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Serum-free culture filtrates of six Candida species and Saccharomyces cerevisiae were found to contain
chemoattractants for human polymorphonuclear leukocytes (PMNs) and a mouse macrophage-like cell line,
J774. The chemotactic factors differed for the PMN and J774 cells, however, in terms of heat stability, kinetics
of liberation by the yeast cells, and divalent cation requirements for production. The chemoattractant in
Candida albicans culture filtrates appeared to act through the formyl peptide receptor (FPR) of PMNs, since
it was found to induce chemotaxis of Chinese hamster ovary (CHO) cells that were expressing the human FPR
but did not induce chemotaxis of wild-type CHO cells. The C. albicans culture filtrates also induced migration
of PMNs across confluent monolayers of a human gastrointestinal epithelial cell line, T84; migration occurred
in the basolateral-to-apical direction but not the reverse direction, unless the epithelial tight junctions were
disrupted. J774 cells did not migrate toward the formylated peptide (fMet-Leu-Phe; fMLF), and chemotaxis
toward the C. albicans culture filtrate was not inhibited by an FPR antagonist (z-butoxycarbonyl-Met-Leu-Phe),
suggesting that a different receptor mediated J774 cell chemotaxis. In conclusion, we have identified a receptor
by which a non-serum-dependent chemotactic factor (NSCF) produced by C. albicans induced chemotaxis of
PMNs. Additionally, we have shown that NSCF was active across epithelial monolayers. These findings suggest
that NSCFs produced by C. albicans and other yeast species may influence host-pathogen interactions at the

gastrointestinal tract mucosal surface by inducing phagocytic-cell infiltration.

The number of systemic Candida infections continues to
increase among humans due to factors such as immunosup-
pressive therapeutic regimes, long-term catheterization, broad-
spectrum antibiotic use, and increased survival time of immu-
nologically compromised individuals (30, 44, 55). The
gastrointestinal (GI) tract is believed to be one site of entry for
Candida albicans into the blood stream of immunocompro-
mised individuals (12, 25). C. albicans is commonly found as a
commensal in the GI tracts of humans (12), but dissemination
from this site is uncommon without immunosuppression, such
as suppression of the normal GI bacterial flora and neutrope-
nia (25). The containment of Candida spp. to the GI mucosa as
a commensal in immunologically healthy individuals is not fully
understood (13, 25, 36, 37).

Both nonspecific and specific immune defenses play roles in
protection against disseminated candidiasis. Polymorphonu-
clear leukocytes (PMNs) have been shown to be the primary
components of the host’s innate immune defenses against dis-
seminated candidiasis in in vitro studies, animal models, and
studies of neutropenic patients (16). A protective role for mac-
rophages in disseminated candidiasis has also been suggested
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(2,3, 42). In a murine model, promotion of a Ty,1 cell response
by the release of interleukin-12 (IL-12) and IL-10 from pro-
fessional phagocytic cells has been correlated with resistance to
systemic candidiasis (43). Additionally, antibodies have been
shown to play a protective role against systemic and vaginal
candidiasis (9, 21, 31, 32), and they may act by enhancing the
activity of professional phagocytic cells (7, 22). Thus, a better
understanding of the interactions between C. albicans and pro-
fessional phagocytic cells would provide valuable insights into
how the body protects itself against this opportunistic patho-
gen. In particular, it is important to further characterize factors
released from C. albicans that are recognized by phagocytic
cells and attract them to the site of infection or colonization.

In this paper, we describe the production of a culture filtrate
containing non-serum-dependent chemotactic factors (NSCFs)
from a variety of Candida spp. yeast forms and Saccharomyces
cerevisiae. A C. albicans culture filtrate induced the attraction
of both human PMNs and the murine macrophage-like cell
line J774. Using an in vitro model of PMN migration across the
intestinal epithelium (39, 40) (simulating the transmigration of
PMN:s into the GI lumen), we have observed transmigration of
PMNs toward culture filtrates containing the NSCF. We also
determined that formyl peptide receptor (FPR)-mediated che-
motaxis of human PMNs was responsible for a significant por-
tion of the observed PMN chemotaxis. The results presented in
this study suggest that there are at least two NSCFs produced
by C. albicans. One NSCF attracts macrophages and the other
attracts PMNS.
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FIG. 1. Production of NSCF by C. albicans is time and yeast concentration
dependent. Chemotaxis of PMNs toward C. albicans culture filtrates produced
with 2 X 107 yeast cells/ml or 5 X 108 yeast cells/ml for 0.5 to 24 h is shown. PMN
chemotaxis was assessed by quantification of the total number of PMNs found in
the lower reservoir by a myeloperoxidase assay. HBSS(+) was used as a negative
control, and fMLF (10 nM) was used as a positive control. The data points are
from a representative experiment. All samples were run in triplicate. The error
bars indicate the standard deviations.

