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Abstract
Hematogenous infection with the yeast Candida albicans now
occurs with increasing frequency in the neonate, the immuno-
compromised patient, and the hyperglycemic or hyperali-
mented host. Yeast-phase C. albicans expresses a protein that
is antigenically and structurally related to CD11b/CD18, a
member of the 2 integrins and a well-characterized adhesin for
mammalian neutrophils. Both the neutrophil protein and its
analogue in C. albicans have an identical affinity for the C3
ligand iC3b, and both proteins are significantly increased in
expression at 370C. Given these several similarities, we there-
fore studied the role of the integrin analogue on C. albicans in
the adhesion of the yeast to human umbilical vein endothelium
(HUVE).

After growth of C. albicans in 20 mM D-glucose, as op-
posed to 20 mM L-glutamate, flow cytometric analysis with
monoclonal antibodies recognizing the a-subunit of CDMMb/
CD18 demonstrated a 25.0% increase in mean channel fluores-
cence (range 18.4-31.8%), as well as an increased percentage of
yeasts fluorescing (P < 0.02). This increased intensity of fluo-
rescence, which corresponds to increased expression of the in-
tegrin analogue, also correlated with a significant increase of
30-80% in adhesion of glucose-grown C. albicans to HUVE (P
< 0.02). Blockade of the integrin analogue on C. albicans by
monoclonal antibodies recognizing adhesive epitopes on neutro-
phil CD11b/CD18 inhibited glucose-enhanced adhesion of C.
albicans to HUVE. Incubation of glucose-grown C. albicans
with saturating concentrations of purified human iC3b, the li-
gand for CD1lb/CD18, reduced adhesion of the yeast to
HUVE by 49.7%, whereas BSA in equimolar concentration had
no effect (P < 0.001). These results identify a glucose-respon-
sive integrin analogue on C. albicans as one of possibly several
cellular structures that mediate adhesion of the yeast to human
endothelium. (J. Clin. Invest. 1991. 87:1896-1902.) Key
words: Candida albicans - integrin * adhesion

Introduction
The yeast Candida albicans, a normal inhabitant ofthe human
gastrointestinal tract, has emerged as a leading pathogen in the
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neonate, the immunocompromised patient, and the hypergly-
cemic or hyperalimented host (1-3). Invasive disease usually
arises from endogenous sources (4, 5); in animal models of
invasive disease, pathogenicity ofcandidal strains in vivo corre-
lates directly with yeast adhesion in vitro (6). To understand
whether the ability of the yeast to adhere to host tissues or to
components of extracellular matrix is fundamental to the
pathogenesis ofinvasive candidal infection, the mechanisms of
this process must be further clarified.

Several investigations have examined factors in the yeast
and in the host that influence adhesion of C. albicans (for re-
view see reference 7). All studies concur that viable C. albicans
adhere more actively than do heat- or ultraviolet-killed yeasts
(8-11). Transformation from the yeast phase to the mycelial
phase is also correlated with increased adhesion (7, 10). Ele-
vated concentrations of glucose in saliva or vaginal fluids dra-
matically increase the ability of candida to adhere or to repli-
cate actively at local tissue sites (12, 13); indeed, in one study,
increased concentrations of salivary glucose in diabetic pa-
tients were the single most important influence upon candidal
replication ( 12).

Current information indicates that adhesion moieties on
the yeast are expressed on the cell surface (8-11, 14-15), are
most likely glycoproteins because oftheir sensitivity to proteo-
lytic enzymes and reducing agents (8-1 1), and typically con-
tain some mannan (14, 16). Although the use of nonstandar-
dized matrices such as swabbed specimens from oral or vaginal
mucosa has led to widely varying results, the development of
reproducible assays that quantitate adhesion of yeast to well-
characterized cell lines is an important first step in defining
these mechanisms (17).

We have recently described a surface protein on yeast-
phase C. albicans that shares antigenic and structural homol-
ogy with the a-subunit of the leukocyte adhesion glycoprotein
CD1 lb/CD 18, also known as Mol, Mac-l, the iC3b receptor,
or complement receptor type 3 (CR3); CD1 lb/CD 18 is found
on mammalian neutrophils, monocytes, and macrophages
(18-21). MAbs that recognize the a subunit ofCD1 lb/CD 18
bind specifically to yeast- or hyphal-phase C. albicans, while
isotype controls do not (18-19, 22). Increases in ambient tem-
perature to 37°C result in increased expression of CDl lb/
CD1 8 in the neutrophil and of its analogue in C. albicans (18,
23-24); in the yeast, this temperature-dependent change is also
accompanied by hyphal transformation. In addition, C3 frag-
ment iC3b, which serves as the ligand for the neutrophil recep-
tor, binds saturably and reversibly to C. albicans with a Ka
virtually identical to that established for its interaction with
CD1 lb/CD 18 on the neutrophil (18, 25); thus, the iC3b-bind-
ing protein in C. albicans can be classified as a true receptor.

CD1 lb/CD 1 8, the iC3b receptor in the neutrophil, consists
of a # subunit of M, 95 kD, common to all members of the
leukocyte adhesion glycoprotein family, and a specific a sub-
unit ofM, 165 kD (20). Immunoprecipitation or Western blot-
ting of cellular extracts of C. albicans with MAbs recognizing
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the a-subunit ofCD lIb/CD 1 8 detects a single band ofM, 130-
165 kD (19, 24). In humans, genetic absence ofthe # subunit of
this protein in neutrophils and monocytes results in an adhe-
sion defect that impairs chemotactic and phagocytic functions
of the neutrophil and predisposes these patients to recurrent
infections (21, 26). Because ofthe structural and antigenic simi-
larities between the candidal protein and CD1 lb/CD 1 8, we
assessed the role of the candidal protein in the adhesion of the
yeast to cultured human endothelium.

