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Better prognostic predictors for invasive candidiasis (IC)
are needed to tailor and individualize therapeutic decision-
making and minimize its high morbidity and mortality. We
investigated whether molecular profiling of IgG-antibody
response to the whole soluble Candida proteome could
reveal a prognostic signature that may serve to devise a
clinical-outcome prediction model for IC and contribute to
known IC prognostic factors. By serological proteome
analysis and data-mining procedures, serum 31-IgG anti-
body-reactivity patterns were examined in 45 IC patients
randomly split into training and test sets. Within the train-
ing cohort, unsupervised two-way hierarchical clustering
and principal-component analyses segregated IC patients
into two antibody-reactivity subgroups with distinct prog-
noses that were unbiased by traditional IC prognostic
factors and other patients-related variables. Supervised
discriminant analysis with leave-one-out cross-validation
identified a five-IgG antibody-reactivity signature as the
most simplified and accurate IC clinical-outcome predic-
tor, from which an IC prognosis score (ICPS) was derived.
Its robustness was confirmed in the test set. Multivariate
logistic-regression and receiver-operating-characteristic
curve analyses demonstrated that the ICPS was able to
accurately discriminate IC patients at high risk for death
from those at low risk and outperformed conventional IC
prognostic factors. Further validation of the five-IgG anti-
body-reactivity signature on a multiplexed immunoassay
supported the serological proteome analysis results. The
five IgG antibodies incorporated in the ICPS made bio-
logic sense and were associated either with good-prog-
nosis and protective patterns (those to Met6p, Hsp90p,
and Pgk1p, putative Candida virulence factors and anti-
apoptotic mediators) or with poor-prognosis and risk pat-
terns (those to Ssb1p and Gap1p/Tdh3p, potential Can-
dida proapoptotic mediators). We conclude that the ICPS,
with additional refinement in future larger prospective
cohorts, could be applicable to reliably predict patient

clinical-outcome for individualized therapy of IC. Our data
further provide insights into molecular mechanisms that
may influence clinical outcome in IC and uncover poten-
tial targets for vaccine design and immunotherapy against
IC. Molecular & Cellular Proteomics 10: 10.1074/mcp.
M110.004010, 1–26, 2011.

Despite recent advances in antifungal therapy, invasive can-
didiasis (IC)1 remains a leading infectious cause of morbidity
and mortality in cancer, postsurgical, and intensive care pa-
tients (1–3). Its significant impact on patient clinical outcome, as
reflected in its increased attributable mortality (10%–49%),
length of hospital stay (3–30 days per patient), and healthcare
costs (US $ 6214–92,266 per episode), could however be ame-
liorated if early and appropriate antifungal therapeutic strategies
were administered (1, 4). This precondition highlights the need
to search for prognostic features that may reliably predict the
clinical outcome in IC patients at presentation to tailor and
individualize therapeutic decision-making accordingly and, as a
result, to minimize the burden of the invasive infections caused
by Candida spp. (commonly Candida albicans (1)).

Several factors have classically been reported to adversely
influence the clinical outcome of IC patients (3, 5–7). None-
theless, the prognostic potential of some of these traditional
factors for IC is controversial (8, 9) and overall these have a
limited prognostic power. For this reason, alternative labora-
tory tests based on measurement of Candida D-arabinitol/
creatinine ratio, Candida antigen titer, or anti-Candida anti-
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dimensional gel electrophoresis; CI, confidence interval; Gap1p/
Tdh3p, glyceraldehyde-3-phosphate dehydrogenase; GO, gene on-
tology; GST, glutathione-S-transferase; HCA, hierarchical clustering
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TPFI, traditional prognostic factors-index.
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body levels (10–15) have been developed to explore their
prognostic usefulness in IC. However, none of them has yet
been validated for routine clinical practice. Furthermore, these
few biomarkers may lack sensitivity for individual prediction of
clinical outcomes in the first stages of infection and/or are not
yet sufficiently accurate to attain widespread clinical use. In
the light of these limitations, and considering the heterogene-
ity and intricacy of the host responses and molecular mech-
anisms underlying IC pathogenesis, it is likely that optimally
combined multiple biomarkers may cover a broader range of
IC patients and pathogenicity-related issues and more reliably
predict IC prognosis in an early stage.

Serological proteome analysis (SERPA) may be a promising
tool in this context because this global profiling technique
enables the simultaneous assessment of reactivities of anti-
bodies to a large panel of immunogenic proteins (i.e. the
immunome of a (micro)organism (16)) in one experimental
approach (17–21). This strategy has widely been applied to
antibody-reactivity profiling for diagnostic and therapeutic
purposes in cancers, autoimmune disorders, allergies, and
infectious diseases (including IC (13, 15, 22, 23)) (18, 24–30).
Despite that attractive clinical value, little is known, however,
about the potential of this immunoproteomic method to iden-
tify antibody-reactivity patterns or signatures (18, 31) that may
have utility in predicting the prognosis of individual patients
with these pathologies. These prognostic signatures might
further offer insights into IC pathogenesis and uncover poten-
tial targets for molecular therapies against IC. This approach
could also profit from bioinformatics to search for hidden
trends within generated multidimensional data and derive
useful new knowledge (models, algorithms or rules) (32, 33).

Here, we examined the reactivity profiles of serum antibod-
ies to the whole soluble Candida immunome at an early stage
of IC by using SERPA and data-mining procedures in order to
determine whether these could be indicative of distinct clinical
outcomes in IC patients at presentation. We investigated
whether these patterns could further reveal a prognostic sig-
nature that may serve to create a robust and consistent mo-
lecular predictor of clinical outcome for IC applicable to clin-
ical practice and contribute to the traditional prognostic
factors for IC. We then developed a multiplexed immunoassay
to simultaneously and rapidly measure this simplified molecular
fingerprint in each serum specimen and evaluate whether this
could be a useful method for individual prediction of clinical
outcomes in IC. We also explored whether this prognostic sig-
nature could yield biologic insights into molecular mechanisms
that confer protection against IC and provide potential molec-
ular targets for the design of novel vaccine- and/or immunother-
apy-based strategies to prevent and control IC.

EXPERIMENTAL PROCEDURES

Study Population and Serum Specimens

Serum specimens from 48 adult IC patients belonging to different
risk groups were obtained on the day of culture sampling at the

Salamanca Clinic Hospital (Spain), a 750-bed tertiary care university-
affiliated hospital, between December 1997 and March 2003. All
patients were enrolled according to protocols approved by the Ethics
Committee of Clinical Research from Salamanca Clinic Hospital, after
informed consent was obtained. Patients were defined as having IC if
they had clinical signs of infection or sepsis, and the same Candida
species in one or more blood cultures and/or in cultures from at least
three noncontiguous sites with an inadequate response to broad-
spectrum antibiotics. Blood was cultured by the Bactec 9000 method
(Becton Dickinson, Baltimore, MD), and specimens from other ana-
tomical sites were plated on Sabouraud glucose agar. Yeast species
were identified with the germ-tube formation test and the API-20C
AUX system (BioMérieux, France). Three patients who had received
antifungal drug prophylaxis before diagnosing IC were excluded from
the study to ensure (i) the proper identification of potential prognostic
biomarkers as these indicate the likely course of the disease in an
“untreated” patient once the disease status has been established (15,
34, 35), and (ii) no overestimation or underestimation of the accuracy
of our prediction model in patients who were responsive or nonre-
sponsive, respectively, to the administered antifungal therapy given
correlation between anti-Candida antibody levels and antifungal treat-
ment efficacy (22, 36). The 45 specimens used in the present report
were taken from an earlier retrospective case-control study (13). The
outcome of hospital stay, death (n � 12) or discharge (n � 33), was
recorded for each patient within 2 months. Details of baseline char-
acteristics of the patients recruited in this retrospective study were
described previously (13) and are shown in Table I on the basis of their
clinical outcome.

Collection, processing and storage of serum specimens were uniform
to avoid any systematic bias, and performed according to standard
procedures. Briefly, blood samples were obtained by venepuncture
using BD Vacutainer safety-lok blood collection set (Becton Dickinson)
and collected in 10-ml, BD Vacutainer tubes without additives (Becton
Dickinson). They were allowed to clot at room temperature for 30 min
and centrifuged at 3500 rpm for 10 min at room temperature. The upper
phase (serum) of each specimen was then transferred to four 1.5-ml
tubes, which were labeled with a code (to protect patient confidentiality)
and kept at �80 °C. Serum samples were submitted to the Department
of Microbiology II (Complutense University of Madrid, Spain) in dry ice.
Upon arrival, one tube of each sample was thawed on ice and divided
into smaller aliquots using tubes for one-time use. These were labeled
with the same code and stored at �80 °C. Serum aliquots from IC
patients were thawed on ice just before analyses and assessed in a
blinded fashion within 2 months following sample collection for the
SERPA assay or at the present for the multiplexed immunoassay. We
followed the proposed guidelines for reporting studies on clinical pro-
teomics (37) and diagnostic accuracy (38).

SERPA Assay

Preparation of Whole Soluble C. albicans Protein Extracts—Whole
soluble protein extracts of a clinical C. albicans isolate (strain SC5314)
were used as an antigen source and prepared as reported (39, 40).
Briefly, yeast cells were grown in YPD medium (1% Difco yeast
extract, 2% peptone, and 2% glucose) at 30 °C up to an A600 nm of
1.0, and washed with water. Cells were resuspended in cold lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM

dithiotreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 5 �g/ml each
of leupeptin, pepstatin, and antipain (Sigma)) and lysed mechanically
with an equal volume of glass beads in a fast-prep cell breaker
(Q-Biogene, Carlsbad, CA). The clarified supernatant was stored at
�80 °C. Protein concentration was measured with the Bradford assay
(Bio-Rad, Hercules, CA).