MATERIALS AND METHODS

Mammalian cell culture. T84 epithelial cells were purchased from the Amer-
ican Type Culture Collection. J774, clone 8, and wild-type Chinese hamster ovary
(CHO-WT) cells were a kind gift from Ira Mellman, Yale University, New
Haven, Conn. T84 epithelial cell monolayers were grown in tissue culture dishes
and on 0.33-cm? permeable supports as previously described (10, 40). The cells
were maintained in a 1:1 mixture of Dulbecco’s modified Eagle’s medium
(DMEM) and Ham’s F-12 medium supplemented with 50 U of penicillin/ml, 0.05
mg of streptomycin/ml, 5% fetal bovine serum (FBS), and 15 mM HEPES.
CHO-WT cells and CHO cells transfected with the human FPR (CHO-FPR)
(35) were grown as adherent monolayers in Eagle’s a-modified minimum essen-
tial medium (a-MEM) supplemented with 50 U of penicillin/ml, 0.05 mg of
streptomycin/ml, and 5% FBS. J774 cells were grown in spinner flasks (Bellco
Glass, Inc., Vineland, N.J.) in DMEM containing 50 U of penicillin/ml, 0.05 mg
of streptomycin/ml, and 5% FBS.

Isolation of human PMNs. Normal human PMNs were isolated from nonco-
agulated citrated blood by a gelatin sedimentation technique, which gave ap-
proximately 90% pure PMNs as determined by microscopic evaluation (40).
PMNs were suspended at a concentration of 5 X 107/ml, not counting mononu-
clear cells, in modified Hanks’ balanced salt solution (Sigma Chemical Co., St.
Louis, Mo.) containing (per liter) 0.185 g of CaCl,, 0.098 g of MgSO,, 0.4 g of
KCl, 0.06 g of KH,PO,, 8 g of NaCl, 0.048 g of Na,HPO,, and 0.01 g of glucose
and 10 mM HEPES (pH 7.4; 4°C) [HBSS(+)]. The PMNs were kept on ice for
up to 2 h until use.

Yeast. All yeast strains were from the stock collection at Montana State
University and included C. albicans CA-1, A9, 105, 222a, LGH1095Y, and ATCC
64550. Other yeast species used in this study included Candida lusitaniae (ATCC
64125), Candida parapsilosis (ATCC 90018), Candida tropicalis (ATCC 750),
Candida glabrata (ATCC 90030), and S. cerevisiae (2180WT). The identification
of all strains was confirmed with API 20C yeast identification strips (Analytab
Products, Plainview, N.Y.). All isolates were cultured from glycerol stock cul-
tures held at —70°C and plated onto Sabouraud dextrose agar (Difco Labora-
tories, Detroit, Mich.) for 48 h at 37°C. C. albicans CA-1 was used in all
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experiments except where otherwise noted. This strain was originally character-
ized by Hasenclever’s original antiserum as a serotype A strain (23, 24). How-
ever, by the Candida Check system (Iatron Laboratories Inc., Tokyo, Japan),
CA-1 was a serotype B strain. Others have noted discrepancies between the two
methods of serotyping (21).

Production of NSCF by yeast isolates. Culture filtrates containing NSCF were
prepared the same way for all yeast isolates. A single yeast colony from a
Sabouraud dextrose agar plate was inoculated into glucose (2%)-yeast extract
(0.3%)-peptone (1%) broth (GYEPB), incubated to stationary phase at 37°C for
24 h with aeration, and subcultured to fresh 2% GYEPB and incubated to
stationary phase. Yeast cells were then harvested by centrifugation, washed three
times in HBSS(+), and suspended in HBSS(+) at 5 X 10%ml or other cell
concentrations as indicated. The yeast suspensions were incubated for various
times at 37°C under vigorous aeration by rotation at approximately 200 rpm
(Controlled Environment Incubator Shaker model M52, New Brunswick Scien-
tific Co., Inc. Edison, N.J.). The yeast cells were removed by centrifugation, and
the culture supernatant containing the NSCF was filtered through a sterile
0.2-pm-pore-size cellulose acetate filter (Corning Costar Corp., Cambridge,
Mass.). The culture filtrates were kept on ice or stored at 4°C until use. No loss
of chemotactic activity was observed for culture filtrates stored for up to 1 month.
For filtration experiments, 1- and 0.5-kDa cutoff filters (Amicon Inc., Beverly,
Mass.) were used.