Methods

Isolation and labeling ofCandida albicans. Strains ofCandida albicans
used in these experiments were isolated in pure culture from blood or
urine of infected patients and were identified in the Clinical Microbiol-
ogy Laboratory of the University of Minnesota Hospital by morphol-
ogy, germ tube expression, and multiple assimilation substrates on a
yeast biochemical card (Vitek Automicrobic System, Cleveland, OH).
Yeasts were grown to exponential phase in Sabouraud's broth (Difco
Laboratories, Inc., Detroit, MI) as determined by colony counts and
spectrophotometric measurement of OD at 420 nm and were then
aliquoted and frozen at -70'C until use.

Before each experiment, an aliquot of C. albicans was grown over-
night at 240C in a defined medium (27) containing albumin, amino
acids, and the indicated carbon source (20 mM D-glucose or 20 mM
L-glutamate). The following morning, yeast cells were pelleted and
washed, and 50 sl of the pellet was inoculated into 5 ml of defined
medium in which the methionine concentration had been reduced
from 1.2 mM to 8.7 MM. 3 Ml of ["Sjmethionine (Amersham Corp.,
Arlington Heights, IL; sp act > 800 Ci/mmol) were then added, and the
organisms were grown to exponential phase (- 4 h at 24°C). Organ-
isms were washed extensively to remove free label and then diluted to
an absorbance of 0.5 at 420 nm, which corresponded to a concentra-
tion of 5 x I07 organisms/ml.

Fluorescent microscopy andflow cytometry. Methods used to quan-
titate the expression of the iC3b receptor (integrin analogue) on C.
albicans have been previously described by our laboratory (18, 19).
Briefly, 100 Ml of yeast-phase organisms at 5 X I07 CFU/ml were incu-
bated in suspension with MAbs that recognize a chain epitopes of
CD1 lb/CD 18 on human neutrophils. Anti-Mo 1-94, an IgM MAb ob-
tained from Coulter Immunology, Hialeah, FL, was used over a range
ofconcentrations from 200 to 1,200 g/ml, as specified. Three separate
lots were employed in the experiments reported in this paper. OKM 1,
an lgG2b MAb, was purchased as a hybridoma from the American Type
Culture Collection, Rockville, MD (ATCC CRL 8026) and was puri-
fied from supernatant by affinity chromatography on Protein A Sepha-
rose CL4B (Pharmacia, Inc., Piscataway, NJ). SDS-PAGE under re-
ducing conditions verified the presence of heavy and light chains at 50
kD and 25 kD, respectively. OKM I was used in flow cytometric analy-
ses over a range ofconcentrations from 1,200 to 6,500 ,g/ml. MAb 44
(IgG2a) and MAb 17 (IgM), the kind gifts ofDr. Robert Todd (Univer-
sity of Michigan, Ann Arbor, MI), were used at the recommended
dilution of 1:50 unless otherwise specified; their concentrations ranged
from 2 to 4 mg ofimmunoglobulin/ml. The final vol ofincubation was
50 Ml. We have previously established that the yeast form ofC. albicans
does not exhibit specific fluorescence on flow cytometry after incuba-
tion with MAb directed against complement receptors type I (CR1) or
type 2 (CR2); moreover, isotype controls such as mouse IgM (Coulter)
do not bind specifically to C. albicans, as assessed by flow cytometry or
fluorescent microscopy (18, 19, 22).

After a 30-min incubation on ice with murine MAb, yeasts were
centrifuged and washed three times with PBS/0.02% azide. Yeasts were
then incubated on ice for 30 min with a 1:20 dilution of goat F(ab')2
antibody to mouse IgM/IgG conjugated to fluorescein isothiocyanate
(Tago Inc., Burlingame, CA). For fluorescent microscopy, 2 X 10' CFU
were incubated in suspension with anti-Mo 1-94 or mouse IgM as de-
scribed above and adhered to microscope slides coated with 0.6% aga-

rose; phase contrast and immunofluorescent microscopy were per-
formed on a fluorescent microscope (Laborlux 12; E. Leitz, Inc., Rock-
leigh, NJ) at x400 (Fig. 1).

Flow cytometry was performed on a FACSO IV (Becton-Dickinson
Immunocytometry Systems, Mountain View, CA) as previously de-
scribed (18, 19). For experiments with C. albicans, an argon laser (488
nm) was used with a DF 530/30 filter; forward and right angle (900)
light scatter was used to scale for size in the fluorescent population. The
machine was calibrated linearly with yellow-green fluorescinated car-
boxylated microspheres of 1.33 gm in diameter (Polysciences, Inc.,
Warrington, PA); coefficient of variation (background fluorescence)
for fluoresceinated microspheres was < 3%. For experimental samples,
linear amplifiers were charted channel by channel for 256 channels.
Fluorescence of control samples, in which the primary antibody wa$
omitted, was then subtracted channel by channel to give the value
designated as specific fluorescence. A positive yeast cell exhibited an
increase in fluorescence intensity above autofluorescence, while the
signal from a negative cell was no greater than that of the autofluore-
scent control. For quantitation, we have reported both the mean chan-
nel fluorescence and the percent of each sample of 20,000 organisms
that exhibited specific fluorescence for the desired MAb, after subtrac-
tion of nonspecific autofluorescence exhibited in the absence of the
primary antibody.

