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Pneumonia is one of the most common and severe dis-
eases associated with Streptococcus pneumoniae infec-
tions in children and adults. Etiological diagnosis of pneu-
mococcal pneumonia in children is generally challenging
because of limitations of diagnostic tests and interference
with nasopharyngeal colonizing strains. Serological as-
says have recently gained interest to overcome some
problems found with current diagnostic tests in pediatric
pneumococcal pneumonia. To provide insight into this
field, we have developed a protein array to screen the
antibody response to many antigens simultaneously. Pro-
teins were selected by experimental identification from a
collection of 24 highly prevalent pediatric clinical isolates
in Spain, using a proteomics approach consisting of
“shaving” the cell surface with proteases and further LC/
MS/MS analysis. Ninety-five proteins were recombinantly
produced and printed on an array. We probed it with a
collection of sera from children with pneumococcal
pneumonia. From the set of the most seroprevalent
antigens, we obtained a clear discriminant response
for a group of three proteins (PblB, PulA, and PrtA) in
children under 4 years old. We validated the results by
ELISA and an immunostrip assay showed the translation
to easy-to-use, affordable tests. Thus, the protein array
here developed presents a tool for broad use in
serodiagnostics. Molecular & Cellular Proteomics 14:
10.1074/mcp.M115.049544, 2591–2608, 2015.

Streptococcus pneumoniae, also known as the pneumo-
coccus, is a Gram-positive pathogen recognized as a major

cause of pneumonia worldwide (1). It resides as a commensal
in the nasopharynx of healthy carriers, but in susceptible
individuals this bacterium can spread to other body locations
and cause disease. The main group risks are the elderly,
immunocompromised people and infants. In fact, �800,000
children die each year because of pneumococcal disease, of
which �90% of these deaths occur in developing countries
(2, 3). In addition, a high number of pneumococcal infection
cases are diagnosed in the developed countries and can be
associated with high morbidity in children and are an impor-
tant factor that influences quality of life and produces signif-
icant mortality in adults (4, 5). There are licensed polysaccha-
ride-based vaccines to prevent pneumococcal infections, but
their efficacy is limited (3). Therefore, pneumococcal pneumo-
nia remains as an important health problem and once it has
occurred, early diagnosis with accurate diagnostic methods is
essential in order to provide patients with prompt and appro-
priate therapy and hence to improve outcome (1).

Although the major burden of pneumococcal infections is
caused by pneumonia, the ability to identify S. pneumoniae as
a causative agent in lung infections in children is quite limited.
Blood cultures are often negative (6, 7). The BinaxNOW test,
which measures teichoic acid, is less specific in children than
in adults, because healthy carriage in infants can produce
false positive results (8). The amplification and quantification
of pneumococcal genes (namely spn9802, ply or pcpA) by
PCR has been also used, but with lower sensitivity than
culture in blood samples in adults and inability to discriminate
between carriage and disease in nasopharyngeal and sputum
samples (9–11).

The detection of antibody serological markers by any im-
munoassay is widely used for early diagnosis, epidemiological
surveillance, or evaluation of vaccine immunogenicity against
many pathogens, including the pneumococcus (6, 12, 13).
Serological diagnosis of pneumococcal disease based on a
single antigen is often challenging, because of the interfer-
ence of natural antibodies elicited by previous colonization
events. Therefore, to better discriminate between diseased
and healthy people, a combination of antigens would be
desirable. To this regard, proteomics offers an excellent plat-
form to develop the necessary more sensitive and specific
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immunoassays that can be used for the aforementioned
purposes.

It is well assumed that surface proteins are those with the
highest chance to raise an effective immune response against
pathogen infection, as they are sufficiently exposed and ac-
cessible to both T and B cells (14, 15). Protein arrays are
powerful tools to interrogate the pattern of host humoral re-
sponses to infections (16), which allows the study of many
antigens simultaneously with a small amount of sample (17) to
select a set of antigens with optimal sensitivity and specificity
(18, 19). In this work, we have selected a set of 95 pneumo-
coccal surface proteins by experimental identification, using
the proteomic approach of “shaving” of live cells with pro-
teases and further liquid chromatography-tandem MS (LC/
MS/MS)1 analysis (20). After producing the selected proteins
as recombinant fragments, we have developed the first pneu-
mococcal surface protein chip and probed it with a collection
of sera from infected and control children, in order to find
proteins that differentiate between pneumococcal or non-
pneumococcal infection/health status. Three proteins were
proven to discriminate with optimal sensitivity, specificity, and
accuracy between nonpneumococcal disease and disease
status for �4-year-old children. As a proof-of-concept, we
have developed an immunostrip assay with such proteins,
obtaining the same sensitivity, specificity, and accuracy, thus
demonstrating the power of high-throughput technologies for
discovering diagnostic biomarkers of infection and its possi-
ble translation to an easy-to-use clinical tool.

EXPERIMENTAL PROCEDURES

Ethics Statement for Human Sera Sampling and Use—This re-
search was performed according to the principles expressed in the
Declaration of Helsinki. All human sera (SDS1) were obtained from
patients admitted to Hospital Universitario Infantil Virgen del Rocío
(HUIVR) in Seville, Spain. All human sera were collected from children
�14 years old. Sera were drawn either from patients with a diagnosis
of pneumococcal pneumonia (the “patient” group), based on clinical
features, radiological imaging, and isolation of the microorganism
from a sterile site (blood or pleural fluid), or from healthy children or
patients affected by other pathologies different from pneumococcal
pneumonia (the “control” group). All sera from patients with pneumo-
coccal pneumonia were obtained within 10 days of hospital admis-
sion. Two different sera sets were collected: 71 sera for the protein
array test set, and 24 sera for the validation set. Written informed
consent was obtained from parents or legal guardians of participating
children and the Hospital Universitario Virgen del Rocío Ethic Com-
mittee approved the study (code no. 010470, certificate no. 14/2010),
for sera to be used within the project in which this work was designed.

Bacterial Strains, Growth and “Shaving” of Live Cells—Twenty-four
pneumococcal isolated from human patients (Table S1) correspond-
ing to empyema cases were kept, grown, and “shaved” for surface
protein identification as already described (21, 22). Briefly, 100 ml of
each strain were grown in a chemically defined medium (CDM) (23)
supplemented with 20 �g/ml ethanolamine. Bacterial pellets were
washed twice with PBS and resuspended in 1 ml of PBS containing
30% sucrose (pH 7.4), and digested with 5 �g trypsin (Promega,
Madison, WI) for 30 min at 37 °C. The resulting digestion mixtures
were redigested with 2 �g trypsin overnight at 37 °C. Samples were
cleaned using Oasis HLB extraction cartridges (Waters, Milford, MA).

Molecular Genotyping—Multilocus sequence typing (MLST) was
performed using standard methodology (24). Briefly, internal frag-
ments of seven housekeeping genes (aroE, gdh, gki, recP, spi, xpt,
and ddl) were amplified by polymerase chain reaction and sequenced
on each strand. Conventional primers were used, whose sequences
are available at the MLST database (http://www.mlst.net). Alleles
were assigned by comparing the sequence at each locus to all known
alleles at that locus, and the combination of seven alleles determined
the sequence type (ST). Allele and ST designations were made us-
ing the MLST website, hosted at Imperial College London, and funded
by the Wellcome Trust.