PMN transmigration across an epithelial monolayer. For transmigration ex-
periments, T84 intestinal epithelial cell monolayers were grown in cell culture
inserts on permeable polycarbonate filters (Corning Costar Corp.) with 5.0-um-
diameter pores exactly as previously described (39). T84 monolayers were cul-
tured both in the standard (apical surface upward) configuration and in the
inverted (basolateral surface upward) configuration to permit transepithelial
migration in the apical-to-basolateral and basolateral-to-apical directions. The
confluence and tight-junction formation of monolayers were determined by mea-
suring the transepithelial resistance with an EVOM epithelial voltohmmeter
(World Precision Instruments, Sarasota, Fla.) (27). Prior to the addition of
PMNs, the monolayers were washed extensively with HBSS(+) to remove the
tissue culture medium containing FBS. For apical-to-basolateral transmigration
experiments, 2 X 10° PMNs were added to the top chamber and allowed to
transmigrate into the lower well containing either 1 uM fMet-Leu-Phe (fMLF)
(as a positive control) or the yeast culture filtrate. In a subset of experiments,
transmigration was performed with T84 monolayers in the standard configura-
tion after treatment of the monolayers with 2 mM EDTA for 12 min at 37°C (38)
to disrupt the tight junctions. Such experiments were performed exactly like the
standard apical-to-basolateral assays except that half the concentration of PMNs
was added. For basolateral-to-apical transmigration experiments, 10° PMNs
were added to the top well and allowed to transmigrate into the lower well
containing either 100 nM f-MLF (as a positive control) or the yeast culture
filtrate. After incubating for 110 min at 37°C, the transmigrated cells and cells
contained within the T84 cell monolayer were quantified by a myeloperoxidase
assay, as previously described (40).

Chemotaxis across a membrane filter. Cell culture inserts with 5.0- and 8.0-
pm-diameter pore sizes were used for chemotaxis of PMN and CHO or J774
cells, respectively. PMNs (10°) were suspended in HBSS(+) for chemotaxis
assays or in culture filtrate or fMLF (10 nM) for chemokinetic experiments and
placed directly in the upper well of the filter insert. For some experiments, the
PMNs were treated with z-butoxycarbonyl-Phe-Leu-Phe-Leu-Phe (Boc-FLFLF)
(33 uM final concentration) or dimethyl sulfoxide (DMSO) (0.3% [vol/vol] final
concentration) for 10 min at 4°C before being added to the upper well. The
PMNs migrated into the lower well containing either 10 nM fMLF (as a positive
control) or the yeast culture filtrate. After 110 min at 37°C, the number of PMNs
in the lower well was determined by the myeloperoxidase assay. The results were
normalized by setting the average value for fMLF-induced chemotaxis to 100.

At 14 to 16 h before they were used in the chemotaxis experiments, 6 mM
(final concentration) Na-butyrate was added to the adherent CHO cells to
increase cellular protein expression (20). The CHO cells were then harvested
from the tissue culture plate surface with 1X trypsin-EDTA (Sigma) in phos-
phate-buffered saline without Ca®* and Mg?" and suspended in «-MEM con-

TABLE 1. Checkerboard assay of PMN chemotaxis toward C. albicans culture filtrate”

Culture filtrate dilution

No. of PMNs (10%) at culture filtrate dilution in upper well of:

in lower well 0 1:8 1:4 1:2 Undil.
0 1.7+ 0.5 1.2+02 1.4 +03 23 +0.6 1.8 03
1:8 3.7+04 1.3+02 1.8+03 15+02 1.7+03
1:4 6.2 0.6 1.5+03 1.1+02 29+0.8 2.8 £0.6
1:2 19.1 = 0.7 3.7 +0.7 35+05 7.0 0.9 7.7 +0.8
Undil 329+ 0.6 15.6 = 2.7 12.7 £ 3.0 227 +1.2 143 = 0.8