Endothelial cell cultures. Human umbilical vein endothelial cells
(HUVE)' were harvested from umbilical cords by collagenase digestion
as previously described (28) and exhibited factor VIII antigen and Wei-
bel-Palade bodies. Primary endothelial cells were plated in 24-well
plates (Costar Data Packaging Corp., Cambridge, MA), grown to con-
fluent monolayers in Medium 199 with Ryan's growth supplement
(Life Technologies, Inc., Grand Island, NY), and used in the adhesion
assay.

Adhesion assay. C. albicans grown in the presence of20 mM D-glu-
cose or equimolar L-glutamate and labeled with [35S]methionine were
washed extensively in PBS and resuspended in HBSS with calcium and
magnesium, to which was added 1% BSA (HBSS++/BSA). Yeast cells
were then held at 40C to prevent germination before incubation with
HUVE. 5 x I05 CFU were added to confluent monolayers ofHUVE in
a 24-well plate in a final vol of 250 ,d and incubated for 1 h at 370C.
Following the incubation period the wells were washed three times with
HBSS++/BSA to remove nonadherent yeasts; these were counted in a
scintillation counter (LS230; Beckman Instruments, Inc., Palo Alto,
CA). Adherent cells were removed with a commercial preparation of
trypsin/EDTA (Life Technologies, Inc.), solubilized in 0.5 M NaOH,
and counted. Loss ofyeast cells was < 10%b oftotal cpm. Total adhesion
was calculated from the following formula:

rCPM(,dhmebt) X 100.
cpm(ttJ e)J

Specific adhesion was calculated as the difference between total adhe-
sion and nonspecific adhesion, the latter measured in the presence of
100-fold excess unlabeled C. albicans. Adhesion was also verified mi-
croscopically; yeast phase was maintained throughout, and agglutina-
tion was not observed, either by direct vision or by microscopy.

Inhibition of adhesion with MAb. C. albicans were grown in the
defined medium plus 20 mM D-glucose as described above and were
then incubated in suspension with 300 Mg/ml anti-Mo 1-94, 300 Mg/ml
MAb 44 (IgG2,), or 300 Mg/ml MAb 17 (IgM) for 30 min at 4°. Yeasts
were then pelleted and used in the adhesion assay as described above.

Purification ofiC3b. iC3b was isolated after proteolysis of purified
human C3 according to our published methods (25). Briefly, human
C3 was isolated from fresh plasma after affinity chromatography on
Sepharose L-lysine, ion exchange chromatography on DEAE-Sephacel,
and sizing chromatography on Sepharose CL-6B, according to the
method of Tack et al. (29). Possible trace contaminants, C5, IgG, or

1. Abbreviation used in thispaper: HUVE, human umbilical vein endo-
thelium.
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IgA, were removed by passage of purified C3 over CNBr-Sepharose 4B
(Pharmacia) that had been coupled to antibodies to C5, IgG, and IgA.

Antibodies to human complement proteins H and I were isolated
from goat antisera, the kind gift of Dr. Brian F. Tack (Scripps Clinic,
LaJolla, CA), after caprylic acid precipitation (30) and coupled to
CNBr Sepharose 4B (Pharmacia) for use in affinity purification ofFac-
tors H and I from fresh human serum. Factors H and I were eluted
from their respective affinity columns with 3 M KSCN/1 50mM NaCl/
100 mM Tris, pH 8.0. Purified Factor H yielded a single band of 150
kD on 10% SDS-PAGE under reducing conditions; Factor I yielded a
single band of 105 kD.

After cleavage ofC3 to C3b by 0. 15% wt/wt L-I-tosylamide-2-phen-
ylethyl chloromethyl ketone trypsin (Millipore Continental Water Sys-
tems, Bedford, MA) at 370C, the reaction was halted by a 20-fold molar
excess of soybean trypsin inhibitor (Worthington Biochemical Corp.,
Freehold, NJ). After precipitation with 15% wt/vol polyethylene glycol
(Sigma Chemical Co., St. Louis, MO), the protein was then resus-
pended in 0.05 M Na acetate/1.0 M NaCI, pH 5.6, and chromato-
graphed on a 2.5 x 100-cm Sephacryl S-300 column (Pharmacia).
Fractions containing monomeric C3b by SDS-PAGE analysis were
pooled, concentrated by ultrafiltration, and dialyzed into PBS at 4VC.
Monomeric C3b (2.0 mg/ml) was then incubated for 18 h at 370C with
50 ,ug/ml Factor H and 20 ,g/ml Factor I in PBS that had been made 1
mM in PMSF and magnesium acetate (Sigma). H and I were removed
by passage over their respective affinity columns, and iC3b was concen-
trated and dialyzed against PBS. Neither uncleaved C3b nor oligomeric
forms ofC3b or iC3b were detected on analysis by SDS-PAGE, which
demonstrated three bands of 75 kD, 67 kD, and 39 kD under reducing
conditions.

Inhibition ofadhesion with iC3b. Purified human iC3b in a concen-
tration of 1.5 mg/ml was incubated on a rotator with 2.5 x 106 [35S]
methionine-labeled, glucose-grown C. albicans for 45 minutes at 37°C

in 50 Al PBS; 1.0 X 107 unlabeled yeast cells of the test strain were
incubated with 6.0 mg/ml of purified iC3b in 50 Al PBS under the
identical conditions. These concentrations ofiC3b are at least 100-fold
in excess of that required to saturate 2 X 106 receptors. As a control,
labeled and unlabeled C. albicans were incubated with BSA (Sigma) in
equimolar concentration under identical conditions. iC3b- and BSA-
treated yeast cells were then used in the adhesion assay as described
above, except for the following modifications: 2.5 X 104 [35S]methio-
nine-labeled organisms in 50 A1 HBSS+/I% BSA were incubated with
HUVE monolayers in the presence and absence of2.5 X 106 unlabeled
organisms. Final vol for incubation was 200 Ad. Duration ofthe incuba-
tion and experimental conditions oftemperature, washing, and release
were identical to those described above in the adhesion assay.