LC/MS/MS Analysis and Protein Identification by Database Search-
ing—All analyses were performed as described (21, 22), using a
Surveyor HPLC System in tandem with an LTQ-Orbitrap mass spec-
trometer (Thermo Fisher Scientific, San Jose, CA) equipped with
nanoelectrospray ionization interface (nESI). The separation column
was 150 mm � 0.150 mm ProteoPep2 C18 (New Objective, Woburn,
MA) at a postsplit flow rate of 1 ml/min. For trapping of the digest a 5
mm � 0.3 mm precolumn Zorbax 300 SB-C18 (Agilent Technologies,
Santa Clara, CA) was used. One fourth of the total sample volume, i.e.
5 �l, was trapped at a flow rate of 10 ml/min for 10 min and 5%
acetonitrile (ACN)/0.1% formic acid. After that, the trapping column
was switched on-line with the separation column and the gradient
was started. Peptides were eluted with a 60-min gradient of 5–40% of
ACN/0.1% formic acid solution at a 250 nl/min flow rate. All separa-
tions were performed using a gradient of 5–40% solvent B for 60 min.
MS data (Full Scan) were acquired in the positive ion mode over the
400–1500 m/z range. MS/MS data were acquired in dependent scan
mode, selecting automatically the five most intense ions for fragmen-
tation, with dynamic exclusion set to on. In all cases, a nESI spray
voltage of 1.9 kV was used.

Tandem mass spectra were extracted using Thermo Proteome-
Discoverer 1.0 (Thermo Fisher Scientific). Charge state deconvolution
and deisotoping were not performed. All MS/MS samples were ana-
lyzed using Sequest (Thermo Fisher Scientific, version v.27), applying
the following search parameters: peptide tolerance, 10 ppm; toler-
ance for fragment ions, 0.8 Da; b- and y-ion series; oxidation of
methionine and deamidation of asparagine and glutamine were con-
sidered as variable modifications; maximum trypsin missed cleavage
sites, 3. The raw data were searched against an in-house joint data-
base containing 30,673 protein sequences from all the 17 full se-
quenced and annotated S. pneumoniae strains available at the Uni-
ProtKB site at the moment of the database construction (UniProt
taxonomic IDs 189423, 488221, 574093, 561276, 516950, 373153,
487214, 488222, 488223, 171101, 487213, 525381, 760887, 512566,
170187, 1069625, and 760888, all of them in their versions of May 5,
2014). Peptide identifications were accepted if they exceeded the
filter parameter Xcorr score versus charge state with SequestNode
Probability Score (�1 � 1.5, �2 � 2.0, �3 � 2.25, �4 � 2.5). With
these search and filter parameters, no false-positive hits were ob-
tained. Proteins were accepted if they were identified from two or
more peptides. Strain R6 was used as reference for providing the
accession numbers of the identified proteins; whenever a protein

1 The abbreviations used are: LC/MS/MS, liquid chromatography-
tandem MS; AOM, Acute otitis media; AUC, Area under the curve;
CDM, Chemically defined medium; CI, Confidence interval; FDR,
False Discovery Rate; GO, Gene ontology; IPD, Invasive pneumococ-
cal disease; MLST, Multilocus sequence typing; PBST, PBS with
0.05% Tween-20; PCV7, Polysaccharide conjungate 7-valent vac-
cine; PE, pleural empyema; PMEN, Pneumococcal Molecular Epide-
miology Network; SMI, Signal mean intensity; ST, Sequence type;
TMD, Transmembrane domain.
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belonging to another strain was found, homology with a correspond-
ing protein of strain R6 was given by using protein-BLAST. If homol-
ogy with R6 was not observed, then the protein accession numbers of
other strains were used. Primary predictions of subcellular localization
were assigned by using the web-based algorithm LocateP (http://
www.cmbi.ru.nl/locatep-db/cgi-bin/locatepdb.py) (25).

Production of Recombinant Proteins—Recombinant proteins were
produced as double fusion fragments containing an N-terminal GST
fragment and a C-terminal His-tag using the pSpark® I vector (Can-
vax Biotech, Córdoba, Spain), and expressed in Escherichia coli
BL21, as described (21) and according to manufacturers’ instructions.
Briefly, recombinant products were purified either by Ni2�-agarose
affinity chromatography from the E. coli intracellular fraction, dialyzed
against PBS and used for protein array printing after measuring the
protein concentration by the Bradford assay (26). All the SprXXXX
proteins were expressed from the R6 strain. The proteins annotated
as SP_XXXX were produced from the TIGR4 strain. The pblB gene
(annotated as sph_0062 in Hungary 19A-6 strain) was cloned from the
isolate #418; the gene SP70585_2286, from the 70585 strain, was
also cloned the isolate #418; and the gene SPJ_1852, from the
670–6B strain, was cloned from the isolate #49H. All the primers were
designed using the genomes to which the annotated genes belonged.

Protein Microarray Fabrication and Probing—Affinity-purified re-
combinant proteins were printed on glass slides in quintuplicate (6
ng/spot) as detailed in Fig. 1A with split pins (4 � 4 pin tool) using a
robotic array spotter (Genomic Solutions, BioRobotics MicroGrid II
610, Huntingdon, UK). Proteins were distributed into 384-well plates
at 2 wells per sample and 30 �l per well. Each component was
prepared at 250 �g/ml in printing buffer (150 mM phosphate, pH 8.5,
0.01% sarkosyl) onto Nexterion Slide H 3-D glass slides. As negative
controls, we used 12 commercially available irrelevant (i.e. nonrelated
to pneumococcus) proteins from different biological sources (supple-
mental Table S2). The pins were dwelled into the sample wells and
blotted 15 times before printing. The humidity level in the arraying
chamber was maintained at 55–60% during printing. Each of the
components was printed five times in a grid of 140 �m diameter spots
with 175-�m pitch. Eight complete arrays were printed on each slide.
Printed slides were placed in a slide humidity chamber overnight at
75% relative humidity and stored at �20 °C until use. Probing with
human sera was carried out in duplicate for each serum sample.
Slides were blocked with 25 mM ethanolamine in 100 mM sodium
borate buffer (final pH 8.5) and washed three times for 1 min in PBST
and once for 1 min in H2O. Then the slides were allowed to dry by
centrifugation (350 � g for 15 min). After that, they were assembled
on 16-well slide holders (Nexterion Slide H MPX 16, Schott, Louisville,
KY) and 45 �l of a dilution of different sera from the test set (1:200 in
PBST) were incubated for 1 h protected from light at room tempera-
ture. The different samples were washed twice with 100 �l of PBST
for 2 min and then incubated with anti-human IgG-Cy3 (1:1000) or
anti-human IgM-Cy5 (1:200), covered tightly with a seal strip, and
incubated for 1 h at room temperature. The slides were removed from
holders, washed twice for 10 min in PBST, then once in PBS for 10
min and finally centrifuged 350 � g for 15 min. To process the array
data, the slides were scanned with a Genepix 4000B microarray
scanner (Molecular Devices Corporation, Union City, CA) at photo-
multiplier voltage settings so that no saturated pixels were obtained.
Image analysis was carried out with Genepix Pro 4.1 analysis soft-
ware (Molecular Devices Corporation). Spots were defined as circular
features with maximum diameter of 140 �m. Local background sub-
traction was performed and corrected median feature intensity was
used for initial data processing.