@ C. albicans culture filtrate produced by 5 X 108 yeast cells/ml for 1 h. Samples were diluted with HBSS(+). PMN chemotaxis was assessed by quantification of the
total number of PMNs found in the lower reservoir by a myeloperoxidase assay. The results shown are the number of PMNs migrated (10%). The results are the average

of samples run in triplicate = the standard deviation. Undil., undiluted.
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TABLE 2. Checkerboard assay of fMLF-induced PMN chemotaxis®

No. of PMNs (10%) at fMLF concn

fMLF concn in (nM) in upper well of:

lower well
(nM) 0 10
0 1.7+05 1.2°
10 124+ 0.8 4.7°

“ Samples were diluted with HBSS(+). PMN chemotaxis was assessed by
quantification of the total number of PMNs found in the lower reservoir by a
myeloperoxidase assay. The results are the number of PMNs migrated (10*). The
results are the average of samples run in triplicate + the standard deviation.

® Samples run in duplicate only.

taining FBS (5%) for 1 h at 37°C. The CHO cells were washed two times with
serum-free a-MEM containing 10 mM HEPES (pH 7.4) and suspended to 2 X
10%/ml in serum-free a-MEM containing 10 mM HEPES (pH 7.4). For J774 cell
chemotaxis experiments, the cells were removed from the spinner flasks, washed
two times with serum-free DMEM containing 10 mM HEPES (pH 7.4), and
suspended to 2 X 10°/ml in serum-free DMEM containing 10 mM HEPES (pH
7.4). For both CHO and J774 cell chemotaxis experiments, 3 X 10° cells (150 ul)
were placed in the upper well and yeast culture filtrate or controls were placed
in the lower well. For some experiments CHO-WT and CHO-FPR cells were
treated with rBoc-Met-Leu-Phe (tBoc-MLF) (33 pM final concentration) or
DMSO (0.3% [vol/vol] final concentration) for 10 min before being added to the
upper well. As a positive fibroblast migration control, fibronectin (20 pg/ml) was
used for both CHO-WT and CHO-FPR cells (1, 33). In chemotaxis experiments,
1 nM fMLF served as the positive control for CHO-FPR cells. Zymosan A
(Sigma Chemical Co.) complement-activated human serum was used as the
positive control for J774 cell chemotaxis. Zymosan A (1 mg/ml) was added to
serum (30 min; 37°C) and pelleted from solution, and the supernatant was used
as the positive control. CHO and J774 cell migration was carried out for 4 h at
37°C, after which the filters were fixed with 2.5% paraformaldehyde (Sigma
Chemical Co.) for 2 h at room temperature or overnight at 4°C. The cells on the
upper side were removed from the filter with a cotton swab, and those that had
migrated to the underside were stained with hematoxylin (Sigma Chemical Co.).
After being stained, the upper side of the filter was again swabbed with cotton.
For analysis, the filter was removed from the plastic holder. Quantification of
cells was performed with a computerized image analysis system (Imaging Re-
search M4 True Color; Imaging Research, St. Catherines, Ontario, Canada) to
determine the average cell area (in square micrometers) per field from an
average of 10 randomly chosen (avoiding the periphery) 40X fields. The results
are equalized by setting the average value for chemotaxis induced by fMLF or
zymosan A-activated serum to 100.

RESULTS

Production of NSCF from C. albicans yeast. Samples of cul-
ture filtrates were taken at various times from HBSS(+) cul-
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tures inoculated with either 2 X 107 or 5 X 108 yeast cells/ml.
As shown in Fig. 1, a time dependence for production of
chemotactic activity in the culture filtrate was observed. Che-
motactic activity consistently peaked at 1 to 3 h for culture
filtrates from the 5 X 10® yeast cell/ml culture. Production of
the chemotactic activity from the 2 X 107 yeast cell/ml culture
was more delayed. The activity in the 2 X 107 yeast cell/ml
culture leveled out at later time points and remained consis-
tently high compared to the 5 X 108 yeast cell/ml culture, which
showed a steady decrease after the early activity peak. The
chemotactic activities in the cultures at the 24-h time point
differed dramatically. In the high yeast concentration culture,
the activity had dropped to almost the level of the negative
control at 24 h, whereas the activity in the culture produced
with a low concentration of yeast remained high at 24 h.

To confirm that the culture filtrate contained a chemotactic
factor rather than a chemokinetic factor, a checkerboard anal-
ysis was performed (Tables 1 and 2). PMN migration was
found to be maximal when undiluted culture filtrate was used.
With the addition of culture filtrate into the upper well, a
decrease in migration was observed, suggesting that the activity
was mostly due to chemotaxis rather than chemokinesis (Table
1). Similar results were obtained when PMNs were allowed to
migrate toward fMLF in the presence or absence of fMLF in
the upper well (Table 2). These results suggest that the C.
albicans culture filtrate stimulated PMN chemotaxis and con-
tained chemokinetic activity at a level similar to that of 10 uM
fMLF.

