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We have described a unique binding system between Candida albicans yeast-form cells and the marginal zone
of mouse spleen (16). The chemical nature of the fungal adhesin(s) involved in this binding phenomenon was
examined. A fraction obtained by 2-mercaptoethanol extraction (2-ME extract) of fungal cells caused a
dose-response inhibition of yeast cell adherence to splenic marginal zone sites and also to subcapsular and
medullary sinuses of mouse popliteal lymph nodes. Latex beads coated with the 2-ME extract showed a pattern
of spleen and lymph node tissue binding identical to that observed with yeast cells. The extracted adhesins
retained their binding activity in vivo. When 0.5 mg of the 2-ME extract was given intravenously to mice, spleen
tissue removed up to 3 h later showed over 80% inhibition of yeast cell binding to the spleen marginal zone,
and over 50% inhibition was retained for at least 24 h. The adhesins bound to a concanavalin A affinity column
and were eluted by 0.5 M ac-methyl-D-mannopyranoside, and the eluted adhesins were designated Fr.II. Fr.II
was further fractionated by DEAE-Sephacel ion-exchange column chromatography, and one especially active
and abundant fraction was designated Fr.IIa. The adhesin moiety appeared to be carbohydrate, because the
activity of Fr.IIa was destroyed by 20 mM sodium periodate or by 5 U of ac-mannosidase, but boiling (30 min)
or proteinase K (100 ,ug/ml) treatments had no effect. Chemically, whereas the 2-ME extract contained
significant amounts of protein and mannose, Fr.IIa consisted of over 98% mannose and less than 0.5% protein.
These data strongly suggest that the mannan portion within a mannoprotein is responsible for the binding of
yeast cells to splenic marginal zone and to subcapsular and medullary sinuses of mouse lymph node tissue.

A variety of characteristics of Candida albicans have been
associated with virulence of this organism (3, 5, 8, 12, 27).
Surface molecules (adhesins) of the fungus give the fungus
its adherence properties and are likely to be important in
initiation of host-C. albicans interactions. Cell wall manno-
proteins are responsible for adherence properties of C.
albicans, although some studies show a role for cell wall
lipids (9), and chitin is an important consideration in attach-
ment of C. albicans to the vaginal epithelium (22). The
protein portion of mannoproteins appears to contain an
adhesin site for yeast cell attachment to buccal epithelial
cells (31) and to endothelial cells and arginine-glycine-
aspartic acid (RGD)-containing host glycoproteins (11, 19)
and is at least partially responsible for hydrophobic proper-
ties of yeast cells (14). Yeast cell attachment to the buccal
epithelium and the receptor for fibrinogen may also involve
determinants within the mannan portion of mannoproteins
(2, 26).
Adhesins of C. albicans yeast cells most likely determine

which host tissues the fungus will seed as a consequence of
candidemia. An integrin-like molecule on the surface of
yeast and especially hyphal forms of the fungus may be
responsible for at least some of the interactions of C.
albicans with host tissues (11, 32). Whether a single or
multiple molecules of the fungus are involved in interactions
with endothelial cells and RGD-containing host glycopro-
teins (as cited above) is not known. However, RGD peptides
have been shown to influence the ability of the host to handle
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C. albicans (20, 29), and a theory of the pathogenesis of
disseminated candidiasis that implicates a critical interaction
of fungal cell wall protein(s) with host endothelial cell and
extracellular matrix proteins has been proposed (19).

Recently, we reported on adherence characteristics of C.
albicans yeast cells to splenic (6, 13, 16, 28) and lymph node
tissues (6). We found that when C. albicans is grown at 37°C,
yeast cells adhere preferentially to marginal zone macro-
phages within the spleen (16). This binding activity was
demonstrated by using an ex vivo binding assay adapted
from studies on leukocyte homing receptors (1, 15, 30).
Furthermore, when yeast cells are used to induce candi-
demia in mice, the fungal cells adhere to marginal zones of
the spleen in a pattern essentially identical to that observed
with the ex vivo binding assay (6). Evidence that marginal
zone macrophages of mice express a binding adhesion
system not found on macrophages in other regions of the
spleen or in other tissues such as the thymus was presented.

In this report we provide evidence that mannans, and not
proteins, expressed by C. albicans yeast cells are responsi-
ble for adherence of the fungal cells to mouse spleen and
lymph node tissue. When isolated from C. albicans yeast
cells, these adhesins retain their ability to bind to specific
tissue locations in the spleen and lymph node, as evidenced
by the ex vivo binding assay and by in vivo experiments.

MATERUILS AND METHODS

Organisms and culture conditions. C. albicans A9 (sero-
type B) was used for most of the studies. C. albicans 1
(serotype A) and 222 (serotype B) were also used as indi-
cated. All strains were previously described (6, 17, 23).
Cultures were started each week from frozen glycerol stocks
as previously described (16) and appropriately transferred to
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glucose-yeast extract-peptone (GYEP) to ensure that the
yeast-form cells were in stationary phase and had a hydro-
philic surface (13, 16).

