
INFECTION AND IMMUNITY, Sept. 2002, p. 4762–4771 Vol. 70, No. 9
0019-9567/02/$04.00�0 DOI: 10.1128/IAI.70.9.4762–4771.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Cryptococcal Glucuronoxylomannan Inhibits Adhesion of Neutrophils
to Stimulated Endothelium In Vitro by Affecting Both Neutrophils and

Endothelial Cells
Pauline M. Ellerbroek,1,2* Andy I. M. Hoepelman,1,2 Floor Wolbers,1,2 Jaap Jan Zwaginga,3 and

Frank E. J. Coenjaerts1,2

Division of Acute Medicine and Infectious Diseases1 and Eijkman Winkler Institute for Microbiology,2 University Medical
Centre Utrecht, Utrecht, and Department of Experimental Immunohematology, Central Laboratory of Blood Transfusion, Sanquin

Blood Supply Foundation, and Department of Hematology, Academical Medical Center, Amsterdam,3 The Netherlands

Received 11 February 2002/Returned for modification 10 April 2002/Accepted 4 June 2002

Cryptococcal infections are often characterized by a paucity of leukocytes in the infected tissues. Previous
research has shown that the capsular polysaccharide glucuronoxylomannan (GXM) inhibits leukocyte migra-
tion. In this study we investigated whether the capsular polysaccharide GXM affects the migration of neutro-
phils (polymorphonuclear leukocytes [PMN]) through the endothelium by interfering with adhesion in a static
adhesion model. Pretreatment of PMN with GXM inhibited PMN adhesion to tumor necrosis factor alpha
(TNF-�)-stimulated endothelium up to 44%. Treatment of TNF-�-stimulated endothelium with GXM led to a
27% decrease in PMN adhesion. GXM treatment of both PMN and endothelium did not have an additive
inhibitory effect. We demonstrated that GXM-induced L-selectin shedding does not play an important role in
the detected inhibition of adhesion. L-selectin was still present on PMN in sufficient amounts after GXM
treatment, since it could be further inhibited by blocking antibodies. Furthermore, blocking of GXM-related
L-selectin shedding did not abolish the GXM-related inhibition of adhesion. GXM most likely exerts its effect
on PMN by interfering with E-selectin-mediated binding. The use of blocking monoclonal antibodies against
E-selectin, which was shown to decrease adhesion in the absence of GXM, did not cause additive inhibition of
PMN adhesion after GXM pretreatment. The use of blocking antibodies also demonstrated that the inhibiting
effect found after GXM treatment of endothelium probably involves interference with both intercellular
adhesion molecule-1 and E-selectin binding.

Cryptococcus neoformans is an encapsulated yeast that can
cause life-threatening meningitis in immunocompromised
patients. Compared to bacterial meningitis, cryptococcal
meningitis is usually characterized by a relative paucity of
leukocytes in the cerobrospinal fluid and infected tissues (4,
6), despite adequate stimulation of cytokine production (6,
7, 12, 46, 60, 65, 67). Previous research has shown that the
immunomodulatory effects of cryptococcal capsular polysac-
charides contribute to the scant leukocyte infiltrates often
observed. Cryptococcal culture filtrate, the isolated capsular
polysaccharide glucuronoxylomannan (GXM), and manno-
protein 4 (10) all inhibit the influx of leukocytes into inflam-
mation sites (10, 17, 48). Since GXM and mannoprotein 4
have intrinsic chemoattracting properties (10, 15, 16) and
high titers of both are found in the bloodstream during
infections (10, 13, 25), it has been hypothesized that these
compounds, by cross-desensitization, prevent leukocytes
from properly responding to chemoattractants, thereby con-
tributing to the scant infiltrate often reported in cryptococ-
cal infections. This has already been demonstrated for GXM
in humans as well as in experimental infections in animal
models (17, 48, 49, 50). Another mechanism for the dimin-

ished leukocyte transendothelial migration, one not yet an-
alyzed in detail in the literature, could be the interference
with leukocyte adhesion to the endothelium at the site of
infection. This is the subject of the present study.

Leukocyte adhesion to the endothelium is initiated by the
activation of endothelium by cytokines already present at
the site (e.g., interleukin-1 [IL-1] and tumor necrosis factor
alpha [TNF-�]). This leads to endothelial cytokine produc-
tion and the upregulation of adhesion molecules. The first
step of adhesion is the margination and rolling of leukocytes
on the activated endothelium and depends on interactions
between selectins (E-selectin on endothelium, P-selectin on
platelets and endothelium, and L-selectin on leukocytes)
and their counterligands. The leukocytes are then activated
by cytokines, which results in the shedding of L-selectin
from the leukocyte surface and the increased expression of
integrins (e.g., CD11b/CD18 and VLA-4) thereon. The in-
tegrins are involved in the subsequent firm binding of the
leukocytes to the ligands (e.g., the intercellular adhesion
molecules [ICAM] and vascular cell adhesion molecule-1)
expressed on endothelium, after which the cells finally trans-
migrate (see references 5, 30, and 56 for reviews). Interfer-
ence with these binding processes might lead to a dimin-
ished efflux of leukocytes in the direction of the inflamed
tissues and might involve inhibition of endothelial cytokine
production, the blocking or shedding of adhesion molecules
from the surface of leukocytes or endothelium, or the inhi-
bition of protein expression.
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Although various research groups have shown that crypto-
coccal culture filtrate and GXM adequately stimulate in vitro
production of monocytic cytokines (IL-1�, IL-6, IL-8, TNF-�,
and gamma interferon) (7, 12, 46, 57, 65, 67), whole crypto-
cocci appear to have an inhibiting effect on the production of
chemokines by the endothelium (57). Impairment of this trig-
ger, leading to the extravasation of leukocytes, could hypothet-
ically lead to interference with the adhesion process. However,
since both capsular and acapsular cryptococci demonstrate this
inhibiting effect (57) and GXM is part of the capsule, GXM is
probably not responsible for the interference.

