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Endothelial cells can influence significantly the host inflammatory response against blood-borne microbial
pathogens. Previously, we found that endothelial cells respond to in vitro infection with Candida albicans by
secreting interleukin 8 (IL-8) and expressing E-selectin, intercellular adhesion molecule 1 (ICAM-1), and
vascular cell adhesion molecule 1 (VCAM-1). We have now examined the mechanisms mediating this endo-
thelial cell response. We determined that C. albicans stimulated endothelial cells to synthesize tumor necrosis
factor alpha (TNF-a), which in turn induced these infected cells to secrete IL-8 and express E-selectin by an
autocrine mechanism. Expression of VCAM-1 was mediated not only by TNF-a but also by IL-1a and IL-1b,
all of which were synthesized by endothelial cells in response to C. albicans. These three cytokines remained
primarily cell associated rather than being secreted. Candidal induction of ICAM-1 expression was indepen-
dent of TNF-a, IL-1a, and IL-1b. These observations demonstrate that different proinflammatory endothelial
cell responses to C. albicans are induced by distinct mechanisms. A clear understanding of these mechanisms
is important for therapeutically modulating the endothelial cell response to C. albicans and perhaps other
opportunistic pathogens that disseminate hematogenously.

Candida albicans is an opportunistic pathogen that dissem-
inates hematogenously and causes serious infections in com-
promised patients. The large number of patients at risk for
this infection include cancer patients with neutropenia, low-
birth-weight infants, and individuals who have had recent
intra-abdominal surgery or extensive burns (1). The use of
indwelling central venous catheters and treatment with broad-
spectrum antibiotics are additional risk factors for this infec-
tion. As a result of advances in medical technology, the pop-
ulation at risk for hematogenously disseminated candidiasis
has increased significantly in recent years, and Candida spp. is
now the fourth-most-common organism to be isolated from the
bloodstream of hospitalized patients (33). In spite of advances
in antifungal therapy, the attributable mortality of hematog-
enously disseminated candidiasis is estimated to be 38% (42).
Because of this unacceptably high mortality, new methods to
prevent and treat this infection need to be developed. One
potential strategy is to enhance the host inflammatory response
to this blood-borne pathogen while it is still in the vascular
compartment, before it has invaded the tissue parenchyma.
Towards this end, we have been investigating the response of
endothelial cells to candidal invasion in vitro.

Based on studies by ourselves and others, the following
model of the events that lead to a hematogenously dissemi-
nated candidal infection has been developed. Organisms that
have entered the bloodstream first adhere to the endothelial
cell lining of the vasculature (15, 20, 36). This direct contact
between endothelial cells and C. albicans is especially likely to
occur in patients with neutropenia or neutrophil dysfunction.
The adherent organisms then penetrate the endothelial cells in
part by inducing their own phagocytosis (36). Induction of
phagocytosis requires intact endothelial cell microfilaments

and microtubules, and it does not require opsonization of the
organisms by serum components (13). Once inside the endo-
thelial cells, the organisms can injure and eventually kill these
cells and thereby gain access to the deep tissues. Endothelial
cell injury may also result in the exposure of the subendothelial
cell matrix, which can be bound by additional organisms (21).

We have found that endothelial cells are not passive in this
process but actively respond to candidal invasion by expressing
leukocyte adhesion molecules, such as intercellular adhesion
molecule 1 (ICAM-1), E-selectin, and vascular cell adhesion
molecule 1 (VCAM-1) (12). In response to C. albicans, endo-
thelial cells also secrete interleukin 6 (IL-6), IL-8, monocyte
chemoattractant protein 1, and prostaglandins (10–12). These
proinflammatory mediators likely enhance the recruitment of
activated leukocytes to the site of vascular invasion, where they
can aid in host defense. If a sufficient number of functional
leukocytes are present, the invading organism can be killed and
the infection can be aborted (8).

Because the response of endothelial cells to invasion by C.
albicans is likely critical to determining the magnitude and
composition of the local inflammatory response to the organ-
ism, we examined the mechanisms by which C. albicans stim-
ulates endothelial cells to secrete IL-8 and express ICAM-1,
E-selectin, and VCAM-1. Our current results indicate that this
organism stimulates the synthesis of each of these different
proinflammatory mediators by a discrete mechanism. The
mechanisms mediating these responses are different from
those mediating the response of endothelial cells to other mi-
crobial pathogens such as cytomegalovirus and Rickettsia cono-
rii (19, 38). This multiplicity of signal transduction mechanisms
likely provides endothelial cells with the important ability to
selectively modulate the inflammatory response, depending on
the infecting organism.

