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The secreted aspartyl proteinases (Saps) of Candida albicans have been implicated as virulence factors
associated with adherence and tissue invasion. The potential use of proteinases as markers of invasive
candidiasis led us to develop a competitive binding inhibition enzyme-linked immunosorbent assay (ELISA) to
detect Sap in clinical specimens. Daily serum and urine specimens were collected from rabbits that had been
immunosuppressed with cyclophosphamide and cortisone acetate and infected intravenously with 107 C.
albicans blastoconidia. Disseminated infection was confirmed by organ culture and histopathology. Although
ELISA inhibition was observed when serum specimens from these rabbits were used, more significant inhi-
bition, which correlated with disease progression, occurred when urine specimens were used. Urine collected
as early as 1 day after infection resulted in significant ELISA inhibition (mean inhibition � standard error
[SE] compared with preinfection control urine, 15.7% � 2.7% [P < 0.01]), and inhibition increased on days
2 through 5 (29.4% � 4.8% to 44.5% � 3.5% [P < 0.001]). Urine specimens from immunosuppressed rabbits
infected intravenously with Candida tropicalis, Candida parapsilosis, Candida krusei, Cryptococcus neoformans,
Aspergillus fumigatus, or Staphylococcus aureus were negative in the assay despite culture-proven dissemination.
Nonimmunosuppressed rabbits receiving oral tetracycline and gentamicin treatment were given 2 � 108 C.
albicans blastoconidia orally or intraurethrally to establish colonization of the gastrointestinal tract or bladder,
respectively, without systemic dissemination; urine specimens from these rabbits also gave negative ELISA
results. Dissemination to the kidney and spleen occurred in one rabbit challenged by intragastric inoculation,
and urine from this rabbit demonstrated significant inhibition in the ELISA (mean inhibition � SE by day 3
after infection, 32.9% � 2.7% [P < 0.001]). The overall test sensitivity was 83%, the specificity was 92%, the
positive predictive value was 84%, the negative predictive value was 91%, and the efficiency was 89% (166 urine
samples from 33 rabbits tested). The specificity, positive predictive value, and efficiency could be increased to
97, 95, and 92%, respectively, if at least two positive test results were required for a true positive designation.
The ELISA was sensitive and specific for the detection of Sap in urine specimens from rabbits with dissem-
inated C. albicans infection, discriminated between colonization and invasive disease, reflected disease pro-
gression and severity, and has the potential to be a noninvasive means to diagnose disseminated candidiasis.

Despite the introduction of improved antifungal drugs for
treatment and prophylaxis, invasive candidiasis remains a sig-
nificant clinical problem. In a recent population-based active
laboratory surveillance study, Candida species were responsi-
ble for 72.8 cases of invasive mycoses per million population
per year, followed by species of Cryptococcus (65.5 cases per
million population per year), Coccidioides (15.3 cases per mil-
lion population per year), Aspergillus (12.4 cases per million
population per year), and Histoplasma (7.1 cases per million
population per year) (56). Although other Candida species
were significant contributors to this problem, Candida albicans
was the single most prevalent species associated with blood-
stream infections in the hospital setting (28, 78). C. albicans
was responsible for 59% of primary candidemia occurring be-
tween 1989 and 1999 among patients in 1,116 intensive care
units participating in the National Nosocomial Infections Sur-
veillance system (78) and for 55% of all bloodstream infections

in a recent population-based candidemia surveillance study
(28).

C. albicans can invade deep organs in immunocompromised
patients, resulting in significant morbidity and mortality (18,
43). Risk factors for disseminated disease include indwelling
catheters, administration of broad-spectrum antibacterial an-
tibiotics, immunosuppressive drug regimens associated with
bone marrow or organ transplantation, and cancer chemother-
apy (17, 46). Diagnosis is difficult because clinical signs and
symptoms of invasive disease are not specific and currently
available serological tests often lack the desired sensitivity or
specificity for a rapid and reliable diagnosis (45). Whereas
histopathological examination of infected tissue is highly spe-
cific, the invasive procedures required to obtain deep organ
biopsies are not recommended for immunocompromised pa-
tients, who are often thrombocytopenic (46). In the absence of
a rapid and specific diagnosis, appropriate therapy is often
delayed, contributing to increased morbidity and mortality.

Despite continued efforts to develop rapid and specific di-
agnostic tests to detect invasive candidiasis, most tests devel-
oped to date lack sensitivity or specificity. Detection of anti-
bodies to Candida antigens can be unreliable, as healthy
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individuals have been shown to possess natural levels of anti-
Candida antibodies. Further, antibody production in immuno-
compromised patients can fluctuate, depending upon the state
of immune suppression, making interpretation of test results
difficult (45). Whereas strides have been made in PCR-based
methods to detect DNA from C. albicans in blood (13, 16, 71),
these tests have not yet been standardized for general use.
Detection of various C. albicans antigens or metabolites such
as 1,3-�-D-glucan (52, 53), arabinitol (82, 83), enolase (81), and
cell wall mannoprotein (11, 20, 70) have shown promise, but
each test has limitations and most are not available outside of
the research laboratory.

Another approach to the diagnosis of systemic candidiasis
involves detection of the secreted aspartyl proteinases (Saps)
of C. albicans in serum specimens (50, 64, 66). C. albicans,
along with Candida tropicalis and Candida parapsilosis, secretes
inducible aspartyl proteinases that are considered to be viru-
lence factors which aid in the invasion of host tissue (39, 63, 68,
72). In addition, it has been demonstrated that clinical isolates
express Sap at concentrations that correlate with the severity of
human (8) and murine (36) infection. Sap production has also
been associated with an increased capacity of C. albicans to
adhere to and degrade epithelial cells (2, 12, 49, 54, 84) and to
invade the stratum corneum, mucosal surfaces, and deep or-
gans in murine models of candidiasis (7, 14, 15, 55). Sap ex-
pression has been demonstrated in vivo in C. albicans-infected
mice or rats (10, 15, 33, 40), and disruption of Sap genes results
in reduced virulence (9, 25, 33, 69). The usefulness of a test
using an inducible enzyme as a marker of disease lies in its
potential to differentiate colonization from invasive disease. It
has been demonstrated that differential expression of Sap
genes occurs in patients and in individuals who were carriers of
C. albicans (51). Because extracellular production of Sap is
inducible (40, 47) and since Sap has been shown to be pro-
duced during active tissue invasion (40, 54, 55), its extracellular
concentration should correlate with invasive disease rather
than simple colonization.

A limited number of tests to detect Sap or anti-Sap antibod-
ies have been described for the immunodiagnosis of dissemi-
nated candidiasis (41, 50, 66, 74). These tests examined serum
as a source of Sap antigen or anti-Sap antibodies, and the test
sensitivity varied widely depending upon the antibodies or an-
tigens used and the test format employed. No studies, however,
have examined urine as a source of Sap antigen. The use of
urine specimens, unlike that of serum specimens, would allow
frequent, noninvasive collection of large sample volumes which
could be readily concentrated to potentially increase test sen-
sitivity. In addition, other researchers may have used unpuri-
fied Sap antigens as immunogens, leading to the production of
antibodies that may cross-react with contaminating cell wall
mannoprotein or extraneous proteins, reducing test specificity
(3, 4, 39, 65, 74). We therefore used anti-Sap antibodies, raised
against highly purified Sap and shown previously not to react
with contaminating mannoproteins (47), to develop and eval-
uate an enzyme-linked immunosorbent assay to detect Sap in
urine and serum specimens from rabbits experimentally in-
fected with C. albicans.

MATERIALS AND METHODS

Microorganisms. Lyophilized stock cultures of C. albicans strain CBS 2730 (a
gift from R. Rüchel, University of Göttingen, Göttingen, Germany) (a variant of
the type strain also known as DSM 6659) was used to produce purified Sap for
the competitive binding inhibition enzyme-linked immunosorbent assay (ELISA)
and to immunize mice for the production of anti-Sap antibodies. The following
isolates, used for the infection of rabbits in an animal model of disseminated
disease or for urinary tract or gastrointestinal tract colonization studies, were
obtained from the Fungus Reference Unit, Mycotic Diseases Branch, Centers for
Disease Control and Prevention (CDC): C. albicans strains 36B, Lecocq, and
Q16 (B serotypes) and 3181A, 2730, and B311 (A serotypes); C. tropicalis 83-
48062, C. parapsilosis B390, Candida krusei 83-056058, Cryptococcus neoformans
9759, and Aspergillus fumigatus 2570. A clinical isolate of Staphylococcus aureus,
strain 255, was kindly supplied by Gary Hancock of the Division of Bacterial and
Mycotic Diseases, CDC, as a bacterial control isolate. S. aureus was grown on
Trypticase soy agar slants containing 5% sheep’s blood (TSAB) (BBL, Becton
Dickinson, Cockeysville, Md.) at 37°C for 24 h. Fungal isolates were grown on
Sabouraud dextrose agar (SDA) slants (Emmon’s modification; BBL) at 25°C for
48 h (yeasts) or at 35°C for 4 days (A. fumigatus).