Characterization of NSCF. NSCF stability, size range, and
culture parameters were determined (Table 3). Culture filtrate
from a 1-h culture retained NSCF activity for over 1 month at
4°C. NSCF activity was lost following filtration of active culture
filtrates through a cellulose acetate filter with a glass prefilter,
presumably due to adherence to the glass filter (data not
shown). NSCF activity in the culture filtrate was not retained
by a 1-kDa cutoff filter, and only partial activity for PMNs was
recovered in the retentate when a 0.5-kDa cutoff filter was used
(Table 3). These results suggest that the NSCF is a small
molecule with an apparent molecular mass between 0.5 and 1
kDa. The chemotactic activity of C. albicans NSCF was con-
centration dependent (Table 1). Dilution analyses of culture

TABLE 3. NSCF characteristics”

Characteristic Conditions PMN chemotaxis J774, .
chemotaxis
Stability” 4°C; =1 mo Yes Yes
56°C; 30 min Yes Yes
Boiling; 10 min No Yes
Size¢ 1-kDa retentate 219 = 6.1 22.5 = 14.8
1-kDa filtrate 95.2 +27.6 119.7 = 18.0
0.5-kDa retentate 37.0 5.0 ND*
0.5-kDa filtrate 59.8 = 21.8 ND
Production requirements? Glucose Chemotactic Chemotactic
Divalent cations Not chemotactic Chemotactic

¢ Characterization of the NSCF in a C. albicans 1-h culture filtrate. PMN chemotaxis was assessed by quantification of the total number of PMNs found in the lower

reservoir by a myeloperoxidase assay.

b Culture filtrate was held at 4°C (for =1 month), 56°C (30 min), and boiling (10 min) and then tested for PMN chemotactic activity.

¢ Culture filtrate was passed through 1- and 0.5-kDa cutoff filters. The retentate was diluted to the original volume with HBSS(+) to avoid concentration effects and
then tested for PMN chemotactic activity. The values given are the percentages of activity retained in the retentate compared to the nonfiltered 1-h culture filtrate
sample value that was set to 100. Migration of PMNs toward HBSS(+) was 14.2 = 6.8. Migration of J774 cells toward HBSS(+) was 15.5 + 5.3.

@ A C. albicans 1-h culture filtrate was produced by using HBSS(+) without glucose and HBSS without Ca®>* and Mg?* [HBSS(—)]. Divalent cations were added
back to the HBSS(—) culture filtrate (0.185 g of CaCl,/liter and 0.098 g of MgSO,/liter) before determination of PMN chemotaxis.

¢ ND, not determined.
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FIG. 2. NSCF production is not species or strain dependent. (A) Chemotaxis
of PMNs toward 1-h culture filtrates produced by six different C. albicans strains.
(B) Chemotaxis of PMNs toward 1-h culture filtrates produced by various Can-
dida spp. and S. cerevisiae yeast forms. The C. albicans strain is CA-1. Chemotaxis
was assessed by quantification of the total number of PMNs found in the lower
reservoir by a myeloperoxidase assay. The data are expressed as the mean *
standard error of the mean from three different experiments, with samples run in
triplicate. The data points were equalized by setting the migration toward fMLF
(10 nM) to 100.

filtrates made with 5 X 10® yeast cells/ml for 0.5 and 1 h
revealed that the chemotactic activity decreased to that of the
negative control at a greater-than-eightfold dilution (data not
shown). It was also determined that glucose was not required
for the production of NSCF. However, no activity was detected
when yeast culture filtrates were produced without Ca®* and
Mg** (Table 3). Addition of the divalent cations to the culture
filtrate did not restore NSCF activity (data not shown).

To examine whether the production of the NSCF was strain
or species dependent, we tested the production of the factor by
six different strains of C. albicans, a strain of S. cerevisiae, and
a variety of Candida spp. (Fig. 2). For all strains and species,
1-h culture filtrates stimulated PMN chemotaxis significantly
more than the negative control (Student’s ¢ test; P values
ranged from 0.003 to <0.0001). Chemotaxis differences ob-
served in Fig. 2 are possibly due to PMN donor variability.
Differences in the degree of chemotaxis toward the same che-
moattractants by different donors’” PMNs were routinely ob-
served.