MATERIALS AND METHODS

Organisms. C. albicans ATCC 36082, a clinical isolate, was obtained from the
American Type Culture Collection (Manassas, Va.). A germination-deficient
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strain of C. albicans, V6, was generously provided by Helen Buckley (Temple
Medical School, Philadelphia, Pa.) (3). All organisms were grown overnight on a
rotating drum at 25°C in yeast nitrogen base broth (Difco Laboratories, Detroit,
Mich.) supplemented with 0.5% (wt/vol) glucose as described elsewhere (11).
The blastospores were harvested by centrifugation and washed twice in Dulbec-
co’s phosphate-buffered saline (PBS; Irvine Scientific, Santa Ana, Calif.). The
washed organisms were enumerated using a hemacytometer prior to use in the
experiments.

Killed, germinated organisms were prepared by incubating 3 3 106 blasto-
spores of C. albicans 36082 per ml in RPMI 1640 medium on a rotary shaker at
37°C for 90 min. Greater than 90% of the organisms produced germ tubes when
grown under these conditions. The germinated organisms were then killed by
exposure to 20 mM sodium periodate for 30 min at room temperature (13, 36).
They were washed extensively in PBS prior to being added to the endothelial
cells. An aliquot of the organisms was inoculated onto Sabouraud dextrose agar
(Difco) to confirm that all of the organisms had been killed. We have shown
previously that C. albicans cells killed by this method are phagocytized by endo-
thelial cells (13).

Endothelial cells. Human umbilical vein endothelial cells were harvested with
collagenase by the method of Jaffe et al. (18). They were grown in tissue culture
medium consisting of M-199 (Gibco, Grand Island, N.Y.) supplemented with
10% fetal bovine serum, 10% defined bovine calf serum (Gemini Bio-Products,
Inc., Calabasas, Calif.), and 2 mM L-glutamine with penicillin and streptomycin
(Irvine Scientific) (10, 13). The cells were grown in multiwell tissue culture plates
(Falcon, Lincoln Park, N. J.) coated with fibronectin (Collaborative Biomedical
Products, Bedford, Mass.). All experiments were performed using tightly con-
fluent third-passage endothelial cells. By hemacytometer counts, there were
approximately 5 3 104 endothelial cells per cm2 of culture surface at confluency.

The endotoxin concentrations of all tissue and fungal culture media were
measured by a chromogenic Limulus amebocyte lysate test (BioWhittaker, Inc.,
Walkersville, Md.). The concentration of endotoxin in all media was less than 0.1
IU/ml. In addition, the presence of monocytes/macrophages in samples of en-
dothelial cells was determined using a nonspecific esterase stain (Sigma-Aldrich
Co., St. Louis, Mo.). All preparations of endothelial cells contained less than
0.1% of these cells.

Endothelial cell stimulation. On the day of the experiment, the tissue culture
medium above the endothelial cells was aspirated and replaced with fresh me-
dium containing C. albicans. In all experiments, the ratio of C. albicans to
endothelial cells was approximately 1:1.5. All incubations were for 8 h at 37°C in
5% CO2. Each experiment was repeated at least three times, using endothelial
cells from different umbilical cords.

To determine whether IL-1 or tumor necrosis factor alpha (TNF-a) was
required for C. albicans to stimulate endothelial cells to express leukocyte ad-
hesion molecules or secrete IL-8, IL-1 receptor antagonist (IL-1ra; R&D Sys-
tems, Minneapolis, Minn.) and neutralizing murine monoclonal antibodies
(MAbs) directed against TNF-a, IL-1a, or IL-1b (Table 1) were used. The
concentration of each inhibitor was determined in titration experiments using the
recombinant cytokine to which the inhibitor was directed. Each inhibitor was
used at a concentration that produced greater than 95% inhibition of endothelial
cell stimulation, which was measured as E-selectin expression and IL-8 secretion.
IL-1ra was used at a final concentration of 300 mg/ml, and the MAbs were used
at 2.5 mg/ml. In experiments where the MAbs were used, an equal concentration
of murine immunoglobulin G1 (IgG1) was added to control wells of endothelial
cells. All inhibitors were added to the endothelial cells immediately prior to the
stimuli and were present in the medium for the duration of the experiment.