ELISA—To validate the immunoreactivity results obtained by the
protein microarray, the significantly discriminant proteins were vali-
dated by ELISA using the validation set sera (SDS1). The proteins

were coupled to the plate individually or in combination at 1 �g/
position. The sera were used at a 1:100 dilution. As secondary anti-
body, anti-human IgG coupled to peroxidase was used at a 1:1000
dilution. Reaction was developed and stopped according to manufa-
cturer’s instructions and the plate was read at 450 nm.

Immunostrip Printing and Probing—Antibody-based detection of
proteins in immunoreactive strips was performed using 1 �g of pneu-
mococcus recombinant proteins Spr0247, Spr0561, Sph_0062, and a
1:1:1 mixture of them. As negative controls, 1 �g of Lys9 (His-tag
recombinant protein of S. cerevisiae expressed in E. coli BL21 with
pET/100 TOPO cloning system, Invitrogen, Madrid, Spain, accord-
ing to the manufacturer’s instructions) and 1 �g of commercial
available trypsin (Promega) were used. As positive controls, 5 �g of
pneumococcal serotype 8 strain total protein extract and 0.5 �g of
commercial anti-human IgG produced in goat (Invitrogen) were used.
Proteins and extracts were transferred to a nitrocellulose membrane
and air dried. Nonspecific sites were blocked by incubation with 5%
nonfat milk in T-TBS for 45 min. After two washes with T-TBS, a
second 1 h incubation of the membrane with the validation set sera
(SDS1), diluted 1:200 in 3% nonfat milk in T-TBS, was carried out. As
secondary antibody, rabbit anti-human IgG conjugated to horserad-
ish peroxidase (Sigma, St. Louis, MO), diluted 1:10,000 in TBS, was
used. After 1 h incubation, membranes were washed three times with
TBS and developed with ECL Plus Western blotting Detection System
(GE Healthcare, Barcelona, Spain, according to the manufacturer’s
instructions). Densitometric analysis was performed using ImageJ
v1.48 software.

Data and Statistical Analysis—For analysis of antibody binding to
recombinant fragments on the microarray, local background subtrac-
tion from 10 surrounding spots was performed and corrected median
fluorescence intensity was used for initial data processing. Then, the
mean background signal of negative controls was subtracted from
each raw spot value after sera hybridization. Negative controls rep-
resented hybridizations of nonpneumococcal proteins and buffer
spots with sera and secondary antibodies. Both in nonpneumococcal
proteins and buffer positions, no reaction with human sera was ob-
served. After background subtraction, negative or zero values were
assigned a net value of 0. Then, outlier values for each spot were
removed. The two different hybridizations for each serum were aver-
aged to report the signal mean intensity (SMI) values, and the mean
and standard deviation (S.D.) were obtained from the five printed
spots per protein in each patient and control groups. Finally, data
normalization by background was carried out using Microsoft Excel
as described (27). Absolute SMI values �500 were not considered for
further statistical analysis, to avoid measures close to the detection
limit.

The sera were stratified according to children’s age in different
groups, as described in detail in the “Results” section: group 1 (G1)
comprising sera of children �4 years old; group 2 (G2) comprising
children �4 years old; group 3 (G3) comprising controls; and group 4
(G4) consisting of patients sera. All the sera together were named the
ALL group.

Normalized data were run in the MeV v4.9.0 software. The Wilc-
oxon-Mann-Whitney test was applied for experiments involving pair-
wise comparisons between pneumococcal-infected and control
groups. The Benjamini-Hochberg (BH) correction was used to control
the false discovery rate. Protein targets were considered as immuno-
genic candidates if antibody levels were significantly different be-
tween pneumococcal-infected and control groups with at least a
1.5-fold difference in their SMI values (BH-adjusted p values � 0.05).
Hierarchical clustering was used to group sera samples and antigens
into subsets, such that those within each cluster (subset) are more
closely related to one another than samples assigned to other clus-
ters. Clustering is based on the degree of similarity between the SMI
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for each individual. MeV v4.9.0 was used to perform the clustering
analysis. Receiver operating characteristic (ROC) curve analysis was
performed with MedCalc v12.7.8. Sensitivity, specificity and Area
Under the Curve (AUC) were determined from the resulting ROC
analysis. Extension of ROC curve analysis to combinations of anti-
gens was performed as described (28).

For sample size calculation, a power analysis was carried out using
an on-line calculator for microarray experiments (http://bioinformatics.
mdanderson.org/MicroarraySampleSize/). For 95 protein antigens, a
desired fold difference of 1.5 between controls and patients, the
minimum sample size is 34 sera assuming 1 false positive (� �
0.0105), or 23 sera assuming five false positives (� � 0.0526).

RESULTS

Selection of Pneumococcal Proteins for Protein Array De-
sign—The overall aim of this work was to construct a protein
array to profile the antibody patterns of sera from children with
pneumococcal pneumonia and to assess its utility as a diag-
nostic tool. We based the design of our pneumococcal protein
array on antigens experimentally identified on the surface of a
collection of pediatric clinical isolates, as surface proteins are
those with the highest probabilities to raise an effective hu-
moral immune response. We applied a successful proteomic
approach extensively used by our research group to identify in
a fast and reliable way the most surface-exposed proteins,
consisting of “shaving” live cells with proteases and further
LC/MS/MS analysis.

We analyzed 24 clinical isolates collected from children with
invasive pneumococcal disease (IPD), which corresponded to
12 different serotypes. As genetic diversity of pneumococcal
surface proteins depends on noncapsular genomic back-
ground, we genotyped all the isolates by MLST. We found 20
different clonal sequence types (ST), including several major
global clones recognized by the PMEN (http://www.sph.
emory.edu/PMEN) as shown in supplemental Table S1. Next,
we “shaved” the bacterial cells with trypsin and analyzed the
resulting peptides. The number of proteins identified, includ-
ing cytoplasmic proteins derived from experimental limita-
tions of the strategy (29), ranged between 203 and 687, with
yields of predicted surface proteins ranging between ca. 20
and 40%, as already described for adult clinical isolates (sup-
plemental Table S3 and SDS2) (22). To include the best po-
tential antigens in the array, we selected those proteins iden-
tified experimentally on the surface of the clinical isolates. The
first round of selection was made on proteins being present
on a high proportion of isolates (�50%). Table I shows the list
of surface proteins found in �50% of clinical isolates. It
comprised 17 cell wall proteins with the LPXTG anchoring
motif, five membrane proteins with one TMD, eight proteins
with more than one TMD, four secreted proteins, and three
lipoproteins. The cell wall proteins ZmpB and IgA were iden-
tified as many different proteins in a diverse number of se-
quenced strains included in the search database, as they are
highly variable in their N-term. However, they were included in
the list as the R6 strain-annotated proteins Spr0581 (ZmpB)
and Spr1042 (IgA). In addition, we included in the list the

protein PblB, which we annotated as of unknown subcellular
localization. For this protein, there is a discrepancy about its
localization by different prediction algorithms. LocateP pre-
dicts a cytosolic location. However, PsortB assigns it into the
“cell wall” category, although not unambiguously. This pro-
tein, found in 20 out of the 24 analyzed isolates, has been
demonstrated in Streptococcus mitis to be surface-attached
(30, 31).