Statistics. Results, which are expressed as mean±standard error un-
less otherwise noted, were analyzed using the Student's t test for paired
samples when comparing expression ofthe iC3b receptor and adhesion
of glucose- and glutamate-grown organisms; the Student's t test for
unpaired samples was used for inhibition studies. P < 0.05 was consid-
ered significant.

Results

Fluorescent microscopy ofC. albicans. Fig. 1 displays a popula-
tion of yeast cells in phase contrast microscopy (A) and after
incubation with anti-Mo 1-94 (B); fluorescence is uniform, cir-
cumferential, and consistent with a surface-borne antigen.
Yeasts ofthe identical strain (C) do not exhibit immunofluores-
cence after incubation with the isotype control mouse IgM (D).

Expression ofthe integrin analogue after growth ofC. albi-
cans in thepresence ofglucose or glutamate. The use ofincreas-
ing concentrations of MAb anti-Mol-94 resulted in a linear

FiureC 1. Phase contrast (-1. C) and immunofluorescence microscopy (B. D)) of a blood isolate of C. albican.v after incubation with anti-Mol-94
UB) or the isotype control MslgM (D)).

1898 K S. Gustafson, G. M. Vercellotti, C. M. Bendel, and M. K. Hostetter



Table L Relationship ofMonoclonal Antibody Concentration
to Percent Yeasts Fluorescing

Percent yeasts fluorescing

Anti-Mol-94 Anti-Mol-94
Concentration (Lot 1) (Lot 2)

200 jtg/mI 13.2% 24.1%
600 ug/ml 43.5% 71.9%
1000 ,g/ml 52.3% ND

increase in the percentage of yeasts fluorescing at a given con-
centration of MAb (Table I). In Table II, flow cytometry with
two different concentrations of anti-Mo 1-94 and OKM1 was
used to compare the expression of the Mo 1 analogue in yeast-
phase C. albicans after growth in 1-glucose or L-glutamate. At
both low and high concentrations of anti-Mo 1-94 (400 gg/ml
and 1,200,gg/ml) and OKM1 (1,200 ,g/ml and 6,500 jig/ml),
both the percentage of yeast cells fluorescing and the mean
channel fluorescence were significantly increased for glucose-
grown C. albicans as compared to glutamate-grown organisms.
For example, with anti-Mo 1-94 at 400 ug/ml, the percentage of
yeasts fluorescing increased from 2.8±1.3 after growth in L-glu-
tamate to 15.8±3.3 after growth in D-glucose (P = 0.004); simi-
larly, the mean channel fluorescence increased from 201.8±1.7
to 267.4±22.5 under these same conditions (P = 0.008). A
similar increase in percentage of yeasts fluorescing (from
7.0±2.2 after growth in L-glutamate to 22.9±5.0 after growth in
D-glucose; P = 0.008) and in mean channel fluorescence (from
224.8±8.9 to 302.1±29.5, respectively; P = 0.013) was ob-
served with anti-Mo 1-94 at high concentration (1,200 ,g/ml).
For OKM1 at high concentration, these increases were even
greater, with an eightfold rise in percentage of yeasts fluoresc-
ing (4.3± 1.6 after growth in L-glutamate to 33.3±2.1 after
growth in D-glucose, P < 0.001) and a 65.8% increase in mean
channel fluorescence (208.4±9.6 after growth in L-glutamate to
345.0±7.0 after growth in 1-glucose; P< 0.00 1). These changes
were highly significant at each comparison.

Time course ofadhesion of C. albicans. Fig. 2 graphs the
adhesion ofa blood isolate of C. albicans as a function oftime.
Specific adhesion, calculated as the difference between total
adhesion and nonspecific adhesion, was maximal at 60 min,

30 -

z
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w

0
4

Total Adhesion

Specific Adhesion

Nonspecific Adhesion

0 30 60 90

TIME (minutes)

Figure 2. Time course of adhesion of C. albicans (blood isolate) to
human umbilical vein endothelium.

which was therefore chosen as the incubation time for subse-
quent experiments.

Effect ofglucose on receptor expression and adhesion in C
albicans. As shown in the top panel ofFig. 3, growth ofa blood
isolate of C. albicans in 20 mM D-glucose (hatched bars) was
associated with a 31.2% increase in mean channel fluorescence
for anti-Mo 1-94, as compared to growth ofthe identical organ-
ism in 20 mM L-glutamate (solid bars) (144.4±4.2 for glucose
vs. 109.9±11.8 for glutamate; P = 0.013, n = 7). Thus, expres-
sion ofthe integrin analogue was increased on each individual
yeast after growth in the presence of D-glucose. A statistically
significant increase of 18.5% in mean channel fluorescence was
also observed for a urinary isolate after growth in D-glucose as
opposed to L-glutamate (148.4±19.5 for glucose vs.
125.2±22.7 for glutamate; P = 0.049, n = 7).

The lower panel ofFig. 3 compares the specific adhesion of
the blood isolate after growth in 20 mM 1-glucose (hatched
bars) vs. 20 mM L-glutamate (solid bars) as carbon source.
Specific adhesion ofthe blood isolate to the endothelial mono-
layer increased by 80% after growth in 20 mM D-glucose as
opposed to 20 mM L-glutamate (36.1±4.3% vs. 20.3±2.8%, P
=0.013, n = 7). Specific adhesion of the urinary isolate in-
creased by 28.9% after growth in D-glucose as opposed to L-glu-
tamate (49.4±6.2% vs. 38.3±5.6%; P = 0.003, n = 7) (data not
shown). The glucose-dependent increase in expression of the
integrin analogue on C. albicans thus correlated directly with
glucose-enhanced adhesion of both isolates.