Because platelet-activating factor (PAF) has been reported to mediate endo-
thelial cell expression of ICAM-1 in response to some stimuli (5, 17), the PAF
receptor antagonist WEB 2086 (generously supplied by Chris Carter, Boehringer
Ingelheim Pharmaceuticals, Ridgefield, Conn.) was tested for its ability to inhibit
Candida-induced ICAM-1 expression. We found that PAF alone did not cause
significant stimulation of endothelial cells (data not shown). Therefore, the
optimal concentration of WEB 2086 was determined by its ability to inhibit
platelet aggregation induced by 10 mM PAF. The extent of platelet aggregation
was measured using an aggregometer by the method of Yeaman et al. (44). A
WEB 2086 concentration of 50 mM was found to inhibit PAF-induced platelet

aggregation completely. Thus, this concentration was used in the endothelial cell
experiments. In all experiments using WEB 2086, control platelets or endothelial
cells were exposed to an equal concentration of the diluent (0.1% dimethyl
sulfoxide).

Preparation of conditioned media. To obtain media conditioned by endothe-
lial cells and/or C. albicans, 25-cm2 tissue culture flasks containing 6 ml of tissue
culture medium were used. The flasks, with or without endothelial cells, were
inoculated with 1.67 3 106 C. albicans. After incubation for 8 h, the conditioned
media were collected, cooled on ice, and then centrifuged at 500 3 g for 7 min.
The supernatant fluids were then stored at 270°C for later use.

RT-PCR. Cytokine and leukocyte adhesion molecule mRNA expression by
endothelial cells was detected by reverse transcription-PCR (RT-PCR). Endo-
thelial cells in 24-well tissue culture plates were exposed to either C. albicans or
500 ml of conditioned medium for 8 h. After the medium was aspirated and the
cells were rinsed with cold Hanks balanced salt solution, the total endothelial cell
RNA was extracted using guanidium isothiocyanate (6, 29). In previous experi-
ments, we have determined that this method extracts RNA only from the endo-
thelial cells and not from C. albicans (12). Both reverse transcription and PCR
were performed in the same tube, using 10 to 200 ng of total endothelial cell
RNA (29). The primers used to amplify the target mRNAs are listed in Table 2.
The PCR products were separated by agarose gel electrophoresis, visualized by
ethidium bromide, and quantified by densitometry. To ensure that equal
amounts of RNA were amplified for each condition, the results were normalized
to the expression of the constitutively expressed glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene (Table 2). In preliminary experiments, the re-
action conditions for each set of primers were adjusted so that the relationship
between the amount of input RNA and PCR product was linear.

Measurement of leukocyte adhesion molecule expression and cytokine syn-
thesis. The surface expression of E-selectin, ICAM-1, and VCAM-1 by endo-
thelial cells grown in 96-well tissue culture plates was determined by whole-cell
enzyme-linked immunosorbent assay (ELISA) by the method of Noel et al. (32).
The MAbs used in the ELISAs are listed in Table 1. In experiments where
endothelial cell IL-8 release was investigated, the cells were grown in 48-well
tissue culture plates. After the cells were stimulated with C. albicans, the media
were collected, centrifuged at 500 3 g for 5 min at 4°C to remove cells and debris,
and then stored at 270°C. At a later time, the concentration of IL-8 in the
medium was measured by ELISA (R&D Systems).

The effect of C. albicans on the amount of secreted and endothelial cell-
associated IL-1a, IL-1b, and TNF-a was determined using endothelial cells
grown in six-well tissue culture plates. Following exposure to C. albicans, the
media were collected and processed as described for the IL-8 experiments. The
endothelial cells were then rinsed with ice-cold Hanks balanced salt solution and
solubilized in PBS containing 100 mM Igepal CA-630 (Sigma-Aldrich), 10 mM
NaN3, and 10 mM phenylmethylsulfonyl fluoride (14). The concentrations of the
different cytokines in the media and lysates were measured by ELISA (R&D
Systems).

Measurement of endothelial cell injury. The extent of endothelial cell injury
caused by C. albicans in the presence of the different inhibitors was determined
by chromium release assay as previously described (11, 13). The incubation time,
concentration of the inhibitors, and ratio of organisms to endothelial cells were
the same as in the endothelial cell stimulation experiments.

Statistical analysis. The response of the endothelial cells to the different
conditions was evaluated by analysis of variance with the Bonferroni correction
for multiple comparisons. P values of #0.05 were considered to be significant.

