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Despite shortcomings, cultures of blood and sterile sites remain the “gold standard” for diagnosing systemic
candidiasis. Alternative diagnostic markers, including antibody detection, have been developed, but none are
widely accepted. In this study, we used an enzyme-linked immunosorbent assay to measure serum antibody
responses against 15 recombinant Candida albicans antigens among 60 patients with systemic candidiasis due
to various Candida spp. and 24 uninfected controls. Mean immunoglobulin G (IgG) responses against all 15
antigens were significantly higher among patients with systemic candidiasis than among controls, whereas IgM
responses were higher against only seven antigens. Using discriminant analysis that included IgG responses
against the 15 antigens, we derived a mathematical prediction model that identified patients with systemic
candidiasis with an error rate of 3.7%, a sensitivity of 96.6%, and a specificity of 95.6%. Furthermore, a
prediction model using a subset of four antigens (SET1, ENO1, PGK1-2, and MUC1-2) identified through
backward elimination and canonical correlation analyses performed as accurately as the full panel. Using the
simplified model, we predicted systemic candidiasis in a separate test sample of 32 patients and controls with
100% sensitivity and 87.5% specificity. We also demonstrated that IgG titers against each of the four antigens
included in the prediction model were significantly higher in convalescent-phase sera than in paired acute-
phase sera. Taken together, our findings suggest that IgG responses against a panel of candidal antigens might
represent an accurate and early marker of systemic candidiasis, a hypothesis that should be tested in future

trials.

Candida spp. are major causes of systemic infections among
hospitalized patients in the developed world. Candidemia, for
example, is the fourth most common bloodstream infection in
the United States and is associated with attributable mortality
as high as 40 to 50% despite treatment with antifungal agents
(4, 9). The management of systemic candidiasis is complicated
by the limitations of current diagnostic tests. Blood cultures,
generally taken as the “gold standard” for the diagnosis of
candidemia, are negative in up to 50% of autopsy-proven cases
of disseminated candidiasis (1). Moreover, blood cultures of-
ten become positive late in the course of disease (5, 18), which
delays appropriate therapy. Such delays in the institution of an
antifungal agent are associated with significantly increased
mortality rates among patients with candidemia (8, 17). Cul-
tures of deep-tissue sites are limited by uncertainties over
sensitivity and the necessity for invasive sampling procedures.
Because of these shortcomings, there is great interest in non-
culture-based diagnostic tests.

Investigators have assessed a wide range of potential diag-
nostic markers including the detection of candidal nucleic ac-
ids, metabolites such as D-arabinitol, cell wall components such
as B-D-glucan, and antigens such as secreted aspartyl protein-
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ase (SAP), enolase (ENO1), and mannan (5). Despite reports
of reasonable diagnostic yields for each of these tests, none
have been broadly validated or accepted in widespread clinical
practice. There has been less enthusiasm for antibody detec-
tion as a diagnostic strategy because of concerns regarding
false-negative tests in immunocompromised patients (26).
Nevertheless, recent studies detecting antibodies against SAP
(19, 20), ENO1 (13, 16), mannan (30, 33, 36), a 52-kDa me-
talloprotein (6), hyphal wall protein 1 (HWP1) (14), and a
Candida albicans germ tube antigen (CGTA) (26) reported
sensitivities and specificities that are consistent with those of
other diagnostic markers, even among highly immunocompro-
mised hosts like stem cell transplant and liver transplant re-
cipients (11, 12, 21, 31, 34). Moreover, various combinations of
an antibody test with an antigen test have been shown to be
superior to either test alone in diagnosing systemic candidiasis
(23, 28, 29). Clearly, much work in developing diagnostic mark-
ers remains to be done; antibody detection strategies merit
exploration as part of these endeavors.

In ongoing work in our laboratories, we have used a human
antibody-based screening strategy to identify C. albicans genes
that encode immunogenic proteins including previously un-
characterized virulence factors (2, 3, 22, 27). In the present
project, we have chosen 12 proteins of diverse function and
cellular localization to study as targets for antibody detection
assays. These proteins are classified into four groups: classic
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TABLE 1. Primers used for cloning of antigens

Length (amino acids)

Antigen Sense primer (5'—3") Antisense primer (3'—=5") of antigen (positions)