With regard to leukocyte adhesion, the effects of GXM on
endothelial cells have not yet been studied. Much better doc-
umented are its effects on neutrophils (polymorphonuclear
leukocytes [PMN]). GXM has been shown to induce L-selectin
shedding from the surfaces of PMN and lymphocytes (18, 20),
and since this shedding occurs prematurely, an inhibiting effect
on leukocyte rolling can be expected. L-selectin shedding
caused by GXM coincides with the upregulation of the integrin
CD11b/CD18 (18), which might favor the subsequent firm
binding of PMN to endothelium. Dong and Murphy, however,
showed that GXM also binds to CD18 (19), which might in
turn have a negative effect on firm binding. Thus, despite
present knowledge of the effects of GXM on leukocyte adhe-
sion molecules, the actual effects of GXM on the process of
firm leukocyte binding are not well known.

In this study, we investigated the effect of GXM on the
process of PMN adhesion to TNF-�-stimulated endothelium
by using a static adhesion assay. Stimulation of endothelium by
TNF-� leads to an increase in the expression of adhesion
molecules and thus to increased binding of leukocytes (5, 31,
34, 44, 62). The static adhesion assay mainly involves binding
processes that contribute to firm leukocyte adhesion. It has
been extensively demonstrated that neutrophil CD11/CD18
binding to ICAM on the endothelium and E-selectin binding to
its counterligands on PMN play comparable roles in this ad-
hesion assay (33, 43, 54, 55). Their roles are partly codepen-
dent, since E-selectin binding mediates CD18 activation and
thus promotes CD11b/18 binding to ICAM (30, 43, 47). The
role of L-selectin in the static adhesion assay is probably re-
stricted to serving as one of the ligands of E-selectin (5, 41, 68),
since L-selectin participates mainly in leukocyte rolling and a
threshold dynamic shear force is required for its binding (28).

The objectives of this study were (i) to demonstrate whether
GXM inhibits PMN adhesion to endothelium and (ii) to es-
tablish whether GXM exerts this action by affecting PMN,
endothelial cells, or both. Furthermore, we wanted to establish
which adhesion molecules are affected by GXM. Using the
static adhesion assay, we observed that GXM inhibits PMN
adhesion to activated endothelium in a concentration-depen-
dent manner and exerts this effect by an effect on PMN as well
as on the endothelium.

MATERIALS AND METHODS

MAbs and chemicals. The following blocking monoclonal antibodies (MAbs)
were used: DREG 56 (anti-L-selectin, immunoglobulin G1 [IgG1]) (41) from the
American Type Culture Collection (ATCC), BBA2 (anti-E-selectin, IgG1) from
R&D systems (Oxon, United Kingdom), and RR1/1 (anti-ICAM-1, IgG1) (33,
34, 44) from the Fourth Leukocyte Typing Workshop. MAb IB4 (anti-CD18,
IgG2a) (61, 64) and the control MAb W6/32 (anti-HLA A/B/C/, IgG2a) (34, 55)

were raised in our own laboratory from mouse hybridomas (HB-10164 and
HB-95, respectively) obtained from the ATCC. Except for MAb DREG 56
(anti-L-selectin), which was used at a concentration of 20 �g/ml (41), all blocking
antibodies were used at a concentration of 10 �g/ml. TNF-� was purchased from
Roche (Almere, The Netherlands). The tissue inhibitor TAPI-0 [KD-IX-73-4;
HO-NH-CO-CH2-CH(CH2-CH(CH3)2)-CO-Nal-Ala-NH-CH2-CH2-NH2], an
inhibitor of L-selectin shedding (26) from Peptides International (Louisville,
Ky.) was dissolved at 25 mg/ml in dimethyl sulfoxide and further diluted with
phosphate-buffered saline (PBS) to 1 mg/ml. Fibronectin from human plasma
was obtained from Micronic (Lelystad, The Netherlands), and polymyxin B
sulfate was obtained from Sigma (St. Louis, Mo.). A Superose 6 HR gel filtration
column was purchased from Pharmacia (Uppsala, Sweden). The fluorescent
probe 2�,7�-bis-(2-carboxyethyl)-5-(6)-carboxyfluorescein acetoxymethyl ester
(BC-ECF AM) was purchased from Molecular Probes Europe (Leiden, The
Netherlands). Human pooled serum, obtained from a pool of healthy donors,
was heat inactivated at 56°C for 30 min and subsequently filtered. GXM, purified
from C. neoformans (NIH 37, serotype A, chemotype 5, ATCC 62066), was a
generous gift from R. Cherniak, Georgia State University, Atlanta (8). Specific
primer pairs for E-selectin and ICAM-1 were synthesized by Amersham Phar-
macia Biotech (Uppsala, Sweden).

Isolation and culture of HUVEC. Primary human umbilical vein endothelial
cells (HUVEC) were obtained according to the method described by Jaffe et al.
(37) and cultured in sterile RPMI 1640 (RPMI) supplemented with 10 �g of
gentamicin per ml and 20% inactivated pooled human serum. Only passages 2 to
4 were used for the experiments.

Isolation, labeling, and GXM treatment of human PMN. Human PMN were
isolated as described before (63). Briefly, blood from healthy volunteers was
collected in Vacuette tubes containing sodium heparin as an anticoagulant
(Greiner), diluted with an equal volume of pyrogen-free PBS, and layered on top
of a Ficoll (Pharmacia)-Histopaque (Sigma) gradient. After centrifugation for 20
min at 230 � g, PMN were collected from the Histopaque phase. They were
subsequently subjected to a brief hypotonic shock with mQ water, washed, and
suspended at 2 � 106 cells/ml in sterile RPMI supplemented with 0.1% human
serum albumin (RPMI-HSA). The neutrophils were then labeled with 3.3 �M
BC-ECF AM for 20 min at 4°C. After one washing step, the cells were incubated
with either GXM dissolved in RPMI-HSA or RPMI-HSA alone for 1 h at 37°C.