Two-Dimensional Polyacrylamide Gel Electrophoresis (2-DE)—
Whole soluble C. albicans protein extracts were separated by 2-DE as

A 5-IgG Antibody-Reactivity Signature for IC Prognosis

10.1074/mcp.M110.004010–2 Molecular & Cellular Proteomics 10.1



TABLE I
Base-line characteristics of the study population in the training, test and entire-data sets according to the clinical outcome of IC patients within

two months after presentation

Characteristics

Number (%) of IC patients

Training set (n � 22) Test (validation) set
(n � 23) Entire-data set (n � 45)

Good
prognosis
(n � 16)

Poor
prognosis
(n � 6)a,b

Good
prognosis
(n � 17)

Poor
prognosis
(n � 6)a,b

Good
prognosis
(n � 33)

Poor
prognosis
(n � 12)b

Demographic factors
Sex

Male 7 (43.8) 5 (83.3) 12 (70.6) 4 (66.7) 19 (57.6) 9 (75.0)
Female 9 (56.3) 1 (16.7) 5 (29.4) 2 (33.3) 14 (42.4) 3 (25.0)

Age (years)
�49 years 3 (18.8) 0 (0.0) 5 (29.4) 3 (50.0) 8 (24.2) 3 (25.0)
50–69 years 6 (37.5) 4 (66.7) 10 (58.8) 2 (33.3) 16 (48.5) 6 (50.0)
�70 years 7 (43.8) 2 (33.3) 2 (11.8) 1 (16.7) 9 (27.3) 3 (25.0)

Comorbiditiesc

Malignancies
Hematological malignancyd 6 (37.5) 1 (16.7) 7 (41.2) 2 (33.3) 13 (39.4) 3 (25.0)
Solid tumore 5 (31.3) 3 (50.0) 2 (11.8) 1 (16.7) 7 (21.2) 4 (33.3)

Nonmalignant diseases
Respiratory dysfunctionf 2 (12.5) 1 (16.7) 3 (17.6) 2 (33.3) 5 (15.2) 3 (25.0)
Gastrointestinal pathologyg 1 (6.3) 1 (16.7) 4 (23.5) 0 (0.0) 5 (15.2) 1 (8.3)
Othersh 2 (12.5) 0 (0.0) 1 (5.9) 1 (16.7) 3 (9.1) 1 (8.3)

Risk factors for mortality in ICi

Older age (�65 years) 9 (56.3) 3 (50.0) 7 (41.2) 2 (33.3) 16 (48.5) 5 (41.7)
Leukocytosisj 4 (25.0) 3 (50.0) 6 (35.3) 3 (50.0) 10 (30.3) 6 (50.0)
Presence or persistence of neutropeniak 4 (25.0) 2 (33.3) 3 (17.6) 1 (16.7) 7 (21.2) 3 (25.0)
Underlying malignant condition 11 (68.8) 4 (66.7) 9 (52.9) 3 (50.0) 20 (60.6) 7 (58.3)
Immunosuppressive therapyl 5 (31.3) 4 (66.7) 3 (17.6) 4 (66.7)m 8 (24.2) 8 (66.7)n

Recent major surgeryo 3 (18.8) 3 (50.0) 5 (29.4) 2 (33.3) 8 (24.2) 5 (41.7)
Hematopoietic transplantation 2 (12.5) 1 (16.7) 1 (5.9) 1 (16.7) 3 (9.1) 2 (16.7)
Central venous catheters 6 (37.5) 2 (33.3) 5 (29.4) 2 (33.3) 11 (33.3) 4 (33.3)
Intensive care unit stay 2 (12.5) 3 (50.0) 4 (23.5) 4 (66.7) 6 (18.2) 7 (58.3)n

Multiple trauma 0 (0.0) 0 (0.0) 1 (5.9) 1 (16.7) 1 (3.0) 1 (8.3)
Diabetes mellitusp 2 (12.5) 1 (16.7) 1 (5.9) 1 (16.7) 3 (9.1) 2 (16.7)
Adult respiratory distress syndrome (ARDS)p 2 (12.5) 2 (33.3) 2 (11.8) 2 (33.3) 4 (12.1) 4 (33.3)
Acute renal failure 1 (6.3) 1 (16.7) 1 (5.9) 1 (16.7) 2 (6.1) 2 (16.7)
Sepsis or septic shock at presentation 1 (6.3) 2 (33.3) 3 (17.6) 1 (16.7) 4 (12.1) 3 (25.0)
Recent use of broad-spectrum antibiotics 8 (50.0) 4 (66.7) 11 (64.7) 6 (100.0) 19 (57.6) 10 (83.3)
Pneumonia or other concomitant bacterial infection 4 (25.0) 2 (33.3) 5 (29.4) 3 (50.0) 9 (27.3) 5 (41.7)
Causative Candida species

C. albicans 14 (87.5) 4 (66.7) 9 (52.9)q 4 (66.7) 23 (69.7) 8 (66.7)
Non-albicans Candida spp. 2 (12.5) 2 (33.3) 8 (47.1)q 2 (33.3) 10 (30.3) 4 (33.3)

Inappropriate initial antifungal treatment 2 (12.5) 1 (16.7) 1 (5.9) 1 (16.7) 3 (9.1) 2 (16.7)
Hospital wards

Intensive care unit 2 (12.5) 3 (50.0) 4 (23.5) 4 (66.7) 6 (18.2) 7 (58.3)n

Hematology-oncology unit 5 (31.3) 1 (16.7) 7 (41.2) 1 (16.7) 12 (36.4) 2 (16.7)
General medicine wards 9 (56.3) 2 (33.3) 6 (35.3) 1 (16.7) 15 (45.5) 3 (25.0)

a Training and test sets were balanced for mortality rate (see Experimental Procedures for further details).
b IC patients who died within two months of Candida isolation.
c Only the primary condition is shown.
d Includes the following diseases: leukemia, lymphoma, myelodysplasia, and multiple myeloma.
e Includes the following diseases: bronchopulmonary neoplasm, pancreas/colon adenocarcinomas, and bladder neoplasm.
f Includes the following diseases: pneumonia, chronic obstructive pulmonary disease, and adult respiratory distress syndrome.
g Includes the following diseases: cholecystitis, angiocholitis, pancreatitis, peritonitis, and hepatitis.
h Include the following diseases: multiple trauma, acute renal insufficiency, and diabetes mellitus.
i Main risk factors for hospital mortality in IC patients are shown (3, 5).
j Leukocytosis was defined as a white blood cell count above 11,000 cells/mm3.
k Neutropenia was defined as an absolute neutrophil count below 500 cells/mm3.
l Includes systemic corticosteroids (�7.5 mg prednisone per day or equivalent), immunosuppressive or cytotoxic drugs and/or total-body

irradiation. All patients with systemic corticosteroid therapy received 1–3 mg prednisone per kilogram per day for �15 days.
m p � 0.05 for the comparison with the good-prognosis test group.
n p � 0.05 for the comparison with the good-prognosis entire-data group.
o Includes colectomy, duodenotomy, cholecystectomy, pancreatectomy, pulmonary lobotomy, and thoracotomy.
p Diabetes mellitus and ARDS were not the primary condition in most IC patients.
q A slight, but not statistically significant, difference (p � 0.06) was observed for the comparison with the good-prognosis training group.
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described elsewhere (22, 41), using immobilized, nonlinear pH 3–10
gradient strips (18 cm; GE Healthcare, Buckinghamshire, UK) for
isoelectric focusing, and 10% SDS-polyacrylamide gels (10% T;
1.6% C) for the second-dimension separation. The 2-DE-separated
proteins were then either visualized with silver nitrate (42, 43) or
colloidal Coomassie Brilliant Blue (40, 44) or electrotransferred to
nitrocellulose membranes (40).

Two-Dimensional Western Blot Analysis—Two-dimensional West-
ern blot assay was carried out essentially as reported (13, 22, 40).
Serum anti-Candida IgG antibody levels were indirectly measured in
each screened sample by densitometric analysis of the correspond-
ing Western-blotting results using the ImageMaster 2D Platinum soft-
ware (GE Healthcare) and expressed as arbitrary units relative to the
integrated optical density of their related spot area following back-
ground subtraction and normalization analyses as described previ-
ously (13, 40).

Mass Spectrometry (MS) Analysis—Protein spots of interest that
were not identified using our reference two-dimensional map of C.
albicans immunogenic proteins (22) (also available on our COMPLU-
YEAST-2DPAGE database at http://www.expasy.ch/ch2d/2d-
index.html (45, 46)) were manually excised from silver or colloidal
Coomassie-stained preparative 2-DE gels, and in-gel destained, re-
duced, alkylated, and digested with trypsin (42, 47). The resulting
tryptic digests were analyzed on a matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometer (Voyag-
er-DE STR, PerSeptive Biosystems, Framingham, MA). All MS spectra
were calibrated externally with the Sequazyme peptide mass stand-
ard kit (PerSeptive Biosystems, Framingham, MA) and internally using
trypsin auto-digestion products.

Raw data were processed using the Data Explorer software v.4.5
(Applied Biosystems, Framingham, MA) prior to searching with the
Mascot search engine. The parameters used to analyze the data
were: signal-to-noise threshold of 20, a minimum area of 100, a
resolution of over 10,000, and exclusion of all known contaminant
ions (including keratins). Protein identification from processed spec-
trum data was performed on a local Mascot server v.1.9 using
CandidaDB (2003.05.22; 6165 sequences; 2952183 residues) and
Candida Genome Database (CGD) (2007.01.31; 6107 sequences;
2981547 residues) under the following search parameters: enzyme,
trypsin; fixed modifications, S-carbamidomethylation of Cys; variable
modifications, oxidation of Met; mass values, monoisotopic; peptide
mass tolerance, �50 ppm; and number of missed cleavage sites, up
to 1. No relative molecular mass or isoelectric point constrictions
were used. Identifications were accepted as positive when there were
at least five matching peptide masses with 25–50 ppm mass accu-
racy, at least 20% sequence coverage, and a significant gap between
the first and the next best (false-positive) database hits. Protein
scores greater than 50 were significant (p � 0.05).