Extraction and fractionation of the mannan adhesins. Yeast
cells were grown in GYEP as described above at 37°C. The
stationary-phase cells were washed in deionized water and
then in 0.1 M disodium EDTA, pH 7.5. The centrifuged
pellet of cells was suspended and extracted in 0.3 M 2-mer-
captoethanol (2-ME) in 0.1 M trisodium EDTA, pH 9.0, for
30 min at 21 to 23°C with occasional mixing. The extract was
dialyzed against deionized water at 5 to 8°C until 2-ME odor
could no longer be detected. The deionized water was then
changed one more time, dialysis was allowed to proceed for
another 4 to 6 h, and the material was lyophilized and
referred to as the 2-ME extract.
The 2-ME extract was further fractionated by affinity

chromatography on a concanavalin A (con A)-agarose col-
umn. Two hundred milligrams of 2-ME extract was dis-
solved in 3 ml of pH 7.2 phosphate buffer containing 0.15 N
NaCl (PBS) and applied to a con A-agarose (Honen Co.,
Tokyo, Japan) column (20 by 120 mm). After application of
the sample, the column was washed (20 ml/h) with 200 ml of
PBS until the A220 and A280 of the eluate fractions (5
ml/fraction) were negligible. The total PBS wash was pooled
and referred to as Fr.I. Material that bound to the column
was eluted with 0.5 M a-methyl-D-mannopyranoside (Wako
Pure Chemicals, Osaka, Japan) under the same conditions as
PBS elution, and the 5 ml fractions were monitored by
reading A220 and A280. The methyl mannopyranoside-eluted
fractions were pooled and referred to as Fr.II. Fr.I and Fr.II
were dialyzed against deionized water at 5 to 8°C, lyophi-
lized, and tested for the presence of adhesins as indicated
below.

Fr.II contained essentially all of the adhesin activity and
was further fractionated by ion-exchange chromatography.
Fr.II (80 mg) was dialyzed against 20 mM Tris-HCl buffer
(pH 7.8) overnight at 5 to 8°C. The dialyzed sample was
applied to a DEAE-Sephacel (Pharmacia-LKB Biotechnol-
ogy) column (20 by 100 mm) and washed with 200 ml of 20
mM Tris-HCl buffer. Material was eluted with a linear
gradient of 0 to 0.3 M NaCl made in 20 mM phosphate buffer
(total 500 ml) (pH 7.8) at a flow rate of 40 ml/h. The fractions
were monitored for A220 andA280. All eluted materials were
divided into three pools on the basis of absorbancy patterns
and referred to as Fr.IIa, Fr.IIb, and Fr.IIc. The three
fractions were dialyzed against deionized water and lyophi-
lized. All fractions were monitored by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
(see below) and also tested for adhesin activity by measuring
their ability to inhibit attachment of yeast cells to the
marginal zone of splenic tissue in the ex vivo assay as
indicated below.
SDS-PAGE. SDS-PAGE was used to monitor adhesin

fractionation. Procedures followed were similar to those
described by Laemmli and Favre (21). Sample loading was
10 ,ul in all cases, and the concentration of each sample was
standardized to 1 mg of carbohydrate per ml of sample. After
fixation, the 10% polyacrylamide gels were stained with
Coomassie brilliant blue R for protein or were treated with
periodic acid-Schiff reagent (18) to stain for polysaccharides.

In some cases, SDS-polyacrylamide gels were electroblot-
ted onto nitrocellulose sheets [Cellulosenitrat(E) BA 85;
Schleicher & Schuell, Dassel, Germany] for 3 h at 100 V.
After transfer, the nitrocellulose was blocked in 20 mM PBS
containing 3% bovine serum albumin (BSA) for 30 min at 21
to 23°C. The nitrocellulose was incubated for 60 min with an

overlay of con A-horseradish peroxidase (Vector Laborato-
ries, Inc., Burlingame, Calif.) diluted 1:100 in 1% BSA-PBS,
washed three times in 1% BSA-PBS, soaked in 20 mM
Tris-HCl plus 0.5 N NaCl buffer (pH 7.8) (TBS), and
incubated for 15 min at 21 to 23°C in a mixture of 50 ml of
TBS plus 30 ,ul of 30% H202 plus 10 ml of ethanol containing
30 mg of 4-chloro-1-naphthol for 15 min at 21 to 23°C.

Physical, chemical, and enzymatic treatments of the adhesin
fraction. Fr.IIa from the DEAE-Sephacel column was dis-
solved in deionized water at 1 mg/ml; boiled for 5, 15, or 30
min; diluted 1:100 in Dulbecco's modified Eagle's medium
(DMEM; pH 7.4; Sigma) and tested for adhesin activity in
the ex vivo assay. Fr.IIa (1 mg/ml) was incubated in 5, 10,
20, or 50 mM sodium periodate (Wako Pure Chemicals) in 50
mM acetate buffer, pH 4.5, for 30 min in the dark at 5 to 8°C.
After incubation, the solution was neutralized with 1 N
NaOH, dialyzed against deionized water for 24 h with water
changes every 4 to 6 h, and diluted 1:100 in DMEM for the
adherence assay. Fr.IIa (1 mg/ml) in 50 mM Tris-HCl buffer
(pH 7.5) was incubated in the presence of 50 and 100 jig of
proteinase K (E. Merck, Darmstadt, Germany) (which was
preactivated by heat at 50°C for 30 min) per ml under
constant reciprocal shaking for 60 min at 37°C. Protein was
removed by adding an equal volume of water-saturated
phenol to the mixture, vigorously shaking, centrifuging for
10 min at 3,000 x g, carefully removing the aqueous phase
containing the adhesin, and recovering the adhesin as a
precipitate which formed upon addition of 3 volumes of cold
ethanol. The precipitate was dissolved in DMEM to give 10
,ug of adhesin fraction per ml and tested in the adherence
assay. For a-mannosidase treatment, Fr.IIa (1 mg/ml) was
dissolved in 0.1 M citrate buffer (pH 5.0) containing 0.1, 1.0,
or 5.0 U of a-mannosidase (Sigma) and incubated for 16 h at
25°C. After treatment, samples were boiled for 5 min to
inactivate the enzyme and diluted 1:100 in DMEM.
As a control for sodium periodate treatment, the same