Rabbit model of disseminated disease. All animal models and methods were
approved by the CDC Institutional Animal Care and Use Committee. Female
New Zealand White rabbits, 3 to 4 kg in weight, were immunosuppressed by
subcutaneous injection of 25 mg of cyclophosphamide (Cytoxan; Bristol Myers
Squibb, Princeton, N.J.) per kg of body weight 2 days before infection and of 15
mg of cortisone acetate suspension (Eli Lilly and Co., Indianapolis, Ind.) per kg
2 days and 1 day before infection and again on the day of infection, as previously
described (26). This immunosuppressive drug regimen resulted in a significant
decline in total leukocytes as determined by hemacytometer counting. Rabbits
were infected intravenously with 1 � 107 blastoconidia (Candida spp.) or conidia
(A. fumigatus) or with 2 � 107 C. neoformans or 1 � 108 S. aureus cells harvested
by washing surface growth from agar slants with 5 ml of sterile 0.01 M phosphate-
buffered saline (PBS) (8.1 mM Na2HPO4, 1.9 mM KH2PO4, 0.85% NaCl [pH
7.2]), followed by centrifugation and washing with PBS at 2,700 � g for 10 min.
Microorganisms were suspended to their final inoculating volume in 0.85% NaCl
after enumeration in a hemacytometer. CFU per milliliter were calculated after
serial dilutions of the inocula were plated onto SDA and incubated at 25°C
(fungi) or plated onto TSAB and incubated at 37°C (S. aureus).

Rabbit models of urinary tract and gastrointestinal tract colonization. Female
New Zealand White rabbits, 3 to 4 kg in weight, were used in both urinary tract
and gastrointestinal tract colonization models. Rabbits were treated with broad-
spectrum antibiotics to facilitate mucosal colonization with fungi. Tetracycline
(0.1 mg/ml) (The Butler Co., Columbus, Ohio) and gentamicin (1 mg/ml) (Sigma
Chemical Co., St. Louis, Mo.) were administered ad libitum in the drinking water
and were replaced with fresh antibiotics every 24 h. Antibiotic treatment began
1 day prior to administration of C. albicans blastoconidia and continued until
euthanasia and necropsy on day 3 to 5 postadministration. A significant reduc-
tion in bacterial CFU from fecal cultures was noted following antibiotic treat-
ment.

Intraurethral colonization was established by introducing 2 � 108 C. albicans
blastoconidia through a tom cat catheter attached to a 1-ml tuberculin syringe.
Rabbits were first sedated with 0.8 ml of a 7:2:1 (vol/vol) mixture of ketamine (10
mg/ml solution; Fort Dodge Animal Health, Fort Dodge, Iowa), xylazine (20
mg/ml solution; Ben Venue Laboratories, Bedford, Ohio), and acepromazine
maleate (10 mg/ml; Boehringer Ingelheim Vetmedica, Inc., St. Joseph, Mo.)
injected intramuscularly.

Gastrointestinal tract colonization was achieved by first tranquilizing rabbits by
intramuscular injection with 0.5 ml of the ketamine-xylazine-acepromazine mal-
eate solution described above and then feeding them via a 3-ml needleless
syringe with 2 ml of a 50:50 mixture of light corn syrup (Karo; Best Foods,
Englewood Cliffs, N.J.) and C. albicans blastoconidia suspended in PBS (final
amount received per rabbit, 2 � 108 C. albicans blastoconidia).

Specimen collection and processing. Rabbits were housed in metabolic cages
that allowed collection of urine in one location and of fecal material in another.
Blood and urine were collected daily before infection and during disease pro-
gression for use in the inhibition ELISA. In addition to serum and urine speci-
mens collected for ELISA testing, daily blood, urine, and fecal specimens were
also collected to determine CFU per milliliter of body fluid (blood or urine) or
per gram of feces. Blood, urine, and feces were also collected from uninfected
rabbits as negative controls. Blood for culture was collected daily from a central
ear artery into Isolator lysis-centrifugation tubes (Wampole, Inc., Cranbury,
N.J.) (1). The Isolator tubes were then centrifuged at 3,000 � g for 30 min,
supernatants were removed, and pellets were plated onto SDA (fungi) or TSAB
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(S. aureus) and incubated at 25°C (fungi) or 37°C (S. aureus) for up to 1 week.
Plates were examined daily for growth, and CFU were determined.

Urine was collected daily from each rabbit’s metabolic cage, 0.1 ml was spread
onto SDA plates (fungi) or mannitol salt agar (BBL) (S. aureus) for CFU
determination, and the remainder was centrifuged at 5,000 � g for 10 min.
Supernatants were then stored frozen at �40°C. At the time of euthanasia,
additional clean-catch urine was collected from supine, anesthetized rabbits by
gently pressing down on the area above the bladder to release residual urine.
Urine specimens were dialyzed (3,500-molecular-weight-cutoff Spectra/Por dial-
ysis membrane; Spectrum Medical Industries, Inc., Houston, Tex.) overnight
against two changes of PBS and centrifuged at 5,000 � g for 10 min before
supernatants were tested in the ELISA. For some experiments, urine specimens
were concentrated 10-fold with 3,500-molecular-weight-cutoff concentrators
(Centricon; Amicon, Beverly, Mass.) according to the manufacturer’s instruc-
tions. A total of 166 urine specimens from 33 rabbits were collected and ana-
lyzed.

Fecal pellets (10 per rabbit) were collected daily, weighed, and then placed in
a 50-ml conical centrifuge tube (Falcon no. 2098; Becton Dickinson). Twenty-five
milliliters of PBS was added, the samples were allowed to sit for 10 min, and the
tubes were then vortex mixed. Serial dilutions of fecal suspensions were spread
onto SDA plates (fungi) or mannitol salt agar plates (S. aureus) for CFU deter-
mination after incubation at 25°C (fungi) or 37°C (S. aureus).

Kidneys, livers, and spleens were aseptically removed and homogenized in
sterile PBS on day 3, 4, or 5 after infection. Kidneys were each homogenized
separately in glass Waring blender bottles, and livers and spleens were each
homogenized in a mechanical tissue homogenizer (Stomacher; Seward Medical,
London, United Kingdom). Organ homogenates were serially diluted in PBS,
and the CFU per gram of tissue was determined after plating on SDA (fungi) or
TSAB (S. aureus) and incubating at 25°C (fungi) or 37°C (S. aureus). Invasion of
deep tissues was also confirmed by histopathological staining of sections from
paraffin-embedded tissue by using standard Gomori silver staining procedures.

Production of purified Sap for use in ELISA and Sap activity assays. C.
albicans strain 2730 (final concentration, 107 blastoconidia per ml) was grown in
300 ml of yeast carbon base-bovine serum albumin broth in 1-liter Erlenmeyer
flasks rotating at 140 rpm (47, 48). Sap activity assays were performed on cultures
grown at 25°C to maximize Sap production, as previously described (47, 88).
Five-milliliter aliquots were removed daily, and Sap activity was determined
spectrophotometrically at 280 nm following the degradation of substrate bovine
serum albumin as previously described (47, 88). Cultures grown at 25°C were
harvested when Sap activity reached a maximum (8 to 10 days of growth), and
Sap was purified by serial anion-exchange and gel filtration column chromatog-
raphies as previously described (47).

Pepstatin A column chromatography. Pepstatin A-agarose (Sigma) column
chromatography was performed on urine specimens from uninfected rabbits
(negative controls) and on preinfection and day 4 urine specimens from rabbits
with disseminated candidiasis. Sham columns, prepared with agarose beads (Sig-
ma) but without ligated pepstatin A, was used as a negative control. Chroma-
tography was performed as previously described by Kregar et al. (32) and Mor-
rison et al. (47). Briefly, 17 ml of urine was adjusted to pH 3.6 with 10% acetic
acid and dialyzed (3,500-molecular-weight-cutoff Spectra/Por dialysis membrane;
Spectrum Medical Industries, Inc.) for 3 h against 100 volumes of 0.1 M acetic
acid-sodium acetate buffer (pH 3.6) containing 1 M NaCl. Urine was removed
from the dialysis membrane and centrifuged at 2,700 � g and 4°C for 10 min to
remove sediment, and the supernatant was applied to the column. Five milliliters
of packed pepstatin A-agarose gel (Sigma), in a 0.6- by 9-cm glass column, was
equilibrated with column buffer (0.1 M acetic acid-sodium acetate buffer [pH 3.6]
containing 1 M NaCl). The sample was applied and washed into the column at
a rate of 15 ml per h, using 3.5 volumes of column buffer. Samples were desorbed
with elution buffer (0.1 M Tris-HCl [pH 8.5] containing 1 M NaCl), and fractions
were collected into tubes containing 100 �l of neutralization buffer (0.1 M acetic
acid-sodium acetate buffer [pH 3.6]). Peak fractions were pooled and dialyzed
overnight against neutral 0.1 M Tris-HCl buffer by using a 3,500-molecular-
weight-cutoff dialysis membrane (Spectra/Por; Spectrum Medical Industries,
Inc.). Samples were concentrated 10-fold with Centricon-3 ultrafiltration con-
centrators (Amicon) before testing in the inhibition ELISA. Column fractions
were also examined by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and by Western blotting with the PhastSystem (Pharmacia,
Piscataway, N.J.) as previously described (47).