Pyrogen-free conditions. To ensure lipopolysaccharide (LPS)-free conditions,
all of the materials were kept under pyrogen-free conditions. GXM was tested
for the presence of LPS by using a Limulus amoebocyte lysate assay (Coatest
Endotoxin Diagnostica, Mölndal, Sweden) with a sensitivity of 25 pg of Esche-
richia coli LPS per ml. Although the LPS concentration was always less than 0.6
ng/ml, all experiments were carried out in the presence of 10 �g of polymyxin B
sulfate per ml to neutralize any undetected LPS contamination (21). Polymyxin
B sulfate had neither a stimulating nor an inhibiting effect on the adhesion of
PMN to the endothelium when tested in the static adhesion assay (as described
below).

Static adhesion assay and GXM treatment of HUVEC (51). HUVEC were
plated on fibronectin-coated Nunc 72-well microtiter plates (Life Technologies,
Breda, The Netherlands) and grown to confluency in 1 to 2 days. The cells were
washed twice with RPMI-gentamicin and stimulated with 10 ng of TNF-� per ml
(corresponding to 200 to 300 U/ml) in culture medium for 6 h at 37°C (31, 51).
In some experiments HUVEC were treated with GXM suspended in culture
medium for 1 h at 37°C prior to, simultaneously with, or after stimulation with
TNF-�. After three washes with RPMI-gentamicin, donor PMN were added to
the wells at a concentration of 106/ml (PMN/endothelial cell ratio � 5:1) and left
to adhere for 15 min at 37°C. After the endothelium was carefully washed, the
adherent cells were fixed with 2% paraformaldehyde (pH 7.4) and counted
within a fixed frame of 1 mm2 in the center of each well by fluorescence
microscopy (Leitz Fluovert inverted microscope). Measurements were per-
formed in quadruple wells for each variable. All tests were repeated using
different batches of donor cells. Following the GXM incubation, in some exper-
iments, PMN and endothelial cells were also incubated with blocking MAbs for
15 min at room temperature. This was then followed by the adhesion experiment.

L-selectin ELISA. The quantification of L-selectin levels in the supernatants of
PMN treated with GXM was performed with a commercial enzyme-linked im-
munosorbent assay (ELISA) kit (R&D Systems) according to the manufacturer’s
guidelines. The sensitivity of the ELISA was less than 0.3 ng of L-selectin per ml.

Reverse transcription-PCR. RNA expression of endothelial adhesion mole-
cules was measured by reverse transcription-PCR. Briefly, HUVEC in 25-ml
culture flasks were exposed to either GXM or culture medium for 2 h, followed
by stimulation with TNF-� for another 6 h. After washing, total endothelial RNA
was extracted using guanidium isothiocyanate, followed by reverse transcription
of 1 �g of RNA per sample with oligo(dT) priming. Amplification by PCR of the
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target cDNA was conducted using specific primer pairs for E-selectin (sense
primer 5�-GCTACAATTCTTCCTGCTC-3� and antisense primer 5�-GGAGA
GTCCAGCAGCAGAAAGTC-3�) or for ICAM-1 (sense primer 5�-CAAGAG
GAAGGAGCAAGACT-3� and antisense primer 5�-ACAAGAGGACAAGGC
ATAGC-3�). A primer pair for the housekeeping protein GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (sense primer 5�-CACCATGGA
GAAGGCTGGGG-3� and antisense primer 5�-ACCAAAGTTGTCATGGAT
GACC-3�) was used to equalize the amounts of RNA present in each sample.
PCR-amplified products were separated by agarose gel electrophoresis.

Preparation of FITC-labeled GXM and detection of GXM binding to HUVEC.
Fluorescein isothiocyanate (FITC)-labeled GXM was prepared by activation of
GXM with cyanogen bromide and subsequent reaction with FITC (32). HUVEC
monolayers were stimulated with TNF-� for 6 h, after which the cells were
detached with 1.5 mM EDTA in a calcium-free buffer. After being washed, cells
were incubated with FITC-labeled GXM in calcium-containing Hanks balanced
salt solution medium for 1 h, followed by flow cytometric analysis of the immun-
ofluorescently stained cells.

Gel filtration chromatography and cryptococcal antigen ELISA. GXM sam-
ples (in 0.5 ml PBS) of two different concentrations (2 mg/ml and 2 �g/ml) were
applied to a Superose 6.0 column (1.5 by 30 cm; Pharmacia) and eluted with PBS
at a flow rate of 12 ml/h. Dextran blue (2,000 kDa), apoferritin (440 kDa), and
HSA (67 kDa) were used as molecular mass markers and detected at 280 nm.
Fractions of 0.5 ml were collected and assayed for GXM by using a commercial
ELISA (Premier Cryptococcal Antigen ELISA; Meridian Bioscience, Boxtel,
The Netherlands) according to the manufacturer’s guidelines. The sensitivity of
the ELISA was 0.1 ng/ml.

Statistics. All adhesion experiments were repeated using different donors of
both PMN and endothelial cells. Per experiment, each variable was tested in
quadruple wells and the counts of adherent PMN were averaged. The average
cell counts from multiple experiments were statistically analyzed. Since the level
of PMN binding usually varies considerably from experiment to experiment due
to donor-to-donor variability, all data were analyzed by a univariate analysis of
variance (ANOVA) test with a two-factor ANOVA, analyzing only main effects
(in which the donor was set as a blocking factor). To compare multiple treatment
groups to each other or to the control, the ANOVA was then followed by a post
hoc analysis by Bonferroni’s test. P values of �0.05 were considered significant.
In Results the adherence data are expressed as adherence percentages followed
by a 95% confidence interval (95% CI).