concentration of Fr.IIa was incubated in 50 mM acetate
buffer for 30 min in the dark at 5 to 8°C. As a control for
ot-mannosidase digestion, Fr.IIa (1 mglml) was dissolved in
0.1 M citrate buffer (pH 5.0) and incubated for 16 h at 25°C.
Chicken egg albumin (ovalbumin) (Sigma) was used to check
activity of a-mannosidase by observing a decrease in molec-
ular weight by SDS-PAGE of treated compared with that in
untreated ovalbumin. Azocoll (Sigma) was used to show that
5 U of a-mannosidase did not have proteolytic activity.
Azocoll was also used to show activity of proteinase K.

Chemical analyses. Carbohydrate analysis in which gas
capillary columns were used to analyze alditol acetate and
trimethylsilyl (TMS) derivatives of the sugar components
was done as previously described (33). The following stan-
dards (obtained from Sigma) were also derivatized: alditol
acetate standards, including rhamnose, fucose, arabinose,
xylose, galactose, glucose, and mannose; and TMS stan-
dards, including all of the alditol acetate standards and
glucuronic acid, galacturonic acid, N-acetyl glucosamine,
and N-acetyl galactosamine. Alditol acetate derivatives were
separated on an SP 2330, 0.2-p,m-film-thickness column (30
M by 0.25 mm; Supelco, Inc., Bellefonte, Pa.), and TMS
derivatives were separated on a DB-1, 0.25-pum-film-thick-
ness column (30 M by 0.25 mm; J & W Scientific, Folsom,
Calif.). Both columns were run in a Varian 3700 gas chro-
matograph, and output was recorded (Shimadzu C-R6A
Chromatopac). Protein content was determined by a com-
mercial assay (Bio-Rad Protein Assay; Bio-Rad Laborato-
ries, Richmond, Calif.) in which BSA (Sigma) was used as
the standard.
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Adhesin coating of latex particles. Latex beads (4.51 ,um
diameter, polystyrene latex, surfactant free; IDC Spheres,
Portland, Oreg.) were gently suspended in the manufactur-
er's vial, 0.25 ml was withdrawn (containing 8.1% solids),
and the beads were pelleted by centrifugation and suspended
in 1 ml of pH 9.6 0.067 M carbonate buffer to give a 2%
(vol/vol) suspension of beads. One milligram of 2-ME extract
was suspended in 1 ml of the carbonate buffer and combined
with the 1 ml of the 2% suspension of latex beads, and the
mixture was allowed to mix at 21 to 23°C for 16 to 18 h under
constant rotation. BSA-coated control beads were prepared
by making a suspension of beads in PBS and adding an equal
volume of 1% BSA in PBS and mixing for 1 h at 21 to 23°C.
Both preparations of beads were washed several times in
PBS containing 1% BSA and stored at 5 to 8°C until use.
Evidence that latex beads became coated with 2-ME extract
was obtained by observing agglutination of the beads in the
presence of rabbit polyclonal antiserum raised against whole
cells of C. albicans, whereas BSA-coated beads did not
agglutinate.
Ex vivo adherence assay. The stationary method (16, 28)

was used in all studies on spleens and lymph nodes with
minor modifications as indicated. The tissues were obtained
from male or female mice that were between 7 and 16 weeks
old and were either BALB/cByJ, BALB/cByA, or [BALB/
cByJ x Crl:CD-1(ICR)BR]Fl strains. Spleens were ob-
tained 5 min after intravenous (i.v.) inoculation of 0.1 ml of
10% luconyl blue (44 E 3172; BASF Aktiengesellschaft).
Popliteal lymph nodes were removed from animals not
treated with luconyl blue. Both tissue types were placed in
Tissue Tek O.C.T. compound (Miles Inc., Elkart, Ind.)
immediately after removal from the animals, rapidly frozen
on dry ice, and stored at -80°C until cryosectioned. Spleen
and lymph node binding assays, which included cryosection-
ing, addition of yeast cells, incubation conditions, and sub-
sequent tissue fixation and staining, were done exactly as
described previously for splenic tissue (16). Yeast cell bind-
ing to splenic tissue was quantified by manual counting as
described before (28). In all cases, at least three slides per
treatment were counted, and each slide contained four tissue
sections. Means and standard errors were calculated.

Binding of yeast cells to lymph node tissue was deter-
mined by computer image analysis as previously described
(28) except that the Ml update of the MCID image analysis
program was used (Imaging Research, St. Catherines, On-
tario, Canada). Each lymph node tissue was examined with
a lOx objective lens on a bright-field microscope, and the
image was digitized. The number of yeast cells that bound
were determined in 30 contiguous rectangular fields, 20 by
200 ,um, from the subcapsular and medullary regions of the
lymph node. Consistent with previous observations (6),
these are the regions which showed the greatest number of
yeast cells binding to lymph node tissue. Measurements
were made from 12 lymph node tissues for each treatment,
and results were expressed as the estimated mean number of
adherent yeast cells per rectangular field. Standard errors of
the means were also calculated.