Table II. Increase in Expression ofthe Integrin Analogue after Growth in Glucose

Anti-Mol OKMI

No MAb Low (400 Ag/ml) High (1,200 Aig/ml) Low (1,200 g/ml) High (6,500 pg/ml)

Mean channel Mean channel Mean channel Mean channel Mean channel
% fluorescence % fluorescence % fluorescence % fluorescence % fluorescence

Glutamate* 1.0±0.2 187.5±3.3 2.8±1.3 201.8±1.7 7.0±2.2 224.8±8.9 0.8±0.3 191.6±6.2 4.3±1.6 208.4±9.6
Glucose* 1.4±0.9 196.3±13.5 15.8±3.3 267.4±22.5 22.9±5.0 302.1±29.5 10.6±4.9 247.8±9.2 33.2±2.1 345.0±7.0
P value:

glucose vs. glutamate: 0.466 0.338 0.026 0.001 <0.001 <0.001 0.004 0.008 0.008 0.013

* Results show meanFstandard deviation for n = 4 experiments in each column.
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Figure 3. (Upper panel) Mean channel
fluorescence for the Mo 1 analogue on
a blood isolate of C. albicans after
growth in 20 mM L-glutamate (solid
bars) vs..20mM D-glucose (hatched
bars), as quantitated by flow cytome-
try with anti-Mo 1-94. Expression of
the Mo I -like protein is significantly
increased for organisms grown in 20

OD mM D-glucose (P = 0.01 3). Results
show the mean±standard error for n
= 7 experiments. (Lower panel) Ad-
hesion of C. albicans to HUVE after
growth in 20 mM L-glutamate (solid
bars) vs. 20 mM D-glucose (hatched
bars). Adhesion is significantly in-
creased after growth in D-glucose (P
= 0.013 for a blood isolate). Results
show the mean±standard error for n
= 7 experiments. ., 20 mM L-gluta-

'TE mate;m, 20 mM D-glucose.

Effect ofanti-CDJlb/CD18 MAbs on adhesion of C. albi-
cans. As shown in Table III, MAbs that recognize epitopes on
the a-subunit ofCD I lb/CD 18 on the mammalian neutrophil
bound to blood and urinary isolates of C. albicans in a manner
independent of isotype. Fig. 4 displays the ability of several
MAbs to inhibit the glucose-enhanced adhesion of C. albicans
to HUVE. The IgM MAb anti-Mol-94 had no effect on the
specific adhesion of C. albicans to endothelium, even when its
concentration was increased threefold; this MAb has been
shown by others to be less effective in blocking adhesion-de-
pendent functions in the neutrophil (31). In contrast, MAb 44
(IgG2,) and MAb 17 (IgM), both known to inhibit CDl lb/
CDl 8-mediated adhesion of neutrophils (31), inhibited the
glucose-enhanced adhesion of C. albicans to HUVE by 44%
and 71%, respectively. These results show that the inhibition of
C. albicans adhesion is epitope-specific and not isotype-spe-
cific.

Inhibition ofadhesion ofC. albicans to HUVE with iC3b.
Untreated C. albicans demonstrated specific adhesion of
28.7±4.2%, while preincubation ofyeast cells with BSA did not
significantly decrease adhesion (26.5±3.1%, P > 0.05). How-
ever, after incubation ofyeast cells with iC3b, the ligand for the
Mol analogue in C. albicans, only 14.3±2.9% of yeast cells
adhered to HUVE. Thus, blockade ofthe integrin analogue on
C. albicans with its specific ligand decreased adhesion by 49.7%

Table III. Specific Binding ofAnti-Mol Monoclonal Antibodies
to Candida albicans

Percent yeasts
Yeast MAb Isotype fluorescinge

Blood isolate Anti-Mol-94 IgM 40.3±13.3
17 IgM 31.6±11.3
44 IgG2, 17.7±10.0

Urinary isolate Anti-Mol-94 38.3±13.3
17 29.5±11.8
44 14.8±4.1

* Results display mean±standard error for n = 3 experiments.
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(Fig. 5). This change was highly statistically significant (P
< 0.001). These results indicate that a substantial proportion of
the adhesion of C. albicans to HUVE is mediated by the inte-
grin analogue and can be inhibited by blockade with its specific
ligand.

Discussion

The results of these experiments demonstrate that adhesion of
the yeast Candida albicans to cultured human endothelium is
mediated at least in part by a protein on the yeast that shares
antigenic, structural, and functional characteristics with the
a-subunit of the leukocyte adhesion glycoprotein CD1 lb/
CD 1 8 (Mac- 1, Mo 1, or CR3), also known as the iC3b receptor
of neutrophils and macrophages.

Our previous experiments have identified - 2 X 106 iC3b
binding sites per yeast (18), which exceeds by nearly 100-fold
t~he density of the analogous protein on the neutrophil (25).
The percentage ofyeast cells that fluoresce, as well as the mean
channel fluorescence per individual cell, is thus dependent on
the concentration ofMAb employed in flow cytometry (Table
I). Both parameters will increase when increasing concentra-
tions of MAbs are employed.