C. albicans NSCF stimulates chemotaxis by binding to the
FPR. We previously generated a CHO cell line stably express-
ing the human FPR (CHO-FPR) and showed that these cells
migrated toward a gradient of formylated peptides (34). Our
preliminary characterization revealed that the size of the
NSCEF appeared to be similar to those of formylated peptides;
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FIG. 3. Migration of CHO-FPR cells toward C. albicans 1-h culture filtrate.
CHO-FPR cells migrated through 8.0-wm semiporous supports for 4 h at 37°C
toward HBSS(+) (A), fMLF (1 nM) (B), and 1-h culture filtrate (C). CHO-FPR
cells adhering to the underside of the support were stained with hematoxylin.
Bar, 50 pm.

thus, we performed experiments to determine if the NSCF
could stimulate CHO-FPR chemotaxis. As seen in Fig. 3C and
4A, CHO-FPR cells displayed chemotaxis toward the 1-h cul-
ture filtrate whereas CHO-WT cells did not (Fig. 4A). Both
CHO-FPR and CHO-WT cells displayed chemotaxis toward
fibronectin (20 pg/ml), a natural chemoattractant for fibro-
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stimulated to migrate toward C. albicans 1-h culture filtrate or fMLF (1 nM). Fibronectin (0.02 mg/ml) was used as a positive control for chemotaxis of CHO cells. Some
CHO cells and PMNs were preincubated with the FPR antagonist fBoc-MLF (10 uM; 10 min; 37°C) or fBoc-FLFLF (10 uM; 10 min; 4°C), respectively, before being
placed in the upper well. The final concentration of DMSO in the wells containing agonist was 33 wM. This concentration of DMSO by itself did not significantly
decrease chemoattractant-induced migration. (A) Chemotaxis of CHO cells was assessed by quantification of the average cell area of hematoxylin-stained cells that had
migrated and adhered to the underside of the porous support. A total of 10 randomly chosen 40X fields were examined. The data are expressed as the mean *+ standard
error of the mean (SEM) from three different experiments. The data points were equalized by setting the migration of CHO-FPR cells toward fMLF to 100. (B)
Chemotaxis of PMNs was assessed by quantification of the total number of PMNs found in the lower reservoir by a myeloperoxidase assay. The data are expressed as
the mean = SEM from three different experiments, with samples run in triplicate for each experiment. The data points were equalized by setting the migration toward

fMLF (10 nM) to 100. ***, Student’s ¢ test; P = 0.0001.

blasts (1, 33) (Fig. 4A). Chemotaxis of CHO-FPR cells toward
the culture filtrate was inhibited by the FPR antagonist tBoc-
MLF, confirming that the CHO-FPR cell chemotaxis was me-
diated by FPR. In addition, the FPR antagonist tBoc-FLFLF
inhibited the chemotaxis of PMNs toward the 1-h culture fil-
trate by approximately 51% (Fig. 4B).

PMN transmigration across a cultured intestinal epithelial
monolayer. Since the GI tract is considered to be a major
portal of entry to the bloodstream, we tested whether the
culture filtrate could attract PMNs across a monolayer of T84
intestinal epithelial cells grown on permeable supports (39). As
shown in Fig. 5A, the filtrate from a 1-h C. albicans culture
stimulated basolateral-to-apical migration of PMNs. To deter-
mine if the polarity of the monolayer affected the PMN trans-
migration, we also examined the chemotaxis in the opposite
direction (apical to basolateral). As expected, based on previ-
ous results of Parkos et al. (40), the 1-h culture filtrate was
unable to induce transmigration in the nonphysiological direc-
tion, from the apical side to the basolateral side (Fig. 5B).
However, transmigration in the apical-to-basolateral direction
toward the culture filtrate could be induced after transient
disruption of epithelial tight junctions by Ca** chelation (38)
(Fig. 5C). Thus, NSCF can drive polarized transmigration in a
physiologically relevant direction but fails to induce migration
in the reverse direction unless barrier function is disrupted.