All the proteins for the array, except two, were identified
experimentally in variable numbers of clinical isolates. Table II
shows the 95 antigens that were selected for production as
recombinant polypeptides to be further printed on the array,
classified into subcellular localization compartments, accord-
ing mainly to LocateP, and to their GO annotation (biological
process category). In addition to the 37 proteins previously
referred to as surpassing the threshold of being identified in
�50% of the isolates, the rest of proteins were found in a
variable number (between 3 and 11) of the analyzed isolates,
except two proteins that were not identified but were selected
because of their reported immunogenic and/or protective ca-
pacity: the cell wall protein SP_1772, and the membrane
protein SP_2093. We also selected nine predicted cytoplas-
mic proteins, identified experimentally, for three reasons: (1)
lack of a signal peptide, but with a clearly recognized extra-
cellular localization and function (LytA, Ply); (2) lack of a signal
peptide and main intracellular function, but often reported in
pneumococcus and many other microbes to be extracellularly
located and even displaying immunogenic/protective activity
(possible “moonlighting proteins”: Eno, GAPDH); and (3) con-
trols to demonstrate the serodominancy and discriminatory
capacity of extracellular antigens.

The 95 selected proteins were studied for production of
recombinant polypeptides in E. coli, to obtain purified frag-
ments to be printed on the array. As a general criterion, we
selected the regions in which we found a high concentration
of identified peptides by our “shaving” approach, normally
coinciding with the most exposed domains. Then, we re-
moved the signal peptides and transmembrane domains.
Specifically, for lipoproteins we selected the region nearest to
the C-term; for cell wall proteins, the region nearest to the
N-term (except for ZmpB and IgA, as they have the LPXTG
anchoring motif close to the N-term; for them, we selected the
C-term region); for membrane proteins, any predicted extra-
cellular domain in which we identified peptides experimen-
tally; and for secreted and predicted cytoplasmic proteins,
any region in which we identified peptides experimentally. The
fragments cloned for each protein are shown in SDS3. For the
vast majority of proteins obtained by Ni2�-agarose affinity
purification from the E. coli soluble fraction, purity levels were
�95%, as estimated by densitometry analysis of SDS-PAGE
gels (supplemental Fig. S1).

Protein Microarray Fabrication and Sera Antibody Profile—
After selection of the set of pneumococcal proteins as poten-
tial immunoreactive antigens, we built a protein microarray to
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test its viability for detection of antibody profiles as a way to
investigate humoral immune response in children with pneu-
mococcal pneumonia, and to evaluate its potential as a sero-
logical tool to diagnose pneumococcal pneumonia in individ-
uals or to discriminate among groups. Proteins were
immobilized in quintuplicate on the slides, arranged by cate-
gories according to their predicted subcellular localization

and nature of surface-attaching motifs (cytoplasmic, trans-
membrane, lipid-anchored, cell-wall or secreted proteins;
Fig. 1A).

Next, we used a collection of sera from children to assess
the immunologic responses to the printed proteins. The col-
lection comprised 38 sera from patients diagnosed with pneu-
mococcal pneumonia that was mostly (95%) complicated

TABLE II
List of the pneumococcal polypeptides selected for cloning, expression and protein array printing, classified according to their LocateP

predictions of subcellular localization

Location Number GO (Biological process) Locus (Internal ID)

Secretorya 9 Carbohydrate metabolic process spr0867 (63), spr1431 (56)
Nucleic acid metabolic process spr1903 (21)
Unknown SP70585_2286 (59), spr0096 (50), spr0908 (45),

spr0931 (36), spr1995 (5), spr2021 (2)
Lipoprotein 21 Carbohydrate metabolic process spr1527 (57)

Cell adhesion spr0906 (33), spr1494 (6), spr1975 (23)
Protein metabolic process spr0679 (17), spr0884 (16)
Transporter activity spr0101 (30), spr0146 (29), spr0327 (10), spr1251

(28), spr1257 (80), spr1382 (1), spr1707 (3),
spr1712 (78), spr1918 (22)

Unknown spr0174 (79), spr0747 (37), spr0934 (15), spr1061
(55), spr1645 (52), spr1687 (18)

Cytosolic 9 Carbohydrate metabolic process spr0642 (13), spr1036 (14), spr1754 (12), spr1825
(68), spr1906 (73)

Oxidation-reduction process spr1430 (70)
Pathogenesis spr1739 (11)
Protein metabolic process spr0656 (66)
Unknown spr0868 (69)

Cell Wall 19 Carbohydrate metabolic process spr0057 (32), spr0247 (19), spr0286 (51), spr0440
(31), spr0565 (43), spr1536 (46)

Pathogenesis spr0328 (26), spr1652 (25)
Protein metabolic process spr0561 (20), spr1771 (39), spr0581 (86),

spr1042 (88)
Unknown SP_0462 (77), SP_0463 (95), SP_0464 (81),

SP_1772 (71), Sph_0062_a (48), Sph_0062_b
(49), spr0075 (24), spr1403 (91)

TMD 37
1TMD 25 Carbohydrate metabolic process spr1333 (40), spr1531 (58), spr1823 (53),

spr1909 (47)
Establishment of competence for transformation spr0044 (54)
Nucleic acid metabolic process spr1584 (83)
Protein metabolic process spr0794 (72), spr2045 (8)
Regulation of cell shape spr0304 (41), spr0329 (9), spr0716 (75),

spr1577 (67)
Transporter activity spr0693 (34), spr1243 (65)
Unknown SP_2093 (76), spr0121 (4), spr0334 (42), spr0337

(74), spr0907 (44), spr1060 (27), spr1098 (64),
spr1370 (38)spr1418 (82), spr1875 (7, 35),
spr1945 (62)