RESULTS

Preincubation of PMN with GXM inhibits the adhesion of
PMN to stimulated HUVEC. We first investigated the effect of
preincubation of donor PMN with GXM on PMN adhesion to
the endothelium. PMN were incubated with GXM at different
concentrations for 1 h at 37°C, after which a static adhesion
assay was performed with confluent monolayers of TNF-�-
stimulated HUVEC. Figure 1A shows an example of the vari-
ation in the level of PMN binding from experiment to exper-
iment due to donor-to-donor variability. The results of two
representative experiments are presented. Despite the varia-
tion, the results of all experiments were averaged and analyzed
by a variance test using a two-factor ANOVA. Figure 1B shows
the averaged adhesions from seven experiments expressed as
adhesion percentages. When GXM was not washed off before
the adhesion process, PMN adhesion was inhibited by 39%
(Fig. 1B) (P � 0.01; 95% CI, 19 to 52%). Significant inhibition
was detected at GXM concentrations of between 10 ng/ml and
100 �g/ml. The optimal inhibiting effect was reached at a
concentration of 100 ng/ml, after which it gradually diminished
at higher concentrations. Washing the PMN twice after incu-
bation with GXM and prior to the adhesion process did not
affect the level of inhibition (Fig. 1C) (inhibition of 44% after
washing; P � 0.005), indicating that the effect is not merely due
to an aspecific mechanical impairment of adhesion by the pres-
ence of large polysaccharide molecules.

When we varied the time of incubation of PMN with GXM

between 15 min and 2 h, the inhibiting effect did not change. In
contrast, when GXM was added simultaneously with PMN to
the endothelium, no significant inhibiting effect was noted
(data not shown). The latter finding supports the view that the
inhibiting effect of GXM in these experiments is due to the
effect of GXM on the PMN during the incubation period and
not to its effect on the endothelium during the subsequent
short adhesion period. Moreover, the generation of an inhib-
itory effect after 15 min of preincubation suggests that the
mechanism of action by which GXM affects neutrophils does
not involve de novo protein synthesis.

Effect of GXM on endothelium: incubation of TNF-�-stim-
ulated endothelium with GXM leads to a decrease in PMN
adhesion. To investigate the effect of GXM on endothelial
adhesiveness, nonstimulated endothelium was incubated with
GXM at different concentrations and for different lengths of
time. We found that GXM treatment did not affect the adhe-
siveness of resting endothelium (data not shown).

The effect of GXM on the adhesiveness of TNF-�-stimu-
lated endothelium was then investigated. The incubation of
HUVEC monolayers with GXM prior to or simultaneously
with TNF-� inhibited PMN adhesion by 27% compared to
endothelium treated with TNF-� alone (Fig. 2A) (P � 0.05;
95% CI, 12 to 42%). The inhibitory effects on endothelium
were detected at lower GXM concentrations (1 pg/ml to 1
�g/ml) than when PMN were incubated with GXM. To dem-
onstrate that GXM is able to bind to and affect the endothe-
lium, both unstimulated and stimulated HUVEC were incu-
bated with FITC-labeled GXM, followed by fluorescence-
activated cell sorter analysis of the fluorescently stained cells.
Binding of FITC-labeled GXM to HUVEC could be demon-
strated at concentrations of 0.1 mg/ml and 1 �g/ml, albeit at
low levels (Fig. 2B). GXM was found to bind more readily to
stimulated HUVEC.

Since the same degree of inhibition was also observed when
GXM was added after TNF-� stimulation, inhibition of protein
synthesis does not seem to be the underlying mechanism. The
effect of GXM on TNF-�-related upregulation of endothelial
adhesion molecules was examined by RNA analysis. HUVEC
were incubated with GXM for various times, followed by stim-
ulation with TNF-�. Untreated HUVEC expressed ICAM-1
but no E-selectin. TNF-� stimulation led to an increase in both
ICAM-1 and E-selectin transcription, which was not influenced
by GXM (results not shown).

Previous research has already demonstrated that GXM does
not decrease the viability of the endothelium (36). Neverthe-
less, to ensure that the effect of GXM on adhesiveness was not
due to a decrease in the viability of endothelial cells, HUVEC
monolayers were incubated with GXM for different lengths of
time. The viability of the endothelium proved to be 	95% as
evaluated by trypan blue exclusion and light microscopy exam-
ination.

Compared to treatment of either PMN or endothelium,
treatment of both PMN and endothelium with GXM does not
lead to an additive inhibiting effect. To mimic the in vivo
situation during cryptococcal infections, as well as to look at
possible additive effects, we investigated the effect that the
preincubation of both endothelium and PMN with GXM has
on adhesion. GXM treatment of both the endothelium and
PMN (as described in Material and Methods) led to a decrease
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in adhesion of at most 38% (results not shown) (P � 0.05; 95%
CI, 27 to 49%); a 27 to 38% inhibition was found at GXM
concentrations of between 10 pg/ml and 1 �g/ml, with dimin-
ishing inhibition at higher concentrations. Compared to the
treatment of PMN or endothelium alone, no statistical signif-
icant additive inhibiting effect was found, even at those con-
centrations where both treatments separately had exerted an
effect in earlier experiments.

GXM aggregation. In the experiments described above, the
effects of GXM on both PMN and endothelium diminished at
higher GXM concentrations. Earlier, Dong and Murphy de-
scribed this phenomenon for other effects of GXM (19). A
possible mechanism might be aggregation of the polysaccha-
ride molecules at higher concentrations, thereby lowering the
actual numbers of reactive molecules. To support this hypoth-
esis, we analyzed GXM preparations at two concentrations (2
mg/ml and 2 �g/ml) on a Superose 6 HR chromatography
column. Elution was followed by detection of GXM with a
commercial cryptococcal antigen ELISA. The eluted fractions
from the highest concentration were diluted 1,000-fold in order
to reach the detection range of the ELISA. Figure 3 shows that

the elution curve of the 2-mg/ml sample is shifted towards the
higher-molecular-mass range compared to the 2-�g/ml sample,
supporting the theory that GXM tends to aggregate at higher
concentrations. In addition, low-molecular-mass GXM (in the
fractions with the higher numbers) is overrepresented in the
lower-concentration curve.

