (*) represents the 2 | | ‘ I ‘ ‘ ‘ I
peptides showing significantly higher cytokine I I
response. Dotted line represents the cut-off 30 I il =An i -BnlD il
value above which the values were considered 1234567 8 91011121314151617 18192021 222324 252627 28

significant.

CD4" T cells isolated from the spleen and CLNs of
challenged mice also secreted Th2 cytokines after ex vivo
stimulation of PsaA peptides. While the cells isolated
from mock-challenged mice did not significantly respond
to PsaA peptides, CD4" T cells from S. pneumoniae strain
EF3030-challenged mice showed significant IL-4 and IL-5
secretion in response to PsaA peptide ex vivo stimulation
(Figs 5 and 6). In particular, there were comparatively
higher responses to PsaA peptides 7, 19, 20, 22, 23 and 24
by both splenic and CLN Th cells. CLN and splenic CD4"
T cells from S. pneumoniae strain EF3030-challenged mice
significantly secreted IL-10 after PsaA peptide
re-stimulation, with comparatively higher responses to
PsaA peptides 7, 19, 20, 22, 23 and 24 (Fig. 7).

Th cells from S. pneumoniae strain EF3030- and mock-

also

challenged mice were also evaluated for their ability to
secrete IL-17 in response to PsaA peptides. Both CLN
and splenic CD4" T cells from S. pneumoniae strain
EF3030-challenged mice significantly secreted IL-17 fol-
lowing PsaA peptide re-stimulation, compared with
mock-challenged mice (Fig. 8). Compared with the other

© 2013 John Wiley & Sons Ltd, Immunology, 141, 514-530
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cytokine secretion profiles studied, IL-17 secreted by
pneumococcus-challenged mice was most indicative of
antigen specific Th cell responsiveness. As seen with Th
cell cytokine and proliferative responses, there was com-
paratively more IL-17 secretion by bacteria-challenged Th
cells re-stimulated ex vivo with peptides 7, 19, 20, 22, 23
and 24.

In summary, CD4" T cells from S. pneumoniae strain
EF3030-challenged mice consistently mounted significant
yet selective proliferation, and IFN-vy, IL-2, IL-4, IL-5 and
IL-10 secretion, largely in response to PsaA peptides 7,
19, 20, 22, 23 and 24. These elevated cytokine secretion
patterns by ex vivo re-stimulated Th cells did not directly
correlate with predictive MHC II binding affinities, but
were associated with the absence of asparagine endopepti-
dase sites. The peptide-binding affinity analysis by in silico
methods suggested that peptides 1, 2, 7, 14, 15, 18, 19,
20, 22, 23 and 24 would be among the strongest MHC
class II binders and presumably the best inducers of Th
cell cytokine and proliferation responses. However, pep-
tides 7, 19, 20, 22, 23 and 24 were shown via ex vivo
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Figure 4. Pneumococcal surface adhesin A
(PsaA) peptide-specific interferon-y (IFN-y)
secretion by CD4™" T cells following pneumococ-
cal challenge. Groups of 10 F; (B6 x BALB/c)
mice were intranasally challenged with 10 col-

50 ‘
25 I I

1
150
Spleen CD4* T Cells

125

100

IFN-v (pg/ml)

2 34567 8 9101112131415161718 1920212223 2425262728

ony-forming units of Streptococcus pneumoniae
strain EF3030 in a 15 pl volume of Ringer’s
solution. Cervical lymph node (CLN) and sple-
nic lymphocytes were isolated, 28 days after
intranasal challenge, from both S. pneumoniae
* strain EF3030 challenged (M), and naive ([J)
group mice. CD4" T cells were incubated with
1 um of PsaA peptide (15 amino acid peptides
that overlapped every 11 residues) plus mitomy-
cin C-treated naive syngeneic feeder cells, for
3 days, ataratioof5: 1 x 10° cells. The results

75
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were expressed as mean + standard error of
mean (SEM) of the response from three repli-
cates. IFN-y production of cultured superna-
tants was determined by Luminex capable of
detecting > 2 pg/ml of IEN-v. (*) represents the
peptides showing significantly higher cytokine

i response. Dotted line represents the cut-off
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analysis to be the greatest stimulators of Th cell
responses. This could be best explained by the absence of
endopeptidase sites in peptides 7, 19, 20, 22, 23 and 24,
which prevents them from being degraded, resulting in
more efficient presentation by MHC class II molecules.