�1TMD 12 CPS biosynthesis SP_0348 (97)
Establishment of competence for transformation spr0043 (85), spr0857 (87)
Protein metabolic process spr0012 (84)
Transporter activity spr1120 (89), spr1216 (90), spr1887 (100)
Unknown SPJ_1852 (96), SPP_0072 (94), spr0601 (98),

spr1221 (99), spr1496 (92)
aProtein categories were established according to LocateP subcellular predictions: lipoproteins were those predicted as lipid-anchored

proteins; cell wall proteins, as those having an LPXTG motif; secretory proteins, as those possessing an SPI-type signal peptide; membrane
proteins with one transmembrane domain (TMD), as those possessing either a C- or an N-terminally anchored transmembrane region;
membrane proteins with �1TMD, those predicted as multi-transmembrane proteins; “surface proteins” means the sum of the previous
categories; and cytoplasmic proteins, those without any exporting or sorting signal, and predicted as intracellular proteins.
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with pleural empyema. We used as controls 33 sera from
healthy children (n � 21) or patients (n � 12) that were
admitted to the hospital because of diverse nonpneumococ-
cal diseases and had similar mean age than that of pneumo-
coccal pneumonia cases (SDS1). The array was reproducible
in terms of both protein seroreactivity and sera profiling (sup-
plemental Fig. S2). The sera were stratified according to chi-

ldren’s age in two different groups: group 1 (G1) comprising
43 sera of children �4 years old (21 controls, C1, 25.7 	 10.8
months; and 22 pneumococcal pneumonia patients, P1,
26.5 	 11.5 months), and group 2 (G2) comprising 28 sera of
children �4 years old (12 control infants, C2, 92.0 	 38.3
months; and 16 pneumococcal pneumonia patients, P2,
79.9 	 19.9 months). We considered also other two groups to

FIG. 1. Pneumococcal protein array and serological profiles of cohorts of sera samples. A, Construction of protein array. Arrays were
printed containing the 95 pneumococcal recombinant proteins and the negative controls, according to positions indicated in Table II. Proteins
were printed in quintuplicate and grouped in sectors which represented different subcellular localizations. Two positions of buffers (B) were
printed in the right-above corners of each sector. B, Representative image of a chip, divided in the different sectors, after incubation with a
human serum, followed by Cy3-labeled anti-human IgG; C, Representative image of a chip, divided in the different sectors, after incubation
with a human serum, followed by Cy5-labeled anti-human IgM. D, IgG serological profile of all the studied sera of the test set (n � 71; 33
controls aged 49.8 	 40.3 months, and 38 pneumococcal-infected patients aged 48.2 	 30.6 months) displayed as a heatmap of
seroreactivity. The antigens are listed in rows and the sera grouped in columns (C1, controls �4 years old; C2, controls �4 years old; P1,
patients �4 years old; P2, patients �4 years old). The reaction intensity is visualized according to a color scale, with green being the weakest,
red being the strongest and black in between.
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study the effect of age stratification within either control or
pneumococcus-infected children: group 3 (G3) comprising
controls (C1 � C2) and group 4 (G4) consisting of patients
sera (P1 � P2). When considering all the sera together, we
referred to this as the ALL group (n � 71; 33 controls aged
49.8 	 40.3 months, and 38 pneumococcal-infected patients
aged 48.2 	 30.6 months). Then, we probed all the sera on
the microarray and measured both primary (IgM) and second-
ary (IgG) humoral responses (Fig. 1B and 1C), whose overview
can be visualized as a heatmap (Fig. 1D and supplemental
Fig. S3).

Identification of Antigens Related to Pneumococcal Dis-
ease—We used the normalized serological profiles of children
patients and controls to search for serodiagnostic antigens
that can discriminate between patients and controls, or to
show age/stage-specific evolution. First, we looked at the
most seroprevalent protein antigens, according to the SMI
values of IgG and IgM levels. SDS4 shows the 20 most
immunodominant ones for both IgG and IgM responses, strat-
ified in the above mentioned groups. Considering all the 71
analyzed sera (the ALL group), the SMI values of IgG levels
ranged between 13,324, corresponding to seroreactivity
against PspC in patient sera, and 816, corresponding to NisP
in control sera. As expected, for IgM levels the SMI values
were lower. In the �4 years-old group (G1, 43 sera), many of
the most seroprevalent antigens discriminated between pa-
tients and controls (considering patients/controls ratios �1)
for IgG responses, while most of the responses for the G2
group showed no differences (patients/controls ratios 
1).
When comparing age groups, we found a general increase in
SMI IgG levels in controls (G3), but not in infected children
(G4). The control sera group (G3) was then rearranged in
subgroups of 12-month intervals and we studied the kinetics
of IgG levels against six proteins showing the highest differ-
ences between G1 and G2 groups: as shown in Fig. 2, the IgG
levels decreased slightly from birth until 1–2 years old, re-
mained relatively constant until 5–6 years old and increased
clearly in the oldest subgroup. The same trend was observed
for the rest of the anti-proteins IgGs in the same periods of
lifespan (supplemental Fig. S4). Regarding the IgM levels, very
little or almost no discrimination was obtained in any of the
groups. Therefore, only IgG responses were used in subse-
quent analyses in the search of serodiagnostic protein bio-
markers.

Then, we identified the protein candidates related with
pneumococcal pneumonia as those showing significantly dif-
ferent IgG levels against such proteins between controls and
pneumococcus-infected children groups, with at least 1.5-
fold differences in their SMI values (adjusted p values � 0.05,
FDR � 0.05) and absolute SMI values above 500, to avoid
measures close to detection limits (Table III). In the ALL
group, 10 proteins met these requirements, being PblB that
showing the highest patients/controls ratio. Interestingly the
number of discriminant proteins increased to 24 in the G1

group, i.e. that of children �4 years old. Of these, one third,
i.e. eight proteins had the LPXTG cell wall-anchoring motif.
These proteins were among those showing the highest pa-
tients/controls ratios (e.g. 5.52 for PrtA, 2.80 for PulA, 2.48
for NanA). Again, PblB showed a high ratio (3.93), being the
most significant one. Several predicted secreted proteins
were also found to differentiate between patients and con-
trols, being PspC the most discriminant one (3.19). Two
cytosolic proteins were also found (Eno and SpxB), but also
other two proteins without classical signal/exporting pep-
tides, for which there is extensive literature to be exported:
LytA and Ply.

When we considered the IgM response, there was not any
single protein that significantly discriminated between pa-
tients and controls.

Defining Serodiagnostic Antigen Biomarkers—In order to
define a reliable set of proteins as serodiagnostic biomarkers,
we tried to improve the sensitivity, specificity, and accuracy of
such a serodiagnostic test based on our protein array. To this
aim, we carried out a receiver operating characteristic (ROC)
curves analysis to study the discriminatory power of different
sets of proteins between patient and control sera. ROC
curves were generated for each of the protein candidates of
the different groups (Table III and SDS4), and the area under
the ROC curves (AUC) for each individual antigen is listed in
supplemental Table S4 in decreasing order. In the ALL group,
the three most discriminatory proteins were PrtA, PblB, and
PulA, with AUC values of 0.802, 0.768, and 0.762, respec-
tively. The same three proteins showed also the highest dis-

FIG. 2. Response of serum IgG antibodies against 6 pneumo-
coccal proteins in the control sera using the protein array. A,
Heatmap of the sera belonging to the G3 group, with reaction inten-
sities visualized according to a color scale, with green being the
weakest, red being the strongest and black in between. The antigens
are listed in rows and the sera in columns, grouped in C1 (controls �4
years old) and C2 (controls �4 years old). B, Kinetics of IgG levels for
the six selected proteins in control sera rearranged in 12-month
intervals.
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criminatory power in the G1 group, but with higher signifi-
cance levels and a slightly different order (PblB, AUC � 0.981;
PulA, AUC � 0.981; and PrtA, AUC � 0.966). As stated
previously, the best discriminatory power was obtained in the
�4 years-old group, rather than considering both younger
and older children together.