Production of Recombinant C. albicans Proteins

Cloning—The MET6, SSB1, GAP1/TDH3, HSP90 and PGK1 coding
sequences flanked with SalI and NotI sites were PCR-amplified from
C. albicans SC5314 genomic DNA using the primers reported in
Supplemental Table S1. The PCR products were cloned into the
pGEM-T vector (Promega, Madison, WI), and the recombinant plas-
mids were transformed into Escherichia coli DH5�. The inserts were
subcloned into the SalI and NotI sites of the E. coli pGEX-6P-3 vector
(GE Healthcare) in-frame with the glutathione-S-transferase (GST)
coding sequence. The plasmids were then transformed into DH5�
cells for propagation and maintenance. Following in-frame insertion
confirmation, the constructs were transformed into E. coli BL21 for
expression of fusion proteins.

Protein Expression—Single colonies of selected recombinants
were grown in LB medium (0.5% Difco yeast extract, 1% tryptone,

and 1% NaCl) at 37 °C up to an A600 nm of 0.6–0.7. Protein expression
was then induced by adding isopropyl-�-D-thiogalactoside to a final
concentration of 1 mM. After growing for another 12 h at 24 °C (for
Met6p, Ssb1p and Hsp90p) or 3 h at 37 °C (for Gap1p/Tdh3p and
Pgk1p), cells were resuspended in precooled lysis buffer (PBS con-
taining 0.1% lysozyme, 1% Triton X-100 and 1 mM phenylmethylsul-
fonyl fluoride) and sonicated on ice for 15–60 s. Expression of GST
fusion proteins was monitored before and after induction using SDS-
PAGE followed by Coomassaie blue staining (44) and Western blot-
ting using anti-GST antibodies (1:5000 dilution, Santa Cruz Biotech-
nologies, Santa Cruz, CA).

Protein Purification—The GST-tagged recombinant proteins were
purified using glutathione Sepharose beads (4B, GE Healthcare) and
treated with the Pre-Scission protease (GE Healthcare) to remove the
GST moiety according to the manufacturer’s instructions.

Protein Characterization—The identity of the purified proteins was
confirmed by MS analysis as aforementioned, with slight modifica-
tions. Briefly, following trypsin digestion, the resulting peptides were
analyzed using the 4800 Plus MALDI-TOF/TOF Analyzer (Applied
Biosystems) and the 4000 Series Explorer software v.3.5.3 (Applied
Biosystems). MALDI-TOF spectra were internally calibrated with tryp-
sin auto-digestion products. MS peak filtering was performed through
the Global Protein Server Explorer software v.3.6 (Applied Biosys-
tems) using the same parameters and thresholds as cited above.
Database searches of processed MS data for protein identification
were carried out through the global protein server Explorer software
on a local Mascot server v.2.1 using CandidaDB and CGD
(2003.05.22 and 2007.01.31; 6165 and 6107 sequences; 2981547
and 2952183 residues, respectively) and the same search parameters
and acceptance criteria as described above. Preservation of antigenic
properties of the recombinant proteins was verified by SDS-PAGE
Western-blotting using three IC specimens with different serum levels
of IgG antibodies to them as reported previously (23).

Multiplexed Immunoassay for the Best Predictor Variables

Multiplexed Dot-Blot Assay—For each immunoarray, 0.5 �g of
each purified recombinant protein, bovine serum albumin (negative
control) (Sigma), and C. albicans protein extract (positive control)
were spotted on a nitrocellulose membrane (GE Healthcare). Blots
were first visualized by transient Ponceau S staining (Serva, Heidel-
berg, Germany), scanned, and rinsed with TBS. They were then
blocked with 5% nonfat dry milk in TBS for 2 h, washed with TBS
containing 0.01% Tween-20 (TTBS), and incubated with serum sam-
ples at a 1:500 dilution (or at a 1:250–1:1000 dilution whether the
initial relative dot volume value was not within the log-linear interval of
the calibration curve) in assay buffer (1% nonfat dry milk in TTBS) for
2 h. Following rinsing, immunoblots were incubated with horseradish
peroxidase-labeled anti-human IgG antibodies (GE Healthcare) at a
1:3000 dilution in assay buffer for 1 h, and washed again. Immuno-
blots were revealed using the enhanced chemiluminescence detec-
tion system (GE Healthcare). Thereafter, densitometric analyses were
performed on them using the Quantity-One software (Bio-Rad). The
concentration of each signature IgG antibody in each serum was
calculated as the relative volume of its corresponding immunoreactive
protein dot following background subtraction and normalization to the
loading control (Ponceau-stained blots), and expressed in reference
units (RU)/ml relative to threefold serial dilutions of a serum pool from
one IC survivor and one IC nonsurvivor (calibrator) with 6000 RU/ml
signature IgG antibodies, as arbitrary assigned, given no availability of
reference standards. Samples were tested on three independent ex-
periments except where noted otherwise.

Analytical Validation—The limit of detection was calculated as the
signature IgG antibody concentration corresponding to a signal 2.5
S.D. above the mean of 24 replicates of the zero calibrator (assay
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buffer). Imprecision was estimated for three serum samples (with
different signature antibody concentrations within the assay range)
tested in four replicates per run per day for six nonconsecutive days.
Imprecision profiles were determined at different calibrator concen-
trations assayed on six nonconsecutive days. The limit of quantifica-
tion was defined as the minimum signature IgG antibody concentra-
tion with an interassay imprecision �20%. The assay linearity was
established in six serum specimens serially diluted from 1:250 to
1:1000 in the assay buffer. Analytical recovery was examined in six
serum samples assayed before and after addition of 0.5, 1.5, and 2.5
RU/ml signature IgG antibodies. Recovery was calculated as the ratio
of recovered to expected concentrations, and expressed as a
percentage.

Gene Ontology (GO) Classification

The GeneCoDis web-based tool v.2 (http://genecodis.dacya.
ucm.es) (48) was used to assess whether certain GO categories and
their combinations were over-represented among the genes encod-
ing C. albicans proteins recognized by IgG-antibody signatures. GO
analyses were performed by comparing the number of genes in a
defined input list (related to IgG-antibody signatures) that fall into a
GO to the number of genes in the reference list (the entire C. albicans
genome at the CGD database) that fall into the same ontology.
Over-representation of selected GO categories (biological processes
and molecular functions) and their combinations in the input gene lists
was determined using the hypergeometric test with the stimulation-
based correction.

Statistical Analysis

Training and test sets were randomly generated using the Bernoulli
distribution with the specified probability parameter 0.5 following
sample prestratification to ensure a similar number of patients with
good and poor prognoses in each group. The Kolmogorov-Smirnov
test and Shapiro-Wilk W-test were applied to determine whether data
conformed to a normal distribution. Categorical variables were eval-
uated using the Yates’ corrected �2 test or Fisher’s test, as appro-
priate. The pairwise group and multiple comparisons of continuous data
were examined using the Mann-Whitney test and the Kruskal-Wallis
test, respectively. Paired observations were compared with the Wilc-
oxon signed-rank test. Correlations were estimated by the Spearman’s
rank-correlation coefficient. In the multiplexed immunoassay, nonlinear-
regression analyses using a four-parameter logistic function were ap-
plied for calibration curves. Imprecision profiles were established using
quadratic-regression models. Linear-regression analyses were per-
formed on dilution linearity and analytical recovery assays.

Two-way hierarchical clustering analysis (HCA) and principal-com-
ponent analysis (PCA) were used to group the serum samples ac-
cording to the similarity of their IgG antibody-reactivity patterns (49,
50). IgG antibody levels were normalized by median-centering anti-
bodies for each sample and then by median-centering of each anti-
body across all samples. The Mann-Whitney test and analysis of
variance were applied on PCA data to assess the homology and
homogeneity, respectively, of the antibody-reactivity profiles among
groups. Distances among clinical and molecular prognostic indicators
for IC were examined by one-way HCA and PCA.

Discriminant analysis was applied to model the relationship be-
tween the clinical outcome of IC patients and their anti-Candida IgG
antibody patterns as well as between patient outcomes and tradi-
tional IC prognostic factors, and to find a linear combination of the
minimum number of predictor variables that best separated the com-
pared groups (classification algorithm or discriminant function). The
colinearity degree among the predictor variables was estimated with
the tolerance level. Correlations between predictor variables were

visualized with the within-groups correlation matrix. The Box’s M test
was used to determine whether covariances across groups were
equal. The contribution of each predictor variable to the discriminant
model was assessed by canonical correlation analysis using the
equality tests of group means, the discriminant function coefficients,
and the combined within-groups correlations between discriminant
variables and functions. The best predictor variables to incorporate in
the discriminant model were selected with the stepwise method
based on the F statistic. Correlation between the discriminant scores
and the groups was estimated by the canonical correlation coeffi-
cient. The proportion of the total variance in the discriminant scores
not explained by differences among groups was calculated with the
Wilks’ � statistic. The class prediction accuracy and error of the
discriminant model were calculated by means of the U-method or
leave-one-out cross-validation (LOOCV) within the training set, fol-
lowed by further validation within the test set.

Receiver-operating-characteristic (ROC) curves were used to ex-
amine the discriminative ability of the prediction models. ROC areas
were compared with a nonparametric asymptotic method (51). Model
cutoff thresholds were defined on the basis of ROC curve analysis on
training set data. These discrimination threshold values correspond to
the highest combined sensitivity and specificity (i.e. the minimum sum
of false-negative plus false-positive test results) for poor or good
clinical outcomes when mortality or survival predictors, respectively,
for IC were determined. The exact 95% confidence intervals (CIs) for
the test operating characteristics of the prognostic predictors were
calculated on the basis of a binomial approximation to the normal
distribution. The degree of agreement between prediction models
was established using the Cohen’s kappa statistic. Odds ratios were
estimated to determine the association between IgG antibody pat-
terns and clinical outcomes in IC. Values below the 25th percentile of
the level distribution of IgG antibodies to Met6p, Hsp90p and Pgk1p
in IC survivors or to Ssb1p and Gap1p/Tdh3p in IC nonsurvivors were
considered low levels. Multivariate logistic-regression models were
performed to control potential confounding factors and to identify
independent prognostic predictors for IC. Model goodness-of-fit was
assessed using the Hosmer-Lemeshow test. Statistical significance
was set at p � 0.05 (two-sided).