MET6-1 5'-GACGACGACAAGATGGTTCAAT 5'-GAGGAGAAGCCCGGTTAAGA 400 (1-400)
CTTCCGTCTTAGGT AGATTCGGATCTAGC

MET6-2 5'-GACGACGACAAGATGATACCAA 5'-GAGGAGAAGCCCGGTTAGTAT 367 (401-768)
CGATCCAAAG TTAGCTCTGAATTC

NOTS5 5'-GACGACGACAAGATGACTCATG 5'-GAGGAGAAGCCCGGTTAAACA 71 (401-474)
CACCAGCAGCAGTGT ATTCGAGAAATGGTATCAC

SET1 5'-GACGACGACAAGATGTCATACA 5'-GAGGAGAAGCCCGGTTATTGA 208 (1-208)
ATAACAGAAGCGGA GGTAATTGCTTATATGG

RBT4 5'-GACGACGACAAGATGAAGTTTT 5'-GAGGAGAAGCCCGGTAATAAC 359 (entire gene)
CTCAAGTTGCCACTACTGCTGCT ACCAGAGTTCTGTAAAAGTC
GCCATT GGTA

IPF9162 5'-GACGACGACAAGATGAAAAAA 5'-GAGGAGAAGCCCGGTAATTTA 272 (entire gene)
AGGTTAGTTTTGTTTGATGATTC TCAATTTACATATAGTGCTCAA
TGATGAT AATGGACCTGTCAA

CARI1 5'-GACGACGACAAGATGTCATCAA 5'-GAGGAGAAGCCCGGTAATGTT 318 (entire gene)
TTCAATATAAATATCATCCAG ATTTCAAACTGGGTTACGTGT
ACAA AGAT

GAP1 5'-GACGACGACAAGATGGCTATTA 5'-GAGGAGAAGCCCGGTTAAGC 336 (entire gene)
AAATTGGTATTAAC AGAAGCTTTAGCAAC

ENO1 5'-GACGACGACAAGATGTCTTACG 5'-GAGGAGAAGCCCGGTTACAAT 441 (entire gene)
CCACTAAAATCCAC TGAGAAGCCTTTTGGAA

BGL2 5'-GACGACGACAAGATGCAAATCA 5'-GAGGAGAAGCCCGGTTAGTTG 309 (entire gene)
AATTCTTGACTACT AATTTACAGTCAATTGA

FBA1 5'-GACGACGACAAGATGGCTCCTC 5'-GAGGAGAAGCCCGGTTACAAT 360 (entire gene)
CAGCAGTTTTAAGT TGTCCTTTGGTGTGGAA

MUCI1-1 5'-GACGACGACAAGATGTCATTTT 5'-GAGGAGAAGCCCGGTTAGGTT 306 (1-306)
GGGACAACAACAA GAGTTATTGGTTAAAA

MUCI1-2 5'-GACGACGACAAGATGGAGTAT 5'-GAGGAGAAGCCCGGTTATTCA 153 (735-888)
ATCGCATCTTGGTGT TGTGGCATTGCTCGATA

PGKI1-1 5'-GACGACGACAAGATGTCATTAT 5'-GAGGAGAAGCCCGGTTAACCA 238 (1-238)
CTAACAAATTATCA CCACCAACAATC

PGK1-2 5'-GACGACGACAAGATGGCCTTCA 5'-GAGGAGAAGCCCGGTTAGTTT 180 (239-438)
CTTTCAAGAAA TTGTTGGAAAGAGC

cell wall proteins (Bgl2 and MUC1), glycolytic enzymes local-
ized to the cell wall (ENO1, FBA1, GAP1, and PGK1), intra-
cellular proteins localized to the cell wall (NOTS and MET6),
and intracellular proteins likely not localized to the cell wall
(CARI1, RBT4, SET1, and IPF9162) (2, 15, 16, 24, 27, 33). Our
objectives were to determine if serum antibody responses
against any purified recombinant antigens could reliably dis-
tinguish patients with systemic candidiasis from uninfected
controls. We also sought to derive a predictive model for sys-
temic candidiasis that considered antibody responses against
multiple antigens.

MATERIALS AND METHODS

Definitions. Outcomes were classified as systemic candidiasis or controls. Sys-
temic candidiasis was defined as the recovery of Candida spp. from blood or a
sterile site. Controls were defined as patients hospitalized at the Shands Teach-
ing Hospital at the University of Florida (UF) (STH-UF) who did not have any
clinical or microbiological evidence of systemic Candida infection. Predictor
variables were the antibodies against specific antigens.

Collection of sera. Patients at STH-UF were identified on the day blood or
sterile-site cultures were positive for Candida spp. Controls were identified by
the Infectious Diseases Consultation Service at STH-UF. Sera were collected in
accordance with procedures approved by the UF Institutional Review Board,
frozen, and stored at —70°C in the repository at the UF Mycology Research Unit.
For patients with candidiasis, sera were obtained from the earliest possible date
on or after the date that the first positive cultures were drawn. In all cases, this
was within 7 days of the first positive culture (acute-phase sera). For eight
patients with candidiasis, sera were also recovered 4 to 12 weeks after the date
on which the first positive cultures were drawn (convalescent-phase sera).