Then, we extended the analysis to sets of antigens using
combinations of ROC curve analysis (Fig. 3). As inputs to the
classifier, we used the highest-ranking AUC antigens in com-
binations of 2, 3, 4, …, n proteins. In the ALL group, there was
not a significant improvement when combining several anti-
gens: considering PrtA and PblB together (the two with the

TABLE III
Final candidates chosen by protein array analysis after IgG reaction with the pneumococcal proteins. Analysis was performed using MeV v4.9.0

software. A FDR significance criterion of 0.05 was used, based on Benjamini-Hochberg correction

ALL Short name Location p value Adjusted p value Mean C-ALLa S.D. C-ALL Mean P-ALL S.D. P-ALL P/Cb

spr0561 PrtA Cell Wall 0.000009 0.000868 3527.5 4515.3 7531.7 4868.4 2.1
Sph_0062 PblB_a Unknown 0.000073 0.002357 1744.9 1280.5 4275.3 2691.5 2.5
spr0247 PulA Cell Wall 0.000116 0.002792 1468.2 1557.9 2258.3 1162.2 1.5
spr1903 GalU Secretory 0.000225 0.004028 2085.5 1444.5 3378.8 1530.2 1.6
spr1536 NanA Cell Wall 0.000251 0.004028 1009.1 911.5 1751.3 842.1 1.7
spr1771 NisP Cell Wall 0.000504 0.006921 816.8 711.1 1270.8 658.2 1.6
spr1875 - 1TMD 0.001649 0.019330 3492.8 2794.5 6113.0 4461.7 1.8
SP70585_2286 - Secretory 0.001812 0.019330 1644.1 1038.0 2560.5 1220.5 1.6
spr1995 PspC Secretory 0.002869 0.027550 7855.7 9033.4 13324.8 10274.4 1.7
spr0679 PpiA Lipoprotein 0.003815 0.033300 1277.7 701.5 2123.2 2890.4 1.7

G1 Short name Location p value Adjusted p value Mean C1 S.D. C1 Mean P1 S.D. P1 P/C

Sph_0062 pblB_a Unknown �0.000001 0.000006 1557.3 788.2 6122.7 1812.3 3.9
spr0247 PulA Cell Wall �0.000001 0.000009 864.5 261.0 2424.9 1040.8 2.8
spr0561 PrtA Cell Wall �0.000001 0.000015 1463.3 1168.8 8079.0 5139.0 5.5
spr1754 LytA Cytosolic �0.000001 0.000009 4555.2 1105.6 9461.0 2563.8 2.1
spr1431 LytC Secretory �0.000001 0.000011 2551.0 587.2 4348.2 1329.7 1.7
spr1771 NisP Cell Wall 0.000013 0.000183 643.8 412.8 1353.8 543.9 2.1
spr1903 GalU Secretory 0.000013 0.000183 1646.3 1046.9 3473.0 1201.1 2.1
spr1536 NanA Cell Wall 0.000035 0.000427 779.0 709.7 1932.6 808.7 2.5
SP70585_2286 - Secretory 0.000471 0.005030 1455.5 994.0 2698.3 1051.2 1.9
spr1995 PspC Secretory 0.000766 0.005832 3423.4 3581.4 10927.5 9312.4 3.2
spr1887 ABC-NP mt1TMD 0.000898 0.005832 787.2 367.7 1394.7 683.1 1.8
spr1652 - Cell Wall 0.000898 0.005832 934.5 510.3 1532.7 628.4 1.6
spr1739 Ply Cytosolic 0.000972 0.005832 3952.6 4308.5 7542.8 4831.2 1.9
spr0328 - Cell Wall 0.001135 0.006414 1168.1 881.0 2175.6 1072.8 1.9
spr0440 - Cell Wall 0.001227 0.006544 829.7 510.9 1422.1 647.6 1.7
spr0096 - Secretory 0.001931 0.009758 2171.3 1751.5 3757.5 1850.8 1.7
spr0044 ComB 1TMD 0.003212 0.014684 635.5 294.7 967.0 368.2 1.5
spr1875 - 1TMD 0.004882 0.020377 2917.4 2149.5 5669.6 4372.5 1.9
spr0286 HysA Cell Wall 0.005980 0.022088 2478.5 3731.3 4632.0 3848.1 1.9
spr0121 PspA 1TMD 0.006396 0.022741 1490.0 608.1 2322.7 1090.9 1.6
spr1036 Eno Cytosolic 0.007301 0.023364 2871.7 1851.1 4520.3 2082.3 1.6
spr0679 PpiA Lipoprotein 0.007301 0.023364 1165.3 660.6 2460.2 3759.9 2.1
spr0908 PhtE Secretory 0.012180 0.034393 2459.6 1479.8 5054.0 3949.5 2.1
spr0642 SpxB Cytosolic 0.015567 0.041513 1329.3 615.5 2194.5 1250.5 1.7

G3 Short name Location p value Adjusted p value Mean C1 S.D. C1 Mean C2 S.D. C2 C2/C1

spr1995 PspC Secretory 0.000165 0.015890 3423.4 3581.4 14112.2 11025.5 4.1
spr1577 Pkn2 1TMD 0.000567 0.025029 2013.2 1539.3 4096.7 2457.8 2.0
spr1739 Ply Cytosolic 0.001222 0.025029 3952.6 4308.5 9434.3 8056.4 2.4
spr0561 PrtA Cell Wall 0.001383 0.025029 1463.3 1168.8 6750.5 5714.9 4.6
spr1431 LytC Secretory 0.001564 0.025029 2551.0 587.2 5490.6 3369.7 2.2

aThe sera were stratified according to children’s age in two different groups: group 1 (G1) comprising sera of children �4 years old (21
controls, C1, and 22 infected patients, P1), and group 2 (G2) comprising sera of children �4 years old (12 control infants, C2, and 16 infected
patients, P2). To compare the influence of immune system maturation degree, we considered also other two groups to study the effect of age
stratification within either control or pneumococcus-infected children: group 3 (G3) comprising controls (C1 � C2) and group 4 (G4) consisting
of patients sera (P1 � P2).

bC: control sera; P: patient sera.
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highest AUC values), there was a slight increase in sensitivity,
but a decrease in specificity and accuracy (Table IV). How-
ever, a clear improvement was obtained in the G1 group: the
best parameters were obtained with the combination of the
first three antigens (PblB, PulA and PrtA), as the classifier
predicted a 100% sensitivity, 95.8% specificity, and 97.9%
accuracy to discriminate pneumococcal pneumonia patients
from the control group, being those values equal or higher
than considering only PblB or PblB � PulA.