Production of anti-Sap polyclonal antibody for use in ELISA and Western
blotting. Polyclonal mouse antibodies to purified Sap were raised in mice, and
purified immunoglobulin G (IgG) antibodies were obtained as previously de-
scribed (47). IgG antibodies were labeled with horseradish peroxidase (Sigma

Chemical Co.) by the method of Wilson and Nakane (85) as modified by Gray
(23), as previously described (26).

Competitive binding inhibition ELISA. Microtitration plates (Immulon II;
Dynatech, Inc., Chantilly, Va.) were precoated with 100 �l of a 0.2-�g/ml solu-
tion of purified Sap in 0.06 M sodium carbonate buffer (pH 9.6), sealed with
plastic film, and incubated at 37°C for 3 h and then overnight at 4°C. Immediately
before use, the plates were washed three times with PBS containing 0.05%
Tween 20 (Sigma) (PBS-T). Two hundred microliters of serum or urine was
combined with 200 �l of horseradish peroxidase-labeled anti-Sap antibody (di-
luted 1:250 in PBS-T) in 13- by 100-mm glass test tubes, and, after gentle
agitation, the tubes were incubated in the dark for 30 min at 25°C. The mixture
was then added to the washed plates (100 �l per well in triplicate) and incubated
in the dark for 30 min at 25°C. Plates were washed three times with PBS-T to
remove unbound antibody, and 100 �l of a 50:50 (vol/vol) mixture of 3�,3�-
tetramethylbenzidine substrate and H2O2 solution (Kirkegaard and Perry, Gaith-
ersburg, Md.) was added per well. The plates were read immediately in a kinetic
microtitration plate reader (UVMax; Molecular Devices, Sunnyvale, Calif.) for 2
min at 650 nm. Results were reported as the percent inhibition relative to control
wells containing preinfection serum (when assessing serum samples) or prein-
fection urine (when assessing urine samples) from the same rabbit. The percent
ELISA inhibition by serum specimens from infected rabbits was significantly less
than that by urine specimens from the same rabbits; therefore, the remainder of
the inhibition ELISA testing was conducted with urine specimens. Samples
giving inhibition values greater than 2 standard deviations above the mean for
samples obtained from uninfected rabbits were considered positive. The cutoff
value for positivity in the ELISA with urine as the test specimen was therefore
assigned an inhibition value of 13.5% (i.e., the mean percent inhibition �
standard deviation for preinfection urine was 3.9 � 4.8, and 3.9 � 4.8 � 4.8 �
13.5). It has been reported that C. albicans isolates can maintain 50% of their
proteolytic activity at pH 7.25 (80) and that C. albicans Sap can digest immuno-
globulins (27, 63, 65, 67); however, denaturation of the enzyme does not appear
to interfere with antigenicity (8, 50). Therefore, purified Sap was boiled for 5 min
to inactivate enzymatic activity before serial dilution (0 to 100 ng/ml) in PBS and
use in the construction of a standard curve. Absorbance at 650 nm was inversely
proportional to the amount of Sap present, and inhibition results could be
converted into nanograms of Sap per milliliter by using the standard curve, which
was linear over the concentration range used. A 50% reduction in absorbance
was obtained with 25 ng of purified Sap per ml. A conjugate control (0.2 ml of
PBS-T substituted for rabbit urine) was run in triplicate on each plate and
represented 0 ng of Sap per ml.

Statistical analyses. Means � standard error (SEs) for the number of exper-
iments or animals designated are reported. Values were considered to be signif-
icant by Student’s t test, chi-square analysis, or Spearman’s correlation coefficient
(r) when the P value was 	0.05.

RESULTS

Comparison of Sap concentrations in serum and in urine.
All intravenously infected rabbits demonstrated dissemination
from the bloodstream to the deep organs. Preliminary testing
suggested that although some ELISA inhibition occurred with
serum specimens, the results were more significant and paral-
leled disease progression more closely when urine specimens
were tested. Compared with preinfection serum specimens,
serum specimens from rabbits infected intravenously with C.
albicans gave the following mean percent inhibition results �
SE (n) for the indicated day postinfection: day 1, 8.2 � 8.2 (2);
day 2, 0 � 0 (2); and day 3, 19.9 � 2.5 (3). In contrast, urine
specimens from the same rabbits gave the following inhibition
results compared to preinfection urine: day 1, 12.2 � 1.3 (2);
day 2, 32.5 � 3.7 (2); and day 3, 50.8 � 1.9 (3). Given these
results and the variable results obtained by others using serum
(50, 64, 66), the remainder of the inhibition ELISA testing was
conducted with urine specimens.

Inhibition ELISA results with urine correlate with disease
progression. Figure 1 shows the detection of Sap antigenuria
by the inhibition ELISA during the course of disease progres-
sion in rabbits infected systemically with C. albicans strain 36B.
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The ELISA detected an increase in the amount of Sap in urine
specimens from infected rabbits which correlated with time
after infection (days 1 to 5; Spearman’s correlation coefficient
[r] � 0.95). The percent inhibition by postinfection urine was
significantly greater than that by preinfection urine as early as
1 day postinfection (P 	 0.01), and significant ELISA inhibi-
tion continued with urine collected through day 5 (P 	 0.001)
(Fig. 1).

ELISA positivity compared with culture results for organs
and other specimens from C. albicans-infected rabbits during
disease progression. Table 1 shows the time course of disease
progression in rabbits systemically infected with C. albicans
strain 36B by organ burden compared with ELISA results. No
rabbits were culture positive before infection on day 0, and
ELISA results were also negative. By day 1 after infection,
38% of rabbits were positive by the ELISA, whereas 63, 75,
and 38% were positive by blood, urine, and fecal culture,
respectively (Table 1). ELISA results were positive for all
rabbits from day 2 through day 5, whereas blood culture pos-
itivity declined with time. In contrast, urine and fecal cultures
continued to increase in positivity over time. Therefore, blood
culture positivity did not reflect disease progression over time,
whereas ELISA results and urine and fecal culture positivity
did.

Homogenization and culture of deep organs (kidneys, liver,
and spleen) demonstrated that 100% of rabbits were culture
positive in all three organs by day 3 after infection and re-
mained culture positive until day 5. The number of recoverable
CFU per gram in the kidney increased with time, reflecting
increased disease progression (Table 1). In contrast, the num-
ber of recoverable CFU per gram in the spleen and liver
declined. Tissue invasion was confirmed by histopathology
(Fig. 2).

Comparison of inhibition ELISA results with infectious bur-
den by using different infecting C. albicans strains. Table 2
demonstrates that significant ELISA inhibition (P 	 0.01 com-
pared to preinfection urine) was also observed with urine from
rabbits infected intravenously with any of five strains of C.
albicans, including both serotype A and serotype B strains.
These data indicate that significant ELISA inhibition was not
limited to urine obtained from rabbits infected with one par-
ticular C. albicans strain. Significant differences were noted,
however, in the degree of inhibition observed for a given in-
fecting strain (Table 2). For example, significantly more inhi-
bition was noted when urine specimens from rabbits infected
with C. albicans strain Lecocq, 36B, or 2730 were tested than
when those from rabbits infected with strain Q16 (P � 0.02) or
B311 (P 	 0.01) were tested. Differences in inhibition with
urine specimens from rabbits infected with different C. albicans
strains paralleled the degree of pathogenicity for a given strain
as demonstrated by organ burden data obtained on the day of
necropsy (day 4 or 5 postinfection). Strains resulting in the
highest ELISA inhibition values (Lecocq, 36B, 2730, and
3181A) were also those producing the greatest organ burden,
and those resulting in the lowest ELISA inhibition values (Q16
and B311) produced the lowest organ burden (Table 2). Rab-
bits were infected in multiple experiments, and the correlation
between organ data and ELISA results remained the same.
The strongest correlation between ELISA inhibition results
and organ burden was noted for the mean log units per gram
of kidney data (r � 0.89 for the kidney, compared to r � 0.65
for the spleen and r � 0.77 for the liver).