Enzyme-linked immunosorbent assay (ELISA). Antibody titers were evalu-
ated for a set of 12 proteins that were identified using in vivo-induced antigen
technology (MET6, SET1, GAP1, ENOI1, NOTS5, BGL2, FBA1, MUCI, CARI1,
RBT4, IPF9162, and PGK1) (2, 3, 27). Whole or partial DNA sequences of the
genes encoding the proteins were amplified by PCR using the primers listed in
Table 1. Two fragments of MET6, PGK1, and MUCI were amplified, resulting
in a total of 15 DNA sequences. The resulting PCR products were cloned into
plasmid pET30 using an EK/LIC cloning kit (EMD Biosciences, Inc.). All inserts
were confirmed by DNA sequencing. Each plasmid was transformed into Esch-
erichia coli BL21(DE3) cells (Novagen). Expression of the recombinant antigens
was induced by isopropyl-B-p-thiogalactopyranoside (IPTG). The recombinant
antigens were purified from cell-free supernatants by chromatography on Ni?*-
nitrilotriacetic acid-agarose as previously described (3). Briefly, E. coli cell pellets
were resuspended in BugBuster (Novagene) with Benzonase nuclease and
rLysozyme and incubated at room temperature for 30 min with gentle shaking.
Samples were then separated into a soluble fraction or an insoluble pellet by
centrifugation at 10,000 X g for 10 min. The location of the recombinant protein
was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). If soluble, the supernatant fraction was filtered through a 0.45-pm filter
(Millipore) and passed through a His-Bind column, followed by washing the
column with binding buffer and then with wash buffer (both from EMD Bio-
sciences, Inc.). The peptide of interest was then eluted with 60 to 100 mM
imidazole buffer. The His,-tagged recombinant proteins were confirmed by 15%
SDS-PAGE, which showed a single band of the expected size, and by Western
blot analysis with anti-His monoclonal antibody (Invitrogen). The insoluble pro-
teins were pelleted by centrifugation and then resuspended in 1:10-diluted Bug-
Buster reagent (in deionized water). The suspension was centrifuged at 5,000 X
g for 15 min at 4°C to collect the inclusion bodies. These inclusion bodies were
then resuspended in 5 ml of 1:10-diluted BugBuster, which then underwent
centrifugation as described above. The resultant pellet was again resuspended in
diluted BugBuster and centrifuged at 16,000 X g for 15 min at 4°C. The final
pellet of purified inclusion bodies was resuspended in 1X binding buffer includ-
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ing 6 M urea and incubated on ice for 1 h to completely dissolve the protein. The
insoluble material was removed by centrifugation at 16,000 X g for 30 min; the
purification process of the supernatant was performed as discussed above.

Ninety-six-well flat-bottom microtiter plates were coated overnight at 4°C with
purified recombinant antigens in carbonate buffer (pH 9.6) at a concentration of
0.5 pg per well (3). The plates were washed in phosphate-buffered saline with
0.1% Tween-20 (PBS-T), blocked with 0.25% gelatin in PBS-T for 1 h at 37°C,
and washed again with PBS-T. Serially diluted serum specimens were added to
each well, and the plates were incubated for 1 h at 37°C. The plates were washed,
and peroxidase-conjugated goat anti-human immunoglobulin M (IgM) (1:5,000
dilution) or IgG (1:25,000 dilution) in PBS-T was added. After 1 h of incubation
at 37°C, the plates were washed and developed with o-phenylenediamine in
citrate buffer and 5% hydrogen peroxidase. The developing solution was stopped
with 1 M phosphoric acid. The optical densities were determined using a spec-
trophotometer at 450 nm. Background was defined in wells coated with the
protein to which the secondary antibody was added but the primary antibody was
not. The reactive titer was defined as the inverse of the greatest dilution at which
the optical density was twofold greater than background. All serum samples were
tested in duplicate. In addition to wells lacking the primary antibody, wells that
were not coated with antigen were further included as negative controls.

Statistical analyses. The antibody titers for individual antigens were first log,
transformed to approximate normal distribution prior to data analysis. Means
and standard errors for each predictor were calculated for each outcome vari-
able. The differences in log, antibody titers (IgM or IgG) were assessed using
unpaired ¢ tests with Welch correction; statistical significance was set at 0.05. The
sensitivity and specificity were calculated for IgM or IgG against individual
predictors. The optimal cutoff was determined by receiver operating character-
istic analyses. Multicolinearity among the predictor variables was assessed using
colinearity diagnostics in SAS PROC REG.

Potentially significant predictor variables for the discriminant model were
identified by backward elimination analysis using the STEPDISC procedure and
by canonical correlation analysis using the CANCORR procedure in SAS/STAT.
In the backward elimination analysis, the predictor variables chosen to leave the
model were based on the significance level of an F test from an analysis of
covariance. In the canonical analysis, standardized canonical coefficients, which
reflect the relative contribution of each predictor variable to the power of
discriminating between the two outcomes, were generated; the variables with
highest absolute values were included in the discriminant model.