Validation of Array Data and Immunostrip Probing—The
serodiagnostic capacity of the protein array was validated by
a colorimetric ELISA assay using an independent set of 24
sera from children �4 years-old (12 control infants, C, 31.0 	

12.4 months; and 12 pneumococcal pneumonia patients, P,
27.6 	 12.3 months, SDS1) (Fig. 4). With this test, we con-
firmed the results of the protein arrays, i.e. the combination of
more than one antigen resulted in a clear discrimination be-
tween infected patients and controls in children �4 years-old
according to the ROC curves (Fig. 4A). The AUC analysis
showed higher values of sensitivity, specificity and accuracy
(100%, 100 and 100% respectively) for the combination than
when the antigens were considered individually (Fig. 4B and
supplemental Table S5).

Finally, in order to check the application of the discrimina-
tory power of sets of proteins from protein array projects in
affordable, ease-of-use serological tests, we developed an
immunostrip assay using the three proteins with the highest
discriminatory capacity (i.e. PblB, PulA and PrtA) and a mix-
ture of them. The immunostrips were probed with the 24 sera
of the independent validation set. As shown in Fig. 5, there
was in general a higher IgG response in sera from infected
patients compared with controls, both against the individual
proteins and against the 1:1:1 mixture, whereas the reaction
against positive controls was the same. The spot intensities
were analyzed, and the AUC analysis showed the highest
values of sensitivity, specificity and accuracy (100% for the
three parameters) for the test to discriminate between pa-
tients and controls.

DISCUSSION

Protein microarrays are an ideal means to explore in a
high-throughput way the humoral responses to many patho-
logical conditions, including infectious diseases (32). In fact,
there is extensive literature reporting the use of these plat-
forms to measure the antibody profiles in collections of sera
from patients affected by bacterial (19, 33–39), fungal (40),

FIG. 3. Discovery of diagnostic candidates in children sera using the protein array. The figure shows the heatmap, receiver operating
characteristics (ROC) curve and interactive dot diagram of the best protein biomarkers chosen fom the protein array analysis using sera from
the ALL group (A) and from the G1 group (B), i.e. children �4 years old. For the interpretation of heatmaps, reaction intensities were visualized
according to a color scale, with green being the weakest, red being the strongest, and black in between.
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and parasitic infections (41–45). They can be used as a diag-
nostic tool, for validation and/or discovery of vaccine candi-
dates, and for epidemiological surveillance programs (46). Our
work reports for the first time the development of a protein

array of pneumococcal antigens, based on their experimental
identification on the surface of relevant clinical isolates, and
its use as a diagnostic tool to discriminate between pneumo-
coccal-infected children and controls. Surface proteins play

FIG. 4. Validation of biomarker discovery from protein array results by ELISA using an independent validation set of sera. A, For each
protein (PrtA, PulA, PblB) and the 1:1:1 combination of them, it is represented the receiver operating characteristics (ROC) curve and interactive
dot diagram to show the diagnostic capacity of the assay (C: controls; P: patients). B, Statistical parameters of the Area Under the ROC Curve
(AUC) of the three single proteins and their combination in the ELISA test.

FIG. 5. Immunostrip test using the
three best protein biomarkers discov-
ered with the protein array. On the up-
per panel, the dot blot assay using the
three individual antigens (PrtA, PulA,
PblB) and their 1:1:1 combination is
shown. As negative controls, the irrele-
vant yeast protein Lys9 (NC-1) and com-
mercial trypsin (NC-2) were used. As
positive controls, pneumococcal sero-
type 8 strain total protein extract (PC-1)
and commercial anti-human IgG pro-
duced in goat (PC-2) were used. The 24
sera of the independent validation set
(12 controls and 12 pneumococcal-in-
fected children) were used at a 1:200
dilution to probe the nitrocellulose mem-
branes. Down, the receiver operating
characteristics (ROC) curve and interac-
tive dot diagram of the combination of
antigens are represented to show the
diagnostic capacity of the assay (C: con-
trols; P: patients).
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many important roles in the interaction between cells and their
environment (47). They have many functions and are targets
for drugs and vaccine development, as well as candidates for
diagnostic biomarkers, as they have the highest probabilities
to be recognized by the immune system (14, 15, 34). Pro-
teomics offers excellent approaches and strategies to identify
antigenic surface proteins in microorganisms, especially
those most exposed and abundant. A successful approach to
identify in a fast and reliable way the “surfome,” i.e. the set of
surface proteins, consists of “shaving” live cells with pro-
teases, following LC/MS/MS analysis (20, 48, 49). When ap-
plied to a collection of strains or clinical isolates of a given
species, it provides a very interesting overview of the pres-
ence, frequency, and abundance of the identified proteins
throughout the studied population, which allows choosing
good candidates for vaccine or diagnostic purposes.

In the present study, we selected the proteins for the pro-
tein array design using the “shaving” approach, after analysis
of 24 clinical isolates from pneumococcus-infected children.
Some of the isolates belonged to the most prevalent and
virulent serotypes circulating in Spain in the last years (1, 3,
7F, 14, and 19A) (50). The identifications included numerous
cytoplasmic proteins, which may be because of unavoidable
lysis (21, 29). However, both the numbers of total identified
proteins and percentages of predicted surface ones were very
similar to those described for adult clinical isolates (22). More-
over, many of the proteins identified in �50% of pediatric
clinical isolates in this study were also found in �50% of adult
clinical isolates. Although we based this protein array platform
for being used as a clinical tool for children, it might be also
used for adults.

Almost all the proteins selected for the array design were
identified experimentally. Although Table I reflects only those
found in �50% of clinical isolates, many others were identi-
fied in a high number (i.e. 6–11) of isolates. Many of these
were also identified in a high proportion of adult clinical iso-
lates (22). Our results show the enrichment of LPXTG-cell wall
proteins when compared with their predicted figures from the
genome, as already demonstrated in previous works for this
and other pathogens (20, 21, 48, 49, 51–54). We decided to
include also some cytoplasmic proteins, as for some of them
their surface localization and immunogenicity/protective ac-
tivity, are described, like Eno (55, 56) or GAPDH (57). In
addition, LytA and Ply are predicted as cytoplasmic because
they lack a signal peptide, but their final destination is extra-
cellular (58). We only included three proteins not identified
experimentally, either from in silico selection or being de-
scribed in literature as immunogenic/protective: SP_1772
(PsrP), a cell-wall protein with proven immunogenic/protective
capacity (59); SP_2093, a transmembrane protein without any
described immunogenic/protective activity that was selected
to test its seroreactivity in absence of experimental evidence;
and HipO, a cytoplasmic protein that was selected as an
internal negative control.

In our view, the most interesting results derived from the
proteomics approach is the discovery of the broad surface
expression of PblB (20 out of the 24 isolates). This is an
unusual surface protein, as it neither has a signal peptide/cell
wall sorting motif, nor is it strongly similar to any known
bacterial adhesin. Still, it resembles a phage-encoded tail
fiber protein (30). In S. mitis, it has been demonstrated that
this protein is surface-exposed, and acts as a platelet-binding
adhesin (30, 31). In pneumococcus, there is no evidence on
the function of pblB-like genes encoded by bacteriophages. It
has been described that up to 76% of pneumococcal clinical
isolates contain prophages (60, 61). This is the first work that
shows experimentally the surface location of this protein in
pneumococcus. Moreover, the use of a compilation database
containing all the pneumococcal protein sequences available
so far has made possible to identify the protein in our study.
The use of only reference strains (R6, TIGR4) would have
resulted in the missing of this information, as these strains
lack PblB.