RESULTS

Anti-Candida IgG Antibody-Reactivity Profiles of IC—To de-
vise an antibody reactivity-based prognostic predictor for IC,
serum samples from 45 IC patients with favorable (n � 33)
and fatal (n � 12) clinical outcomes within 2 months following
presentation were individually screened by SERPA for IgG
antibodies to the whole soluble C. albicans immunome, with
the patients randomly, but equally, split into a training set for
prediction-model development and into a test set for model
validation (Fig. 1). Both sets, balanced for mortality, did not
significantly differ in their baseline characteristics (Table I).
Protein spots detected in at least three training IC patients
were identified by MS analysis or using our reference two-
dimensional map (22). In all, 31 C. albicans proteins, 21 of
which showed several protein species on the two-dimen-
sional recognition profiles (Fig. 2), from six functional groups
were characterized as elicitors of early antibody responses in
IC patients (Table II and Supplemental Fig. S1). Similar two-
dimensional antibody-reactivity patterns and consistent rec-
ognition intensities for this antigen panel (coefficient of varia-
tion, 3.8%–13.6%) were obtained with the 45 serum
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specimens assessed on two independent experiments, indi-
cating good reliability of the SERPA assay.

Within the training set, the overall reactivity profiles of IgG
antibodies to these 31 Candida proteins were examined by
unsupervised clustering analyses to determine whether there
was an evident relationship among samples and underlying
antibody-reactivity patterns (Fig. 3). Intriguingly, unsupervised
two-way HCA revealed separate highly correlated antibody-
reactivity profiles (antibody-reactivity signatures) that, without
any prior statistical test to select prognosis-associated anti-
bodies, segregated the 22 training specimens into two major
clusters corresponding to patients with distinct clinical out-
comes (p � 0.001; Fig. 3A). To elucidate the potential effects
of traditional IC prognostic factors and other baseline char-

acteristics on these antibody-reactivity subgroups, their dis-
tribution was next explored among samples. No significant
associations were found between these variables and anti-
body-reactivity patterns (Fig. 3B), suggesting that these sub-
groups basically reflect differences in patient outcomes not
outlined by these variables.

Unsupervised PCA was then performed on these anti-
body-reactivity profiles in order to confirm HCA results and
support the robustness of these two classes. PCA demon-
strated that these antibody-reactivity patterns were discrete
and heterogeneous (p � 0.001) between the clinical-out-
come subgroups but similar and homogeneous (p � 0.05)
between the different subsets defined by classical IC prog-
nostic factors (Fig. 3C).

FIG. 1. Overview of the strategy
used for the development and valida-
tion of an IC prognostic prediction
model based on molecular finger-
prints of anti-Candida IgG antibodies
in serum. The present approach com-
bines the strengths of unsupervised and
supervised methods. nT represents the
training data without the jth case, and nV

the test data (the jth case).
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Creation of an IgG Antibody Reactivity-Based Prognostic
Predictor for IC—Having shown the presence of anti-Candida
IgG antibody-reactivity signatures in serum at an early stage
of IC that significantly correlated with the prognosis of IC
patients by unsupervised methods, we next sought to de-
velop a molecular predictor of clinical outcome for IC based
on these antibody-reactivity profiles. To select the most rele-
vant and critical panel of IgG antibodies for the prognostic
signature and create a practical scoring system, the reactivity
levels of the 31 IgG antibodies (predictor variables) in the
training set were modeled as categorical variables (dichoto-
mized as detectable versus undetectable, given good corre-
lation between their seroprevalence and reactivity signatures;
Table II) by supervised discriminant analyses (Fig. 1). A step-

wise multivariate discriminant model containing five IgG anti-
bodies (those to Met6p, Ssb1p, Gap1p/Tdh3p, Hsp90p, and
Pgk1p; Fig. 4A) was identified, after ruling colinearity out
among them, as the best prognostic predictor for IC (canon-
ical correlation, 0.95; p � 0.001). This serum five-IgG antibody
signature accounted for 91% of total variance in the reactivity
profiles between survivors and nonsurvivors (Wilks’ �, 0.09;
�2, 41.63; p � 0.001).

Among the predictor variables included in the model, IgG
antibodies to Met6p showed the highest discriminating ability,
followed in order by those to Ssb1p, Gap1p/Tdh3p, Hsp90p,
and Pgk1p (Figs. 4B and 4C). Combined within-group corre-
lations of predictor variables with the standardized canonical
discriminant functions highlighted that elevated seropreva-

FIG. 2. The whole soluble Candida immunome in IC. A, Silver-stained 2-DE map of the whole soluble C. albicans proteome. Protein names
refer to those in Table II. Asterisks show the proteins that were identified by MS analyses in the present work. B, Representative two-
dimensional reactivity profiles of serum IgG antibodies to the whole soluble Candida immunome in IC patients of the training set who had good
(left) and poor (right) clinical outcomes within two months. Immunorecognized protein species are labeled (Table II).
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lence of IgG antibodies to Met6p, Hsp90p, and Pgk1p was
associated with good prognosis whereas high frequency of
those to Ssb1p and Gap1p/Tdh3p correlated with poor prog-
nosis (Fig. 4C). Supervised univariate logistic-regression anal-
yses demonstrated that these five IgG antibodies associated
with good- or poor-prognosis signatures were also related to
protective or risk patterns, respectively; i.e. those to Met6p,
Pgk1p, and Hsp90p were protective antibodies whereas
those to Ssb1p and Gap1p/Tdh3p were risk (nonprotective)
antibodies (Table III).

On the basis of the relative contributions of each of the
five IgG antibodies in the discriminant model, we built a
classification algorithm (IC prognosis score or ICPS) that
provided each IC patient the likelihood of having a fatal
clinical outcome in the ensuing two-month period. The me-
dian ICPS was significantly higher among IC patients who
had a benign clinical course than among those who had an
unfavorable outcome (2.22 versus –5.60; p � 0.001; Fig.
4D). An ICPS �–1.67 (defined by ROC plots) among the
training IC patients was strongly predictive of a poor prog-
nosis within 2 months (p � 0.001). The prognostic accuracy
of this five-IgG antibody signature for IC was excellent
(c-statistic, 1.00). It correctly classified 100% (22/22) of the
training patients according to their clinical outcomes using
this ICPS cutoff.

Validation of the Prognostic Predictor for IC—In an attempt
to minimize the possible overestimation of the prognostic
value of this molecular predictor (because of overoptimistic
trend of classifications based on the cases used to create the
prediction model (52)), we next tested its ability to accurately
predict the prognosis of an unknown sample (not involved in
the selection of predictor variables) using LOOCV within the
training cohort (Fig. 1). For this class prediction analysis, one
of the 22 training specimens was removed and a new prog-
nostic predictor for IC was constructed, as described above,
on the 21 remaining samples and then used to predict the
clinical outcome of the left-out sample. Once this process was
cycled through all of these specimens one by one, we found
that the molecular fingerprint of the five IgG antibodies used in

the original model displayed the highest recurrence over left-
out iterations. This serum signature was able to correctly
predict the true clinical outcome of 21 (95%; 95% CI, 87%–
100%) out of the 22 iteratively left-out samples (classification
error rate, 5%; 95% CI, 3%–7%; Figs. 5A and 5B, left), with
83% sensitivity (1 out of 6 nonsurvivors was misclassified)
and 100% specificity (all survivors were correctly classified)
for early identifying a fatal clinical outcome in the training set
using an ICPS threshold of –1.67 (Table IV). Strikingly, the
ICPS provided good LOOCV discriminatory power in this
patient cohort (ROC area, 0.97; 95% CI, 0.90–1.00; p �

0.001; Fig. 5C, left).
We then assessed the robustness and consistency of this

clinical-outcome prediction model for IC in the test set (n �

23), in which none of the samples had been used for its
creation (Fig. 1). Interestingly, the ICPS accurately classified
five out of six IC nonsurvivors and 16 out of 17 IC survivors
(Figs. 5A and 5B, right), resulting in 91% (95% CI, 80%–
100%) true predictive accuracy, 83% (95% CI, 68%–99%)
sensitivity and 94% (95% CI, 84%–100%) specificity for poor-
prognosis detection using a cutoff of –1.67 (Table IV). ROC
plots of the ICPS showed that the clinical outcome could be
predicted in this cohort with good true discriminatory ability
(ROC area, 0.96; 95% CI, 0.88–1.00; p � 0.001; Fig. 5C,
right).

With the purpose of strengthening the clinical performance
of our ICPS, random selections of predictor variables (of
comparable sizes) were also evaluated for class prediction
accuracy of the test set using models built as outlined above.
Not surprisingly, molecular fingerprints of these random com-
binations yielded poor true predictive accuracies to classify
survivors and nonsurvivors in the test set (c-statistic, 0.51–
0.67; p � 0.2–0.9).