Growth of C. albicans in 20 mM D-glucose significantly
increased the expression of the integrin analogue in yeast, as
assessed by flow cytometry with the MAbs anti-Mo 1-94 and
OKM 1. As shown in Table II, flow cytometry with two differ-
ent MAbs demonstrated a four- to eightfold increase in the
percentage of yeasts fluorescing and a 30-65% increase in
mean channel fluorescence for yeast cells grown in the presence
of D-glucose, as opposed to L-glutamate. These observations
were confirmed for both high and low concentrations of each
MAb and were statistically significant at each experimental
point.

u)
o z 50
0 0

U I 40

0 4
Z a
o LU 30

E: Um en
-F I

20

10

o -

Figure 5. Inhibition of
glucose-enhanced adhe-
sion by purified human
iC3b, with BSA as con-

trol. Results show the
mean±standard error
for n = 3 experiments.
Inhibition by iC3b was
highly significant, with
*P= 0.001.iC3b BSA
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Mean channel fluorescence provides perhaps the best mea-
sure ofthe density ofthe integrin analogue per individual yeast
cell. As shown in Fig. 3, enhancement ofthe expression of this
protein after growth of C. albicans in 1-glucose (top panel)
correlated with increased yeast adhesion to HUVE (bottom
panel). This effect also occurred with a urinary isolate of C.
albicans. In absolute terms, adhesion of the blood isolate rose
from 20% to 36% and that of the urinary isolate from 38% to
49% after growth in D-glucose. These observations suggest that
specific adhesion is dependent not only upon the expression of
the integrin analogue on the yeast surface, but also upon the
availability of binding sites on the endothelial cell or in the
subendothelial matrix.

The endothelial cell and its surrounding matrix display sev-
eral potential ligands that may serve to attach the integrin ana-
logue on C. albicans. Synthesis ofC3 by endothelial cells is well
described (32); the degradation of this protein by serum or
cellular proteinases may provide a local source of iC3b at the
endothelial surface that serves to attach C. albicans to endothe-
lium. Because iC3b contains the sequence arginine-glycine-
aspartic acid (RGD), this tri-peptide may be important in me-
diating candidal adhesion, as it is for integrin-mediated
adhesion on mammalian cells (33, 34). Alternatively, RGD-
containing subendothelial matrix components, such as fibro-
nectin or laminin, may promote adhesion in vivo. For exam-
ple, exposure of the subendothelial matrix by pharmacologic
contraction ofcultured endothelial cells increased the adhesion
of C. albicans (35).

Additional support for the involvement of the candidal in-
tegrin in adhesion derives from the recent description of an
avirulent mutant of C. albicans, that has reduced binding of
iC3b-coated, but not C3d-coated, sheep erythrocytes (36). How-
ever, neither the binding of anti-Mo 1-94 nor adhesion to hu-
man endothelial cells was studied with this mutant.

Preliminary results indicate that ICAM-1, an endothelial
surface molecule, may not be involved, because upregulation
ofICAM- 1 by activation ofHUVE with tumor necrosis factor
did not increase yeast adhesion (Hostetter, M. K., and G. M.
Vercellotti, unpublished observations). This latter observation
is supported by the recent report that CDl lb/CD 1 8 on neutro-
phils fails to recognize ICAM-l on HUVE (37).

Three MAbs directed against specific epitopes ofthe a sub-
unit of CDl lb/CD 1 8 were next examined for their effects on
yeast adhesion. All MAbs bound specifically to C. albicans, but
only two, MAb 17 (IgG2.) and MAb 44 (IgM), inhibited adhe-
sion ofthe yeast to HUVE, while the third, anti-Mo 1-94 (IgM),
did not. MAbs 17 and 44 have been shown to inhibit integrin-
mediated adhesion of mammalian neutrophils as well as the
rosetting ofiC3b-coated sheep erythrocytes, while anti-Mo 1-94
is much less potent in this regard (31, 38, 39). Thus, only those
MAbs that recognize iC3b-binding epitopes on CDl lb/CD 1 8
are able to inhibit candidal adhesion. The failure ofMAb 44 to
inhibit glucose-enhanced adhesion to the same degree as MAb
17 may be related to differing affinities for the candidal protein
among antibodies of different isotypes. However, inhibition of
glucose-enhanced adhesion ofyeasts to HUVE depends on rec-
ognition of adhesive epitopes on a yeast protein that is struc-
turally and functionally akin to the leukocyte integrin CDl lb/
CD18; because inhibition occurred with both IgG and IgM
MAbs, these results cannot be attributed to MAb isotype or to
steric effects of IgM MAbs.

Lastly, the substantial inhibition ofadhesion after preincu-
bation ofyeast cells with iC3b, an RGD-containing ligand spe-
cific for CDl lb/CD 1 8, provides more definitive evidence of
the participation of the integrin analog in yeast adhesion.
Clearly, our results do not exclude a role for other surface inter-
actions that may also be implicated in candidal adhesion; for
example, candidal surface structures capable of interacting
with fibronectin, fibrinogen, or laminin may account for that
portion of adhesion that could not be inhibited by iC3b (40).
Nonetheless, our results indicate that the integrin analogue in
C. albicans is responsible for nearly 50% ofthe adhesion ofthis
yeast to HUVE.

The presence of an integrin-like protein in C. albicans has
been shown in separate studies to subvert opsonization and to
inhibit phagocytosis of the yeast, by virtue of its competition
with the iC3b receptor on the neutrophil (18, 19). This effect
may be a fortuitous consequence ofits mimicry ofa phagocytic
receptor. The experiments ofthis paper establish a more funda-
mental function: to allow the yeast to adhere to host tissues and
thereby gain a foothold for potential invasion. Because of the
morbidity of C. albicans infections ofthe urinary tract, gastro-
intestinal tract, integument, and vascular tree, the role of the
integrin analogue in adhesion of the yeast to epithelial and
mucosal surfaces, or even to synthetic polymers such as silastic,
should be thoroughly investigated. Blockade ofthe initial point
of contact between yeast and host by inhibition of adhesion
might well avert invasive candidal infections.