The DISCRIM procedure in SAS/STAT was used to identify the smallest
subset of predictor variables that best discriminated the two outcomes. The
performance of this discriminant analysis was evaluated by estimating the error
rate (probability of misclassification of outcome). Finally, linear regression anal-
ysis using PROC REG in SAS was performed to generate the predicted function
for the best set of predictors that were identified. The prediction score takes the
formofy = a + Bx; + Bax, + ... + B,x,, where « is the constant where the
regression line intercepts the y axis and B is a regression coefficient.

To compare IgG responses in acute and convalescent-phase sera from eight
patients with candidiasis, the titers against the recombinant antigens of interest
were log, transformed, and means and standard errors were calculated. The
differences in log, antibody titers were assessed using the Student ¢ test; statistical
significance was set at 0.05.

RESULTS

Study population. Between January 2004 and December
2006, we collected sera from 68 patients with systemic candi-
diasis, including 66 patients with candidemia and 2 patients
with deep-seated candidiasis (one with Candida peritonitis re-
lated to chronic peritoneal dialysis and one with biopsy-proven
Candida pneumonia). Patients were subclassified as newborn
infants (<6 months old), immunocompromised hosts, and
burn victims as well as by portal of entry. Descriptive data for
the patients are provided in Table 2. The median time from the
date of positive culture to serum collection was 2 days. Seven
patients died, and four of the survivors had infections that
persisted for over 2 weeks. We also collected sera from 24
hospitalized patients who had no evidence of candidiasis as
controls.
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TABLE 2. Descriptive data of patients with systemic candidiasis
Value

...51.5 (3 days-81 yr)

Characteristic

Median (range) age (yr)

No. of patients
<6 mo old
Immunocompromised .
Burn VICtmS.....c.coceueiviieiiiieeiceeeeencenne
With portal of entry of:

Catheter
Abdominal

With complication of:
Endocarditis
Mediastinitis
Vascular graft infection...

With Candida sp. infection by:

C. QIDICANS oo 28°
C. glabrata
C. parapsilosis .
C. tropicalis .
C. krusei....
C. lusitaniae.
Unspeciated

“ Three bone marrow transplant recipients, five solid-organ transplant recipi-
ents, one recipient of both a bone marrow transplant and a solid-organ trans-
plant, two patients with hematologic malignancies receiving chemotherapy, and
one patient with systemic lupus on high-dose steroid.

® Three patients were coinfected with C. glabrata, C. parapsilosis, and C. tropi-
calis; they are not included under these species.

¢ One patient was coinfected with Candida guilliermondii.

Expression and purification of antigens. We selected 12
proteins for inclusion in the study. SET1 and NOT5 were
previously shown by our laboratories to contribute to virulence
and to elicit higher antibody responses among patients with
systemic candidiasis than among uninfected controls (2, 3, 27).
Six proteins were identified by our laboratories as being im-
munogenic and were shown by others to elicit higher antibody
responses among patients with systemic candidiasis than
among uninfected controls (ENO1, BGL2, PGK1, GAPI,
FBA1, and MET®6). Finally, four proteins were found to be
immunogenic exclusively by our laboratories (CAR1, MUCI,
RBT4, and IPF11897). Fifteen antigens from the 12 proteins
were expressed as Hisq-tagged polypeptides in E. coli cells and
purified from cell-free supernatants by chromatography on
Ni** -nitrilotriacetic acid-agarose. Seven of the purified recom-
binant antigens were full-length proteins (Table 1). The re-
maining antigens could not be efficiently expressed as full-
length proteins and were instead purified as smaller fragments.
The purified antigens appeared as single bands of expected
sizes by SDS-PAGE and were detected by probing with anti-
His antibodies (data not shown).

Antibody responses against recombinant antigens in sera of
patients with systemic candidiasis and uninfected controls.
Sera from the 68 patients with systemic candidiasis and the
uninfected controls were tested against the 15 recombinant
antigens using ELISA. Sera from two patients (one with sys-
temic candidiasis and one control) were sufficient to test
against only 13 antigens (all except PGK1-1 and PGK1-2). As
anticipated, IgM and IgG titers against each of the recombi-
nant antigens in sera of eight newborn infants were consistently
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TABLE 3. Summary of IgM and IgG data against specific antigens among patients with systemic candidiasis versus controls

Mean log, titer = SE of sera from:

% of patients with systemic
candidiasis with detectable

Predictor variable Patients with systemic Controls P value® titers (no. with detectable
candidiasis i titers/total no. of patients)
IgM titers
MET6-1 4.57 = 0.28 4.93 £ 0.48 NS 25 (15/60)
MET6-2 4.16 = 0.23 4.80 = 0.44 NS 18.3 (11/60)
NOTS 6.52 = 0.33 435 £0.42 0.0003 63.3 (38/60)
SET1 6.71 = 0.34 4.65 = 0.49 0.001 65 (39/60)
RBT4 537 £0.32 4.12 = 0.38 0.03 41.7 (25/60)
IPF9162 6.96 = 0.34 4.30 = 0.26 <0.0001 68.3 (41/60)
CARI1 541 =031 422 £ 0.37 0.03 43.3 (26/60)
GAP1 3.75 £ 0.17 4.22 = 0.37 NS 10 (6/60)
ENO1 5.62 +0.33 430 = 0.41 0.02 46.7 (28/60)
BGL2 4.40 = 0.26 4.62 = 0.43 NS 23.3 (14/60)
FBA1 5.16 £ 0.32 426 = 0.38 NS 36.7 (22/60)
MUCI-1 3.90 = 0.19 4.48 = 0.42 NS 13.3 (8/60)
MUCI1-2 429 = 0.25 4.13 £ 0.38 NS 20 (12/60)
PGK1-1 5.57 £ 0.34 3.56 = 0.23 0.0005 44.1 (26/59)*
PGK1-2 412 +0.23 3.97 £ 0.36 NS 20.3 (12/59)*
IgG titers
MET6-1 8.67 = 0.28 6.28 £ 0.50 0.0002 93.3 (56/60)
MET6-2 9.60 = 0.21 8.57 = 0.48 0.02 98.3 (59/60)
NOTS 8.18 = 0.37 3.74 = 0.23 <0.0001 85 (51/60)
SET1 9.16 = 0.22 4.51 = 0.36 <0.0001 98.3 (59/60)
RBT4 9.42 = 0.27 4.78 = 0.40 <0.0001 98.3 (59/60)
IPF9162 8.92 = 0.22 5.14 £ 0.39 <0.0001 96.7 (58/60)
CARI1 8.40 = 0.28 4.28 = 0.35 <0.0001 90 (54/60)
GAP1 8.38 £ 0.29 3.74 £0.23 <0.0001 91.7 (55/60)
ENO1 9.07 = 0.26 4.46 = 0.38 <0.0001 98.3 (59/60)
BGL2 8.69 = 0.27 4.32 £ 0.36 <0.0001 95 (57/60)
FBA1 8.49 = 0.29 3.60 = 0.19 <0.0001 93.3 (56/60)
MUCI-1 8.72 £ 0.23 5.86 = 0.56 <0.0001 96.7 (58/60)
MUCI1-2 8.69 = 0.24 7.02 =052 0.001 95 (57/60)
PGK1-1 7.93 £ 0.27 2.20 = 0.46 0.01 91.5 (54/59)"
PGK1-2 7.49 = 0.26 6.52 £0.43 0.05 89.8 (53/59)"

“ NS, not significant.

 One patient with systemic candidiasis and one control did not have sufficient sera to test against PGK1-1 and PGK1-2.

indistinguishable from background; these sera were excluded
from further data analysis.

IgM and IgG data for the 60 patients (excluding newborn
infants) with systemic candidiasis and 24 controls are pre-
sented in Table 3. Overall, IgG responses were better than IgM
responses in differentiating patients with systemic candidiasis
from controls. The mean log, IgG titers were significantly
higher for patients with systemic candidiasis than for controls
against all 15 antigens. The mean log, IgM titers, on the other
hand, were significantly higher for patients with systemic can-
didiasis against only seven antigens: ENO1 and PGK1-1 (gly-
colytic enzymes localized to the cell wall), NOT5 (an intracel-
lular protein localized to the cell wall), and SET1, RBT4,
IPF9162, and CARTI (intracellular proteins not localized to the
cell wall). In addition, whereas IgG titers against specific an-
tigens were detectable in sera of 85 to 98.3% of patients with
systemic candidiasis, IgM titers were detectable in only 10 to
68.3% of patients.

Mean IgG titers against MET6-1, NOTS, RBT4, and ENO1
were significantly higher for patients infected with C. albicans
than for patients infected with non-C. albicans spp. (Fig. 1). In
addition, higher percentages of patients infected with C.
albicans than non-C. albicans spp. had detectable IgG titers

Mean log2 IgG titer

RN

o

DRI |

NN =

Mean log2 IgG titer
RERERRRNERERRNNRN

@ immunosuppressed B non-immunosuppressed |

FIG. 1. Data on IgG titers from patients with systemic candidiasis
stratified by Candida spp. (top) and immunosuppression (bottom).
Arrows indicate a significant difference (P values of <0.05) in IgG
titers between groups.
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TABLE 4. Performance of IgM and IgG antibody titers against specific antigens in predicting systemic candidiasis®