Table 2 also shows the recoverable CFU from blood, urine,
and fecal specimens from C. albicans-infected rabbits on the
day of necropsy. Unlike the tissue burden results, the number
of CFU recovered from the blood, urine, or feces did not

FIG. 1. Time course for inhibition ELISA with C. albicans strain 36B-infected rabbits. Rabbits were infected on day 0, and urine was collected
daily and tested in the inhibition ELISA. The number of rabbits tested for each day is shown in parentheses. *, P 	 0.01 compared to day 0
inhibition; **, P 	 0.001 compared to day 0 inhibition. Cross-hatched bars, mean percent ELISA inhibition values; open bars, SEs from the mean
percent ELISA inhibition values.
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FIG. 2. Histopathological section of kidney tissue from a C. albicans-infected rabbit, showing tissue invasion with C. albicans (darkly staining
material). Gormori silver stain was used. Approximate magnification, �540.

TABLE 1. Comparison of ELISA positivity and culture results for organs and other specimens from rabbits infected intravenously
with C. albicans strain 36B during disease progressiona

Day and parameter ELISA
result

Culture result

Blood Urine Feces Kidneys Spleen Liver

Day 0
No. positive/total (% positive)b 0/8 (0) 0 (0) 0 (0) 0 (0)
Inhibition level or organism burdenc

Mean � SE 2.8 � 2.1 (8) 0 � 0 (8) 0 � 0 (8) 0 � 0 (8)
Range 0–12.1 0–0 0–0 0–0

Day 1
No. positive/total (% positive) 3/8 (38) 5/8 (63) 6/8 (75) 3/8 (38)
Inhibition level or organism burdenc

Mean � SE 15.7 � 2.7 (8) 0.6 � 0.2 (8) 51 � 23 (8) 73 � 38 (8)
Range 8.2–27.3 0–1 0–200 0–260

Day 2
No. positive/total (% positive) 8/8 (100) 5/8 (63) 8/8 (100) 6/7 (86)
Inhibition level or organism burdenc

Mean � SE 29.4 � 4.8 (8) 0.6 � 0.2 (8) 145 � 83 (8) 173 � 34 (7)
Range 16.7–52.6 0–1 10–720 0–280

Day 3
No. positive/total (% positive) 8/8 (100) 4/7 (57) 8/8 (100) 7/8 (88) 4/4 (100) 2/2 (100) 2/2 (100)
Inhibition level or organism burdenc

Mean � SE 41.9 � 4.1 (8) 1.1 � 0.6 (7) 1,020 � 700 (8) 1,849 � 732 (8) 14.6 � 6.4 (4) 85 � 85 (2) 11.9 � 11.1 (2)
Range 27.9–63.7 0–4 11–5,800 0–6,450 4.5–32 0.1–170 0.8–23

Day 4
No. positive/total (% positive) 5/5 (100) 2/5 (40) 5/5 (100) 6/6 (100) 6/6 (100) 3/3 (100) 3/3 (100)
Inhibition level or organism burdenc

Mean � SE 46.9 � 5.4 (5) 0.6 � 0.4 (5) 1,950 � 1,462 (5) 2,235 � 1,328 (6) 475 � 215 (6) 0.7 � 0.7 (3) 2.4 � 1.9 (3)
Range 30.8–64.7 0–2 8–9,700 62–8,640 82–1,500 0.03–2.1 0.009–6.2

Day 5
No. positive/total (% positive) 3/3 (100) 0/2 (0) 3/3 (100) 1/1 (100) 6/6 (100) 3/3 (100) 3/3 (100)
Inhibition level or organism burdenc

Mean � SE 44.5 � 3.5 (3) 0 � 0 (2) 1,340 � 658 (3) 86 � 0 (1) 456 � 259 (6) 0.02 � 0.01 (3) 0.2 � 0.1 (3)
Range 37.5–54.3 0–0 24–2,000 86d 17–1,700 0.006–0.04 0.004–0.44

a Rabbits were infected intravenously on day 0 with 107 C. albicans strain 36B blastoconidia and necropsied on day 3, 4, or 5 after infection.
b Number (percentage) of rabbits with a positive urine ELISA antigen detection result or with a culture-positive organ or other clinical specimen.
c ELISA results are percent inhibition relative to preinfection urine. Culture results are numbers of CFU per milliliter (blood and urine) or per gram (wet weight)

(organs and feces). Data are for the number of rabbits (given in parentheses as n). Organ data were multiplied by 10�6.
d Feces were not available for two of the three remaining rabbits.
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correlate with the relative rank order of ELISA inhibition
results (i.e., r ranged from 0.33 to 0.54 for feces, blood, and
urine). Indeed, blood cultures were negative in rabbits infected
with five of the six C. albicans strains tested despite the use of
lysis centrifugation blood culture tubes (1), and urine and fecal
cultures were negative for one strain (Q16) despite a signifi-
cant organ burden.

Specificity of the ELISA for detecting only disseminated
candidiasis caused by C. albicans. To determine the specificity
of the inhibition ELISA for detecting invasive C. albicans in-
fection, urine specimens were obtained from rabbits colonized
intragastrically or intraurethrally with C. albicans strain 36B or
from rabbits infected intravenously with non-C. albicans Can-
dida species or with other agents (both fungal and bacterial).
Urine inhibition ELISA values and culture results for these
rabbits are shown in Table 3. As expected from the results
presented above, urine specimens from immunosuppressed

rabbits infected intravenously with C. albicans strain 36B dem-
onstrated significant ELISA inhibition (P 	 0.001 compared
with preinfection urine), and these rabbits had significant in-
vasion of the kidneys, spleen, and liver by C. albicans. Urine
specimens from rabbits infected intravenously with C. albicans
strain 36B but not immunosuppressed also demonstrated sig-
nificant but somewhat lower ELISA inhibition results (41.9%
� 2.9%) compared to urine from systemically infected, immu-
nosuppressed rabbits (50.2% � 5.1%). Tissue involvement in
the kidney was also somewhat reduced in nonimmunosup-
pressed rabbits (Table 3), whereas spleen and liver involve-
ment was similar to that observed for immunosuppressed rab-
bits.

C. albicans was found to disseminate to the peripheral or-
gans in one rabbit after colonization by the intragastric route.
Significant ELISA inhibition (32.9% � 2.7%; P 	 0.01) was
demonstrated when urine from this rabbit was tested, but in-

TABLE 2. Comparison of inhibition ELISA results and infectious burden with different C. albicans strains

C. albicans
strain

% Inhibition � SE
(n)a

Burdenb in:

Kidney Spleen Liver Blood Urine Feces

Lecocq 56.8 � 2.5 (5)c 8.67 5.23 4.08 18 4,600 1,200
36B 54.3 � 5.1 (3)c 8.97 3.76 3.60 0 24 86
2730 51.5 � 2.0 (3)c 8.83 3.71 4.87 0 530 11,680
3181A 46.4 � 6.3 (3)d 7.05 3.46 4.26 0 620 850
Q16 34.1 � 5.9 (8)d 4.61 0 1.69 0 0 0
B311 26.0 � 4.3 (3)d 5.84 3.15 2.52 0 230 74

a Mean percent ELISA inhibition � SE for the number of experiments in parentheses; urine was collected on the day of necropsy (day 4 or 5 after infection). Mean
percent ELISA inhibition � SE by day 0 urine, 5.4 � 1.0 (n � 33).

b Mean log CFU per gram (kidney, spleen, and liver), mean CFU per gram (feces), or mean CFU per milliliter (blood and urine).
c P 	 0.001 compared to ELISA inhibition by preinfection urine.
d P 	 0.01 compared to ELISA inhibition by preinfection urine.