TABLE 1. Murine MAbs used in the experiments

Antigen Clone Isotype Source

IL-1a 4414.141 IgG2a R&D Systemsa

IL-1b 8516.311 IgG1 R&D Systems
TNF-a 1825.121 IgG1 R&D Systems
E-selectin 1.2B6 IgG1 Biodesign Internationalb

ICAM-1 15.2 IgG1 Biodesign International
VCAM-1 1G11B1,1.4C3 IgG1 Biodesign International
Unspecified 11711.11 IgG1 R&D Systems

a Minneapolis, Minn.
b Kennebunk Port, Maine.

TABLE 2. Oligonucleotides used to quantify target
mRNAs by RT-PCR

mRNA
species

Primer sequences
(59 to 39)a

Size of
reaction
product

(bp)

Refer-
ence

E-selectin CTCTGACAGAAGAAGCCAAG 254 29
ACTTGAGTCCACTGAAGCCA

ICAM-1 TATGGCAACGACTCCTTCT 238 29
CATTCAGCGTCACCTTGG

VCAM-1 ATGACATGCTTGAGCCAGG 260 29
GTGTCTCCTTCTTTGACACT

IL-8 ATGACTTCCAAGCTGGCCGTGGCT 289 26
TCTCAGCCCTCTTCAAAAACATTCTC

GAPDH CGGAGTCAACGGATTTGGTCGTAT 306 43
AGCCTTCTCCATGGTGGTGAAGAC

a Top sequence is the sense primer; bottom sequence is the antisense primer.
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RESULTS

Effects of medium conditioned by Candida-infected endothe-
lial cells on uninfected endothelial cells. First, we investigated
whether C. albicans stimulated endothelial cells to secrete IL-8
and express leukocyte adhesion molecules via a soluble factor.
These immunomodulators were chosen for study because they
likely contribute to the mixed suppurative granulomatous re-
sponse seen at sites of hematogenously disseminated candidal
infection in humans (7). Endothelial cells were infected with C.
albicans for 8 h. During this incubation, the C. albicans blas-
tospores germinated and their hyphae penetrated the endothe-
lial cells. At the end of the incubation period, the conditioned
medium above these infected endothelial cells was collected
and stored. At a later time it was added to uninfected endo-
thelial cells for an additional 8 h.

We found that medium conditioned by endothelial cells in-
fected with live, wild-type C. albicans stimulated uninfected
endothelial cells to secrete IL-8 (Fig. 1). This conditioned
medium did not significantly stimulate uninfected endothelial
cells to express ICAM-1, VCAM-1, or E-selectin (data not
shown). The conditioned medium stimulated IL-8 secretion
only when it was obtained from endothelial cells exposed to
live, germinating C. albicans; media conditioned by endothelial
cells exposed to either killed C. albicans or the live, nonger-
minating mutant (V6) were not stimulatory. These findings are
consistent with our previous observations that direct contact
with killed organisms or nongerminating mutants do not stim-
ulate endothelial cells to accumulate mRNA for IL-8 (12).

When C. albicans cells were incubated on bare plastic in the
absence of endothelial cells, their growth and germination
were similar to those of organisms grown in the presence of
endothelial cells. However, medium conditioned by these or-
ganisms induced minimal IL-8 secretion when it was added to

uninfected endothelial cells (Fig. 1). These findings suggest
that the endothelial cells were likely the source of majority of
stimulatory factor in the conditioned medium. However, we
cannot completely rule out the possibility that growth of C.
albicans in the presence of endothelial cells induces the organ-
ism to release a substance that contributes to the stimulation of
uninfected endothelial cells.

We also analyzed the endothelial cell response by RT-PCR,
to determine the effects of the conditioned media on mRNA
accumulation. Consistent with the above results, we found that
medium conditioned by endothelial cells exposed to live, ger-
minating C. albicans stimulated the accumulation of IL-8
mRNA (Fig. 2). However, this medium also induced the accu-
mulation of mRNA for ICAM-1 and VCAM-1 but not E-
selectin. These findings suggested that stimulation of the ex-
pression of these leukocyte adhesion molecules by C. albicans
occurred by a mechanism that either was independent of a
soluble factor or required an additional constituent.