Predicted PsaA peptide-MHC class II allele binding
affinities and correlation with proliferation and
cytokine responses

The PsaA peptides 7, 19, 20, 22, 23 and 24 mounted sig-
nificant Th cell responses and displayed strong predictive
binding affinities to several HLA-DR, -DQ and -DP as
well as I-A® and I-EY haplotypes. This is best illustrated
by viewing a three-dimensional plot of the proliferation
index as well as IL-2, IFN-vy, IL-4, IL-5, IL-10 and IL-17
responses compared with MHC allele-binding affinities.
Three-dimensional plots of IFN-y and IL-10 secretion
relative to proliferation of I-A/I-E to predict peptide-
binding by CD4" T cells, explain IFN-v, IL-10 and prolif-

522

value above which the values were considered
significant.

eration responses of PsaA peptide-specific CD4" T cells
isolated from F; (B6 x BALB/c) mice, 28 days after
S. pneumoniae challenge and predicted I-A or I-E binding
affinities. The y-axis and x-axis indicate the concentrations
(ng/ml) of IFN-y and IL-10, respectively, secreted by
PsaA peptide-stimulated CD4" T cells. The z-axis repre-
sents the predicted I-A or I-E binding affinities (Kd).
PsaA peptides 7, 19, 20, 22, 23 and 24 appear as white
circles, which have higher binding affinity of responses
while remaining peptides are open circles (Fig. 9a and b).

The Th cells that recognized and responded to these
peptides expressed significantly more T helper cytokines
and had greater proliferative responses than those able to
respond to other PsaA peptides. These peptides were also
predicted to bind with high affinity to both mouse and
human MHC II. PsaA peptides 19, 20, 21 and 22 were
predicted to bind [-AY/1-AY, T-AP/I-EP, 1-A® and I-AY/
I-AY, respectively, with ICso < 500 nm. From these, PsaA
peptide 20 was predicted to have marginal binding
affinities to 1-A® and I-E® with ICs, = 485 and 493 nm,

© 2013 John Wiley & Sons Ltd, Immunology, 141, 514-530
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Figure 5. Pneumococcal surface adhesin A
(PsaA) peptide-specific interleukin-4 (IL-4) 40
secretion by CD4" T cells following pneumo-
coccal  challenge.  Groups of 10 F; I I I ‘ | ‘ | I
(B6 x B{XLB/CZ mice were .1ntran.asally chal- 20 ,,ﬁ,, ,,ﬁl, l I ﬂlﬁ, i ,n,,n,, L1 s n ji i ' i I
lenged with 10" colony-forming units of Strep-

. . X 1234567 8 91011121314151617 181920 21 22 23 24 25 26 27 28
tococcus pneumoniae strain EF3030 in a 15 ul
volume of Ringer’s solution. Cervical lymph 180 1
node (CLN) and splenic lymphocytes were iso- Spleen CD4* T Cells
lated, 28 days after intranasal challenge, from 160 1 T
both S. pneumoniae strain EF3030 challenged
(M), and naive ((J) group mice. CD4" T cells 140 1
were incubated with 1 pm of PsaA peptide (15
amino acid peptides that overlapped every 11 . 1201
residues) plus mitomycin C-treated naive syn- £
: . S 100 1 .

geneic feeder cells, for 3 days, at a ratio of ke* N
5:1 x 10° cells. The results were expressed as I 80 4 * T
mean =+ standard error of mean (SEM) of the .
response from three replicates. IL-4 production 60 1
of cultured supernatants was determined by
Luminex capable of detecting > 2 pg/ml of IL- 40
4. (*) represents the peptides showing signifi- I l
cantly higher cytokine response. Dotted line o0+ = i ! i i i i I i I I i
represents the cut-off value above which the 123456 7 8 91011121314151617 18 1920 21 22 23 24 25 26 27 28

values were considered significant.

respectively. This also corresponded with relatively high
IL-10 responsiveness. Splenic CD4" T cells stimulated
with peptide 20 or 23 showed comparatively higher IL-10
secretion. Similar to PsaA peptide 20, peptide 23 was pre-
dicted to have moderate I-A® and I-E binding affinity,
i.e. ICso = 452 and 412 nm, respectively. It is noteworthy
that several PsaA peptides that were predicted to tightly
bind I-A and/or I-E alleles did not always correspond
with elevated cytokine secretion (e.g. peptides 1, 2, 4, 14
etc.) and always had asparagine endopeptidase sites.