TABLE 3. Inhibition ELISA results for rabbits infected with C. albicans compared with rabbits colonized with C. albicans or infected with
non-C. albicans Candida species or other infectious agents

Organism Route of
administrationa

% Inhibition � SE
(n)b

Burdenc in:

Kidney Spleen Liver Blood Urine Feces

C. albicans strain 36B Intravenous 50.2 � 5.1 (6)d 8.73 4.54 5.67 2 470 355
Intravenouse 41.9 � 2.9 (3)f 6.71 4.92 5.89 1 72 0
Intragastricg 32.9 � 2.7 (3)h 1.40 1.15 0 0 620 NAi

Intragastricj 4.8 � 1.7 (3) 0 0 0 0 11 42,141
Intraurethral 0 � 0 (4) 0 0 0 0 230 305

C. parapsilosis Intravenous 6.5 � 1.6 (6) 2.40 0 0 0 0 0
C. tropicalis Intravenous 5.8 � 2.2 (4) 6.48 3.86 4.49 0 1,500 570
C. krusei Intravenous 5.1 � 1.8 (6) 0 2.23 0 0 0 0

A. fumigatus Intravenous 9.1 � 3.1 (3) 3.28 3.15 3.22 1 1 0

C. neoformans Intravenous 7.5 � 3.6 (6) 2.26 2.79 2.11 0 0 10
S. aureus Intravenous 6.4 � 2.0 (3) 9.47 0 2.19 15 10,000 190,000

a All intravenously infected rabbits were immunosuppressed unless otherwise noted.
b Mean percent ELISA inhibition � SE for the number of experiments in parentheses compared with preinfection urine; specimens were collected on the day of

necropsy (day 4) unless otherwise noted. Mean percent ELISA inhibition � SE on day 0, 2.6 � 0.4 (n � 48).
c Mean log CFU per gram (kidney, spleen, and liver), mean CFU per gram (feces), mean CFU per milliliter (blood and urine).
d P 	 0.001 compared to inhibition by preinfection urine.
e Rabbits were not immunosuppressed before infection.
f P 	 0.01 compared to ELISA inhibition by preinfection urine.
g Rabbits were colonized by intragastric administration, and organisms disseminated to peripheral organs.
h ELISA results for urine collected on day 3 after infection; P 	 0.01 compared to ELISA inhibition by preinfection urine.
i NA, none available.
j Rabbits were colonized by intragastric administration, and organisms did not disseminate to peripheral organs.
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hibition was somewhat lower than that observed for intrave-
nously infected rabbits (50.2% � 5.1%) (Table 3). Although
dissemination to the kidney and spleen was observed, no liver
involvement occurred. These data indicate that significant
ELISA inhibition could still occur when urine from a rabbit
with a less severe but disseminated C. albicans infection was
assayed. In contrast, significant ELISA inhibition did not occur
when urine specimens from intragastrically or intraurethreally
colonized rabbits showing no dissemination of infection to
peripheral organs were tested (Table 3). In addition, no sig-
nificant ELISA inhibition occurred when urine specimens from
rabbits infected with other fungi (including other Candida spe-
cies) or bacteria were tested, despite proven dissemination of
the microorganisms to one or more peripheral organs (Table
3). These data indicate that the inhibition ELISA is specific for
invasive candidiasis caused by C. albicans and can differentiate
between colonization and true infection by C. albicans.

Blood cultures were either negative or demonstrated only 1
or 2 CFU per ml for rabbits infected with any fungus by any
route (Table 3). In contrast, urine and fecal cultures were
positive for all rabbits infected or colonized by C. albicans
(with the exception of fecal cultures from nonimmunosup-
pressed rabbits) and for all rabbits infected with C. tropicalis.
These data indicate that blood cultures are not a consistently
sensitive method to detect systemic infection by the fungi
tested and that urine and fecal cultures cannot differentiate
systemic infection from colonization. However, intragastric
colonization produced a quantitatively higher number of re-
coverable CFU per gram of fecal material. In contrast, urine
and fecal cultures for rabbits infected with C. parapsilosis or C.
krusei were negative, and urine and fecal cultures, respectively,
were negative for C. neoformans- and A. fumigatus-infected
rabbits despite disseminated disease (Table 3).

Effect of urine concentration by ultrafiltration on ELISA
results. In an attempt to increase the sensitivity of the ELISA,
particularly early after infection, urine specimens from rabbits
infected intravenously with C. albicans strain 36B were con-
centrated 10-fold by ultrafiltration before testing. Concentra-
tion of preinfection urine did not increase the ELISA inhibi-
tion results (Table 4). In contrast, significant increases in
ELISA inhibition were observed with urine collected on day 3
or 4 after infection, including urine collected by the clean-catch
method (Table 4).

The increased ELISA inhibition observed after urine con-
centration was specific for urine from C. albicans-infected rab-
bits, as no significant increase in ELISA inhibition occurred
after concentrating urine specimens from C. albicans-colo-
nized rabbits or from rabbits infected with other fungi (Table
5). These data indicate that the component being concentrated
is specific for systemic C. albicans infection. Although some
increase in ELISA inhibition results occurred after concentrat-
ing urine specimens from rabbits infected with C. albicans
strain Q16 or B311, the two least virulent C. albicans strains, no
statistically significant increase in ELISA inhibition was ob-
served (Table 5).

Use of pepstatin A-agarose column chromatography to cap-
ture Sap from urine specimens. Pepstatin A is an inhibitor that
is specific for aspartyl proteinases and acts by binding to the
active site of the enzyme (2, 7, 33, 54). Therefore, urine from
an ELISA-positive, C. albicans-infected rabbit was passaged

over a pepstatin A-agarose column in an attempt to remove
ELISA-inhibitory activity caused by Sap in the urine. Controls
included urine from a normal rabbit and urine from the same
C. albicans-infected rabbit described above passaged over a
sham column of agarose beads without ligated pepstatin A.
Figure 3 shows the elution profile for urine from the C. albi-
cans-infected rabbit passaged over the pepstatin A-agarose
column and urine from the same rabbit passaged over the
sham column. Although an elution peak between fractions 15
and 17 was obtained for urine from the infected rabbit pas-
saged over the pepstatin A-agarose column, pooled peak frac-
tions did not result in increased inhibition when tested in the
ELISA despite 10-fold concentration of the pooled peak frac-
tions before testing. However, SDS-PAGE followed by West-

TABLE 4. Effect of urine concentration by ultrafiltration on
inhibition ELISA results over time with urine from rabbits

infected with C. albicans strain 36B

Day
Mean % inhibition � SE (n)a

% Increase by 10�
concentration1 � urine 10 � urine

0 0 � 0 (3) 0.1 � 2.5 (3)
1 12.0 � 2.3 (3) 13.9 � 3.2 (3) 15.8
2 16.7 � 2.6 (3) 17.8 � 2.7 (6) 6.6
3 43.1 � 2.2 (4) 67.3 � 6.5 (4)b 56.1b

4 43.8 � 2.3 (3) 71.2 � 1.0 (3)c 62.6c

4 (CC)d 49.8 � 2.0 (3) 87.3 � 0.6 (3)c,e 75.3c

a Mean percent ELISA inhibition � SE for the number of experiments in
parentheses; the cutoff value for a positive ELISA result with unconcentrated
urine was 13.5% (see Materials and Methods).

b Significant increase in ELISA inhibition compared with 1� concentration
results (P 	 0.02).

c Significant increase in ELISA inhibition compared with 1� concentration
results (P 	 0.001).

d CC, clean-catch urine.
e No significant difference in ELISA inhibition was noted for unconcentrated

clean-catch urine compared with unconcentrated non-clean-catch urine; there
was a significant difference between ELISA inhibition by 10� clean catch urine
and that by 10� non-clean-catch urine (P 	 0.001).

TABLE 5. Effect of urine concentration by ultrafiltration on
inhibition ELISA results with urine from colonized or intravenously

infected rabbitsa

Organism
% Inhibition � SE (n)

Pb

1� urine 10� urine

C. albicans
Lccocq 62.4 � 3.4 (3) 91.5 � 0.8 (3) 	0.001
36B 43.8 � 2.3 (3) 71.2 � 1.0 (3) 	0.001
3181A 46.4 � 3.6 (3) 65.5 � 0.7 (3) 	0.01
Q16 38.2 � 3.6 (3) 40.1 � 1.6 (3) NSc

B311 26.0 � 2.5 (3) 30.9 � 0.9 (3) NS
Colonizedd 0.6 � 0.6 (6) 0 � 0 (6) 0e

C. tropicalis 6.2 � 2.9 (6) 0 � 0 (3) 0
C. neoformans 6.8 � 3.3 (6) 10.9 � 0.8 (3) NS
A. fumigatus 8.8 � 1.9 (6) 4.5 � 2.3 (6) 0

a Urine was collected from rabbits on the day of necropsy (day 4 or 5).
b P value for a significant increase in ELISA inhibition results by 10� con-

centration of urine. Mean percent ELISA inhibition � SE by column effluents,
3.2 � 0.9 (n � 21).

c NS, no significant increase in ELISA inhibition by 10� concentration of
urine.

d Rabbits were colonized by intraurethral installation of C. albicans strain 36B.
e No increase in ELISA inhibition by 10� concentration of urine.
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ern blot analysis demonstrated two distinct protein bands of
approximately 43 and 52 kDa in the lanes containing the pep-
statin A eluate; lanes containing the sham column eluate did
not reveal any detectable bands (Fig. 4). In addition, the ef-
fluent from pepstatin A-passaged urine from the C. albicans-
infected rabbit was depleted of these two bands, whereas the

effluent from sham-passaged urine demonstrated bands similar
to those observed for the pepstatin A eluate (Fig. 4). The
pepstatin A-agarose column removed ELISA-inhibitory activ-
ity from the urine of the infected rabbit, whereas the sham
column did not (i.e., the effluent from the sham column inhib-
ited the ELISA by 78.1% � 2.4% [n � 3], the effluent from the
pepstatin A column inhibited the ELISA by 31.6% � 2.2% [n
� 3] [P 	 0.001 compared to the sham column], and effluent
pepstatin A column fractions of urine from normal rabbits
inhibited the ELISA by 13.8% � 4.0% [n � 3] [P 	 0.02
compared to either of the other two]). Therefore, passage of
urine from the C. albicans-infected rabbit over the pepstatin A
column resulted in the removal of approximately 60% of the
ELISA-inhibitory activity. These data indicate that a signifi-
cant amount of the ELISA-inhibitory agent binds to pepstatin
A, a specific ligand for aspartyl proteinases. Normal rabbit
urine passaged over the pepstatin A column had a slightly
inhibitory activity, but this effect was minor, in contrast to the
60% difference in inhibition occurring between sham-passaged
and pepstatin A-passaged urine specimens from infected rab-
bits.