Finally, to confirm that the culture filtrate itself did not
damage the epithelial monolayer or alter the tight-junction
permeability, we examined the monolayer resistance. After a
5-h incubation with culture filtrate in the apical compartment
and HBSS(+) in the basolateral compartment, or vice versa,
no change in resistance was observed (data not shown). Acti-
vation of superoxide production by PMNs may also effect the
epithelial monolayer while at the same time altering the my-
eloperoxidase assay results. Therefore, we determined whether
the C. albicans culture filtrate stimulated superoxide produc-
tion from PMNs by using a cytochrome ¢ microplate assay (11,
41). The culture filtrate did not stimulate the production of
superoxide from PMNs, suggesting that the culture filtrate
does not activate the NADPH oxidase (data not shown). Su-
peroxide production was only observed after the addition of

phorbol 12-myristate 13-acetate and did not occur in the pres-
ence of superoxide dismutase (data not shown).

Chemotacxis of the murine macrophage-like cell line J774. In
addition to PMNs, macrophages are also important in host
defense against disseminated candidiasis (42). A J774 cell line
was chosen as a model of murine macrophages and tested for
chemotactic activity toward the NSCF. J774 cells displayed
chemotaxis toward C. albicans 1-h culture filtrate (Fig. 6 and
7). A trend in activity over time similar to that for PMNs was
noted (Fig. 7), except that the highest chemotactic activity
occurred at 0.5 h instead of at 1 h. The filtrate from a 1-kDa
ultrafiltration induced chemotaxis of J774 cells, suggesting that
the size of the NSCF for J774 cells was similar to that for
PMNs (data not shown and Table 3). We were unable to
induce chemotaxis of J774 cells toward fMLF (107> to 10~°
M) (data not shown), which corresponded with evidence that
murine macrophages do not express a high-affinity FPR (19).
Furthermore, we examined whether mannoproteins released
from C. albicans were responsible for the migration of J774
cells, since J774 cells have previously been shown to express
the mannose receptor (4). Chemotaxis experiments were per-
formed with a wide concentration range of 2-B-mercaptoetha-
nol (2-ME) C. albicans cell wall extract (10~* to 10° pwg/ml)
diluted in HBSS(+). This extract contains the C. albicans cell
wall phosphomannan complex, primarily mannan with about
3.5% protein, that has been identified as responsible for at-
tachment of C. albicans to the splenic and lymph node macro-
phages in mice (24). No significant chemotaxis toward 2-ME
extract above the negative control was observed for J774 cells
(data not shown). In addition, pretreatment of J774 cells with
the 2-ME extract did not decrease J774 chemotaxis toward the
C. albicans 1-h culture filtrate.

The stability of the J774 NSCF was also noted to differ from
that of the PMN NSCF (Table 2). Neither heating at 56°C for
30 min nor boiling for 10 min decreased the chemotactic ac-
tivity. These results suggest that the NSCF stimulating J774 cell
chemotaxis produced by C. albicans yeast cells is different than
the C. albicans NSCF for PMNs and interacts with an unknown
receptor on J774 cells.
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FIG. 5. Transmigration through a monolayer of T84 cells toward 1-h C.
albicans culture filtrate. (A) Transmigration in the physiological direction, baso-
lateral to apical. (B) Transmigration in the nonphysiological direction, apical to
basolateral, without the removal of extracellular Ca?*. (C) Transmigration of
cells in the nonphysiological direction with prior treatment of the T84 cells with
EDTA to remove extracellular Ca?* that results in breaking epithelial tight
junctions. PMN transmigration was assessed by quantification of the total num-
ber of PMNs found in the T84 cell monolayer and lower reservoir by the
myeloperoxidase assay. The data are expressed as the mean = standard deviation
from a single experiment representative of three separate experiments. Deter-
mination of the number of PMNs contained within the monolayer was only
performed for the data shown. For each experiment, all samples were run in
triplicate.

DISCUSSION

Previous studies have shown that C. albicans yeast cells pro-
duce a NSCF for PMNs (5, 6, 15, 52). Our results confirmed
and extended the scope of the previous findings. We showed
that FPR-mediated chemotaxis accounted for approximately
half of the PMN chemotaxis toward NSCF(s) in the C. albicans
culture filtrate. Furthermore, we demonstrated that the
NSCEF(s) attracts PMNs across an intestinal epithelial cell
monolayer in vitro. We also provide evidence for an additional
chemotactic agent that stimulates chemotaxis of the murine
macrophage-like cell line J774 by a different receptor.