The amino acid sequence comprising PsaA peptides
19-24 (or PsaA,;; 563) was aligned with sequences from
nearly 100 clinically relevant Family 1, S. pneumoniae
strains. PsaA,;; 563 was found to be highly conserved
among several S. pneumoniae strains, with 10% of strains
having sequence similarity of more than 90% (Table 3).

Discussion

The immune system is remarkably robust in mounting
specific responses to a multitude of foreign antigens and

© 2013 John Wiley & Sons Ltd, Immunology, 141, 514-530
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therefore plays a vital role in survival. Th cells are crucial
for generating efficient humoral and cellular immune
responses following recognition of foreign antigen in the
context of MHC class II. Enormous polymorphisms of
MHC genes lead to differences in antigen presentation to
immune effector cells deployed against pathogens. While
peptide vaccines potentially circumvent the problem of
using heat-killed or attenuated pathogens, or whole
antigen, as vaccines, this approach is impeded by this
exhaustive MHC repertoire.””> Hence, the identification of
optimal or common Th cell epitope(s) is imperative in
mounting a broad protective immune response against
different strains of a pathogen. The identification and
characterization of ‘promiscuous’ or ‘universal’ peptides
that can bind to multiple HLA (B chain) alleles would
overcome many of these problems. Recently, Yu et al.>
have used the HLA-transgenic mice to map Th cell epi-
topes; however, the limited number of HLA transgenic
mice does not represent all populations in man. Hence,
the present study is the first of many to map clinically
relevant Th cell pneumococcal epitopes. We have used
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(B6 x BALB/c) mice were intranasally chal-
lenged with 10” colony-forming units of Strep-
tococcus pneumoniae strain EF3030 in a 15 pl
volume of Ringer’s solution. Cervical lymph
node (CLN) and splenic lymphocytes were iso-
lated, 28 days after intranasal challenge, from
both S. prneumoniae strain EF3030 challenged
(M), and naive ((J) group mice. CD4" T cells
were incubated with 1 pM of PsaA peptide (15
amino acid peptides that overlapped every 11
residues) plus mitomycin C-treated naive syn-
geneic feeder cells, for 3 days, at a ratio of
5:1 x 10° cells. The results were expressed as
mean =+ standard error of mean (SEM) of the

75

50

fi

response from three replicates. IL-5 production
of cultured supernatants was determined by
Luminex capable of detecting > 2 pg/ml of IL-
5. (*) represents the peptides showing signifi-
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in silico methods for predicting class II-restricted peptides
and evaluated immunogenicity by ex vivo peptide re-stim-
ulation of experimental pneumococcal challenge.

The precise role of peptide MHC class II interactions
that determine protective pneumococcal immunity are
not known. A number of studies have shown a cause and
effect relationship between human MHC genes and resis-
tance to infection'®* as well as autoimmune diseases."’
Murine I-A is highly homologous to human HLA-DQ?*
and restricts antigen-specific Th cells in mice, whereas I-E
is homologous to HLA-DR** and has been reported to
control non-responsiveness to antigens through antigen-
specific suppressor cells.”” Further studies will be required
to determine whether I-E or I-A as well as DQ or DR
molecules might be involved in pneumococcal antigen
non-responsiveness or cytokine secretion in mouse or
human, respectively. To this end, many of the PsaA pep-
tides were predicted to bind I-A, whereas relatively few
were predicted to bind I-E.

524

cantly higher cytokine response. Dotted line
represents the cut-off value above which the
values were considered significant.