Binding of latex beads coated with the 2-ME extract to
splenic tissue was done exactly as defined above for binding
of yeast cells to the spleen tissue, except that 100 ,ul of the
beads (1.5 x 108/ml) was allowed to interact with the splenic
tissue for 45 instead of 15 min as described for the yeast
cells.

Test for solubilized adhesins by the ex vivo assay. The
soluble 2-ME extract or soluble fractions of the extract
diluted in DMEM, as indicated above, were tested for

adhesin activity by pretreating frozen sections of tissue with
these substances before application of yeast cells in the ex
vivo assay. If adhesins were present in the solubilized
materials, pretreatment of the tissues should block the
attachment of yeast cells. For these pretreatment experi-
ments, 100-,ul amounts of each fraction or extract in DMEM
(buffered to pH 7.4 with 25 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid [HEPES]) (Sigma) plus 5%
fetal bovine serum were added to the tissue sections at 5 to
8°C. Tissues were placed on a rotator for the first 5 min of the
15-min incubation period at 5 to 8°C. The 100 ptl of test
material was then decanted, the slide edge was blotted, and
the yeast cells suspended in DMEM were added and allowed
to interact with the tissue for 15 min at 5 to 8°C without
rotation. As a control for the pretreatment, some tissue
sections were pretreated with DMEM (buffered with HEPES
as described above) alone prior to addition of yeast cells.

In vivo treatment with 2-ME extract. Mice were given the
2-ME extracted adhesins i.v. prior to removal of the spleen
for subsequent ex vivo binding assays. The animals'were
given 0.1 ml of the 2-ME extract at various concentrations,
60 min later the animals were given 0.1 ml of 20% luconyl
blue, and 5 min later they were sacrificed by cervical
dislocation and their spleens were frozen in O.C.T. as
described above and stored at -80°C until sectioning and use
in the ex vivo assay. In other experiments, animals were
given i.v. 0.1 ml of the 2-ME extract at 5 mg of PBS per ml.
At 15 and 30 min and 1, 3, 6, or 24 h after injection, mice
were given 0.1 ml of 20% luconyl blue, and 5 min later they
were sacrificed and their spleens were prepared for the ex
vivo assay as described above. Spleens from animals given
0.1 ml of PBS i.v. instead of the 2-ME extract were used as
positive controls for yeast cell binding.

RESULTS

Evidence that the 2-ME extract contains the C. albicans
adhesins. The 2-ME extract caused a dose-response inhibi-
tion of yeast cell binding (strain A9) when tissues were
pretreated with various doses'of the extract (Fig. 1). A slight
inhibition of binding of yeast cells was noted when spleen
tissue was pretreated with 0.1 ,ug of the extract per ml (i.e.,
0.01 pug of extract was actually applied to the tissue). There
was no indication that the adhesins liberated during the
extraction were strain specific,' because the 2-ME extract
from strain A9 caused an almost identical dose-response
inhibition of marginal zone binding of strains 1 and 222.
Also, 2-ME extract prepared from strain 1 caused a similar
dose-response inhibition of binding of strains 1 and A9 (data
not shown).

Inhibition of binding of yeast cells to the subcapsular and
medullary sinuses of lymph node tissue also occurred in a
dose-response fashion essentially identical to that of splenic
tissue (not shown). Latex beads coated with the 2-ME
extract bound to the marginal zone of the spleen (Fig. 2A)
and to the subcapsular and medullary sinuses of the lymph
node (Fig. 2B). Latex beads coated with BSA did not exhibit
this binding pattern (not shown). Furthermore, if the tissues
were pretreated with soluble 2-ME extract (10 p.g/ml), bind-
ing of the 2-ME-coated latex beads was inhibited.
The 2-ME extract was also active in vivo. Spleens ob-

tained 1 h after mice were given the 2-ME extract i.v. had
reduced yeast cell binding (Fig. 3). The amount of inhibition
was dependent on the dose of 2-ME extract administered.
The amount of inhibition of yeast cell binding to the marginal
zone of the spleen remained over 80% for up to 3 h following
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FIG. 1. Inhibitory effects of 2-ME extract and Fr.IIa on binding

of C. albicans to spleen marginal zone in the ex vivo binding assay.
Splenic tissue was pretreated with various concentrations of the
2-ME extract prior to addition of yeast cells to the tissue. The
amount of yeast cell binding was compared with that in tissue
treated with medium alone (column 0). Dotted columns, 2-ME
extract; lined columns, Fr.IIa. Standard error bars were calculated
for each experimental condition.

an i.v. injection of 500 ,ug of the extract, and over 50%
inhibition was still evident 24 h later (Table 1).