Inhibition of adhesion by MAbs 44 and 17 indicates not
only a remarkable. degree of homology between adhesive epi-
topes of yeast and neutrophil proteins, but also an intriguing
phylogenetic similarity. In other studies, polyclonal antibodies
to the conserved cytoplasmic domain ofthe integrin fB subunit
detected cross-reactive proteins on C. albicans (41), while other
work has shown that numerous MAb directed against the 12
class of integrins, the leukocyte adhesion glycoproteins, also
recognized candidal proteins (18, 19, 22). Thus, the yeast pro-
tein that we have identified may well be a precursor of mam-
malian integrins. A definitive statement of phylogenetic rela-
tionship must await sequencing of the entire protein, which is
well underway.

Acknowledgments

We thank Robert F. Todd III for provision of monoclonal antibodies
and helpful advice, and Mark McClellan and James S. Lorenz for tech-
nical assistance.

This work was supported by grants HL-33793, K-08AMO 1387, Al-
25827, and HD-07381 from the National Institutes ofHealth, and by a
research grant from the Minnesota Affiliate of the American Diabetes
Association.

References

1. Butler, K. M., and C. J. Baker. 1988. Candida: an increasingly important
pathogen in the nursery. Pediatr. Clin. North Am. 35:543-563.

2. Horn, R., B. Wong, T. E. Kiehn, and D. Armstrong. 1985. Fungemia in a
cancer hospital: changing frequency, earlier onset, and results of therapy. Rev.
Infect. Dis. 7:646-655.

3. Curry, C. R., and P. G. Quie. 1971. Fungal septicemia in patients receiving
parenteral hyperalimentation. N. Engl. J. Med. 285:1221-1225.

4. Scherer, S., and D. A. Stevens. 1988. A Candida albicans dispersed, re-
peated gene family and its epidemiological applications. Proc. Natl. Acad. Sci.
USA. 85:1452-1456.

5. Fox, B. C., H. T. Mobley, and J. T. Wade. 1989. The use ofaDNA probe for

Mechanism ofAdhesion in Candida albicans 1901



epidemiological studies of candidiasis in immunocompromised hosts. J. Infect.
Dis. 159:488-494.

6. Scheld, W. M., R. W. Strunk, G. Balian, and R. A. Calderone. 1985.
Microbial adhesion to fibronectin in vitro correlates with production ofendocar-
ditis in rabbits. Proc. Soc. Exp. Biol. Med. 180:474-482.

7. Rotrosen, D., R. A. Calderone, and J. E. Edwards, Jr. Adherence of Can-
dida species to host tissues and plastic surfaces. Rev. Infect. Dis. 8:73-85.

8. Kimura, L. H., and N. N. Pearsall. 1978. Adherence ofCandida albicansto
human buccal epithelial cells. Infect. Immun. 21:64-68.

9. Maisch, P. A., and R. A. Calderone. 1980. Adherence ofCandida albicans
to a fibrin-platelet matrix formed in vitro. Infect. Immun. 27:650-656.

10. Sobel, J. D., P. G. Myers, D. Kaye, and M. E. Levison. 1981. Adherence of
Candida albicans to human vaginal and buccal epithelial cells. J. Infect. Dis.
143:76-82.

11. Lee, J. C., and R. D. King. 1983. Characterization of Candida albicans
adherence to human vaginal epithelial cells in vitro. Infect. Immun. 41:1024-
1030.

12. Knight, L., and J. Fletcher. 1971. Growth of Candida albicans in saliva:
stimulation by glucose associated with antibiotics, corticosteroids, and diabetes
mellitus. J. Infect. Dis. 123:371-377.

13. Rayfield, E. J., M. A. Ault, G. T. Keusch, M. J. Brothers, C. Nechemias,
and H. Smith. 1982. Infection and diabetes: the case for glucose control. Am. J.
Med. 72:439-450.

14. Maisch, P. A., and R. A. Calderone. 1981. Role of surface mannan in the
adherence of Candida albicans to fibrin-platelet clots formed in vitro. Infect.
Immun. 32:92-97.

15. McCourtie, J., and L. J. Douglas. 1984. Relationship between cell surface
composition, adherence, and virulence of Candida albicans. Infect. Immun.
45:6-12.

16. Collins-Lech, C., J. H. Kalbfleisch, T. R. Franson, and P. G. Sohnle. 1984.
Inhibition by sugars of Candida albicans adherence to human buccal mucosal
cells and corneocytes in vitro. Infect. Immun. 46:831-834.

17. Filler, S. G., L. C. Der, C. L. Mayer, P. D. Christenson, and J. E. Edwards,
Jr. 1987. An enzyme-linked immunosorbent assay for quantifying adherence of
Candida to human vascular endothelium. J. Infect. Dis. 156:561-566.

18. Gilmore, B. J., E. M. Retsinas, J. S. Lorenz, and M. K. Hostetter. 1988. An
iC3b receptor on Candida albicans: structure, function, and correlates for patho-
genicity. J. Infect. Dis. 157:38-46.

19. Hostetter, M. K., J. Lorenz, L. Preus, and K. E. Kendrick. 1990. The iC3b
receptor on Candida albicans: subcellular localization and modulation of recep-
tor expression by sugars. J. Infect. Dis. 161:761-768.

20. Sanchez-Madrid, F., J. A. Nagy, E. Robbins, P. Simon, and T. A. Springer.
1983. A human leukocyte differentiation antigen family with distinct a-subunits
and a common #-subunit: the lymphocyte function-associated antigen (LFA- 1),
the C3bi complement receptor (OKM 1/Mac-i), and the p150,95 molecule. J.
Exp. Med. 158:1785-1803.