IgM test IgG test
Antigen % Sensitivity (no. of % Specificity (no. of % Sensitivity (no. of % Specificity (no. of % Positive predictive value
positive samples/ positive samples/ positive samples/ positive samples/ (no. of positive samples/
total no. of samples) total no. of samples) total no. of samples) total no. of samples) total no. of samples)

MET6-1 25 (15/60) 66.7 (16/24) 65 (39/60) 83.3 (20/24) 90.7 (39/43)
MET6-2 18.3 (11/60) 66.7 (16/24) 60 (36/60) 54.2 (13/24) 76.6 (36/47)
NOTS5 63.3 (38/60) 79.2 (19/24) 85 (51/60) 87.5(21/24) 94.4 (51/54)
SET1 65 (39/60) 75 (18/24) 98.3 (59/60) 66.7 (16/24) 88.1 (59/67)
RBT4 41.7 (25/60) 83.3 (20/24) 98.3 (59/60) 62.5 (15/24) 86.8 (59/68)
IPF9162 68.3 (41/60) 79.2 (19/24) 96.7 (58/60) 50 (12/24) 82.9 (58/70)
CAR1 43.3 (26/60) 79.2 (19/24) 90 (54/60) 75 (18/24) 90 (54/60)

GAP1 10 (6/60) 79.2 (19/24) 91.7 (55/60) 87.5 (21/24) 94.8 (55/58)
ENO1 46.7 (28/60) 79.2 (19/24) 98.3 (59/60) 70.8 (17/24) 89.4 (59/66)
BGL2 23.3 (14/60) 70.8 (17/24) 95 (57/60) 75 (18/24) 90.5 (57/63)
FBA1 36.7 (22/60) 79.2 (19/24) 93.3 (56/60) 91.7 (22/24) 96.6 (56/58)
MUCI1-1 13.3 (8/60) 75 (18/24) 96.7 (58/60) 50 (12/24) 82.9 (58/70)
MUCI1-2 20 (12/60) 83.3 (20/24) 86.7 (52/60) 54.2 (13/24) 82.5 (52/63)
PGK1-1 44.1 (26/59)* 95.6 (22/23)* 72.9 (43/59)* 56.5 (13/23)* 81.1 (43/53)*
PGK1-2 20.3 (12/59)* 87.0 (20/23)* 62.7 (37/59)* 52.2 (12/23)* 52.2 (37/48)*

“* indicates that one patient with systemic candidiasis and one control did not have sufficient sera to test against PGK1-1 and PGK1-2.

against MET6-1 (76.5% [20/26] versus 55.9% [18/34], respec-
tively [P = 0.07]) and NOTS (96.2% [25/26] versus 76.5%
[26/34], respectively [P = 0.06]). For the remaining antigens,
there were no significant differences in the means of log, IgG
titers (Fig. 1) or the percentages of patients with detectable
IgG titers among those infected with C. albicans versus those
infected with non-C. albicans spp. (data not shown).

Among patients with systemic candidiasis, IgG titers against
14 antigens did not significantly differ between immunocom-
promised and immunocompetent hosts (Fig. 1); immunocom-
petent hosts demonstrated higher IgG titers only against
PGK1-2. IgG titers did not differ between burn victims and
other patients or based on portal of entry (data not shown).

Identification of antibody responses that discriminated pa-
tients with systemic candidiasis from controls. For each of the
antigens, we assigned cutoff antibody titers that best discrimi-
nated patients from controls using receiver operating charac-
teristic analyses (data not shown). The sensitivities and speci-
ficities of IgM and IgG antibody responses in identifying
patients with systemic candidiasis are presented in Table 4.

Having shown that IgG titers against specific antigens iden-
tified systemic candidiasis with reasonable sensitivity and spec-
ificity, we developed a predictive model that considered IgG
responses against a panel of antigens. As a first step, we as-
sessed for colinearity by determining the tolerance of each of
the 15 predictor variables (i.e., antibodies to specific antigens)
on the others. After ruling out colinearity, we included all 15