We selected for recombinant fragment production the re-
gions of the proteins experimentally found in the “shaving”
approach. If possible, we selected highly conserved domains
across the sequenced proteins available in databases. This
was not always possible, as some proteins are highly variable,
e.g. ZmpB and IgA. These two proteins were annotated re-
spectively in our study as single entries, but different se-
quences with �95% similarity are available, with high varia-
bility in the C-term. However, we produced the C-term of both
proteins from the R6 strain genome, as that region is the most
exposed for both cases. About PblB, different forms are also
available in the databases. As this is a large protein, we
produced two fragments for this: one containing the C-term
region, which is more conserved (PblB_a), and the other con-
taining a region close to the N-term, being more variable
(PblB_b).

There is a renewed interest in serological diagnosis of pneu-
mococcal infection using surface proteins-based tests. Some
epidemiological studies have been conducted, based on re-
duced sets of proteins showing unclear patterns of antibody
response when applied to heterogeneous cohorts of patients
(6, 13, 62). Serological diagnosis of pneumococcal disease is
challenging because it should discriminate between infected
patients and nonsymptomatic carriers (63), and because of
difficulties in obtaining acute and convalescent sera from
pediatric patients (1). Thus, to investigate the humoral re-
sponses to IPD in pediatric empyema cases, we developed an
array to test 95 antigens. We used sera from patients with the
most severe spectrum of pneumococcal pneumonia: bacte-
remic pneumonia and/or pleural empyema. This latter severe
complication of pneumonia has increased worldwide over the
last decade and is generally difficult to diagnose it etiologi-
cally by blood culture because of high rates of antibiotic
treatment prior to sample collection (64, 65).
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Among the most IgG-reacting seroprevalent antigens, we
found many proteins from all the subcellular compartments
that have been already described to be immunogenic: the
secreted proteins PspC, PcsB, and LytC, lipoproteins, trans-
membrane proteins, cell wall proteins like PrtA, classical cy-
tosolic proteins like Eno, and cytosolic proteins described to
be extracellular like LytA and Ply. The C-term fragment of
PblB (PblB_a) was also found to be highly immunoreactive.
The general increase in IgG levels as children get older may be
explained by colonization, as the differences are observed in
the controls (G3 group) but not in the pneumococcal-infected
patients (G4 group). There was also an IgM response, but it
was in general terms lower than that of IgG, and did not
discriminate between patients and controls. Therefore, we
based our study on the IgG responses.

As shown, group management by age stratification was
useful to highlight discriminant responses. The clearest ones
were those of the G1 group, i.e. children �4 years old. For that
group, we obtained the highest number of discriminant anti-
gens and with the highest patient/control ratios of IgG levels.
There was a clear enrichment in LPXTG-cell wall proteins: out
of the 24 discriminant proteins in the G1 group, eight be-
longed to this category. This is in agreement with the knowl-
edge that in Gram-positives, the cell wall proteins are gener-
ally highly exposed, abundant, highly immunogenic, and even
protective. Regarding cell wall proteins, ZmpB and IgA were
hardly immunoreactive, which may be because of their vari-
ability, therefore hindering their recognition by nonhomolo-
gous counterparts. The classical cytosolic proteins Eno and
SpxB were also discriminant, as well as the nonclassical
extracellular proteins LytA and Ply. Among predicted secreted
proteins, the one with the highest discriminant capacity was
PspC. We also found that LytC clearly discriminated. We have
previously described that this protein is carried by extracellu-
lar vesicles released by pneumococcus, and that LytC is
highly immunoreactive and even immunogenic (66). However,
one of the most seroprevalent antigens, PcsB, did not dis-
criminate at all. Interestingly, we found a highly discriminant
capacity for the nonwell-characterized pneumococcal PblB,
which was seroprevalent but not among the highest ones.

This study shows that a combination of the highly discrim-
inant proteins discovered in a multiantigen platform for sero-
diagnostic test can be useful to discriminate between infected
and control people. In our case, the combination of PblB,
PulA, and PrtA showed such a discriminatory power with very
high accuracy, sensitivity, and specificity, as demonstrated by
the AUC analysis. The results were also validated by ELISA,
and the immunostrip assay also showed that the results may
be translated into easy-to-use, affordable tests.

This study has several limitations. It can be argued that in
our case the work considered a relatively limited number of
sera, but as stated above, legal, ethical, logistic, and technical
issues often limit sera sampling in children patients. However,
the sample size was above the minimum, according to the

power analysis. Although sampling of pneumococcal pneu-
monia patients was performed generally within the first few
days of hospital admission, once microbiological diagnosis of
pneumococcal disease was established, it was not performed
as fixed time points since disease onset because of variable
duration of symptoms prior to hospital admission. Neverthe-
less, our protein array is an excellent launching platform to be
applied in different programs and sera populations.

CONCLUSIONS

We have developed a protein array for its use in the study of
humoral responses to pneumococcal infection, based on the
selection of experimentally identified proteins. The platform
has proven its capacity to measure antibody levels in chi-
ldren’s sera and to discriminate between pneumococcal- and
nonpneumococcal infected infants. PblB has been shown
experimentally for the first time to be expressed on the sur-
face of a large collection of pneumococcal isolates, being
immunoreactive and even discriminant. This platform is an
excellent means to be used as a diagnostic tool and can be
adapted to different population studies. Moreover, it may be
also useful in programs of epidemiological surveillance and
even for vaccine candidate discovery.
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for lab support.

□S This article contains supplemental Figs. S1 to S4, Data Sets S1
to S4, Tables S1 to S5.

� To whom correspondence should be addressed: Departamento
de Bioquímica y Biología Molecular, Edificio “Severo Ochoa” planta
baja, Campus de Rabanales, Universidad de Córdoba. 14071 Cór-
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27. Huber, W., von Heydebreck, A., Sültmann, H., Poustka, A., and Vingron,
M. (2002) Variance stabilization applied to microarray data calibration
and to the quantification of differential expression. Bioinformatics 18,
S96–S104

28. DeLong, E. R., DeLong, D. M., and Clarke-Pearson, D. L. (1988) Comparing
the areas under two or more correlated receiver operating characteristic
curves: a nonparametric approach. Biometrics 44, 837–845
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G. S., Martens, L., Jones, A. R., and Hermjakob, H. (2014) ProteomeX-
change provides globally coordinated proteomics data submission and
dissemination. Nat. Biotechnol. 32, 223–226

Pneumococcal Serodiagnostic Antigens by Protein Array

2608 Molecular & Cellular Proteomics 14.10


	A Pneumococcal Protein Array as a Platform toDiscover Serodiagnostic Antigens AgainstInfection*□
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