Prognostic Power of the ICPS—We next investigated the
ICPS ability to predict the risk of a fatal outcome in IC patients
within 2 months following presentation (Fig. 1). Univariate
logistic-regression models indicated that each unit increase in
the ICPS was associated with a 52% (95% CI, 17%–72%)
decrease in the 2-month death risk in the test set (p � 0.008;

FIG. 3. Unsupervised learning (or clustering) analyses on SERPA-based anti-Candida IgG antibody-reactivity profiling data obtained
from IC patients in the training set. A, Unsupervised two-way HCA of global anti-Candida IgG antibody-reactivity patterns in IC. Heat map
and dendrograms depict clustering of serum specimens (columns) and IgG antibodies (rows) from IC patients in the training set according to
overall similarities in SERPA-based antibody-reactivity profiles and reactivities across the sample population, respectively. Red or green
oblongs correspond to IgG antibody-reactivity levels above or below, respectively, the median value (black oblongs). Protein names refer to
those in Table II. D, IC patients who died; S, IC patients who survived. B, Sample dendrogram from the hierarchical cluster with the
demographic and clinical information for each IC patient. Color code of the dendrogram is the same as in panel A (on the basis of the patient
outcome). Matrix is color-coded as indicated in the scales for each demographic or clinical parameter at the bottom. p values for the
association between the two major sample subgroups and these variables are shown to the right of the matrix. n.a. denotes not applicable
because no training IC patients (with good and poor prognoses) had multiple trauma. C, Unsupervised PCA of global anti-Candida IgG
antibody-reactivity profiles in IC within a three-dimension vector space. Each circle denotes the IgG antibody-reactivity pattern of a single
sample. Specimens are color-coded as indicated. Note that color codes are the same as in panels A and B. Asterisks and daggers indicate
the degree of homology and homogeneity, respectively, of these antibody-reactivity patterns among the specified study groups. Only clustering
data based on clinical outcomes (left panel) and three known IC prognostic factors (center and right panels) of IC patients are depicted. ARDS,
adult respiratory distress syndrome.
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Fig. 6A). These differences were more prominent when the
test cohort was dichotomized according to the ICPS cutoff
defined in the training set. IC patients with an ICPS � –1.67
(low-risk group) had a 99% (95% CI, 76%–100%) less mor-
tality risk than those with an ICPS �–1.67 (high-risk group)
(p � 0.004). Adjustment for known prognostic factors for IC
and other baseline variables (potential confounders) did not
significantly weaken the strong prognostic value of the ICPS in
the test set (multivariate-adjusted OR, 0.04–0.57; p � 0.05).
After validating its prognostic power, the IPCS was applied to
the entire-data set (n � 45) in an effort to more reliably examine
the effect size. Similar risk patterns were evidenced when all 45
patients were considered together. The Hosmer-Lemeshow test
demonstrated good fit to data of all these multivariate models
(p � 0.7–1.0), confirming their validity.

To further visualize the relationship between established IC
prognostic factors and the ICPS, clustering analyses were
then conducted in the test set. PCA revealed that conven-
tional prognostic factors for IC clustered into two groups,
based on their association with the immune system status of
IC patients, and away from the ICPS (Fig. 6B). HCA substan-
tiated these results, showing no connection of the ICPS with
specific branches (Fig. 6C).

Comparison of the ICPS and Traditional IC Prognostic
Factors—To determine whether the ICPS added prognostic
information beyond that provided by classical IC prognostic
factors, we next created further multivariate models based
on them (Table I) without and with the ICPS (referred to as
traditional prognostic factors-index (TPFI) and TPFI�ICPS,
respectively) in the same way as detailed above, and com-
pared our ICPS with these models in the test cohort (Fig. 1).
The ICPS was a stronger IC prognostic predictor than the
TPFI (OR, 0.48 versus 0.74; p � 0.008 versus 0.05; Fig. 7A).
Clinical concordance in outcome prediction for individual IC
patients proved moderate-to-good between ICPS and TPFI/
TPFI�ICPS (k � 0.5–0.8; p � 0.02; Fig. 7B). Although the
TPFI (ROC area, 0.79; 95% CI, 0.59–0.99; p � 0.04) and the

FIG. 4. Development of an anti-Candida IgG antibody reactivity-
based prognostic predictor for IC in the training set. A, Repre-
sentative two-dimensional immunoreactivity patterns of the five pre-
dictor variables (signature IgG antibodies) selected to develop the IC
prognostic prediction model. See Fig. 2 for their relative position on
2-DE gels and two-dimensional immunoblots. Protein names refer to
those in Table II. B, Contribution of these five predictor variables to
the multivariate model before its creation. The p values for the equality
tests of group means (above bars) were not greater than 0.1 (proba-
bility value to leave the model), indicating that these five predictor
variables could substantially contribute to the discriminant model.

Predictor variables with smaller Wilks’ � values show better discrim-
inating abilities. C, Combined within-groups correlations of predictor
variables with the standardized canonical discriminant functions. The
centroids (the multidimensional center points) in the discriminant
function were 1.83 (positive value) for the good-prognosis group and
–4.87 (negative value) for the poor-prognosis group. A positive weight
value in the pooled within-groups correlations indicates that sero-
prevalence of the specified predictor variable is higher in IC survivors
than in IC non-survivors, and vice versa (shaded area). D, Box-and-
whisker plots of the ICPS in the training IC patients on the basis of
their clinical outcome. The boxes represent the interquartile ranges
(25th to 75th percentiles), the horizontal thick lines portray the medi-
ans, the black squares denote the means, the whiskers extend to 1.5
times the interquartile range, and the asterisks depict the extreme
values. The dot diagrams show the distribution of ICPS values in
individual IC patients. The dashed line indicates the cutoff ICPS value
for a fatal outcome (shaded rectangle) as defined by ROC curve
analysis.
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ICPS used both alone (ROC area, 0.96; 95% CI, 0.88–1.03;
p � 0.001) and in combination (ROC area, 0.94; 95% CI,
0.84–1.04; p � 0.002) were able to discriminate between

survivors and nonsurvivors (Fig. 7C), differences in their
ROC areas revealed that the ICPS was more accurate in
predicting clinical outcomes in IC than the TPFI (Z � 2.00;

TABLE III
Two-month risk of a fatal clinical outcome in IC patients of the training set according to the seroprevalence and circulating levels of the predictor

variables (signature antibodies) that were included in the multivariate discriminant model

Predictor variables

No. (%) of IC
patients who had

a poor/good
outcome

Crude OR
(95% CI)

for death a
p value Coefficient �

Effect of increased
seroprevalence

and/or serum level
on survival

Factor

Anti-Met6p IgG antibodies Favorable Protection
Seroprevalence 0.004 –4.32

Seronegative 5/1 (83/6) 1.00
Seropositive 1/15 (17/94) 0.01 (0.001–0.25)

Serum levelsb –c �11.61
Low 6/4 (100/25) 1.00
High 0/12 (0/75) 0.00 (–)c

Anti-Ssb1p IgG antibodies Unfavorable Risk
Seroprevalence 0.03 2.71

Seronegative 1/12 (17/75) 1.00
Seropositive 5/4 (83/25) 15.00 (1.32–169.84)

Serum levelsb 0.008 3.55
Low 1/14 (17/87) 1.00
High 5/2 (83/12) 34.99 (2.58–475.09)

Anti-Gap1p/Tdh3p IgG antibodies Unfavorable Risk
Seroprevalence 0.04 2.16

Seronegative 2/13 (33/81) 1.00
Seropositive 4/3 (67/19) 8.67 (1.05–71.57)

Serum levelsb 0.04 2.16
Low 2/13 (33/81) 1.00
High 4/3 (67/19) 8.67 (1.05–71.57)

Anti-Hsp90p IgG antibodies Favorable Protection
Seroprevalence –d �8.69

Seronegative 6/10 (100/62) 1.00
Seropositive 0/6 (0/37) 0.00 (–)d

Serum levelsb –d �8.69
Low 6/10 (100/62) 1.00
High 0/6 (0/37) 0.00 (–)d

Anti-Pgk1p IgG antibodies Favorable Protection
Seroprevalence –e �9.37

Seronegative 1/0 (17/0) 1.00
Seropositive 5/16 (83/100) 0.00 (–)e

Serum levelsb 0.04f �2.16e

Low 4/3 (67/19) 1.00
High 2/13 (33/81) 0.11 (0.01–0.95)f

a IC patients who were seronegative for or had low serum levels of the specified predictor variable (signature IgG antibody) served as the
reference group in the corresponding univariate logistic-regression model.

b Serum IgG antibody levels were stratified according to the 25th percentile of the distribution of values in IC survivors (for IgG antibodies
to Met6p, Hsp90p, and Pgk1p) or IC nonsurvivors (for IgG antibodies to Ssb1p and Gap1p/Tdh3p), and odds ratios were estimated for death
in the IC patients who had serum IgG antibody levels equal to or above this threshold (defined as high serum levels) compared with those who
had IgG antibody levels below this threshold (defined as low serum levels).

c Because no IC patients who had high serum levels of anti-Met6p IgG antibodies had a poor prognosis within two months after presentation,
the estimated crude OR for a fatal clinical outcome is 0.00. The corresponding 95% CI and p values could not be determined (dashes).

d As no IC patients who were seropositive for or had high serum levels of anti-Hsp90p IgG antibodies had a poor prognosis within 2 months
after presentation, the estimated crude ORs for a fatal clinical outcome are 0.00. The corresponding 95% CI and p values could not be
determined (dashes).

e Because no IC patients who were seronegative for anti-Pgk1p IgG antibodies had a good prognosis within 2 months after presentation,
the estimated crude OR for a fatal clinical outcome is 0.00. The 95% CI and p value could not be determined (dashes).

f IC patients with high anti-Pgk1p IgG antibody levels had a significantly reduced risk of a fatal clinical outcome in the ensuing two-month
period (� � �2.16; OR � 0.11; 95% CI � 0.01–0.95; p � 0.04). It suggests that high levels, rather than a positive status (since five out of six
poor-outcome patients in the training set were seropositive), of this signature antibody confer protection from a fatal clinical outcome in IC.
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p � 0.04; Fig. 7C, left) or individual classical IC prognostic
factors (Z � 1.96; p � 0.05), and that the combined model
(TPFI�ICPS) did not contribute to a better discrimination
beyond the ICPS (Z � 0.29; p � 0.8; Fig. 7C, right).

Development of a Multiplexed Immunoassay for the Five Sig-
nature IgG Antibodies—To further validate the prediction model
derived from SERPA, we next developed a multiplexed dot-blot
assay for simultaneous and rapid measurement of the five sig-
nature IgG antibodies in each serum specimen (Fig. 1). First,
Met6p, Ssb1p, Gap1p/Tdh3p, Hsp90p, and Pgk1p were ex-

pressed in E. coli as GST-fusion proteins, purified by affinity
chromatography, and treated with a protease to remove the
GST moiety (Fig. 8A). Their identity was then verified by MS
analysis (Supplemental Fig. S2), and retention of their antigenic
properties was confirmed by Western-blotting using three IC
samples with different serum levels of the five signature IgG
antibodies.