TAPI-0, a blocker of L-selectin shedding, does not affect
GXM-related inhibition of PMN adhesion. Since GXM is
known to shed the adhesion molecule L-selectin from the sur-
face of PMN (18), we investigated whether this mechanism
could account for the observed effect of GXM on PMN, i.e.,
the inhibition of PMN adhesion to the endothelium. We eval-
uated the effect of an inhibitor of L-selectin shedding, TAPI-0
(26), on the GXM-related inhibition of PMN adhesion.

First, to verify the effect of TAPI-0 on L-selectin shedding,
we incubated 106 PMN in Hanks balanced salt solution with 50
�g of TAPI-0 per ml at 37°C for 15 min and then added 0.1 mg
of GXM per ml. The supernatants were subsequently analyzed
for L-selectin with a commercial L-selectin ELISA kit, and the
results of three experiments performed in duplicate were av-
eraged. The mean L-selectin shedding caused by GXM (cor-

FIG. 1. Preincubation of PMN with GXM inhibits adhesion to
TNF-�-stimulated HUVEC. BC-ECF AM-labeled PMN were incu-
bated with GXM for 1 h at 37°C, followed by adhesion to TNF-�-
stimulated HUVEC monolayers (see Materials and Methods). Adher-
ent PMN were counted by fluorescence microscopy, and observations
were made in quadruplicate. The negative control consisted of the
adhesion of untreated PMN to unstimulated endothelium, and the
positive control was the adhesion of untreated PMN to TNF-�-stim-
ulated endothelium. (A) Results of two separate representative exper-
iments performed with cells from different healthy donors (squares
and circles). The data are presented as the mean absolute counts of
adherent PMN. (B) The results of seven experiments were averaged
and subsequently expressed as the percentage of adhesion compared
to the positive control (i.e., adhesion of untreated PMN to stimulated
endothelium � 100%). (C) To evaluate the effect of washing, PMN
were washed twice with medium after PMN-GXM incubation. Adhe-
sion is expressed as the percentage of adhesion of the positive control
(either washed or unwashed PMN). The results of seven experiments
were averaged. �, P � 0.05. The error bars represent standard devia-
tions.
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rected for the L-selectin level present in the supernatants of
untreated PMN) was 8.1 ng/ml (standard deviation, 2.9 ng/ml).
Pretreatment of the PMN with TAPI-0 inhibited GXM-related
L-selectin shedding by 80% (mean L-selectin concentration,
1.5 ng/ml [standard deviation, 0.9 ng/ml]).

Second, we compared the adhesions of GXM-treated and
TAPI-0- and GXM-treated PMN to the endothelium. As Fig,
4 shows, the inhibition of adhesion caused by GXM (35%)
persisted in the presence of TAPI-0, the blocker of L-selectin
shedding (37%) (no significant difference; P � 0.4). Thus,

L-selectin shedding does not seem to be the mechanism un-
derlying the inhibition of PMN adhesion to the endothelium
after preincubation of PMN with GXM.

GXM treatment of PMN affects E-selectin-mediated adhe-
sion rather than CD11b/CD18–ICAM-1- or L-selectin-medi-

FIG. 2. (A) Preincubation of endothelium with GXM prior to TNF-� stimulation leads to a decrease in PMN adhesion. HUVEC monolayers
were incubated with GXM for 1 h at 37°C, after which TNF-� was added to a final concentration of 10 ng/ml and left for another 6 h. After three
washes, fluorescent PMN were added and left for 15 min at 37°C. After washing, adherent cells were counted by means of fluorescence microscopy.
The results of three experiments were averaged and expressed as percentages of the value for the positive control (i.e., adhesion of PMN to
HUVEC treated with TNF-� alone � 100%). �, P � 0.05. (B) GXM is able to bind to HUVEC. Unstimulated and TNF-�-stimulated HUVEC
were incubated with FITC-labeled GXM for 20 min. After washing, fluorescently stained cells were evaluated by fluorescence-activated cell sorter
analysis. The results of five experiments were averaged. �, P � 0.05. The error bars represent standard deviations.

FIG. 3. GXM size chromatography. Samples of GXM at a concen-
tration of 2 mg/ml or 2 �g/ml (0.5 ml) were applied to a Superose 6 gel
filtration column. The eluted fractions from the 2-mg/ml sample were
diluted 1,000-fold, followed by GXM detection with a commercial
cryptococcal antigen ELISA. The eluted fractions from the 2-�g/ml
sample were tested undiluted. The y axis represents the spectrophoto-
metric absorbance measured at 450/630 nm. The results are the aver-
ages from two ELISAs. The molecular mass markers dextran blue
(2,000 kDa), apoferritin (440 kDa), and HSA (67 kDa) were directly
detected during chromatography by spectrophotometry at 280 nm.