The ELISA was not inhibited by the extraneous addition of
purified (61) cell wall mannan, because addition of up to 5 �g
per ml in normal rabbit urine gave no significant ELISA inhi-
bition (0 to 0.3% � 0.1% inhibition by 0.005 to 0.5 �g/ml and
13.4% � 0.7% inhibition by 5 �g/ml); these data indicate that
the ELISA-inhibitory activity was not due to contaminating
mannoprotein present in the urine and confirm the specificity
of the anti-Sap antibodies (47, 48).

ELISA inhibition results and number of rabbits testing pos-
itive for antigen by a given day. Table 6 shows the overall
ELISA inhibition results by day postinfection and the number
of C. albicans-infected rabbits testing positive compared to
negative control rabbits. No rabbits were positive before infec-
tion on day 0 in either group. Fifty percent of C. albicans-
infected rabbits were positive 1 day after infection (P 	 0.01),
and 6.0% of negative control rabbits gave false-positive results
(P 
 0.05). The number of ELISA-positive rabbits increased to
100% by day 4 for C. albicans-infected rabbits (P 	 0.001),
whereas negative control rabbits gave false-positive results in
6% of cases on day 4 (P 
 0.05). False-positive results were
skewed on day 5 by the fact that only three negative control
rabbits were tested on this day and one of these three gave a
false-positive result on this day only. Of those rabbits giving
sporadic false-positive results, one was colonized intraure-
thrally with C. albicans, two were infected with S. aureus, two
were infected with C. tropicalis, and one each was infected with
C. neoformans and A. fumigatus. In all cases, negative control
rabbits reverted to negative ELISA results on later days unless
the single false-positive result was obtained on the last day that
specimens were collected for a given rabbit. If two or more
positive results were required for a rabbit to be considered
positive by the ELISA (i.e., at least one positive result was
obtained before the positive result for a given day), the test
sensitivity declined somewhat for days 1, 2, and 4 but the
specificity increased for all days (Table 6).

Inhibition ELISA results paralleled the trend observed for
the number of rabbits testing positive by a given day postin-
fection (i.e., the inhibition increased from 5.3% on day 0 to
40.6% on day 4) (Table 6). No positive mean ELISA inhibition

FIG. 3. Pepstatin A-agarose column chromatographic profiles for
urine from a C. albicans-infected rabbit. Urine was applied to a pep-
statin A-agarose column or a sham column (agarose support only, no
pepstatin A), and effluent and eluate fractions were collected as de-
scribed in Materials and Methods. Solid line, pepstatin A-agarose
elution profile; dashed line, sham column elution profile; dotted and
dashed line, pH elution gradient.

FIG. 4. Western blot analysis of effluent and eluate fractions of
urine from a C. albicans-infected rabbit passaged over pepstatin A-
agarose or sham (agarose beads only, no pepstatin A) columns. Blots
were tested with horseradish peroxidase-labeled polyclonal anti-Sap
antibodies as described in Materials and Methods. Lane 1, sham col-
umn effluent (two bands noted); lane 2, pepstatin A column effluent
(depleted, barely visible bands noted); lane 3, empty; lanes 4 and 5,
duplicates of pepstatin A-agarose column eluate (two bands noted);
lane 6, empty; and lane 7, sham column eluate (no bands noted).
Molecular mass markers, BRL prestained high-molecular-mass stan-
dards (Bethesda Research Laboratories, Gaithersburg, Md.).
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was noted on any day for urine specimens from negative con-
trol rabbits, although urine from a single negative control rab-
bit on day 5 postinfection gave an abnormally high ELISA
value, which skewed the mean ELISA inhibition value to
11.6% � 7.7% (Table 6). Therefore, the sensitivity for detect-
ing a positive rabbit by ELISA increased during disease pro-
gression, and the specificity remained high.

Overall sensitivity, specificity, positive and negative predic-
tive values, and efficiency for the inhibition ELISA by day
postinfection. Table 7 shows the overall sensitivity, specificity,
positive and negative predictive values, and efficiency of the
inhibition ELISA when all specimens from all days were ex-
amined. The sensitivities and specificities were similar to those
obtained on a per-rabbit basis, and the positive and negative
predictive values generally increased with disease progression
(Table 7). The overall sensitivity, specificity, and positive and
negative predictive values for all days were 83, 92, 84, and 91%,
respectively. The test efficiency ranged from 75 to 100%, with
an overall efficiency of 89%. If positive test results were re-
quired on at least 2 days for assignment as a true positive case,
test sensitivity declined somewhat on days 1 and 2 but test
specificity increased for all days (Table 7); the positive predic-

tive values increased on all days except day 1, and the negative
predictive values and efficiency increased or remained the
same for all days except day 2 (Table 7).

DISCUSSION

The significant morbidity and mortality associated with in-
vasive candidiasis in immunocompromised patients and in the
intensive care unit setting have resulted in considerable efforts
to develop rapid, reliable diagnostic tests to facilitate clinical
treatment decisions. Theoretically, because Sap is an inducible
enzyme and is associated with tissue adherence and invasion,
its production should correlate with invasive disease rather
than simple colonization. Rüchel et al. (66) used polyclonal
anti-Sap antibodies in a sandwich ELISA format to detect
circulating Sap antigen in serum specimens from patients with
candidiasis. Sap was detected in only 50% of suspected plus
confirmed cases (66), and it was later hypothesized that sensi-
tivity may have been reduced by the formation of complexes
between Sap and alpha-2-macroglobulin in the circulation
(64). Later, Na and Song (50) compared two different antigen
detection ELISAs for Sap in serum, a sandwich ELISA and an

TABLE 6. Overall ELISA inhibition results and number of rabbits testing positive for antigen by a given day

Day

No. of rabbits ELISA positive/total no. of rabbits tested (% positive)a Mean percent inhibition � SEb (n)

C. albicans-infected rabbits Negative control rabbits
C. albicans-infected

rabbits
Negative control

rabbitsOne positive
resultc

Two or more
positive resultsd

One positive
result

Two or more
positive results

0 0/14 (0) 0/14 (0) 0/19 (0) 0/19 (0) 5.3 � 1.3 (14) 2.4 � 0.8 (19)
1 7/14 (50)e 0/14 (0) 1/18 (6) 0/18 (0) 16.3 � 2.5 (14)e,f 6.0 � 2.0 (18)
2 12/14 (86)e 7/14 (50)e 2/18 (11) 0/18 (0) 25.1 � 3.4 (14)e,f 6.7 � 1.9 (18)
3 13/14 (93)e 13/14 (93)e 4/19 (21) 2/19 (11) 34.4 � 3.9 (14)e,f 6.4 � 2.0 (19)
4 11/11 (100)e 10/11 (91)e 1/17 (6) 0/17 (0) 40.6 � 5.2 (11)e,f 5.2 � 1.3 (17)
5 5/5 (100)e 5/5 (100)e 1/3 (33) 0/3 (0) 37.3 � 4.4 (5)e,g 11.6 � 7.7 (3)

a C. albicans-infected rabbits included those receiving C. albicans by the intravenous or intragastric route with evidence of dissemination to deep organs by positive
culture; negative control rabbits included all uninfected rabbits, rabbits colonized with C. albicans intragastrically or intraurethrally, and rabbits intravenously infected
with bacteria or fungi other than C. albicans.

b Mean percent ELISA inhibition � SE compared to preinfection urine for the number of rabbits in parentheses (positive cutoff, 13.5%).
c Number of rabbits giving a positive result on a given day regardless of results obtained on other days.
d Number of rabbits giving a positive result on a given day and on at least one day before the given day.
e P 	 0.01 or P 	 0.001 compared to day 0 results.
f P 	 0.01 or P 	 0.001 compared to urine from negative control rabbits obtained on the day indicated.
g P 	 0.05 compared to urine from negative control rabbits obtained on the day indicated.