PsaA is a highly conserved, immunogenic adhesin pro-
tein that induces both B-cell and T-cell responses, and is
therefore considered as a promising vaccine candidate for
combating pneumococcal infection. Streptococcus pneumo-
niae strain EF3030, a novel human isolate of capsular
group 19 pneumococci, which has a greater propensity to
cause nasal or pulmonary infections than sepsis when
given intranasally, was used to accomplish the objectives
of this study. Further, F; (B6 x BALB/c) mice have
reduced susceptibility to S. prneumoniae strain EF3030 and
express functional I-A®, 1-AY, I-E® and I-E%. These mice
also contain MHC class II haplotypes and corresponding
T-cell receptor diversity that more closely represents
diverse human HLA alleles. We used this approach previ-
ously to identify immunogenic Th cell epitopes in
PspA.3°

Interleukin-2, produced by CD4" Thl type cells, pro-
motes T-cell proliferation. Our experimental data show
that epitopes from certain PsaA peptides mounted

© 2013 John Wiley & Sons Ltd, Immunology, 141, 514-530
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Figure 7. Pneumococcal surface adhesin A 75
(PsaA) peptide-specific interleukin-10 (IL-10)
secretion by CD4™" T cells following pneumococ- 50 ‘ I ‘ ‘ ‘ ‘
cal challenge. Groups of 10 F, (B6 x BALB/c)
mice were intranasally challenged with 107 col- o5 A1, I | _ | I 1
ony-forming units of Streptococcus pneumoniae 12345678 91011121314151617 181920 21 22 23 24 25 26 27 28
strain EF3030 in a 15 pl volume of Ringer’s
solution. Cervical lymph node (CLN) and sple- 200 .
nic lymphocytes were isolated, 28 days after Spleen CD4* T Cells
intranasal challenge, from both S. pneumoniae 175
strain EF3030 challenged (M), and naive ([J) ol
group mice. CD4" T cells were incubated with 150 .
1 pum of PsaA peptide (15 amino acid peptides * «
that overlapped every 11 residues) plus mitomy- = 125
cin C-treated naive syngeneic feeder cells, for E’_’
3 days, ataratioof5: 1 x 10° cells. The results S
were expressed as mean =+ standard error of ; 100 N
mean (SEM) of the response from three repli-
cates. IL-10 production of cultured supernatants 75
was determined by Luminex capable of detect-
ing > 2 pg/ml of IL-10. (*) represents the pep- 50
tides showing significantly higher cytokine I I I | | I I
response. Dotted line represents the cut-off 25 i | I i |
value above which the values were considered 123456 7 8 9101112131415161718 192021222324 252627 28

significant.

comparatively high IL-2 and proliferation Th cell recall
responses in mice challenged with S. pneumoniae strain
EF3030. Another Thl cytokine, IFN-v, is also required for
protective pneumococcal immunity.”" Interferon-y block-
ade accelerated the death of animals during pneumococ-
cal infection,>® whereas treatment of mice with IFN-y
enhanced the survival of mice.”> However, too much
IFN-y in the lung has been shown to inhibit alveolar
macrophage-mediated microbial clearance by down-regu-
lating the expression of MARCO, which subsequently
enhances the susceptibility to secondary pneumococcal
infection.” The CLN- and spleen-derived Th cells from
S. pneumoniae strain EF3030-challenged mice secreted
significant amounts of IFN-y following ex vivo PsaA pep-
tide stimulation.

Interleukin-10 is an anti-inflammatory cytokine that
serves as a counterbalance for potentially harmful inflam-
matory effects of pro-inflammatory cytokines. This is par-
ticularly important in severe pneumococcal infections, in
which the delicate balance between these two classes of

© 2013 John Wiley & Sons Ltd, Immunology, 141, 514-530
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cytokines plays a crucial role in outcome of the disease.*

In the absence of IL-10, a marked increase in pro-inflamma-
tory cytokines is reported during pneumococcal infection;*®
its absence hampers effective clearance of infection, and
reduces survival of pneumococcal infection.”” Here, we
assessed IL-10 secretion and found that certain PsaA pep-
tides stimulated pneumococcal strain EF3030-primed
CD4" T cells to secrete IL-10. Interestingly, Th cells from
CLN mounted IL-10 responses to more peptides, than
similar cells isolated from the spleen. Perhaps this contrib-
utes to establishing pneumococcal carriage by supporting
selective pneumococcal clearance by CLN » spleen antigen-
presenting cells after stimulation with CD4" T-cell-derived
IL-10, whereas IFN-vy-secreting Th cells might support
spleen » CLN macrophages activation and/or internaliza-
tion of S. pneumoniae.