FIG. 4. TAPI-0, a blocker of L-selectin shedding, does not affect
GXM-related inhibition of PMN adhesion. PMN were incubated with
either buffer or 50 �g of TAPI-0 per ml at 37°C for 15 min, after which
GXM was added for a 1-h incubation. Adhesion to TNF-�-stimulated
HUVEC occurred in the presence of both GXM and TAPI-0. The
results are the averages from three experiments. Adhesion is expressed
as the percentage of the value for the positive control (i.e., adhesion of
untreated PMN to stimulated endothelium � 100%). The error bars
represent standard deviations.
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ated adhesion. Several investigators have shown that together,
CD11b/CD18- and E-selectin-mediated binding bring about
the adhesion in static adhesion models (33, 43, 54, 55). The
relative contribution of these adhesion molecules to binding,
however, depends on the expression of ICAM-1 and E-selectin
on the endothelium, the amount of which differs over time.
The expression of E-selectin has reached its maximum after a
6-h stimulation of the endothelium by cytokines (TNF-� and
IL-1�), whereas ICAM-1 expression is only 70% (34, 44, 62).
In this situation, both E-selectin and CD11b/CD18-ICAM
binding play quantitatively comparable and partly independent
roles in adhesion (54, 55). After a 24-h stimulation, nearly all
of the E-selectin has been shed from the endothelium and
ICAM-1 expression has reached its maximum, conferring a
major role to CD11/CD18-ICAM binding (54, 55). To discrim-
inate between the interference of GXM with E-selectin bind-
ing to its counterligand on neutrophils and GXM interference
with CD11b/CD18-ICAM binding, we studied the adhesion of
GXM-treated neutrophils to HUVEC stimulated for either 6
or 24 h with TNF-�. The blocking MAb IB4 (anti-CD18) was
used as a control to quantify the role of CD11/CD18-ICAM
binding to endothelium stimulated with TNF-� for 6 or 24 h.
Since the level of PMN binding was usually considerably lower
with 24-h-stimulated endothelium than with 6-h-stimulated en-
dothelium, the results of the two time points could not be
averaged and were thus statistically analyzed separately.

In our experiments, the MAb against CD18 caused an 28%
inhibition of adhesion to endothelium stimulated with TNF-�

for 6 h (Fig. 5) (95% CI, 18 to 39%) and a 74% inhibition of
adhesion to endothelium stimulated for 24 h (95% CI, 56 to
93%). The MAb against E-selectin caused a 44% inhibition
(95% CI, 33 to 55%) after a 6-h stimulation and no statistically
significant inhibition after a 24-h stimulation. These results
confirm the earlier findings of researchers (54, 55). We ob-
served that GXM-related inhibition of adhesion was more
pronounced with endothelium stimulated for 6 h than with that
stimulated for 24 h. After a 6-h stimulation the maximal de-
tected inhibition was 35% (P � 0.001; 95% CI, 20 to 43%,),
whereas after a 24-h stimulation no statistically significant in-
hibition was found (Fig. 5) (mean inhibition, 15%; P � 1),
suggesting that the mechanism of inhibition might be based on
the interference of E-selectin binding, not CD11/18-ICAM
binding, to its counterligand.

To further investigate whether GXM interferes specifically
with the binding of one of the involved adhesion molecules, we
used blocking antibodies against each molecule. After GXM
treatment, the PMN were incubated with designated MAbs
(directed against L-selectin [DREG56], CD18 [IB4], or HLA
A/B/C [control]). TNF-�-stimulated HUVEC were incubated
with either a control MAb or a blocking MAb against E-
selectin (BBA2) or ICAM-1 (RR1/1). Adhesion was per-
formed in the presence of the antibodies. The control MAb
against HLA did not affect adhesion (results not shown). As
Fig. 6A shows, blocking MAbs against the adhesion molecules
CD18 (IB4), ICAM (RR1/1), L-selectin (DREG56), and E-
selectin (BBA2) inhibited the adhesion of control PMN to
stimulated endothelium by, respectively, 31% (95% CI, 14 to
46%), 20% (95% CI, 2 to 37%), 21% (95% CI, 10 to 38%), and
42% (95% CI, 32 to 52%) compared to the adhesion of control
PMN in the absence of MAb.

Treatment of PMN with GXM caused a 41% inhibition of
adhesion (95% CI, 32 to 48%). MAbs IB4 (anti-CD18), RR1/1
(anti-ICAM-1), and DREG56 (anti-L-selectin) increased the
inhibition of GXM-treated PMN to 60% (95% CI, 42 to 77%),
56% (95% CI, 38 to 74%), and 66% (95% CI, 59 to 73%),
respectively. This further decrease in adhesion was statistically
significant compared to GXM-related inhibition (adhesion of
GXM-treated PMN to stimulated endothelium; P � 0.05,
0.003, and 0.005, respectively) and antibody-related inhibition
(adhesion of non-GXM-treated PMN to stimulated endothe-
lium in the presence of the antibodies; P � 0.03, 0.02, and
0.005, respectively) alone. In contrast, the blocking MAb
against E-selectin (BBA2) was not capable of further decreas-
ing the adhesion of GXM-treated PMN (inhibition caused by
GXM, 40%; inhibition when BBA2 was added, 41% [95% CI,
37 to 46%; P � 0.65 for comparing both]). Similarly, the
inhibition of adhesion caused by BBA2 and GXM together did
not differ from that for treatment with the antibody alone (41
versus 42%; P � 0.9). Thus, GXM most likely interferes with
the binding of PMN to endothelial E-selectin.

GXM treatment of the endothelium probably inhibits PMN
adhesion by interfering with both ICAM-1 and E-selectin
binding. The mechanism underlying the decrease in adhesion
caused by GXM treatment of the endothelium was evaluated
by using blocking antibodies against adhesion molecules. Con-
fluent HUVEC monolayers were treated with either medium
or GXM for 1 h, followed by TNF-� stimulation for an addi-
tional 6 h. After washing, the endothelium and PMN were