Endothelial cells synthesize IL-1a, IL-1b, and TNF-a in
response to C. albicans. The conditioned medium experiments
suggested that the stimulation of certain endothelial cell re-
sponses by C. albicans likely occurs by an indirect or feedback
mechanism. We therefore investigated whether endothelial
cells respond to infection with C. albicans by synthesizing IL-
1a, IL-1b, and TNF-a. These cytokines were examined be-
cause they are both synthesized by endothelial cells and able to
stimulate endothelial cells to secrete IL-8 and express leuko-
cyte adhesion molecules (9, 22, 23, 27, 31, 37). We found that
C. albicans induced a significant increase in the synthesis of
IL-1a, IL-1b, and TNF-a (Fig. 3). The majority of IL-1a syn-
thesized in response to C. albicans was cell associated, al-
though there was a 2.9-fold increase in the concentration of
IL-1a in the medium (Fig. 3A). C. albicans induced a small but
significant increase in cell-associated IL-1b (Fig. 3B). IL-1b
was not detected in the medium. In contrast to IL-1a and
IL-1b, 47% of the TNF-a synthesized by the endothelial cells
in response to C. albicans was secreted into the medium, while
the remainder was cell associated (Fig. 3C).

FIG. 1. Medium conditioned by endothelial cells plus C. albicans stimulates
uninfected endothelial cells to secrete IL-8. Endothelial cells (EC) were incu-
bated with media conditioned by the indicated stimuli for 8 h. The net concen-
tration of IL-8 was calculated by subtracting the concentration of IL-8 in the
conditioned medium before it was added to the endothelial cells from the
concentration of IL-8 in the medium after it had been exposed to the endothelial
cells for 8 h. The IL-8 concentrations were measured by ELISA. Results are
mean 6 standard deviations of three separate experiments. p, P # 0.01 compared
to medium conditioned by endothelial cells alone.

FIG. 2. Effects of conditioned media on endothelial cell mRNA expression.
Endothelial cells were exposed to the indicated conditions for 8 h, after which
mRNA expression was analyzed by RT-PCR. Results are representative of one
of three individual experiments. Abbreviations: C. alb., C. albicans; ECs, endo-
thelial cells; M-199, endothelial cell culture medium.
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Anti-TNF-a MAb and IL-1ra had different effects on various
endothelial cell responses. Next, we used specific inhibitors to
determine the role of endothelial cell-derived TNF-a, IL-1a,
and IL-1b in the induction of IL-8 secretion and leukocyte
adhesion molecule expression. Inhibiting TNF-a with a MAb
reduced the expression of E-selectin to basal levels (Fig. 4A).
The anti-TNF-a MAb also inhibited Candida-induced
VCAM-1 expression by 46% and secretion of IL-8 by 70%
(Fig. 4C and D). However, neutralizing TNF-a had no effect
on the expression of ICAM-1 by endothelial cells infected with
C. albicans (Fig. 4B).

IL-1ra, which inhibits both IL-1a and IL-1b, did not alter
significantly the levels of ICAM-1, E-selectin, or VCAM-1
expression in response to C. albicans (Fig. 4). This inhibitor
also had no consistent effect on Candida-induced IL-8 secre-
tion.

Combining IL-1ra with the anti-TNF-a MAb decreased can-
didal stimulation of VCAM-1 expression by 67% (Fig. 4C).

This combination had no detectable effect on ICAM-1 expres-
sion (Fig. 4B). It did not reduce the level of expression of
E-selectin expression further than that inhibited by the anti-
TNF-a MAb alone, because the latter inhibitor reduced E-
selectin expression to basal levels (Fig. 4A). Finally, the effect
of IL-1ra and the anti-TNF-a MAb on IL-8 secretion was not
determined because it was unlikely that we could detect sig-
nificantly greater inhibition than was caused by the anti-TNF-a
MAb alone (Fig. 4D).

The above findings suggest that C. albicans stimulates IL-8
secretion and E-selectin expression by a mechanism that re-
quires TNF-a. VCAM-1 expression is induced by the combi-
nation of TNF-a and IL-1.

Candidal induction of VCAM-1 expression is mediated by
the combination of IL-1a, IL-1b, and TNF-a. Because IL-1ra
inhibits both IL-1a and IL-1b, we used neutralizing MAbs
directed against each of these cytokines to determine their
roles in inducing VCAM-1 expression. Neither of these anti-

FIG. 3. C. albicans stimulates endothelial cells to synthesize IL-1a, IL-1b, and TNF-a. Endothelial cells were exposed to either medium alone or live C. albicans
36082 (C. alb.) for 8 h, after which the concentrations of the indicated cytokines in the media and whole-cell lysates were determined by ELISA. Data are the mean 6
standard deviations of three independent experiments. p, P , 0.001 compared to uninfected endothelial cells.