21. Anderson, D. C., L. J. Miller, F. C. Schmalstieg, R. Rothlein, and T. A.
Springer. 1986. Contributions ofthe Mac-I glycoprotein family to adherence-de-
pendent granulocyte functions: structure-function assessments employing sub-
unit-specific monoclonal antibodies. J. Immunol. 137:15-27.

22. Edwards, J. E., Jr., T. A. Gaither, J. J. O'Shea, D. Rotrosen, T. J. Lawley,
S. A. Wright, M. M. Frank, and I. Green. 1986. Expression of specific binding
sites on Candida with functional and antigenic characteristics ofhuman comple-
ment receptors. J. Immunol. 137:3577-3583.

23. O'Shea, J. J., E. J. Brown, B. E. Seligmann, J. A. Metcalf, M. M. Frank,
and J. I. Gallin. 1985. Evidence for distinct intracellular pools of receptors for
C3b and C3bi in human neutrophils. J. Immunol. 134:2580-2587.

24. Eigentler, A., T. F. Schulz, C. Larcher, E.-M. Breitwieser, B. L. Myones,

A. L. Petzer, and M. P. Dierich. 1989. C3bi binding protein on Candida albicans:
temperature-dependent expression and relationship to human complement re-
ceptor type 3. Infect. Immun. 57:616-622.

25. Gordon, D. L., G. M. Johnson, and M. K. Hostetter. 1987. Characteristics
ofiC3b binding to human polymorphonuclear leukocytes. Immunology. 60:553-
558.

26. Dana, N., R. F. Todd, J. Pitt, T. A. Springer, and M. A. Arnaout. 1984.
Deficiency of a surface membrane glycoprotein (Mol) in man. J. Clin. Invest.
73:153-159.

27. Sicard, A. M. 1964. A new synthetic medium forDiplococcuspneumoniae
and its use for the study ofreciprocal transformations at the amiA locus. Genetics.
50:31-44.

28. Jaffe, E. A., R. L. Nachman, C. G. Becker, and L. R. Mimek. 1973.
Culture of human endothelial cells derived from umbilical veins: identification
by morphological and immunological criteria. J. Clin. Invest. 52:2745-2756.

29. Tack, B. F., J. Janatova, M. L. Thomas, R. A. Harrison, and C. H. Ham-
mer. 1982. Third, fourth, and fifth components ofhuman complement: isolation
and biochemical properties. Methods Enzymol. 80:64-101.

30. Steinbuch, M., and R. Audran. 1969. The isolation ofIgG from mamma-
lian sera with the aid of caprylic acid. Arch. Biochem. Biophys. 134:279-284.

31. Dana, N., B. Styrt, J. D. Griffin, R. F. Todd III, M. S. Klempner, and
M. A. Arnaout. 1986. Two functional domains in the phagocyte membrane gly-
coprotein Mol identified with monoclonal antibodies. J. Immunol. 137:3259-
3263.

32. Brooimans, R. A., A. A. van der Ark, W. A. Buurman, L. A. van Es, and
M. R. Daha. 1990. Differential regulation of complement factor H and C3 pro-
duction in human umbilical vein endothelial cellsby IFNy and IL-1. J. Immunol.
144:3835-3840.

33. Wright, S. D., P. A. Reddy, M. C. T. Jong, and B. W. Erickson. 1987. C3bi
receptor (complement receptor type 3) recognizes a region of complement pro-
tein C3 containing the sequence Arg-Gly-Asp. Proc. Nati. Acad. Sci. USA.
84:1965-1968.

34. Frey, C., J. Barone, and D. Drutz. 1990. Role of the Candida albicans
iC3b receptor in fungal adherence to endothelial cells. Abstr. Am. Soc. Microbiol.,
Anaheim, CA. p. 112.

35. Klotz, S. A., and R. A. Maca. 1988. Endothelial cell contraction increases
Candida adherence to exposed extracellular matrix. Infect. Immun. 56:2495-
2498.

36. Ollert, M. W., E. Wadsworth, and R. A. Calderone. 1990. Reduced expres-
sion ofthe functionally active complement receptor for iC3b but not for C3d on
an avirulent mutant of Candida albicans. Infect. Immun. 58:909-913.

37. Lo, S. K., G. A. Van Seventer, S. M. Levin, and S. D. Wright. 1989. Two
leukocyte receptors (CDI la/CD18 and CDI Ib/CD18) mediate transient adhe-
sion to endothelium by binding to different ligands. J. Immunol. 143:3325-3329.

38. Freyer, D. R., M. L. Morganroth, and R. F. Todd. 1989. Surface Mol
(CD 11,CD 18) glycoprotein is upregulated by neutrophil recruitment to sites of
inflammation in vivo. Inflammation. 13:495-505.

39. Luscinskas, F. W., A. F. Brock, M. A. Arnaout, and M. A. Gimbrone, Jr.
1989. Endothelial-leukocyte adhesion molecule-l-dependent and leukocyte
(CD1I/CDI8)-dependent mechanisms contribute to polymorphonuclear leuko-
cyte adhesion to cytokine-activated human vascular endothelium. J. Immunol.
142:2257-2263.

40. Bouchara, J.-P., G. Tronchin, V. Annaix, R. Robert, and J.-M. Senet.
1990. Laminin receptors on Candida albicansgerm tubes. Infect. Immun. 58:48-
54.

41. Marcantonio, E. E., and R. 0. Hynes. 1988. Antibodies to the conserved
cytoplasmic domain ofthe integrin ,B1 subunit react with proteins in vertebrates,
invertebrates, and fungi. J. Cell Biol. 106:1765-1772.

1902 K. S. Gustafson, G. M. Vercellotti, C. M. Bendel, and M. K Hostetter