TABLE 7. Overall sensitivity, specificity, positive and negative predictive values, and efficiency of the inhibition ELISA by day of infection

Day

% Sensitivity/specificity for: % PPV/NPVa for: % Efficiency for:

One positive
resultb

Two or more
positive resultsc

One positive
result

Two or more
positive results

One positive
result

Two or more
positive results

0 0/100 0/100 100
1 50/94 0/100 88/71 0/100 75 100
2 86/89 50/100 86/89 100/72 88 78
3 93/79 93/89 77/94 87/94 85 91
4 100/94 100/100 92/100 100/100 96 100
5 100/67d 100/100 83/100 100/100 88 100

Overalle 83/92 82/97 84/91 95/90 89 92

a PPV, positive predictive value; NPV, negative predictive value.
b Calculations based on a single positive result on a given day regardless of results obtained on other days; day 0 urine was collected before infection.
c Calculations based on a positive result on a given day and on at least one additional positive result on a day before the given day.
d These results are artificially low because only three negative control rabbits were tested on day 5 and one of these gave a false positive result on day 5 only.
e Data based on a total of 166 urine specimens from 33 rabbits collected on days 0 through 5 from C. albicans-infected rabbits and all negative control rabbits.
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inhibition ELISA. The sensitivities of both ELISA formats
were the same (94%), but the specificity of the inhibition
ELISA was slightly greater (96 versus 92%).

In our own studies, detection of Sap antigen in serum spec-
imens from rabbits infected systemically with C. albicans was
not as sensitive as detection of Sap in urine specimens even
though an inhibition ELISA format was used. The differences
between our results and those of Na and Song (50) may be
related to the fact that they used a monoclonal antibody and
we used a polyclonal antibody; they also used a peroxidase-
conjugated anti-mouse IgG to detect their anti-Sap monoclo-
nal antibody, whereas we directly conjugated our anti-Sap an-
tibodies with peroxidase. Traditionally, monoclonal antibodies
have been less sensitive than polyclonal antibodies for detec-
tion of antigen; however, it may be that the CAP1 monoclonal
antibody used by Na and Song detected the circulating form of
Sap better than the polyclonal antibody used in our studies. In
addition, the indirect detection of Sap, using an anti-Sap
monoclonal antibody which was then detected with a peroxi-
dase-conjugated anti-mouse IgG, may have increased the test
sensitivity. Nonetheless, our detection of Sap in serum did not
directly correlate with disease progression, whereas detection
of Sap in urine did. Also, other researchers have had variably
successful results with serum as the test fluid (50, 64, 66), and
the potential to collect larger volumes of urine than of serum
from patients and to concentrate the antigen from urine to
increase test sensitivity made the use of urine instead of serum
attractive. Therefore, all remaining studies were conducted
with urine as the test fluid in an inhibition ELISA format.

In our studies, the results of the inhibition ELISA with urine
directly correlated with disease progression, and this was best
reflected by the increase in tissue burden for the kidneys of
infected rabbits over time. In contrast, the tissue burden for the
spleen and liver was somewhat reduced over time, suggesting
that the rabbit model described in this report better reflects
acute disseminated candidiasis (found in both oncologic and
nononcologic patients [59]) rather than the chronic, hepato-
splenic infection most often observed in patients treated for
acute leukemia and in bone marrow transplant recipients who
have recovered from neutropenia (31, 59, 62, 77). Most animal
models of acute disseminated infection, particularly when an-
imals are infected via the intravenous route, demonstrate an
increased organ burden for the kidney with disease progression
and a reduction in tissue burden for other organs (5, 21, 37, 38,
86). This result occurs because the osmotic pressure within the
kidney tubules reduces the effectiveness of phagocytic cells to
kill and remove C. albicans cells, and fungus balls can grow and
obstruct kidney function (86). It would be of interest to reduce
the size of the infecting inoculum to determine if this may
produce a more chronic, hepatosplenic form of infection or to
use a different route of infection. Nonetheless, in our present
study, C. albicans disseminated to peripheral organs from the
gastrointestinal tract of one colonized rabbit and, despite a
tissue burden for the kidney that was 6 times lower than that in
rabbits infected by the intravenous route, significant ELISA
inhibition still occurred. Dissemination from the gastrointesti-
nal tract is thought to be a common form of systemic infection
in immunosuppressed patients whose mucosal barriers are
compromised as a result of chemotherapy (7, 12, 15, 17, 59).
Urine specimens from rabbits that were not immunosup-

pressed before infection demonstrated a lower kidney burden
without any reduction in the burden in the spleen or liver, and
significant ELISA inhibition also occurred. These data suggest
that even a less severe infection, regardless of the site from
which it disseminated, could still be detected by the inhibition
ELISA.

The positive correlation between tissue burden, particularly
for the kidney, and the inhibition ELISA results is in contrast
to the lack of a correlation between CFU per milliliter of urine
and ELISA inhibition results. Therefore, the simple presence
of candiduria did not result in significant ELISA inhibition,
suggesting that tissue invasion, rather than simple colonization,
was necessary for positive ELISA results. This hypothesis was
further validated by the data generated for intragastrically and
intraurethrally colonized rabbits, where no significant ELISA
inhibition occurred in the absence of tissue invasion. There-
fore, tissue invasion appears to be necessary for significant
ELISA inhibition. It is not known whether the ELISA de-
scribed here could also detect localized tissue invasion in ad-
dition to disseminated infection, and further study of this pos-
sibility is warranted. In vivo Sap production, which is
associated with tissue invasion, has been documented by other
researchers using indirect immunofluorescence and anti-Sap
antibodies applied to tissue sections from infected mice (40).
In addition, Ray and Payne (55) described the formation of
pits or craters surrounding C. albicans blastoconidia adhering
to newborn mouse skin which could be eliminated by the ex-
ogenous addition of the specific aspartyl proteinase inhibitor
pepstatin A. Because 60% of the ELISA-inhibitory activity
could be removed by passage of urine from a C. albicans-
infected rabbit over a pepstatin A column, it is apparent that
an aspartyl proteinase was responsible for the majority of the
ELISA-inhibitory activity.

Significant ELISA inhibition by urine specimens from rab-
bits infected with a variety of C. albicans strains was observed,
and the inhibition results directly correlated with strain patho-
genicity as determined by tissue burden, particularly for the
kidney. There was not a direct correlation between the amount
of in vitro Sap enzyme activity and ELISA inhibition observed
among the different C. albicans strains, and this may be a
reflection of the difference between enzyme activity and en-
zyme antigenicity. Some researchers have treated test speci-
mens with trichloroacetic acid before use in Western blot or
ELISA detection formats (8), finding that although enzymatic
activity could be completely abolished before testing, antige-
nicity remained intact. Also, the effect of processing in the host
may alter the configuration of the enzyme secreted in the urine
such that different strains demonstrate somewhat altered an-
tigenicity and therefore reactivity with the detector antibodies.
Nonetheless, in our study, the correlation between organ bur-
den and ELISA inhibition was maintained regardless of the
infecting C. albicans strain used.

Processing of Sap antigen in vivo may explain the appear-
ance of two immunoreactive protein bands in Western blots of
pepstatin A-passaged urine from infected rabbits, whereas only
a single protein band was detected after SDS-PAGE analysis
of pepstatin A-passaged Sap derived from culture supernatants
(47). The two bands detected in urine specimens from infected
rabbits may represent either different isoenzymes of Sap (25,
33, 48, 69) or breakdown products of a single Sap (8). At least
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10 Sap isoenzymes have been described, and each may play a
distinct role in pathogenicity (25, 33, 51, 69).

Although both C. parapsilosis and C. tropicalis have been
documented to produce Saps (4, 63, 65, 68, 72) and we also
detected in vitro Sap enzyme activity for these Candida species
as well as for C. krusei (data not shown), no significant ELISA
inhibition by urine specimens from rabbits infected with any of
these Candida species was observed. All three species dissem-
inated to at least one organ after intravenous injection, and C.
tropicalis infection resulted in significant organ burden in the
kidney, spleen, and liver. These data indicate that non-C. al-
bicans Candida species produce Saps that may differ antigeni-
cally from those of C. albicans. Conflicting data exist regarding
the potential cross-antigenicity of Saps from the different Can-
dida species (4, 39, 50, 65, 68), and it has been hypothesized
that Candida Saps possessed common as well as species-spe-
cific antigenic sites. Nonetheless, if Sap was produced in vivo
by the non-C. albicans Candida species used in the present
study, our polyclonal antibodies raised against purified C. al-
bicans Sap did not appear to cross-react with them. Although
C. glabrata has been reported to be an emerging cause of
Candida bloodstream infections (28; R. A. Hajjeh, A. Sofair,
M. E. Brandt, L. Harrison, G. M. Lyon, B. A. Arthington-
Skaggs, S. Mirza, M. Phelan, J. Morgan, W. L. Yang, M. A.
Ciblak, L. E. Benjamin, L. Thomson, S. Huie, L. Yeo, P. Pass,
and D. W. Warnock, submitted for publication), it produces
little or no extracellular Sap (89) and was not studied here.