FIG. 5. Inhibition of PMN adhesion to endothelium by GXM is
stronger when endothelium is stimulated with TNF-� for 6 h than
when it is stimulated for 24 h. HUVEC monolayers were stimulated
with TNF-� for either 6 or 24 h and subsequently washed, and then
either untreated or GXM-treated PMN were added and left for 15
min. To evaluate the relevance of both E-selectin- and CD18-mediated
binding at either time point, the adhesion of PMN to endothelium was
performed both after incubation of PMN with MAb IB4 (anti-CD18)
and after incubation of stimulated HUVEC with MAb BBA2 (anti-E-
selectin). Adhesion is expressed as the percentage of adhesion of
untreated PMN (positive control) to 6- or 24-h-stimulated endothe-
lium. The results are the averages from four experiments. �, P � 0.05
(comparing adhesion to the positive control of either 6- or 24-h-
stimulated HUVEC set at 100%). The error bars represent standard
deviations.
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incubated with either blocking antibodies, control HLA anti-
bodies, or medium. Again, the HLA-directed control MAbs
did not affect adhesion (results not shown). Figure 6B shows
that GXM treatment of the endothelium yielded a 25% inhi-
bition (95% CI, 19 to 31%). The combined use of GXM and
either MAb IB4 (anti-CD18) or DREG56 (anti-L-selectin) led
to a stronger inhibition of adhesion (50 and 42%, respectively;
P � 0.05) than the inhibition caused by either the MAbs (25%
and 26%, respectively) or GXM (25%). These results indicate
that the CD18 and L-selectin binding pathways are probably
not affected by GXM. In contrast, the combined use of GXM

and MAb RR1/1 (against ICAM-1) did not lead to a stronger
inhibition of adhesion compared to treatment with either one
separately (30 versus 25 and 28%, respectively; P � 0.5 and 0.8,
respectively). This suggests that GXM might affect the endo-
thelium by interfering with ICAM-1 binding pathways.

We also found that MAb BBA2 (anti-E-selectin) in combi-
nation with GXM did not increase inhibition compared to the
inhibiting effect of either GXM or the MAb alone (32 versus
25% [P � 0.1] and 32% [P � 0.4], respectively). These results
suggest that GXM treatment of endothelium also interferes
with E-selectin binding.

DISCUSSION

The biological properties of the polysaccharides present in
the capsule of C. neoformans that contribute to the pathogen-
esis of cryptococcosis include inhibition of phagocytosis, induc-
tion of immune unresponsiveness, cross-desensitization, alter-
ation of cytokine production, enhanced infectivity of human
immunodeficiency virus (59), and inhibition of neutrophil in-
flux into potential sites of inflammation. (4, 15, 16). Although
capsular GXM might not be the sole causative compound of
the impaired leukocyte migration (other cryptococcus-derived
products such as prostaglandins and mannoproteins may also
contribute [10, 58]), it is certainly an important virulence factor
(4). It has been hypothesized that the intrinsic chemoattracting
properties of GXM, which circulates in the bloodstreams of
infected individuals, might be responsible for the observed
inhibition of leukocyte migration towards infected tissues (50).
In this paper, we propose an additional mechanism leading to
impaired transmigration, namely, the inhibition of neutrophil
adhesion to the endothelium by GXM.

Although many microorganisms are capable of promoting
adhesion by stimulating cytokine production and the expres-
sion of adhesion molecules (14, 22, 27, 35, 38, 39, 42) and some
even use adhesion molecules on leukocytes and the endothe-
lium for invasion (40), there are few examples of microorgan-
isms that negatively affect the process of leukocyte adhesion to
the endothelium (e.g., Leishmania, Porphyromonas gingivalis,
E. coli, and Staphylococcus aureus) (11, 23, 53, 66). In this
paper we show that cryptococcal GXM is able to inhibit adhe-
sion of PMN to stimulated endothelium. All of our experi-
ments showed that these inhibitory effects gradually diminish
at higher concentrations, which has also been documented for
other immunological effects of GXM (19). We have two pos-
sible explanations for this paradoxical result. First, we were
able to demonstrate that this molecule tends to aggregate at
higher concentrations, thereby possibly lowering the actual
numbers of reactive molecules. Second, the phenomenon
might be explained by the ability of GXM to activate neutro-
phils at higher concentrations (i.e., to cause L-selectin shed-
ding and upregulation of CD11b/CD18) (10, 18). The latter
explanation, however, could explain the effect of GXM on
PMN only and not on endothelium.

We also demonstrated that GXM inhibits the adhesion of
neutrophils to the endothelium by affecting both types of cells.
Notably, the range of concentrations of GXM at which these
effects were found is much lower (1 pg/ml to 10 �g/ml) than
that described in the literature for other GXM effects (25
�g/ml to 1 mg/ml) (7, 12, 15, 18, 49, 57, 65). The lower con-

FIG. 6. (A) Blocking antibodies against E-selectin do not have an
additive inhibitory effect on the adhesion of PMN treated with GXM,
while those against ICAM-1, CD18, and L-selectin do cause further
inhibition of adhesion. PMN were treated with either medium or
GXM at a concentration of 0.1 �g/ml for 1 h at 37°C. After washing,
PMN were incubated with either medium or blocking MAb DREG 56
(anti-L-selectin) or IB4 (anti-CD18). HUVEC monolayers stimulated
for 6 h with TNF-� were treated with either medium or blocking MAb
BBA2 (anti-E-selectin) or RR1/1 (anti-ICAM-1). Adhesion of PMN to
HUVEC occurred in the presence of the antibodies. Adhesion is
expressed as the percentage of the adhesion of untreated PMN to
stimulated endothelium (positive control), set at 100%. The results are
averages from four experiments. �, P � 0.05 compared to the inhibiting
effect of GXM treatment only; ��, P � 0.05 compared to the effect of
MAb on adhesion of untreated PMN. The error bars represent stan-
dard deviations. (B) Effect of blocking MAbs against adhesion mole-
cules on adhesion of PMN to stimulated endothelium pretreated with
GXM. HUVEC were treated with either culture medium or GXM
prior to stimulation with TNF-� (for another 6 h). After washing, the
endothelium and PMN were incubated with various blocking MAbs for
20 min. Adhesion is expressed as the percentage of the value for the
positive control (adhesion of PMN to TNF-�-stimulated endotheli-
um). The results are the averages from five experiments. �, P � 0.05
compared to the inhibiting effect of GXM only; ��, P � 0.05 compared
to the effect of MAb only. The error bars represent standard devia-
tions.
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centration range is, however, more in line with physiological
GXM levels. Although levels of up to several milligrams per
milliliter have been measured in sera of AIDS patients, they
are usually 100-fold lower in individuals who are not infected
with human immunodeficiency virus (13, 24, 25). Interestingly,
the optimal effect of GXM on PMN occurred at concentrations
of 10 to 100 ng/ml, while such an effect on endothelium was
found at much lower concentrations (1 pg/ml to 10 ng/ml). This
suggests that there are different mechanisms underlying the
inhibiting effects of GXM on either PMN or endothelial cells.
The reported molecular mass of GXM varies between 10 and
1,400 kDa depending on the method of isolation and the de-
gree of sonication (3, 9). Assuming, for calculation purposes, a
molecular mass of 500 kDa for GXM, the average number of
GXM molecules per endothelial cell would be three at a con-
centration of 1 pg/ml. This might indicate that GXM affects
endothelial cells via some sort of signaling pathway rather than
via a receptor or ligand blockade. We demonstrated that
FITC-labeled GXM is able to bind the endothelium, endorsing
the proposed mechanism. The absence of a cumulative inhib-
itory effect when treating both PMN and the endothelium with
GXM suggests interference with the same binding pathway.
The absence of a cumulative effect might also be explained by
redundancy; the participation of certain adhesion pathways
might increase when other pathways are blocked. Further re-
search should allow discrimination between both possible ex-
planations.