After empirically optimizing the best conditions for the multi-
plexed immunoassay, we evaluated its analytical performance
(Figs. 8B–8E). Calibration curves for each signature IgG anti-

FIG. 5. Cross-validation and further
validation of the prognostic perform-
ance of the ICPS. A, Prediction
strengths of the ICPS for the specimens in
LOOCV on the training set (left) and in
further validation on the test set (right).
Horizontal lines represent medians, and
vertical lines interquartile ranges. The
dashed line depicts the cutoff ICPS value
for a fatal outcome (shaded rectangle) as
defined by ROC curve analysis from the
original training set (Fig. 4D). B, Estimated
classification probabilities of a fatal clini-
cal outcome within 2 months for each
sample in the LOOCV training (left) and
test (right) cohorts according to the ICPS.
The sunflower diagrams show overlapped
cases. Each petal or sunflower line repre-
sents an individual case (IC patient). The
actual clinical-outcome is color-coded as
indicated (black for a good prognosis, and
white for a poor prognosis). The horizontal
dashed line indicates the probability
threshold (an arbitrary cutoff value of 0.5)
chosen to discriminate between predicted
good- and poor-prognosis patients. The
vertical dashed line depicts the cutoff
ICPS value for a fatal outcome (shaded
rectangle). Errors in LOOCV and further
validation of the IC prognostic prediction
model using the five-antibody signature
are shown. C, ROC curves of the ICPS for
the prediction of an unfavorable (thick line)
or favorable (thin line) clinical outcome
within 2 months in IC patients of the
LOOCV training (left) and test (right) sets.
The cutoff ICPS value to distinguish IC
patients with good and poor prognoses
as estimated by ROC plots in the original
training set is labeled in the curves of both
cohorts. See Table IV for details.
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body resulted in a good log-linear response within working
range, in the interval of 0.5–20 RU/ml (R2 � 0.988–0.995; Fig.
8F). Limit of detection ranged from 0.08 (Met6p-IgG) to 0.21
(Gap1p/Tdh3p-IgG) RU/ml (Fig. 8F), and limit of quantification
ranged from 0.22 (Met6p-IgG) to 0.38 (Ssb1p-IgG) RU/ml (Fig.
8G). The multiplexed immunoassay was reproducible in the
entire range of analyzed concentrations (Fig. 8G) and, overall, it
showed good intra- and interassay imprecision for each signa-
ture IgG antibody (Supplemental Table S2). The assay achieved
good dilution linearity, with a median dilution recovery of 103%

(range, 81%–118%; Fig. 8H). Analytical recovery of exog-
enously added signature IgG antibodies was almost complete
(median, 97%; range, 80%–117%; Fig. 8I). Dilution/analytical
recovered and expected concentrations of each signature anti-
body correlated well (r � 0.996 for dilution linearity, and 0.982 for
analytical recovery; p � 0.001 for both analyses) and did not
significantly differ (p � 0.6 and 0.7 for linearity and recovery
studies, respectively). Accordingly, sample dilution did not sys-
tematically affect the multiplexed immunoassay nor did potential
interfering substances present in the sample matrix (Figs. 8H, 8I).

FIG. 6. Prognostic power of the
ICPS. A, Two-month mortality risk in IC
patients according to the ICPS in the test
and entire-data cohorts. The ICPS was
modeled both as a continuous variable
(where odds ratios were estimated for
each unit increase) and as a categorical
variable (dichotomized on the basis of
the threshold defined by ROC analysis in
the training set; Fig. 4C) in logistic-re-
gression models. The squares indicate
unadjusted odds ratios. The circles de-
note odds ratios adjusted for traditional
IC prognostic factors, sex, age, underly-
ing condition and hospital ward (Table I).
Horizontal lines represent 95% CIs. For
the ORs and p values shown, the refer-
ence category (OR � 1.00) was the low-
est unit increase or an ICPS value equal
to or below the threshold defined in the
training set (� �1.67) for models that
included the ICPS as a continuous or
categorical variable, respectively. B,
PCA of clinical and molecular indicators
of IC prognosis in the test set within a
two-dimension vector space. The per-
centages of total variance explained us-
ing the first two principal components
are displayed on the corresponding
axes. C, HCA of clinical and molecular
clinical-outcome predictors for IC in the
test cohort. The dendrogram branch
length reflects the degree of relatedness
among predictor variables: short
branches cluster variables with high sim-
ilarity whereas longer branches group
those with lower correlation.

A 5-IgG Antibody-Reactivity Signature for IC Prognosis

10.1074/mcp.M110.004010–16 Molecular & Cellular Proteomics 10.1

http://www.mcponline.org/cgi/content/full/M110.004010/DC1


Prognostic Performance of the Multiplexed Immunoassay
in IC—Having proven that our multiplexed immunoassay
fulfilled the requirements of detection limit, functional sen-

sitivity, imprecision, linearity and analytical recovery, we
next assessed its prognostic performance in the test cohort
(Fig. 9A). Unsupervised PCA separated testing IC survivors

FIG. 7. Comparison of prognostic abilities of the ICPS and models based on traditional IC prognostic factors without and with the ICPS
(TPFI and TPFI�ICPS, respectively) on the test set. A, Forest plots of odds ratios for a fatal clinical outcome in testing IC patients within two
months following presentation according to the ICPS, TPFI and TPFI�ICPS. The squares represent unadjusted odds ratios. The circles indicate
odds ratios adjusted for sex, age, underlying condition, and hospital ward (Table I). The diamonds correspond to odds ratios adjusted for each other
(model 2 or 1). Horizontal lines denote 95% CIs. The numbers below each forest plot depict the corresponding odds ratios for a fatal clinical
outcome. B, Two-dimensional representation of prediction strengths of ICPS versus TPFI (left) and TPFI�ICPS (right) in the test set. The shaded
rectangles depict clinical concordance in the (good/poor) outcome predictions for individual IC patients between the compared prediction models.
The actual clinical-outcome is color-coded as indicated (black for a good prognosis, and white for a poor prognosis). The vertical dashed lines
indicate the cutoff ICPS value for a poor prognosis, and horizontal dashed lines denote the cutoff TPFI (left) and TPFI�ICPS (right) values for a fatal
outcome as defined by ROC plots. C, ROC curves of the ICPS versus TPFI (left) and TPFI�ICPS (right) for the prediction of an unfavorable clinical
outcome within two months in testing IC patients. The cutoff values of the three prediction models to discriminate IC patients with good and poor
prognoses as defined by ROC plots in the initial training set are labeled in their corresponding curves.
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and nonsurvivors in two distinct groups on the basis of their
five-IgG antibody-reactivity profiles (Fig. 9B). As expected,
not only did unsupervised HCA confirm these results (Fig.
9C) but it also revealed that the Met6p-Hsp90p-Pgk1p-IgG
and Ssb1p-Gap1p/Tdh3p-IgG antibody-reactivity signa-
tures were synergistic in predicting clinical outcomes in IC
patients (Fig. 9D). Remarkably, no significant differences in
known IC prognostic indicators and other baseline charac-
teristics were identified between these antibody-reactivity
subgroups.

These profiles were then modeled as described above.
Supervised stepwise multivariate discriminant analyses with
LOOCV identified the five signature IgG antibodies as the
most simplified and accurate molecular fingerprint for clinical-
outcome prediction in IC, from which a similar algorithm (IC
multiplex antibody prognosis score or IC-MAPS) was derived.
Low IC-MAPS values were associated with an adverse clinical
outcome in IC patients (Figs. 9D–9F). Using a threshold of
–0.97, the IC-MAPS properly classified 21 out of the 23 IC
patients from the test set (Figs. 9E and 9F), resulting in the
same accuracy (91%; 95% CI, 80%–100%) as the ICPS,
100% sensitivity, and 88% (95% CI, 75%–100%) specificity
for poor-prognosis detection in IC. The IC-MAPS (ROC area,
0.98; 95% CI, 0.93–1.00; p � 0.001) showed a higher ability to
discriminate IC survivors from non-IC survivors than individual
signature IgG antibodies (Z � 2.04–2.30; p � 0.04–0.02; Fig.
9G), and it was not gained confidence when less than five
signature IgG antibodies were tested. Its combination with the
TPFI or individual classical IC prognostic factors did not lead
to additionally improved clinical-outcome prediction for IC
either.

Biologic Insights into the ICPS and Global Prognostic Anti-
body Signature for IC—In an endeavor to gain further insights
into the biologic significance of the ICPS and molecular basis
underlying the distinct clinical courses in IC, GO analyses
were then performed (Fig. 1). Significant enrichments for host-
interaction, protein-binding, steroid hormone signaling path-
way, response to stress and glycolysis/gluconeogenesis on-
tologies (for ICPS and global prognostic antibody signature)
and entry into host, ATP binding and lyase activity ontologies
(for global prognostic antibody signature) were identified in
the good-prognosis signatures, whereas apoptosis and oxy-
gen/reactive-oxygen-species metabolic process ontologies
(for ICPS and global prognostic antibody signature) were
over-represented in the poor-prognosis signatures.