Fractionation of the 2-ME extract. Subsequent fraction-
ation of the 2-ME extract by con A-agarose chromatography
yielded one fraction that did not bind to the column (Fr.I)
and one fraction that was eluted with a-methyl-D-mannopy-
ranoside (Fr.II). The majority of adhesin activity was asso-
ciated with Fr.II (see Fig. 5, below). Fraction II was further
chromatographed on a DEAE-Sephacel column, and a total
of three peak areas, designated Fr.IIa, Fr.IIb, and Fr.IIc,
were eluted during washing of the column with a 0 to 0.3 N
NaCl linear gradient. Evidence of separation was obtained
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FIG. 3. Adhesin activity of the 2-ME extract in vivo. Mice were
injected with various doses of 2-ME extract in PBS i.v., and their
spleens were removed 1 h later and used in the ex vivo binding
assay. A dose-response inhibition of binding was obtained compared
with that in control animals given PBS only. Standard error bars
were calculated for each experimental condition.

by monitoring each fraction by SDS-PAGE (Fig. 4). With
each fractionation step, the amount of protein as detectable
by Coomassie blue staining decreased (Fig. 4A) while the
amount of con A-reactive material tended to increase (Fig.
4B). The respective carbohydrate and protein determina-
tions for each fraction (on a microgram per milligram [dry
weight] basis) were 2-ME extract, 850 and 75; Fr.I, 220 and
680; Fr.II, 920 and 38; Fr.IIa, 970 and 35; Fr.IIb, 975 and 33;
and Fr.IIc, 960 and 25.
The various fractions of the extract were tested for their

adhesin activities by pretreating tissue sections and deter-
mining the pretreatment effect on yeast cell binding. When
each fraction was tested at 50 ,ug/ml, the adhesin activity was
found to be especially strong in Fr.IIa and Fr.IIb (Fig. 5).
Fr.IIa gave the highest yield of material and was chosen for
further studies.
The 2-ME extract and Fr.IIa were compared for their

.B
FIG. 2. Adherence of 2-ME latex-coated beads to spleen and lymph node tissue. Latex beads were coated with 2-ME extract or with BSA

as a control and used in the ex vivo assay. Beads coated with 2-ME extract adhered to the marginal zone of the spleen (A, arrows) and to
the subcapsular (arrows) and medullary sinuses (arrow head) of lymph node tissue (B). BSA-coated latex beads did not bind to these areas
(not shown). W, white pulp; R, red pulp; M, marginal zone. Average diameter of latex beads, 4.51 p.m.

VOL. 61, 1993



2582 KANBE ET AL.

TABLE 1. Effects of i.v. treatment of mice (in vivo) with 2-ME
extract on ex vivo binding of C. albicans yeast

cells to the splenic marginal zone

Treatment Adherent yeast cells/ % nio
timea (h) field (SE)

0.25 6.8 (5.1) 90.4
0.5 7.5 (4.0) 88.9
1 8.8 (3.9) 86.9
3 10.5 (6.5) 84.4
6 27.3 (6.8) 59.5

24 30.9 (11.0) 54.0
24" 67.1 (11.7)
a Mice were given 0.1 ml containing 5 mg of 2-ME extract per ml in PBS i.v.

Animals were sacrificed at various times following the pretreatment, and
binding of C albicans to spleen tissue in the ex vivo assay was assessed.

b Control mice were given 0.1 ml of PBS i.v., and their spleens were
removed 24 h later and used in the ex vivo binding assay to represent 100%
binding.

relative abilities to inhibit yeast cell binding to the marginal
zone of the spleen (Fig. 1). Fr.IIa was slightly more active
than the 2-ME extract. Fr.IIa also caused a dose-response
reduction of yeast cell binding to lymph node tissue that was
pretreated with various amounts of the fraction (Fig. 6).
Yeast cell binding to the medullary and subcapsular sinuses
of lymph node tissue was markedly reduced when the tissue
was pretreated with as little as 0.1 ,ug of Fr.IIa per ml.

Physical-chemical characteristics of the adhesins. The ef-
fects of heat, periodate oxidation, and enzymatic digestions
with a-mannosidase and proteinase K on the Fr.Ila adhesin
material were examined. After the various treatments, the
effect of pretreating splenic tissue on yeast cell binding was
determined (Table 2). Neither heat nor proteinase K diges-
tion affected the adhesin activity of Fr.Ia, yet the relative
amount of protein was reduced by about 10-fold as a result of
proteinase treatment. That is, the respective concentrations
of carbohydrate and protein concentrations (in micrograms
per milliliter) were before proteinase digestion 970 and 35
and after proteinase digestion 750 and 3.5. Treatment with
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FIG. 5. Effects of adhesin fractions on ex vivo binding of
C albicans to the marginal zone of splenic tissue. The 2-ME ex-
tract was put onto a con A-agarose affinity column, and Fr.I and
Fr.II were eluted with PBS and 0.5 M a-methyl-D-mannopyrano-
side, respectively. Fr.II was placed onto a DEAE-Sephacel column,
and Fr.IIa, Fr.IIb, and Fr.IIc were eluted with an NaCl linear
gradient (0 to 0.3 M). All fractions were dissolved in DMEM at 50
,utg/ml and used to pretreat splenic tissue before addition of yeast
cells. Control tissue sections were pretreated with DMEM. Except
Fr.I, all fractions from the con A column showed inhibitory activity.
Bars indicate standard errors.