antigens in backwards elimination and canonical correlation
analyses to identify variables that best predicted systemic can-
didiasis. The two methods demonstrated excellent overall
agreement in identifying predictors likely to be significant
(data not shown). Based on these results, a panel of seven
predictors (SET1, MUCI-2, FBA1, PGKI-1, PGK1-2, BGL2,
and ENO1) was selected for discriminant analysis.
Discriminant analysis of the full set of 15 predictors yielded
an outcome classification error rate of 3.7% (3/82) (Table 5).
Among the 58 patients and 24 controls for whom sera were
adequate to test all antigens, only 3 were classified incorrectly:
1 patient with systemic candidiasis was predicted to be a con-
trol, and 2 controls were predicted to have systemic candidia-
sis. The sensitivity and specificity of the panel of 15 predictors
were 96.6% (57/59) and 95.6% (22/23), respectively. Of note,
discriminant analysis of the panel of seven predictors yielded
results identical to those for the full set of 15 predictors.
Using classification tables generated for smaller subsets of
predictors, we identified a panel of four predictors (SETI,
ENO1, MUCI1-2, and PGK1-2) that performed as well as the
larger panels. Further decreasing the number of predictors to
three (SET1, ENOI, and MUCI-2) increased the error rate to
4.8% (4/84) and decreased the sensitivity to 95% (57/60).
Using regression analysis, we confirmed that the panel of 4
predictors performed as well as the 15 predictors in identifying
systemic candidiasis. The analysis of the four predictors yielded

TABLE 5. Performance of IgG against panels of recombinant antigens”

% Error rate (no. of positive

% Sensitivity (no. of positive
samples/total no. of samples)

% Specificity (no. of positive
samples/total no. of samples)

Model samples/total no. of samples)
Full model (with 15 predictors) 3.7 (3/82)*
SET1, ENOI, FBAI, PGK1-1, PGK1-2, 3.7 (3/82)*
MUC1-2, BGL21
SET1, ENOI, PGK1-2, MUC1-2 3.7 (3/82)*
SET1, ENO1, MUCI1-2 4.8 (4/84)

96.6 (57/59)* 95.6 (22/23)*
96.6 (57/59)* 95.6 (22/23)*
96.6 (57/59)* 95.6 (22/23)*
95.0 (57/60) 95.8 (23/24)

“* indicates that one patient with systemic candidiasis and one control did not have sufficient sera to test against PGK1-1 and PGK1-2.



1652 CLANCY ET AL.

TABLE 6. IgG responses against SET1, ENO1, MUCI1-2, and
PGKI1-2 in acute- and convalescent-phase sera of eight
patients with systemic candidiasis

Mean log, titer = SE

IgG titer P value
Acute-phase sera Convalescent-phase sera

SET1 9.77 = 0.46 13.39 = 0.49 0.0004

ENO1 9.64 = 0.60 13.89 = 0.77 0.0007

MUCI1-2 8.89 = 0.45 12.02 = 0.80 0.004

PGK1-2 7.77 = 0.44 11.02 = 0.82 0.004

an R? value of 0.69, which was not significantly different from
the R? value of 0.73 for the full model (F = 0.98; P = 0.47).

Testing a prediction model for systemic candidiasis. Based
on our data, the equation that best predicted systemic candi-
diasis was as follows: prediction score = (0.10 X SET1 +
0.07 X ENO1 — 0.04 X MUC1-2 — 0.02 X PGK1-2 — 0.12),
where SET1, ENO1, MUCI1-2, and PGKI1-2 indicate the log,
specific antibody titers in individual patients. A score of >0.5
for a given patient was predictive of systemic candidiasis.

To assess the validity of this model, we performed ELISAs
against the 15 recombinant antigens using additional sera that
had been collected from 16 patients with systemic candidiasis
within 2 days of the positive blood cultures and from 16 unin-
fected controls. The panel of four predictors yielded sensitivity
and specificity of 100% (16/16) and 87.5% (14/16), respec-
tively. The only classification errors were two controls who
were predicted to have systemic candidiasis.

IgG responses against recombinant SET1, ENO1, MUC1-2,
and PGK1-2 in acute- and convalescent-phase sera of patients
with systemic candidiasis. Finally, we performed ELISA using
acute- and convalescent-phase sera from eight patients against
the recombinant antigens included in the prediction model.
The mean log, IgG titer was significantly higher in convales-
cent-phase sera in than acute-phase sera against all four re-
combinant antigens (Table 6). Moreover, 100% (8/8), 87.5%
(7/8), 62.5% (5/8), and 75% (6/8) of convalescent-phase sera
exhibited at least fourfold increases in IgG titers against SET1,
ENO1, MUCI-2, and PGK 1-2, respectively (Fig. 2).

DISCUSSION

The most striking finding of this study was that serum IgG
responses against selected Candida antigens were accurate and
early markers of systemic candidiasis. We measured IgG titers
against 15 recombinant C. albicans antigens by ELISA and
derived a prediction model that identified patients with sys-
temic candidiasis with an error rate of only 3.7%, a sensitivity
of 96.6%, and a specificity of 95.6%. The performance of the
prediction model was superior to that of antibody detection
against any individual antigen. Using backward elimination
and canonical correlation analyses, we identified a subset of
four antigens that performed as accurately as the full panel.
We further confirmed the validity of the four-antigen panel by
testing sera that were different from those used to derive the
prediction model. Given the limitations of current diagnostic
tests, measuring antibody responses against a panel such as
ours might represent a significant advance in the diagnosis of
systematic candidiasis.