DISCUSSION

Differences in Anti-Candida IgG Antibody-Reactivity
Profiles among IC Patients at Presentation Reflect

Distinct Clinical Outcomes

We found that anti-Candida IgG antibody-reactivity pat-
terns of IC patients at presentation were distinct according to
their likely clinical outcomes within 2 months. This molecular
heterogeneity may be ascribed to the existence of certain
anti-Candida antibodies that can mediate protection against
IC and consequently determine the IC fate (53–55). Accord-
ingly, protective and nonprotective antibody responses,
which appear to differ in epitope specificity, isotype, and/or
titer (54, 55), could show separate effects to IC and delineate
discrete molecular fingerprints corresponding to distinct pa-
tient outcomes. This may explain why the good-prognosis
signature was characterized by higher levels of known pro-

FIG. 8. Analytical performance of the multiplexed immunoassay for simultaneous and rapid measurement of the five signature IgG
antibodies in each serum sample. A, Recombinant C. albicans proteins used as diagnostic reagents in the multiplexed immunoassay. Purified
and Pre-Scission protease-treated recombinant Met6p (lane 1), Ssb1p (lane 2), Gap1p/Tdh3p (lane 3), Hsp90p (lane 4), and Pgk1p (lane 5) were
separated on a 10% SDS-PAGE gel and silver-stained. Lane M, molecular mass standards. B, Representative immunorecognition patterns of
threefold serial dilutions of the calibrator. In addition to the five recombinant C. albicans protein dots, each multiplexed immunoblot included
negative (C-; bovine serum albumin) and positive (C�; C. albicans protein extract) control dots to monitor experimental performance. Numbers
below each panel depict signature IgG antibody concentration. C, Typical multiplexed dot-blot array showing intra-assay imprecision of one
serum with different signature IgG antibody concentrations in four replicates. See Supplemental Table S2 for further details. D, Representative
multiplexed immunoblots depicting dilution effect (1:250–1:1000) in the assay buffer for one serum with different signature IgG antibody
concentrations. E, Typical multiplexed dot-blots illustrating analytical recovery of known amounts of calibrator (0.5, 1.5, and 2.5 RU/ml
signature IgG antibodies) added exogenously to one serum with different signature IgG antibody concentrations. F, Calibration curves for each
signature IgG antibody. Threefold serial dilutions of a serum pool from one IC survivor and one IC nonsurvivor with an arbitrary value of 6000
RU/ml signature IgG antibodies were used as a calibrator, because no reference standards are available. The dose-response curves were fit
to a four-parameter logistic-regression model. Each point represents the mean relative dot volume (for the relative concentration of the
calibrator) of six different analytical assays, and bars designate S.D. G, Imprecision profiles for each signature IgG antibody. Inter-assay CVs
at different concentrations of the calibrator were fit to a quadratic-regression model, and are given as the mean of different six determinations.
The shaded rectangles show the portion of the curves with an optimal inter-assay imprecision. H, Dilution linearity for each signature IgG
antibody. Six serum specimens with different signature IgG antibody concentrations were twofold serially diluted (from 1:250 to 1:1000) in the
assay buffer. Dilution ratio and recovery are referred to the less diluted sample (1:250). I, Analytical recovery for each signature IgG antibody.
Known amounts of calibrators (0.5, 1.5, and 2.5 RU/ml signature IgG antibodies) were added exogenously to six serum samples with different
signature IgG antibody concentrations. In panels H and I, p values are for slope deviation from zero, each symbol designates an individual
serum sample, and the numbers above or below each symbol depict the recovery percentage of signature IgG antibodies at that relative (H)
dilution ratio or (I) concentration of calibrator added to the tested specimen. For clarity, the scales on the y-axes of panels H and I are different.
Square brackets in the axis legends denote concentration; AU, arbitrary units; RU, reference units; CV, coefficient of variation; LOD, limit of
detection; LOQ, limit of quantification; Sy/x, standard deviation about the regression line; R2, goodness-of-fit statistic.
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FIG. 9. Prognostic performance of the multiplexed immunoassay on the test cohort. A, Representative multiplexed dot-blots obtained
using serum specimens both from seven and four IC patients with good and poor clinical outcomes, respectively, within 2 months following
presentation and from one non-IC patient (negative control; with no detectable serum levels to the five signature IgG antibodies in a
two-dimensional blot). In addition to the five recombinant C. albicans protein dots, each immunoarray included negative (C-; bovine serum
albumin) and positive (C�; C. albicans protein extract) control dots to monitor experimental performance. Numbers above each pattern indicate
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tective antibodies, such as those to Hsp90p, Eno1p, Met6p,
or Fba1p (13, 15, 56–62), whereas the poor-prognosis signa-
ture was associated with undetectable/lower levels of them
(possibly insufficient to induce protection (55)) and higher
levels of nonprotective antibodies, like those to Gap1p/Tdh3p
(62, 63) or Ssa4p, Ssb1p or Ssc1p (cell wall-exposed, Hsp70p
family members (42, 64)). The latter is gathered from the
nonprotective effect of anti-surface Hsp70p antibodies (65)
and their high homology degree (see below). Intriguingly, the
presence of the 31 identified antigens at the Candida surface
(42, 64) (probably solubilized in the whole soluble proteome
given their loose association (64, 66, 67)) provides further
support for our finding that generation of antibodies to some
of them could be of benefit to the host and, feasibly, to future
prophylactic/therapeutic purposes for IC.

The ICPS Derived from the Molecular Fingerprints of Five
Anti-Candida IgG Antibodies May Reliably Predict the

Clinical Outcome in Individual IC Patients at Presentation

Although our 31-IgG antibody-reactivity signature was able
to discriminate between distinct clinical-outcome subgroups,
this may be too complex and costly to apply as a clinical test
in routine general practice. To reduce its dimension, we de-
veloped a classification algorithm that optimally combined the
minimum number of predictor variables with the best accu-
racy. Because this type of nonbiological and mathematical
multivariate classifiers is often associated with overfitting and
potential bias or chance (52), we used cross-validation tech-
niques to evaluate its internal consistency within a training set
followed by further validation within an external test set. The
similarity in clinical performances between the LOOCV train-
ing and test sets, poor predictive accuracies of molecular
fingerprints of random combinations, and confirmation of
SERPA-derived predictions by the multiplexed immunoassay
validate our five-IgG antibody-reactivity signature as a reliable

IC prognostic predictor. These findings are not only in line
with an earlier report showing the SERPA utility for identifying
individual IC prognostic candidates (anti-wall Eno1p or anti-
Bgl2p IgG antibodies) (13) but also extend this potential to
uncover a panel of optimally combined biomarkers that may
cover a broader range of IC patients given host-response
heterogeneity as well as novel therapeutic options against IC
(see below). To our knowledge, this study is the first attempt
to develop and validate a molecular predictor for IC
prognosis.

We chose a mutiplexed dot-blot assay for model validation
because this is a simple, rapid, accurate and cost-effective
method that can simultaneously measure several biomarkers
in each sample. For small-scale validation studies, this format
thus provides an attractive alternative both to the traditional
ELISA, limited by its ability to quantify only a single biomaker
in each sample, and to new high-throughput multiplexed
technologies (such as multiplexed microplate or fluorescent
beads-based immunoassays), which entail an elevated in-
vestment in equipment and disposable supplies (68). How-
ever, future large-scale validation studies will certainly require
the latter given that these are easier-to-automate and will
enable better data quantification. Clearly, our antibody-reac-
tivity signature will have to be appropriately adjusted, opti-
mized and further validated in these larger studies as these
may, for example, lead to changes in the prognosis threshold
value and/or relative contributions of the predictor variables in
the multivariate model.

The ICPS Is Unbiased by and Outperforms Traditional IC
Prognostic Factors

Because diverse patients-related variables represent an-
other major source of potential bias or chance in these studies
(38, 52), known IC prognostic factors and other baseline char-
acteristics were assessed as potential confounders. Multiva-

its corresponding IC-MAPS value (see panels D–G). B, Unsupervised PCA of the five-IgG antibody-reactivity profiles in testing IC patients within
a three-dimension vector space. The percentages of variance explained using the first three principal components are shown on the
corresponding axes. Each circle denotes the 5-IgG antibody-reactivity pattern of a single serum sample. Samples are color-coded as depicted.
The color-shaded areas represent clustering of specimens. The asterisk and dagger indicate the degree of homology and homogeneity,
respectively, of these antibody-reactivity patterns between the specified groups. C, Unsupervised two-way HCA of the five-IgG antibody-
reactivity profiles (rows) and serum specimens (columns) from testing IC patients. Red or green oblongs correspond to IgG antibody-reactivity
levels above or below, respectively, the median value (black oblongs). Protein names refer to those in Table II. D, IC patients who died; S, IC
patients who survived. D, Good/poor prognosis signature averages and the IC-MAPS (in LOOCV) for each testing IC patient. Sample
dendrogram is the same as in panel C. Matrixes are color-coded as shown in the corresponding scales. Good-prognosis signature IgG
antibodies were those to Met6p, Hsp90p and Pgk1p, whereas poor-prognosis signature IgG antibodies were those to Ssb1p and Gap1p/
Tdh3p (see panel C). E, Prediction strength of the IC-MAPS for testing IC specimens in LOOCV. Horizontal lines depict medians, and vertical
lines interquartile ranges. The dashed line represents the cutoff IC-MAPS value for a fatal outcome (shaded rectangle) as determined by ROC
plots (see panel G). F, Estimated classification probabilities of a fatal clinical outcome within two months for each testing IC sample in LOOCV
according to the IC-MAPS. The actual clinical-outcome is color-coded as depicted. The horizontal dashed line portrays the probability
threshold (an arbitrary cutoff value of 0.5) chosen to discriminate between predicted good and poor clinical-outcome patients. The vertical
dashed line indicates the cutoff IC-MAPS value for a fatal outcome (shaded rectangle) as defined by ROC analysis (panel G). G, ROC curves
of the IC-MAPS (in LOOCV) and individual signature IgG antibodies for the prediction of an unfavorable clinical outcome within 2 months
following presentation in testing IC patients. The prognostic threshold for the IC-MAPS is labeled. Dashed curves indicate that direction of the
corresponding models (signature Ssb1p and Gap1p/Tdh3p IgG antibodies) for clinical-outcome prediction in IC is distinct from the remaining
univariate or multivariate models.
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riate logistic-regression models pointed out that the ICPS
prognostic ability is at least unbiased by them. Clustering
analyses demonstrated this signature identifies distinct fea-
tures of IC patients that influence their clinical outcomes. And,
ROC plots showed that our ICPS provides improvements in
IC prognostic performance over univariate and multivariate
models containing these factors, and that its combination
with them does not result in additionally enhanced clinical-
outcome prediction for IC. Although these findings are
promising, it is worth emphasizing that the sample size was
small and TPFI model and accuracy could differ in other
clinical settings (3, 5). Hence, these should be validated in
future larger multicenter prospective studies including these
or further IC prognostic factors to elucidate whether our
ICPS might replace or complement them in clinical practice.