sodium periodate at 20 mM or a-mannosidase at 5 U
essentially inactivated the adhesins. The various treatments
also similarly affected the in vivo activity of the 2-ME
extract and Fr.IIa (Fig. 7). That is, periodate oxidation
destroyed the adhesin activity (Fig. 7, treatments C and E),
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FIG. 4. Fractionation of the 2-ME extract as monitored by
SDS-PAGE. The 2-ME extract and fractions obtained following
various procedures were examined for the presence of protein bands
by staining with Coomassie blue (A) and for mannose-containing
glycoproteins by developing the gels with con A-horseradish perox-
idase and substrate (B). As the 2-ME extract became fractionated by
con A-affinity chromatography and DEAE ion-exchange chromatog-
raphy, the amount of detectable protein decreased, whereas the
amount of con A-binding material remained the same or increased.
Lanes 1, 2-ME extract; lanes 2, Fr.I; lanes 3, Fr.II; lanes 4, Fr.IIa;
lanes 5, Fr.IIb; lanes 6, Fr.IIc. Molecular size standards are given
on the left.
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FIG. 6. Effects of Fr.IIa pretreatment of lymph node tissue on ex
vivo binding of C. albicans yeast cells. Various concentrations of
Fr.IIa were prepared, and 100 pl of each was used to pretreat lymph
node tissue sections as described in Materials and Methods. One
hundred microliters of yeast cells (1.5 x 108 cells per ml) was
overlaid onto the sections, and adherence was determined as
described. The y axis shows average number of yeast cells that
bound per field (bars indicate standard errors), and thex axis shows
the concentration of Fr.IIa applied to the sections. The positive
binding control received suspending medium only (0 concentration).
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TABLE 2. Effects of various treatments on the ability of Fr.IIa
to inhibit yeast adherencea

Treatment of Fr.IIa Adherent yeast
cells/field (SE)

Heat (100°C)
5 min......................................... 4.6 (2.7)
15 min......................................... 4.8 (1.2)
30 min ............. ............................ 6.3 (1.8)

Sodium periodate (4°C, 30 min)
5 mM ............ ............................. 16.8 (6.1)
10 mM ............. ............................ 32.6 (6.3)
20 mM ............. ............................ 74.7 (5.9)
50 mM ............. ............................ 76.9 (6.8)

a-Mannosidase (25°C, 16 h)
0.1U......................................... 8.9 (1.9)
1.0 U......................................... 32.6 (2.8)
5.0 U......................................... 68.3 (7.8)

Proteinase K (37°C, 60 min)
50 p.g/ml......................................... 6.7 (1.9)
100 pg/ml ......................................... 7.4 (2.1)

No treatment ................... ...................... 4.6 (2.2)
Medium only .................... ..................... 78.9 (9.3)

a Fr.IIa (1 mg/ml) was treated as indicated and used to pretreat splenic
sections prior to addition of yeast cells in the ex vivo binding assay.
Subsequent binding of yeast cells to the marginal zone was quantified as
specified in Materials and Methods.

while proteinase treatment had no effect (Fig. 7, treatment
F).

Chemically, when Fr.IIa TMS and alditol derivatives were
compared with known sugar derivatives, the major carbohy-
drate component of Fr.IIa was mannose. By analysis of
TMS derivatives, mannose accounted for at least 98% of the
carbohydrates in the Fr.IIa, and by alditol derivative analy-
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FIG. 7. Effects of sodium periodate and proteinase on in vivo
blocking by 2-ME extract and Fr.II. 2-ME extract and Fr.II were
treated with 25 mM NaIO4 for 30 min at 4°C or proteinase K for 6 h
at 37°C, and 0.1 or 0.2 ml of the treated samples was injected i.v.; 1
h after injection, spleens were obtained from the animals and used in
the ex vivo assay. Spleens obtained from the animals injected with
PBS (A), 2-ME extract (B), and Fr.II (D) were used as controls.
Number of adherent yeast cells decreased clearly in the spleens
from mice treated with the NaIO4-2-ME extract (C) and NaIO4-Fr.II
(E). Proteinase K treatment had no effect (F).

sis, Fr.IIa consisted of slightly over 99% mannose. After
proteinase K treatment of Fr.IIa, the protein content was
less than 0.5%.

DISCUSSION

Recently, we reported that C. albicans yeast cells bind to
marginal zone macrophages of mouse spleen (16). A similar
adhesion system appears to be present in subcapsular and
medullary sinuses of peripheral lymph node tissue (6). There
is indirect evidence to suspect that yeast cell surface carbo-
hydrates are involved in the binding. We found that the
specific tissue binding characteristics pertain to hydrophili-
cally grown yeast cells but not to hydrophobic cells (13).
Hydrophobicity is due, at least in part, to a surface protein
molecule (14), whereas hydrophilic cells appear to be man-
nosylated, as evidenced by the change from hydrophilicity to
hydrophobicity when C albicans yeast cells are grown in the
presence of tunicamycin. Evidence presented in this paper
gives further support for the mannan of C. albicans being
responsible for the specific adherence characteristics of
hydrophilic yeast cells to mouse spleen and lymph node
tissues.
Evidence that the adhesins were extracted by 2-ME is