Since GXM is known to cause L-selectin shedding from the
surface of PMN (18, 20), it seemed likely that this mechanism
contributes to the inhibition of PMN adhesion to endothelium.
We were able to prove, however, that the observed effects of
GXM on PMN in the static adhesion model are not based on
L-selectin shedding. First, we showed that blocking of GXM-
related L-selectin shedding (by TAPI-0) does not abolish the
GXM-related inhibition of PMN adhesion. This indicates that
surface release of L-selectin is not involved in the GXM-re-
lated inhibition of adhesion. Second, we showed that blocking
antibodies against L-selectin were still able to inhibit adhesion
of GXM-treated PMN considerably. Both observations make it
unlikely that L-selectin shedding is the principal mechanism
underlying the GXM-related inhibition of adhesion.

In our experiments the average detected level of L-selectin
shed from PMN by GXM was lower (8 ng/ml in the superna-
tant of 106 PMN) than previously described. Dong and Murphy
detected 20 ng of L-selectin per ml, which accounted for 42%
L-selectin loss (18). The ability of blocking anti-L-selectin an-
tibodies to inhibit adhesion further after GXM treatment of
PMN might therefore be explained by a higher percentage of
L-selectin remaining on the surface of PMN after GXM treat-
ment. Furthermore, although in the static adhesion assay L-
selectin might serve as one of the several ligands of E-selectin,
L-selectin binding is more important for the initial rolling of
neutrophils on the endothelium than for the later phase of firm
binding and transmigration (5, 28). This might be a second
explanation for the absence of an effect of GXM-related L-
selectin shedding on static adhesion.

To further unravel the mechanism underlying the GXM-
related inhibition of adhesion, we analyzed the impact of
blocking MAbs against different adhesion molecules on the
inhibition of adhesion caused by GXM. We were able to show

that the effect of GXM on both PMN and the endothelium
probably involves interference with the E-selectin binding
pathway, since blocking antibodies against E-selectin did not
cause an increase of the GXM-related inhibition of adhesion
after either treatment. It has been shown that E-selectin is
expressed on stimulated endothelium (34, 44, 56, 62) and that
it binds preferentially to sialyl Lewis X carbohydrate structures
expressed on the surface of PMN (29). A few of these ligands
have been identified, namely, ESL-1 (45), PSGL-1 (the ligand
for P-selectin) (2), and L-selectin (41, 68). We also know that
E-selectin binding is involved in both the initial phase of leu-
kocyte rolling (5) and firm binding, the latter by contributing to
leukocyte activation (5, 47, 52, 56). The interference of GXM
with these binding pathways might, therefore, impair both
phases of neutrophil adhesion, thus contributing to the ob-
served diminution of leukocyte migration toward the inflamed
tissues in cryptococcal infections. Since we already showed that
L-selectin binding is not inhibited by GXM, it remains to be
investigated which of the other known ligands of E-selectin is
affected by GXM (i.e., ESL-1 or PSGL-1). Since relatively
short incubation periods with GXM are required to attain its
inhibitory effects, impairment of protein expression seems un-
likely. GXM might bind to or shed E-selectin receptors on
PMN. As noted earlier, GXM causes PMN to shed L-selectin.
Our experiments, however, show that this phenomenon does
not underlie the observed effects of GXM on PMN. Dong and
Murphy showed that GXM does not affect the expression of
CD15, a Lewis X carbohydrate antigen, negatively on the sur-
face of PMN (18). The effects on other E-selectin specific
ligands remain to be investigated.

Interestingly, Dong and Murphy showed that GXM is able
to bind to PMN and even binds specifically to CD18 on PMN,
and not to L-selectin, CD11a, or CD11b (19). In our adhesion
experiments, however, CD18-related binding seems not to be
impaired by GXM.

Furthermore, by using blocking antibodies, we showed that
GXM probably also inhibits E-selectin-mediated adhesion by
affecting the endothelium, thus possibly affecting E-selectin
itself. We further demonstrated that treatment of the endo-
thelium with GXM may also affect ICAM-1, a ligand of CD11/
CD18, expressed on the endothelium. Interference with CD18
binding might therefore be expected. Our experiments, how-
ever, did not show that GXM interferes with the binding of
CD11/CD18 to the endothelium, since antibodies against
CD18 were still able to significantly inhibit adhesion to GXM-
treated endothelium. CD11/CD18, which usually binds prefer-
entially to ICAM-1, might bind to other ligands (e.g., ICAM-2)
when binding to ICAM-1 is impaired (30), since much overlap
and redundancy exist in the binding of integrins to a large
variety of ligands (1).

We are currently studying the effects of GXM on the sepa-
rate ligands on PMN and endothelium involved in E-selectin
binding as well as its effect on ICAM-1.
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