FIG. 4. Effects of inhibiting IL-1 and/or TNF-a on endothelial cell stimulation by C. albicans. Endothelial cells were exposed to medium or live C. albicans 36082
in the presence of IL-1ra and/or an anti-TNF-a MAb for 8 h. Surface expression of E-selectin (A), ICAM-1 (B), and VCAM-1 (C) and the concentration of IL-8 in
the media (D) were measured by ELISA. Data are the mean 6 standard deviation of at least three independent experiments. p and pp, P , 0.001 and P # 0.01 compared
to endothelial cells exposed to C. albicans in the absence of inhibitors. OD, optical density.
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bodies alone significantly inhibited Candida-induced VCAM-1
expression (Fig. 5). The addition of anti-TNF-a MAb to either
the anti-IL-1a MAb or the anti-IL-1b MAb inhibited VCAM-1
expression by 44 and 39%, respectively. Finally, the combina-
tion of MAbs directed against TNF-a, IL-1a, and IL-1b re-
sulted in a 70% inhibition of VCAM-1 expression. Thus, both
IL-1a, and IL-1b as well as TNF-a participate in the stimula-
tion of VCAM-1 expression by C. albicans.

ICAM-1 expression is induced by a mechanism that is in-
dependent of PAF. The above experiments demonstrated that
neither IL-1 nor TNF-a was involved in stimulating ICAM-1
expression. Therefore, we examined the possible role of PAF
(5, 17). When the PAF receptor antagonist WEB 2086 was
added to the endothelial cells and C. albicans, there was no
reduction in ICAM-1 expression (data not shown). To explore
the possible role of PAF further, we added exogenous PAF,
both alone and in combination with C. albicans, to endothelial
cells. We found that PAF had no effect on ICAM-1 expression
(data not shown). Therefore, C. albicans induces endothelial
cells to express ICAM-1 by a mechanism that is independent of
PAF.

Inhibiting IL-1, TNF-a, and PAF had no detectable effect on
endothelial cell injury caused by C. albicans. We have observed

that endothelial cell injury and stimulation by C. albicans are
closely associated. Both processes require that endothelial cells
phagocytize live, germinating C. albicans and they follow par-
allel time courses (11–13). Therefore, we examined whether
IL-1, PAF, or TNF-a mediated endothelial cell injury caused
by C. albicans. Using a chromium release assay, we found that
IL-1ra, WEB 2086, or the anti-TNF-a MAb did not signifi-
cantly reduce the extent of endothelial cell injury caused by C.
albicans (data not shown). These inhibitors also had no effect
on candidal hyphal formation. These results indicate that IL-1,
PAF, and TNF-a do not appear to play a major role in endo-
thelial cell injury induced by C. albicans.

DISCUSSION

Endothelial cells can synthesize a broad array of cytokines
and leukocyte adhesion molecules in response to microbial
pathogens. These endothelial cell products have the potential
to markedly influence the host inflammatory reaction by reg-
ulating the type and number of leukocytes that accumulate at
the infection site. The inflammatory reaction to hematog-
enously disseminated candidiasis is a mixed suppurative gran-
ulomatous response consisting of both neutrophils and mono-
nuclear cells (7). We therefore investigated the mechanisms
by which endothelial cells synthesize ICAM-1, E-selectin,
VCAM-1, and IL-8 in response to C. albicans, because collec-
tively these immunomodulators can recruit both neutrophils
and mononuclear cells.

Our results demonstrate that C. albicans stimulates different
endothelial cell responses by distinctly different mechanisms
(Fig. 6). The induction of E-selectin expression and IL-8 se-
cretion by C. albicans is mediated by TNF-a, whereas the
expression of VCAM-1 requires the combination of endothe-
lial cell-derived TNF-a, IL-1a and IL-1b. Alternatively, the
expression of ICAM-1 is induced by a mechanism that is in-
dependent of these three cytokines and PAF. It is possible that
some other factor, such as arachidonic acid or a lipoxygenase
metabolite, may mediate the expression of this leukocyte ad-
hesion molecule by an autocrine mechanism (2, 40). It is also
conceivable that endothelial cell expression of ICAM-1 is in-
duced directly by C. albicans.

An important finding was that the mechanisms underlying
the endothelial cell response to C. albicans appear to differ
from those mediating the response to other microorganisms.
For example, Span et al. (38) discovered that IL-1 mediates
E-selectin expression in endothelial cells infected with cyto-
megalovirus. In contrast, we found that TNF-a mediates E-
selectin expression in response to C. albicans.

While E-selectin expression can be induced by two different

FIG. 5. Candida-induced VCAM-1 expression requires IL-1a, IL-1b, and
TNF-a. Endothelial cells were infected with live C. albicans 36082 in the pres-
ence of MAbs directed against the indicated cytokines for 8 h. VCAM-1 expres-
sion was determined by cell surface ELISA. Results are the mean 6 standard
deviation of four separate experiments. p P , 0.001 compared to endothelial
cells exposed to C. albicans in the presence of control mouse IgG1. OD, optical
density.