strong. Others found that the cell wall mannoprotein that is
responsible for fibrinogen binding to C. albicans yeast and
hyphal forms is extractable by 2-ME (2). In our work, a
2-ME extract inhibited binding of yeast cells when tissues
used in the ex vivo binding assay were pretreated prior to the
addition of yeast cells. Latex beads coated with the 2-ME
extract bound to splenic marginal zone cells and to the
subcapsular and medullary sinuses of lymph node tissue
(Fig. 2), which is the same distribution of tissue binding as
whole hydrophilic yeast cells (6, 16). Also, when mice were
given the 2-ME extract i.v., spleen tissue removed from
these animals had a reduced ability to bind yeast cells.
Although the majority of work was done on adhesins ob-
tained from extraction of C. albicans A9, there was no
indication that the adhesins were strain specific, because the
strain A9 (serotype B) 2-ME extract also blocked attachment
of the serotype A strain 1, as well as the serotype B strain
222. Also, a 2-ME extract from serotype A strain 1 blocked
attachment of strain A9 to tissues.
The chemical moiety in the 2-ME extract responsible for

its adherence properties appears to be from the mannan part
of the molecule. Whereas the 2-ME extract contained nu-
merous protein bands, subsequent fractionation by con
A-affinity chromatography and ion-exchange chromatogra-
phy removed the majority of the protein material, yet full
adhesin activity remained. Boiling of the adhesin or removal
of almost all of the remaining protein in the extract by
proteinase K digestion did not affect the adhesin activity
(Table 2). On the other hand, periodate oxidation, which
may destroy oligosaccharide moieties (7, 10, 25), had a
dose-response destructive effect on the adhesin (Table 2).
Carbohydrates appeared necessary for adhesin activity in
the ex vivo assay and in vivo, since periodate-treated
adhesins lost their ability to block splenic tissue binding of
C. albicans. In addition, intact hydrophilic yeast cells
treated with periodate lost their ability to specifically bind to
the splenic marginal zone and instead bound randomly to the
tissues (not shown) like hydrophobic yeast cells (13). Fi-
nally, the predominant material in the adhesin fraction
(Fr.IIa) after proteinase K treatment was mannose, and
treatment of the Fr.IIa material with ot-mannosidase virtu-
ally eliminated the adhesin activity.
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The adherence of C. albicans to splenic tissue is not a
phenomenon unique to the ex vivo assay. As reported
earlier, when yeast cells are administered i.v., they rapidly
become associated with the splenic marginal zone cells (6) in
a tissue distribution pattern similar to that observed in the ex
vivo assay. As mentioned above, the 2-ME-extracted yeast
adhesins retained their binding activity in vivo, which sug-
gests that they function in host-C. albicans interactions.
The 2-ME extract containing the adhesin molecules was

fractionated by a similar scheme used by Douglas and co-
workers on a C. albicans culture supernatant material (4, 31).
In studies on adherence of C. albicans to buccal epithelial
cells, they determined that the fungal adhesin molecule is a
protein (31) and that expression of the molecule is C. albicans
strain specific (24). In our work, the active adhesin moieties
are due to mannan, and expression of the adhesin is not strain
specific. Our experiments have also shown that the interac-
tion of C. albicans yeast cells with spleen and lymph node
tissue is not due to known adhesion systems (16) and indicate
that the pathogenesis of disseminated candidiasis involves
more than an interaction of C. albicans with endothelial cells
or with extracellular matrix proteins.

ACKNOWLEDGMENTS

We thank Kenji Tanaka, Nagoya University School of Medicine,
and Taei Matsui, Fujita Health University, Institute for Comprehen-
sive Medical Science, for critical suggestions.

This work was supported by a Minority Biomedical Research
Support grant (NIGMS 5 S06 GM08218) and an RO1 grant (NIAID
A124912) from the National Institutes of Health.

REFERENCES
1. Butcher, E. C., R. G. Scollay, and I. L. Weissman. 1979.

Lymphocytes adherence to high endothelial venules: character-
ization of a modified in vitro assay, and examination of the
binding of syngeneic and allogeneic lymphocyte populations. J.
Immunol. 123:1996-2003.

2. Casanova, M., J. L. Lopez-Ribot, C. Monteagudo, A. Ilombart-
Bosch, R. Sentandreu, and J. P. Martinez. 1992. Identification of
a 58-kilodalton cell surface fibrinogen-binding mannoprotein
from Candida albicans. Infect. Immun. 60:4221-4229.

3. Cassone, A. 1989. Cell wall of Candida albicans: its functions
and its impact on the host. Curr. Top. Med. Mycol. 3:248-314.

4. Critchley, I. A., and L. J. Douglas. 1987. Isolation and partial
characterization of an adhesin from Candida albicans. J. Gen.
Microbiol. 133:629-636.

5. Cutler, J. E. 1991. Putative virulence factors of Candida albi-
cans. Annu. Rev. Microbiol. 45:187-218.

6. Cutler, J. E., D. L. Brawner, K. C. Hazen, and M. A. Jutila.
1990. Characteristics of Candida albicans adherence to mouse
tissue. Infect. Immun. 58:1902-1908.

7. Furth, A. J. 1988. Methods for assaying nonenzymatic glycosy-
lation. Anal. Biochem. 175:347-360.

8. Ghannoum, M. A., and K. H. Abu-Elteen. 1990. Pathogenicity
determinants of Candida. Mycoses 33:265-282.

9. Ghannoum, M. A., G. R. Burns, K. A. Elteen, and S. S. Radwan.
1986. Experimental evidence for the role of lipids in adherence
of Candida spp. to human buccal epithelial cells. Infect. Immun.
54:189-193.

10. Gopal, P., P. A. Sullivan, and M. G. Shepherd. 1984. Isolation
and structure of glucan from regenerating spheroplasts of Can-
dida albicans. J. Gen. Microbiol. 130:1217-1225.