Interleukin-10 may also help the host by increasing the
expression of MARCO. During a secondary bacterial
infection, IFN-y inhibits the MARCO
thereby reducing the macrophage activity required for

expression,
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Figure 8. Pneumococcal surface adhesin A
100 (PsaA) peptide-specific interleukin-17 (IL-17)
secretion by CD4™" T cells following pneumococ-
s l ' i i 111 i ii i i i i i i . - ixi ca% challenge. Groups of 10 F; (B6 '>< BA7LB/c)
12345678 9101112131415 16 17 18 19 20 2122 23 24 25 26 27 08 "Mice Were intranasally challenged with 107 col-
ony-forming units of Streptococcus pneumoniae
3001 strain EF3030 in a 15 pl volume of Ringer’s
Spleen CD4* T Cells solution. Cervical lymph node (CLN) and sple-
T nic lymphocytes were isolated, 28 days after
250 - intranasal challenge, from both S. pneumoniae
T strain EF3030 challenged (M), and naive ([J)
: 2 group mice. CD4" T cells were incubated with
= 200 1 um of PsaA peptide (15 amino acid peptides
%’ that overlapped every 11 residues) plus mitomy-
= cin C-treated naive syngeneic feeder cells, for
~ . 6
; 1501 . 3 days, at aratio of 5 : 1 x 10° cells. The results
were expressed as mean + standard error of
mean (SEM) of the response from three repli-
cates. [L-17 production of cultured supernatants
100 was determined by Luminex capable of detect-
ing > 2 pg/ml of IL-17. (¥) represents the pep-
ﬂi tides showing significantly higher cytokine
50 response. Dotted line represents the cut-off
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4 .
pneumococcal clearance.”® We have previously shown

that inhibition of CCL5, a potent chemoattractant for a
variety of immune cells including monocytes, macrophages
and dendritic cells, resulted in lower IFN-y-secreting CD4 "
T cells and significantly more PsaA-specific IL-10-produc-
ing CD4" T cells, which corresponded with the transition
from pneumococcal carriage to lethal pneumonia.*® Hence,
the precise role of IL-10 in providing pneumococcal immu-
nity remains unclear and needs further investigations, but
studies suggest that excessive IL-10 responses play a delete-
rious role in pneumococcal immunity. However, moderate
levels of IL-10 are required for optimal adaptive (humoral)
immune responses to pneumococcal infection and reduced
mucosal hyperplasia.

Streptococcus pneumoniae has been reported to induce
typically Th1 but not Th2 responses.”” Mice primed to
mount Th2 cell responses followed by pneumococcal
infection showed an increase in the number of pneumo-
cocci compared with naive or Thl-primed groups.*
Interleukin-4 is a Th2-cell-derived cytokine that plays a

526

value above which the values were considered
significant.

central role in directing the development of the Th2 pheno-
type responses in lung. Indeed, elevated IL-4 responses
have been associated with an increased risk in pneumococ-
cal infection.* Similarly, IL-5 is a Th2 cytokine that trig-
gers B-cell activation and differentiation into plasma cells.
In the present study we demonstrated that PsaA,s; ses-
specific Th cells from S. pneumoniae strain EF3030-
challenged mice secreted significant amounts of IL-4
(spleen » CLN) and IL-5 (spleen < CLN) largely in
response to PsaA peptides 19, 20, 21 and 22. However, the
uncertain role of IL-4 and IL-5 in pneumococcal cellular
immunity makes correlations of these cytokines with
protective immunity difficult.

Interleukin-17A-secreting CD4" T cells (Th17) mediate
resistance to mucosal colonization by multiple patho-
gens*' but their role with respect to pneumococcal
immunity has not been studied in detail. However, recent
studies have reported that IL-17A supports antibody
responses to pneumococcal capsular polysaccharides*”
and enhances the pneumococcal killing by human