FIG. 6. Schematic diagram of the different mechanisms by which C. albicans stimulates endothelial cells to secrete IL-8 and express E-selectin, ICAM-1, and
VCAM-1.
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mechanisms, namely, IL-1 and TNF-a, endothelial cell secre-
tion of IL-8 by can be stimulated via three different pathways,
depending on the microorganism. R. conorii induces the syn-
thesis of this cytokine by a feedback mechanism that requires
IL-1a (19). C. albicans induces IL-8 secretion by stimulating
endothelial cells to synthesize TNF-a. Finally, Borrelia burg-
dorferi stimulates IL-8 secretion by a mechanism that is inde-
pendent of both IL-1 and TNF-a (4). This diversity of signaling
pathways likely enables endothelial cells to respond to different
microbial pathogens with specific and perhaps unique patterns
of immunomodulators. The patterns of immunomodulators
induced by two different organisms could potentially differ
both in terms of the types of immunomodulators that are
produced and the amount of each immunomodulator.

Several investigators have confirmed that endothelial cells
can synthesize TNF-a, IL-1a, and IL-1b (9, 19, 22, 23, 27, 31,
37). We found that virtually all of the IL-1a and IL-1b synthe-
sized in response to C. albicans was cell associated and very
little was secreted into the medium. Approximately half of the
TNF-a was also cell associated. We interpret these findings to
indicate that TNF-a and IL-1 likely induce a localized response
that is limited to the cells that synthesize these cytokines and
possibly to adjacent cells. This conclusion is supported by our
previous experiments in which we used indirect immunofluo-
rescence to detect leukocyte adhesion molecule expression by
endothelial cells infected with C. albicans. In this prior study,
we observed leukocyte adhesion molecule expression only on
endothelial cells that were either in direct contact with an
organism or immediately adjacent to an infected endothelial
cell (12).

Almost 50% of the TNF-a that was synthesized by endothe-
lial cells was secreted into the medium. Therefore, it is likely
that TNF-a was one of the factors in the medium conditioned
by Candida-infected endothelial cells that induced uninfected
endothelial cells to secrete IL-8. In support of this hypothesis,
we have found that incubating this conditioned medium with
an anti-TNF-a MAb causes at least a 60% reduction in its
ability to stimulate endothelial cells to secrete IL-8 (A. S.
Orozco and S. G. Filler, unpublished data).

Although the conditioned medium stimulated endothelial
cells to secrete IL-8, it did not induce the expression of any of
the leukocyte adhesion molecules. In preliminary work, we
performed titration experiments in which we determined the
concentration of recombinant TNF-a required to produce the
same level of endothelial cell stimulation as was induced by C.
albicans. We found that the concentration of TNF-a required
to induce IL-8 secretion was eightfold lower than that required
to stimulate leukocyte adhesion molecule expression. There-
fore, it is likely that the concentration of TNF-a in the condi-
tioned medium was sufficient to induce endothelial cells to
secrete IL-8 (Fig. 1) but not high enough to stimulate leuko-
cyte adhesion molecule expression. An alternative explanation
for this finding is that soluble TNF-a binds to a different
receptor than does TNF-a that is membrane bound, and dif-
ferent TNF-a receptors may induce different endothelial cell
responses. For example, it is known that in murine microvas-
cular endothelial cells, stimulation of ICAM-1 expression by
soluble TNF-a requires both TNF receptor 1 and TNF recep-
tor 2, whereas stimulation by membrane-bound TNF-a re-
quires only TNF receptor 2 (25).

Even though the conditioned medium did not induce the
expression of leukocyte adhesion molecules on the endothelial
cell surface, it stimulated the accumulation of ICAM-1 and
VCAM-1 mRNAs, as determined by RT-PCR (Fig. 2). It is
possible that other factors known to suppress the surface ex-
pression of ICAM-1 and VCAM-1, such as hydroxy- or hy-

droxyperoxy-eicosatetraenoic acid, were present in the condi-
tioned medium (16). Alternatively, it is conceivable that the
low concentration of TNF-a in the conditioned medium was
adequate to induce mRNA accumulation, but insufficient to
stimulate protein expression.