The purity of the Sap antigen used to immunize animals may
also account for the conflicting data in the literature regarding
the cross-reactivity of anti-Sap antibodies among Candida spe-
cies. It may be that contaminating cell wall mannoproteins in
preparations used for immunizations are responsible for the
observed cross-reactivity of anti-Sap antibodies, particularly
between C. albicans and C. tropicalis, because of the shared
antigenicity of their cell wall mannans (4, 42, 61). We previ-
ously demonstrated that our purified Sap preparations used to
immunize animals for the production of polyclonal antibodies
to Sap did not contain contaminating cell wall mannan and that
our polyclonal anti-Sap antibodies did not react against puri-
fied cell wall mannans (47, 48). In the present study, we dem-
onstrated that exogenously added mannan, at concentrations
much higher than that obtained physiologically (60), did not
interfere with the inhibition ELISA results. Therefore, the
antibodies used in our study appear to be specific for the
detection of Sap from C. albicans only and no other Candida
species tested. This is not to say that detection of infections by
other Candida species is unimportant; indeed, inclusion of
antibodies specific for the detection of Saps produced by
non-C. albicans Candida species may improve the overall util-
ity of a test to detect systemic candidiasis.

Our polyclonal anti-Sap antibodies also did not detect infec-
tions caused by the other opportunistic fungi tested (A. fumiga-
tus and C. neoformans) or by S. aureus despite dissemination of
these organisms to two or more organs and despite a higher
kidney burden in rabbits infected with S. aureus than in rabbits
infected with C. albicans. C. neoformans does not produce Sap
(89), although initial studies by Staib et al. (73) to detect
proteinases in C. neoformans led to the discovery of Sap in C.
albicans. In contrast, A. fumigatus and S. aureus have been
reported to produce various proteolytic enzymes (30, 34, 44,

57, 58), but despite these reports, no significant ELISA inhi-
bition by urine specimens from rabbits infected with these
organisms was observed. Na and Song (50) reported that 6 of
12 patients with aspergillosis reacted positively in their Sap
antibody detection ELISA and that 2 of 12 and 1 of 12 reacted
positively in the antigen capture and inhibition ELISAs, re-
spectively. These false-positive results were suggested to occur
because of cross-reactivities between the aspartyl proteinases
of Aspergillus species and C. albicans even though a monoclo-
nal antibody was used in their studies (50). We did not observe
such cross-reactivities despite our use of a polyclonal anti-Sap
antibody. However, Na and Song (50) used single specimens
collected retrospectively from each patient, whereas we tested
serial specimens collected prospectively from each rabbit. In
one A. fumigatus-infected rabbit, a single specimen did gave a
false-positive result in our ELISA, and if this had been the only
specimen tested from this rabbit, we would also have reported
this rabbit as a positive case.

In our study, regardless of whether multiple deep tissue sites
or only one tissue site was involved, blood cultures were often
negative despite the use of lysis centrifugation tubes to opti-
mize recovery (1). Therefore, blood cultures did not parallel
disease progression or organ burden in this animal model,
which suggests that nonculture methods to detect systemic
candidiasis would be helpful. In contrast, urine and fecal cul-
tures continued to increase in positivity over time to 100% for
urine and fecal cultures of rabbits infected with C. albicans
strain 36B. Therefore, blood culture positivity did not reflect
disease progression over time, whereas inhibition ELISA re-
sults and urine and fecal cultures did. However, unlike the
tissue burden results, the number of CFU recovered from the
blood, urine, or feces did not correlate with the relative rank
order of ELISA inhibition results among the various C. albi-
cans strains tested. In addition, urine and fecal cultures could
not discriminate between invasive infection and simple coloni-
zation, as intragastrically and intraurethrally colonized rabbits
demonstrated consistently high numbers of recoverable CFU
from fecal cultures and from urine cultures, respectively.
Therefore, only tissue burden results (for the kidney in partic-
ular) and inhibition ELISA results were reliable measures of
disease progression.

Whereas 10-fold concentration of urine increased the mean
ELISA inhibition values obtained on and after day 3 of infec-
tion, concentration did not result in an earlier detection of
infection, and in only one case did concentration change a
negative result to a positive one. These data reflect the fact that
urine was already positive for 40% of rabbits as early as 1 day
after infection. Concentration of urine may be a more helpful
adjunct in a less acute candidiasis model in which disease is
more chronic and disease progression is of a longer duration.
Although concentration of urine was not an effective method
to increase test sensitivity early in infection, it may be useful as
a means to rule out false-positive results, should they occur,
because only concentration of urine from true cases resulted in
an increased ELISA inhibition. Unlike concentration of rabbit
urine, which may be more naturally concentrated than human
urine, concentration of human urine may result in increased
test sensitivity early in the infection process. Also, centrifuga-
tion columns, similar to those used in the present study, could
be used not only to concentrate samples but to more easily
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dialyze urine by washing samples during centrifugation. The
use of human urine in the inhibition ELISA, whether concen-
trated or not, may also need to include an internal control such
as the measurement of urine creatinine or other factors to
normalize results for kidney function. Such adjustments have
been used for the accurate measurement of arabinitol in stud-
ies by others (6, 22, 35, 83, 87).

The use of urine as a test fluid instead of serum apparently
overcame any problems related to the formation of complexes
between Sap and alpha-2-macroglobulin, previously reported
to occur in the circulation (64), and no antigen-antibody com-
plexes needed to be removed before testing. It is possible that
the pH of urine contributed to the dissociation of any com-
plexes that may have formed in the circulation (3, 64) or that
complexes were removed by the dialysis methods used in the
present study. Nonetheless, neither we, using urine as the test
fluid, nor Na and Song (50), using serum as the test fluid, found
removal of these complexes to be necessary. It may be that we
circumvented any problems with antigen-antibody complex
formation because we used specimens derived from rabbits,
which are not routinely colonized by C. albicans and do not
have naturally occurring antibodies to components of C. albi-
cans. Alternatively, such complexes may have been broken
down prior to excretion as part of normal urine processing.
Further studies using human urine will be required to fully
assess these possibilities.

The overall test sensitivity and specificity were 83 and 92%,
respectively, when only one positive sample was required for
positivity and were 82 and 97%, respectively, when two or
more positive samples were required for positivity. The test
positive predictive value and efficiency could also be increased,
from 84 to 95% and from 89 to 92%, when two or more
positive samples were required for positivity. Requiring two or
more positive test samples before a case is considered positive
often improves the sensitivity or specificity of antigen or me-
tabolite detection tests for candidiasis as well as for aspergil-
losis. This stems at least in part from the transient nature of
some antigens (reducing sensitivity) or possible cross-reactive
epitopes (reducing specificity). For example, multiple sampling
for enolase, a metabolic enzyme of C. albicans, in an antigen
detection format was found to improve test sensitivity to 75%,
compared to 54% when only a single sample was tested (81).
Daily sampling was also required to optimally detect the C.
albicans metabolite arabinitol in patient serum (22, 35, 82, 83).
In addition, the highest test sensitivity for detecting cell wall-
derived mannoproteins of C. albicans occurred when cancer
patients were screened at least weekly (19, 59). In contrast,
multiple sampling improved the specificity of the PLATELIA,
a test to detect circulating cell wall galactomannan of Aspergil-
lus species, by decreasing false-positive results from 50 to 23%
(26). Others have found multiple sampling to increase the
specificity of the PLATELIA (76, 79), and it has been hypoth-
esized that potential cross-reactivities of galactomannan with
carbohydrate molecules from various sources may be respon-
sible for transient false-positive results (24, 29, 75, 76). In our
study, multiple sampling had little effect on test sensitivity but
did increase test specificity.

In conclusion, the Sap inhibition ELISA described here was
sensitive and specific for the detection of Sap in urine speci-
mens from rabbits with disseminated C. albicans infection,

discriminated between colonization and invasive disease, re-
flected disease progression and severity, could detect invasive
disease as early as 1 day after infection in 50% of cases, and has
the potential to be a noninvasive means to diagnose dissemi-
nated candidiasis.
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66. Rüchel, R., B. Boning-Stutzer, and A. Mari. 1988. A synoptical approach to

VOL. 10, 2003 INHIBITION ELISA TO DETECT C. ALBICANS Sap 847



the diagnosis of candidosis, relying on serological antigen and antibody tests,
on culture, and on evaluation of clinical data. Mycoses 31:87–106.
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