11. Gustafson, K. S., G. M. Vercellotti, C. M. Bendel, and M. K.
Hostetter. 1991. Molecular mimicry in Candida albicans: role of
an integrin analogue in adhesin of the yeast to human endothe-
lium. J. Clin. Invest. 87:1896-1902.

12. Hazen, K. C. 1990. Cell surface hydrophobicity of medically
important fungi, especially Candida species, p. 249-295. In R. J.
Doyle and M. Rosenberg (ed.), Microbial cell surface hydropho-
bicity. American Society for Microbiology, Washington, D.C.

13. Hazen, K. C., D. L. Brawner, M. H. Riesselman, M. A. Jutila,
and J. E. Cutler. 1991. Differential adherence between hydro-
phobic and hydrophilic yeast cells of Candida albicans. Infect.
Immun. 59:907-912.

14. Hazen, K. C., and B. W. Hazen. 1992. Hydrophobic surface
protein masking by the opportunistic fungal pathogen Candida
albicans. Infect. Immun. 60:1499-1508.

15. Jutila, M. A., L. Rott, E. L. Berg, and E. C. Butcher. 1989.
Function and regulation of the neutrophil MEL-14 antigen in
vivo: comparison with LFA-1 and Mac-1. J. Immunol. 143:
3318-3324.

16. Kanbe, T., M. A. Jutila, and J. E. Cutler. 1992. Evidence that
Candida albicans binds via a unique adhesion system on phago-
cytic cells in the marginal zone of the mouse spleen. Infect.
Immun. 60:1972-1978.

17. Kanbe, T., R. K. Li, E. Wadsworth, R. A. Calderone, and J. E.
Cutler. 1991. Evidence for expression of C3d receptor of
Candida albicans in vitro and in vivo by immunofluorescence
and immunoelectron microscopy. Infect. Immun. 59:1832-1838.

18. Kapitany, R. A., and E. J. Zebrowski. 1973. A high resolution
PAS stain for polyacrylamide gel electrophoresis. Anal. Bio-
chem. 56:361-369.

19. Klotz, S. A. 1992. Fungal adherence to the vascular compart-
ment: a critical step in the pathogenesis of disseminated candi-
diasis. Clin. Infect. Dis. 14:340-347.

20. Klotz, S. A., R. L. Smith, and B. W. Stewart. 1992. Effect of an
arginine-glycine-aspartic acid-containing peptide on hematoge-
nous candidal infections in rabbits. Antimicrob. Agents
Chemother. 36:132-136.

21. Laemmli, U. K., and M. Favre. 1973. Maturation of the head of
bacteriophage T4. I. DNA packaging events. J. Mol. Biol.
80:575-599.

22. Lehrer, N., E. Segal, H. Lis, and Y. Gov. 1988. Effect of
Candida albicans cell wall components on the adhesion of the
fungus to human and murine vaginal mucosa. Mycopathologica
102:115-121.

23. Li, R. K., and J. E. Cutler. 1991. A cell surface/plasma
membrane antigen of Candida albicans. J. Gen. Microbiol.
137:455-464.

24. McCourtie, J., and L. J. Douglas. 1985. Extracellular polymer of
Candida albicans: isolation, analysis and role in adhesion. J.
Gen. Microbiol. 131:495-503.

25. Misaki, A., J. Johnson, S. Kirkwood, J. V. Scaletti, and F.
Smith. 1968. Structure of the cell-wall glucan of yeast. Carbo-
hydr. Res. 6:150-164.

26. Miyakawa, Y., T. Kuribayashi, K. Kagaya, and M. Suzuki. 1992.
Role of specific determinants in mannan of Candida albicans
serotype A in adherence to human buccal epithelial cells. Infect.
Immun. 60:2493-2499.

27. Ray, T. L., C. D. Payne, and B. J. Morrow. 1991. Candida
albicans acid proteinase: characterization and role in candidia-
sis. Adv. Exp. Med. Biol. 306:173-183.

28. Riesselman, M. H., T. Kanbe, and J. E. Cutler. 1991. Improve-
ments and important considerations of an ex vivo assay to study
interactions of Candida albicans with splenic tissue. J. Immu-
nol. Methods 145:153-160.

29. Sawyer, R. T., R. E. Garner, and J. A. Hudson. 1992. Arg-Gly-
Asp (RGD) peptides alter hepatic killing of Candida albicans in
the isolated perfused mouse liver model. Infect. Immun. 60:213-
218.

30. Stamper, H. B., and J. J. Woodruff. 1976. Lymphocyte homing
into lymph nodes: in vitro demonstration of the selective affinity
of recirculating lymphocytes for high-endothelial venules. J.
Exp. Med. 144:828-833.

31. Tosh, F. D., and L. J. Douglas. 1992. Characterization of a
fucoside-binding adhesin of Candida albicans. Infect. Immun.
60:4734-4739.

32. White, T. C., N. Agabian, E. E. Marcontonio, and R. 0. Hynes.
1988. The integrin beta 1 subunit from the yeast, Candida
albicans. J. Cell Biol. 106:1765-1772.

33. York, W. S., A. G. Darvill, M. McNeil, T. T. Stevenson, and P.
Albersheim. 1985. Isolation and characterization of plant cell
walls and cell wall components. Methods Enzymol. 118:3-40.

INFECT. IMMUN.