The ICPS May Be Useful for 2-Month Mortality Risk
Level Estimation and More Appropriate Initial Therapeutic

Decision-Making in Individual IC Patients

Another remarkable finding was the ICPS ability to properly
discriminate IC patients at high-risk for death from those at
low-risk. This could, if confirmed prospectively in a larger
patient population, be valuable to adequately guide initial
therapeutic decision-making in the future (1). This ICPS might
therefore aid physicians in identifying IC patients at high-risk
for a likely fatal outcome who may benefit from the best and
most aggressive therapeutic method and closer clinical fol-
low-up. Conversely, this molecular signature might also help
them to select low-risk patients who may need less intensive
clinical follow-up and/or be referred for healthcare strategies
that aim to minimize antifungal therapy-related costs and
(nephro)toxicities.

Antibody-Reactivity Profiling May Provide Biologic
Insights into Molecular Mechanisms that Influence the
Clinical Outcome in IC to Guide Future Hypothesis-

Driven Studies

Beyond the practical impact of providing a prediction model
for IC prognosis, SERPA-based profiling may also reveal dys-
regulated biological processes and/or molecular functions
during distinct clinical outcomes in IC that could otherwise not
be revealed. The noticeable enrichment for antibodies to
pathogenicity-related proteins (involved in host protein bind-
ing, steroid hormone signaling pathway, stress response, and
host tissue invasion (69–75)) in the good-prognosis signature
may reflect important defense mechanisms responsible for
Candida clearance. Neutralization of glycolysis and glucone-
ogenesis, ATP-binding, and lyase-activity proteins, prominent
molecular features of the favorable clinical-outcome group,
could represent other pathways that may also contribute to an
overall improved prognosis. In fact, the breakdown of glycol-
ysis and gluconeogenesis-related proteins has been associ-
ated with rapid or slow ATP depletion and subsequent cell

necrosis or apoptosis, respectively (76). Mutations that elim-
inate nucleotide-exchange-factor activity of certain ATP-bind-
ing proteins have proved lethal (77). Although obvious link has
been hitherto unreported between lyase activity and IC patho-
genesis, this interaction may promote new research fields. All
these processes/functions neutralized by the good-prognosis
signature should be targeted as novel therapeutic options for
IC in future studies. In contrast, apoptosis and reactive-oxy-
gen-species metabolism neutralization were uncovered in the
poor-prognosis signature as argued below.

The Biologic Relevance of the Antibodies Included in the
ICPS to IC Prognosis Confirms Our Five-IgG Antibody

Signature as a Credible Clinical-Outcome Predictor for IC

The Good Prognosis-Associated, Protective Antibodies in
the ICPS are Directed to Putative Candida Virulence Factors
and Antiapoptotic Mediators—Candida Met6p is essential for
growth and viability, and is involved in virulence and morpho-
genesis (74, 78). Hsp90p is a putative Candida virulence fac-
tor (73, 79) that may interfere with proper human protein
folding, functioning and/or degradation and activate human
endothelial nitric oxide synthase (altering cardiovascular he-
modynamics) (58, 80). Met6p and Hsp90p levels are in-
creased in response to the human steroid hormone 17-�-
estradiol (73, 74), which adds to Candida growth, toxin
production, and hypha formation rates (81). Candida surface-
associated Pgk1p may bind human plasminogen and mediate
its cleavage into plasmin, enabling Candida to invade and
degrade tissues (69, 71). These three proteins might further
act as antiapoptotic modulators (82–84). Accordingly, pro-
duction of antibodies that coordinately neutralize these puta-
tive virulence factors and antiapoptotic mediators may pro-
vide an effective protective barrier against IC with potential
synergistic effects and influence infection outcome for human
benefit. This is consistent with the protective effect and im-
munotherapeutic potential of antibodies to Met6p or Hsp90p
against IC (15, 56–58, 61, 62) and with the potential of a
nonconserved Pgkp epitope and a �pgk mutant as vaccine
candidates for other infections (85, 86). Our findings may
therefore serve as a rationale for the design of an innovative
vaccine- or immunotherapy-based formulation containing
Met6p, Hsp90p, and Pgk1p (or specific epitopes of these) or
their related antibodies to prevent/control IC.

The Poor Prognosis-Associated, Risk Antibodies in the
ICPS are Directed to Potential Candida Proapoptotic Media-
tors—Although the mechanisms by which antibodies to
Gap1p/Tdh3p and Ssb1p may negatively affect the clinical
outcome of IC patients are unclear, earlier studies strengthen
our results (62, 63, 65, 87). Passive transfer and immunization
assays in animal models have shown that anti-Gap1p/Tdh3p
antibodies are neither protective nor can they stimulate pro-
tective responses against IC (62, 63). Likewise, not only does
immunization with a surface-exposed Hsp70p induce nonpro-

A 5-IgG Antibody-Reactivity Signature for IC Prognosis

10.1074/mcp.M110.004010–22 Molecular & Cellular Proteomics 10.1



tective responses against IC, but it may also play an apparent
role in accelerating the animal’s death (65). Clues as to these
risk (nonprotective) patterns may come from the roles of
Gap1p/Tdh3p and Hsp70p as proapoptotic mediators (88–
90). Antibodies to Candida surface-associated Gap1p/Tdh3p
(enzymatically active (91)) might either neutralize its activity
and reduce the concentration of its intracellular form (a major
messenger mediating apoptotic cell death (88, 92)) in com-
pensatory response (oversecretion), or block it at the cell
surface, where Gap1p/Tdh3p might act as an extracellular
proapoptotic sensor. Both ways would lead to an increase in
Candida survival and a poor prognosis in IC patients. Con-
versely, surface-associated Hsp70p can mediate apoptosis in
tumor cells through specific binding and uptake of granzyme
B released by natural killer cells, whose lytic activity can be
inhibited by anti-surface Hsp70p antibodies (90, 93). Similarly,
Candida surface-associated Ssa1p and Ssa2p (Hsp70p fam-
ily members) mediate binding and uptake of human �-de-
fensins 2/3 and histatin 5 required for their fungistatic and
fungicidal activity against Candida (94, 95). Both mechanisms
could explain why anti-Ssb1p antibodies (which might analo-
gously neutralize these or other innate immune system com-
ponents) may not be of benefit to the host. Accordingly, our
results might offer a basis for development of anti-idiotype
antibodies, i.e. antibodies that block the antigen-combining
(idiotypic) region of these risk antibodies, as novel IC thera-
peutics in the future.

The Whole Five-IgG Antibody Set Appears to Have the
Key Information for IC Prognosis

High antibody levels to Ssb1p, Gap1p/Tdh3p and Pgk1p
and low anti-Met6p antibody levels at early IC stages were
associated with poor prognoses (15, 87). Likewise, a synthetic
vaccine combining �-mannan and Pgk1p-derived peptide
epitopes slightly enhanced IC susceptibility (62). This corre-
lation between adverse outcomes and anti-Met6p or anti-
Pgk1p antibody levels may result from the possibilities that
these antibodies may not be present in adequate epitope
specificity, isotype, and/or titer to induce protection (54, 55),
and/or that whole set of reactivity profile of our five-IgG anti-
bodies could have the key information for clinical-outcome
prediction in IC. The latter is reinforced by the ICPS calculated
for these published data (15, 87), which was predictive of a
poor prognosis (–2.78).

Future Challenges

Our study has revealed that prognostic antibody-reactivity
signatures are present in IC patients at presentation and that
these may be useful to formulate a molecular predictor of
clinical outcome for IC and provide potential targets for up-
coming molecular therapies against IC. However, before its
routine implementation in clinical practice, our IC prognostic
predictor must be refined and validated in future larger longi-

tudinal prospective cohort studies, which are now ongoing,
with adjustments for known IC prognostic factors and time-
to-event analyses using easier-to-automate mutiplexed clini-
cal platforms. If confirmed, the resulting signature might open
the way for individual prediction of clinical outcomes in IC.
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Fé, d’Ostiani, C., Romani, L., and Cassone, A. (1998) A 70-kilodalton
recombinant heat shock protein of Candida albicans is highly immuno-
genic and enhances systemic murine candidiasis. Infect. Immun. 66,
2154–2162

66. Pitarch, A., Nombela, C., and Gil, C. (2008) Cell wall fractionation for yeast
and fungal proteomics. Methods Mol. Biol. 425, 217–239

67. Pitarch, A., Nombela, C., and Gil, C. (2008) Collection of proteins secreted
from yeast protoplasts in active cell wall regeneration. Methods Mol. Biol.
425, 241–263

68. Leng, S. X., McElhaney, J. E., Walston, J. D., Xie, D., Fedarko, N. S., and
Kuchel, G. A. (2008) ELISA and multiplex technologies for cytokine
measurement in inflamation and aging research. J. Gerontol. A Biol. Sci.
Med. Sci. 63, 879–884

69. Crowe, J. D., Sievwright, I. K., Auld, G. C., Moore, N. R., Gow, N. A., and

Booth, N. A. (2003) Candida albicans binds human plasminogen: identi-
fication of eight plasminogen-binding proteins. Mol. Microbiol. 47,
1637–1651

70. Jong, A. Y., Chen, S. H., Stins, M. F., Kim, K. S., Tuan, T. L., and Huang,
S. H. (2003) Binding of Candida albicans enolase to plasmin(ogen) results
in enhanced invasion of human brain microvascular endothelial cells.
J. Med. Microbiol. 52, 615–622

71. Pitarch, A., Nombela, C., and Gil, C. (2006) Candida albicans biology and
pathogenicity: insights from proteomics. Methods Biochem. Anal. 49,
285–330

72. Poltermann, S., Kunert, A., von, der, Heide, M., Eck, R., Hartmann, A., and
Zipfel, P. F. (2007) Gpm1p is a factor H-, FHL-1-, and plasminogen-
binding surface protein of Candida albicans. J. Biol. Chem. 282,
37537–37544

73. Zhang, X., Essmann, M., Burt, E. T., and Larsen, B. (2000) Estrogen effects
on Candida albicans: a potential virulence-regulating mechanism. J. In-
fect. Dis. 181, 1441–1446

74. Burt, E. T., O’Connor, C., and Larsen, B. (1999) Isolation and identification
of a 92-kDa stress induced protein from Candida albicans. Mycopatho-
logia 147, 13–20

75. Urban, C., Xiong, X., Sohn, K., Schröppel, K., Brunner, H., and Rupp, S.
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