© 2013 John Wiley & Sons Ltd, Immunology, 141, 514-530
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Figure 9. (a) Three-dimensional plots of T helper type 1 (Th1)/Th2 cytokine secretion relative to proliferation or I-A and I-E predicted peptide-
binding by cervical lymph node (CLN) -derived CD4" T cells. The panels summarize interleukin-2 (IL-2), interferon-y (IFN-y), IL-4, IL-5, IL-10
and IL-17, proliferation responses, and predicted I-A binding affinities of pneumococcal surface adhesin A (PsaA) peptide-specific CD4" T cells
isolated from cervical lymph nodes of F; (B6 x BALB/c) mice, 28 days after Streptococcus pneumoniae strain EF3030 challenge. The y-axis and x-
axis indicate the concentration (ng/ml) of cytokine, secreted by PsaA peptide-stimulated CD4" T cells. The z-axis represents the predicted I-A or
I-E binding affinities (Kd). PsaA peptides 7, 19, 20, 22, 23 and 24 appear as white circles, while remaining peptides are open circles. (b) Three-
dimensional plots of Th1/Th2 cytokine secretion relative to proliferation or I-A and I-E predicted peptide-binding by spleen-derived CD4" T
cells. The panels summarize IFN-y, IL-10, IL-2, IL-4, IL-5, IL-17, proliferation responses, and predicted I-A-binding affinities of PsaA peptide-
specific CD4" T cells isolated from spleen of F; (B6 x BALB/c) mice, 28 days after S. pneumoniae strain EF3030-challenge. The y-axis and x-axis
indicate the concentration (ng/ml) of IFN-y and IL-10, IL-2, IL-4, IL-5 and IL-17, respectively, secreted by PsaA peptide-stimulated CD4" T cells.
The z-axis represents the predicted I-A binding affinities (Kd). PsaA peptides 7, 19, 20, 22, 23 and 24 appear as white circles, while remaining
peptides are open circles.
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Table 3. Alignment of pneumococcal surface adhesin A,3; 565 (PsaAy3, 563) amino acid sequences from family 1 pneumococcal strains

Strain

NCBI Accession
numbers

*Conserved amino acid sequence

*R6

CGSP14, *Hungaryl9A-6,
*TIGR4, *SP18-BS74, *G54,
KNIH2033, NA-1508/92,
NA-1064/97, *JJA,
NA-1383/97, SP14-BS69

*70585, P1031, *CDC1873-00,
*Hungaryl9A-6, *CDC0288-04,
*SP3-BS71, *CDC3059-06,
SP9-BS68, SP11-BS70, *TIGR4,
*G54, *Ro, *JJA, Taiwanl9F-14,
*R6, ATCC 700669, CCRI 1974,
*SP6-BS73, *SP18-BS74,
*TIGR4, *SP14-BS69

SP23-BS72, *SP18-BS74,
*TIGR4, *R6, *CDC0288-04,
*70585, *Hungaryl9A-6,
*TIGR4, *G54, *CDC3059-06,
*SP3-Bs71, CDC1087-00,
*CDC1873-00, *R6, *SP6-BS73,
*SP14-BS69, *SP14-BS69,
*SP14-BS69, *SP6-BS73

NP_359087

YP_001836340, YP_001695035,
NP_346089, zP_01830403,
YP_002038265, AAL66356,
AAF70668,

AAF70665, YP_002736592,
AAF70667, Z2P_01826883
YP_002741451,YP_002739247,
ZP_02708956,YP_001695525,
ZP_02715843,7P_01817757,
ZP_02718216,zP_ 01821752,
ZP_01825540,NP_346583,
YP_002038760,YP_001836854,
NP_359566,YP_002737174,
YP_002743496,CAA96185,
YP_002512028,ZP_04523585,
ZP_01820226,2P_01830534,
ZP_0140897,7P_01827934
ZP_01834915,2P_01830030,
ZP_01407861,NP_358500,
ZP_02715236,YP_002740305,
YP_001694446,NP_345479,
YP_002037638,2P_02718575,
ZP_01818015,7zP_02712021,
ZP_02708025,

3CX3A,

ZP_01819897, ZP_01827494

AFKYFSKAYGVPSAYIWEINTE
EEGTPEQIKTLVEKLRQTKVP
SLFVES

AFKYFSKAYGVPSAYIWEINTE
EEGTPEQIKTLVEKLRQTKVP
SLFVES

AENYLALDYGLKQVATISGLSP
DAEPSAARLAELTEIYVKKNK I
AYIYFEE

AFSYLAKRFGLNQLGIAGISPE
QEPSPRQLAEIQEFVKTYKVK
TIETES

PsaA peptides 19-24 (or PsaA,;; ,63) residues were aligned with sequences from nearly 100 clinically relevant family-1 Streptococcus pneumoniae

strains. Different strains, respective NCBI accession number and their conserved amino acids (highlighted with black) are shown. (*) represents

same strains with different amino acid sequences and accession numbers.