Media conditioned by endothelial cells exposed to either
killed or nongerminating organisms did not activate uninfected
endothelial cells to express leukocyte adhesion molecules or
secrete IL-8. This finding is in agreement with our earlier
results that only live, germinating organisms can stimulate en-
dothelial cells (11, 12). In these and previous experiments, the
organisms were killed using periodate, which significantly al-
ters the surface carbohydrates of C. albicans. Also, all experi-
ments were performed in the absence of complement, which
likely coats the surface of C. albicans in vivo. It is possible that
different results might have been obtained if the organisms had
been killed by a different method or if complement had been
present in the medium.

It is known that both blastospores of C. albicans and killed
organisms are able to stimulate monocytes to release proin-
flammatory cytokines (1, 14, 35). Therefore, the finding that
the killed organisms and live, nongerminating mutants did not
stimulate endothelial cells strongly suggests that the TNF-a in
the medium was produced by the endothelial cells and not by
any contaminating monocytes.

Our in vitro results suggesting the importance of TNF-a in
mediating the endothelial cell response to C. albicans are con-
sistent with in vivo studies that demonstrate the pivotal role of
this cytokine in host defense against this organism. For exam-
ple, mice treated with anti-TNF-a antibodies or that lack the
gene for either TNF-a or TNF receptor 1 have increased
mortality and a higher tissue burden of organisms following
intravenous inoculation with C. albicans (24, 28, 30, 39). Also,
studies with mice that are deficient in TNF-a suggest that this
cytokine is important for an organized granulomatous re-
sponse (28). Although TNF-a affects the function of many
types of host cells, it is possible that one of the reasons the
absence of TNF-a impairs host defense is that this cytokine is
required for endothelial cells to synthesize sufficient quantities
of crucial leukocyte adhesion molecules and cytokines at sites
of infection.

It is known that TNF-a by itself can contribute to the induc-
tion of endothelial cell injury in the absence of infectious
agents (34, 41). Although infection with C. albicans stimulated
endothelial cells to synthesize TNF-a, inhibiting this cytokine
did not reduce the extent of endothelial cell injury caused by C.
albicans. Therefore, candidal injury of endothelial cells is un-
likely to be mediated by TNF-a. One possible explanation for
this result is that the amount of TNF-a synthesized by the
endothelial cells in response to C. albicans was below the
threshold required to induce injury (41). Our finding that in-
hibition of PAF and IL-1 did not reduce the amount of Can-
dida-induced endothelial cell injury suggests that this process is
also independent of these immunomodulators.

In conclusion, endothelial cells respond to infection with C.
albicans by expressing leukocyte adhesion molecules and se-
creting IL-8. These different proinflammatory responses are
mediated by different mechanisms. E-selectin expression and
IL-8 secretion are induced by an autocrine mechanism that
requires TNF-a. Expression of VCAM-1 is mediated by the
combined activities of endothelial cell-derived TNF-a, IL-1a,
and IL-1b. ICAM-1 expression is stimulated by a mechanism
that is independent of these three cytokines, as well as PAF.
Moreover, the mechanisms that regulate the endothelial cell
reaction to C. albicans appear to differ from those mediating
similar responses to other microbial pathogens. Therefore,
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even though two different microorganisms may elicit the same
endothelial cell response, such as the expression of a specific
leukocyte adhesion molecule, the mechanism by which this
reaction is induced may be unique. This diversity of signaling
pathways likely enables the endothelial cell to respond to dif-
ferent microbial pathogens with a specific and perhaps unique
array of proinflammatory mediators.

In future studies, these in vitro investigations must be ex-
tended by adding other cell types, such as neutrophils, to the
system. Furthermore, these in vitro experiments will serve as a
foundation for animal studies to determine the roles of TNF-a,
IL-1a, and IL-1b in the autocrine stimulation of leukocyte
adhesion molecule expression in vivo.

ACKNOWLEDGMENTS

We thank the nurses at Harbor-UCLA Medical Center for collecting
umbilical cords, Michael Mador and Toshiko Lamkin for help with
tissue culture, and Trang Phan and Gregg Filler for technical assis-
tance. We also appreciate the helpful advice and discussion of John E.
Edwards, Jr., Bett J. Eng, and Michael R. Yeaman.

This work was supported by Public Health Service grants R01
AI19990, P01 AI37194, R29 AI040636, and MO1 RR00425 from the
National Institutes of Health and grant 1081-GI3 from the American
Heart Association, Greater Los Angeles Affiliate.

REFERENCES
1. Aybay, C., and T. Imir. 1996. Tumor necrosis factor (TNF) induction from

monocyte/macrophages by Candida species. Immunobiology 196:363–374.
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