J. CLIN. MICROBIOL.

Our data refute three of the major concerns about the lim-
itations of antibody detection as a diagnostic tool. First, we
demonstrated that patients with systemic candidiasis exhibited
significant IgG titers against a wide range of antigens at the
time that the diagnosis was made by conventional culture-
based methods. This observation corroborates a number of
reports documenting significant IgG titers against individual
proteins like ENO1, HWP1, mannan, and CGTA before or at
the time of the first positive blood culture (13, 14, 23, 36). Such
findings are consistent with the fact that blood cultures are
often not positive until relatively late in the course of disease
(8, 17, 18). It is also possible that invasive diseases like candi-
demia are preceded in at least some patients by low-level
systemic exposure to Candida spp., perhaps reflecting “leak-
age” from mucosal sites of colonization. Alternatively, the rel-
atively early and potent IgG responses could represent amnes-
tic responses against tissue invasion by a commensal organism
to which the host has already been exposed. Along these lines,
IgG responses were superior to those of IgM against each of
the 15 antigens in discriminating patients with systemic candi-
diasis from controls. Previous studies of IgM responses yielded
conflicting results, with results superior to IgG against blasto-
spore cytoplasm and mannan in one study and inferior against
hyphal cell wall proteins in another (10, 32). In our study, it is
interesting that IgM titers against the four intracellular pro-
teins that are not localized to the cell wall among patients
with systemic candidiasis were significantly higher than those
among controls, which suggests that these antigens might be
less visible to the humoral immune system during commensal
growth.

Second, we showed that antibody responses against recom-
binant C. albicans antigens diagnosed patients infected with C.
albicans and non-C. albicans spp. Indeed, the prediction model
was accurate regardless of the infecting species, a finding that
corroborates data from previous studies. IgG responses against
C. albicans ENOI, for example, have been reported to be
effective in identifying patients with candidemia caused by di-
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FIG. 2. IgG titers against SET1, ENO1, MUCI1-2, and PGK1-2 in
acute- and convalescent-phase sera of eight patients with systemic
candidiasis. For each recombinant protein, titers in acute-phase sera
are shown at left and convalescent-phase sera are shown at right.
Convalescent-phase sera were recovered 4 to 12 weeks after the first
blood culture was positive for Candida spp.
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verse Candida spp. (14). Interestingly, a recent study showed
that the detection of antibodies against HWP1, a protein pro-
duced exclusively during hyphal growth by C. albicans, is also
useful among patients infected with non-C. albicans spp. (13),
suggesting that epitopes within nonconserved proteins might
elicit cross-reactive responses. Finally, our limited data on im-
munocompromised hosts suggest that the IgG responses were
not attenuated in these patients. Again, these results are con-
sistent with data from previous reports (11, 12, 21, 31, 34).

The sensitivities and specificities that we observed using
individual proteins are within the ranges previously reported
for antibody detection against a variety of antigens. Studies of
IgG responses to ENO1 yielded sensitivities of 50 to 92% and
specificities of 78 to 95% (14, 15, 16, 26, 33), and similar
performances have been reported for tests against SAP (20,
35), HWP1 (14), a 52-kDa metalloprotein (6), mannan (28,
36), and CGTA (26). In attempts to overcome the diagnostic
limitations of existing antibody tests, investigators have com-
bined antibody responses against individual proteins with tests
of antigen and/or metabolite detection. In general, these strat-
egies have improved the sensitivity and specificity of individual
tests as well as resulted in earlier diagnoses of systemic candi-
diasis (7, 25, 28-30, 36). It is quite possible, therefore, that a
prediction model such as ours, based on antibody responses to
multiple antigens, will ultimately be of the greatest utility in
combination with cultures and other diagnostic markers.

It is important that antibody responses in this study were
measured against recombinant antigens. As such, we cannot
make definitive conclusions about humoral responses against
native Candida proteins. Nevertheless, we demonstrated that
mean IgG titers against each of the recombinant antigens in-
cluded in our prediction model were significantly higher in
convalescent-phase sera than in paired acute-phase sera from
eight patients. These data suggest that the elevated IgG re-
sponses reflected responses to the causative Candida isolate.

In conclusion, we have clearly shown that a prediction model
based on IgG responses against a panel of recombinant pro-
teins is a potentially powerful tool for diagnosing systemic
candidiasis. Our findings support future studies to validate and
define the role of antibody detection in the diagnosis of sys-
temic candidiasis. Moreover, it will be useful to assess other
applications of antibody testing against panels of candidal an-
tigens, such as tracking responses to antifungal therapy and
identifying high-risk patients who could benefit from preven-
tive or preemptive treatment.
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