neutrophils.*’ A fusion protein of PsaA with the pneum-
olysin non-toxic derivative PdT coupled with cell wall
polysaccharide was reported to induce higher serum anti-
body titres and greater priming for IL-17A responses than
an equimolar mixture of the three antigens."* Moffitt
1* identified the antigens that provide near complete
protection from pneumococcal colonization through a
Th17-mediated mechanism. These findings suggest that a
vaccine candidate that can promote IL-17A responses and
elicit protective antibodies may be more effective in pro-

et a

tection against pneumococcal mucosal colonization and
invasive disease. Recently, Li et al. demonstrated the role
of Th17 in diversifying selection and variation of S. pneu-
moniae antigens. Th17 cell-based immunity creates little
selective pressure for antigenic variation and may limit
the immune escape of antigenic variants and result in
broader and longer protection. We found that selected
PsaA peptides (7, 19, 20, 22, 23 and 24) induce pneumo-
coccal strain EF3030-primed CD4" T cells to secrete

528

IL-17, which may provide longer immunity against diver-
gent strains of S. pneumoniae. Also, higher induction of
IL-17 producers by PsaA,;; 565 peptides could contribute
to the conservation of this region, which otherwise would
be under immune selection.*® Additional studies on the
role of Th cell-derived IL-17 would greatly contribute
to the field and will be required to understand how
secretion of this cytokine correlates with pneumococcal
immunity.

PsaA plays a pivotal role in pneumococcal adherence
and colonization, which is a primary step in S. pneumo-
niae infection. Therefore, from the pathogen’s perspective,
it would be critical to maintain PsaA function, while
reducing detection of T-cell immunodominant epitopes.
Several potential, N endopeptidase sites along with B-turn
secondary structures would optimally expose these sites
for cleavage, which in certain cases would prevent binding
to several MHC class II alleles and corresponding induc-
tion of cellular immunity.
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The secondary structure of proteins consists of regular
elements such as o-helices and B-sheets, and irregular
elements such as B-bulges, random coils and tight turns.
Tight turns are the connecting elements that link one seg-
ment of secondary structure to the next and are classified
as 6-, y-, B-, a- and m-turns according to the number of
residues involved. B-turns have important biological tasks.*”
We predicted the B-turns in PsaA using a highly accurate
secondary structure prediction software, PSIPRED, which
showed that the B-turns were abundant in PsaA but inter-
estingly none were found in immunodominant Th cell
epitope regions. Analysis also revealed that PsaA has only
o-helical (no B-sheet) secondary structure content and is
predominantly a coiled-coil structure. PsaA peptides with
B-turn or continuous strand predicted secondary structures
were not considered immunodominant.

In addition to protein secondary structure, several prote-
ases such as N endopeptidases are implicated in antigen
and the MHC class II-bound invariant chain processing.*”
The level and activity of N endopeptidases can directly
control the proteolysis and presentation of T-cell epitopes*®
and is required for both antigen and invariant chain (Ii)
processing.*’ Hence, N endopeptidase can have both posi-
tive and negative effects on the outcome of antigen process-
ing.”*** The proteolytic separation of MHC class II-bound
epitopes has been found to be a rate-limiting step in the
presentation of T-cell epitopes.”’ We observed that Th cells
from pneumococcus-challenged mice were incapable of
mounting significant cytokine or proliferative responses to
peptides containing N-endopeptidase sites. Notably,
peptides 7, 19, 20, 22, 23 and 24 sequences are devoid of
B-turns and asparagine endopeptidase sites (Fig. 1).

This study supports the use of in silico and in vivo meth-
ods to validate T-cell responsiveness to peptide-based
vaccines. Here we show that PsaA cellular immunity is
mediated by the availability of T-cell epitopes, driven in
part by MHC binding affinity as well as lack of B-turns and
N endopeptidase sites. It is important to mention that
while select peptides provoked a potent Th cell response,
additional studies will be required to determine whether
these epitopes confer protection against S. pneumoniae
infection or carriage. Moreover, studies involving bacterial
challenges with pneumococcal strains with PsaA peptides
less conserved than strain EF3030 will be important to
illustrate the broad use of immunogenic PsaA peptides as
vaccines. This study is limited to the recall responses and
analysing whether such responses of other peptides are
capable of inducing the response of naive T cells will be the
focus of future studies.
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