We found similarities and differences between the NSCF
described here and those described by others. Consistent with
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FIG. 6. J774 cells migrate toward C. albicans 1-h culture filtrate. Migration of
J774 cells through 8.0-wm semiporous supports for 4 h at 37°C toward HBSS(+)
(A), zymosan A-activated human serum (B), and 1-h culture filtrate (C) is shown.
J774 cells adhering to the underside of the support were stained with hematox-
ylin. Bars, 50 pm.

other studies that implied a role for a NSCF in cutaneous
candidiasis (6), we found that the C. albicans NSCF is pro-
duced in the absence of glucose. NSCF chemotactic activity
was found to peak at 1 h of incubation at a concentration of
5 X 108 yeast cells/ml, whereas others have demonstrated that
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are expressed as the mean * standard error of the mean from three different
experiments. The data points were equalized by setting the migration of J774
cells toward zymosan A-activated serum to 100.

up to 12 h is necessary for production of chemotactic activity
(15). Such discrepancies might be due to differences in the
concentration of yeast, the chemotactic assays, and the species
from which PMNs were obtained. When a lower concentration
of yeast was used, a longer incubation time was required for
chemotactic activity to equal that of 5 X 10% yeast cells/ml.
Others have noted a correlation between virulence and de-
creased stimulation of PMN chemotaxis by specific C. albicans
strains (54). However, in the results reported here, S. cerevisiae
(a species rarely implicated in disease) and all Candida spp.
tested produced NSCFs for human PMNs. In addition to these
findings, others have shown that Trichophyton mentagrophytes
and Blastomyces dermatitidis release low-molecular-weight che-
motactic substances for PMNs (48, 49). Therefore, a wide
range of fungi can produce non-serum-dependent PMN che-
moattractants.

The decrease in chemotactic activity observed with a higher
dose of C. albicans might be expected if an inhibitor of che-
motaxis was produced after the initial production of the NSCF.
The decrease in activity did not result from saturating amounts
of chemoattractant, since NSCF activity could not be rescued
by dilution of a 4-h culture filtrate (data not shown). It is also
possible that denaturation or degradation of the NSCF occurs
such that it no longer has chemotactic activity.

Our data implicated FPR as a receptor for a C. albicans
NSCF. Preincubation of CHO-FPR and PMN with FPR an-
tagonists significantly decreased chemotaxis toward the culture
filtrate (Fig. 4). Standard ligands for FPR consist of bacterial
and mitochondrial peptides that are synthesized with
N-formylmethionine as the starting residue (8, 28, 45-47).
Some nonformylated peptides have also been shown to stim-
ulate FPR-mediated chemotaxis, but with the exception of a
few cases (18), the chemotactic activity of these peptides was
significantly lower than that of their formylated counterparts
(17, 51). If the NSCF that interacts with FPR is a formylated
peptide, the most obvious place of origin would be the mito-
chondrion. C. albicans mitochondrial proteins may be actively
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released or released as a byproduct of yeast cell death during
culture filtrate production. However, examination of cell death
in cultures of 1 to 4 h does not support cell death as a source.
Propidium iodide-stained cells analyzed by flow cytometry (29)
showed that cell death did not increase with time but remained
less than 1% throughout the production time, 1 to 4 h (data not
shown). Experiments are currently underway to determine if
the factor is in fact an N-formylated peptide and mitochondrial
in origin. Because the antagonist inhibited PMN chemotaxis
toward the culture filtrate by only approximately 50%, it is
possible that other chemotactic factors contained in the culture
filtrate and chemotactic receptors expressed by PMNs are in-
volved in the observed chemotactic response. Other known
chemotactic receptors expressed by human PMNs are C5a
receptor, C3a receptor, platelet activating factor receptor, C-
X-C chemokine receptors (such as IL-8 receptor A and IL-8
receptor B), and C-C chemokine receptor 1. The ligands for
the chemokine receptors are about 8 to 10 kDa, suggesting that
these receptors are unlikely candidates for binding NSCF un-
less they also bind low-molecular-mass factors. C5a receptor
binds a 74-amino-acid peptide but has also been shown to bind
smaller peptides with lower affinity (26). However, CHO cells
expressing C5a receptor showed no chemotaxis toward the C.
albicans 1-h culture filtrate (data not shown), suggesting that
NSCFs do not act as agonists for C5a receptor-mediated che-
motaxis.

To investigate the relevance of our finding with respect to
the GI tract, we used an in vitro T84 cell monolayer system to
examine whether the C. albicans NSCF can attract PMNs
through an epithelial monolayer. Due to the complexity of the
GI tract, a reductionistic approach to unraveling the interac-
tions of C. albicans at the GI epithelium as a commensal and
potential pathogen is necessary. As shown here, this in vitro-
model system is useful for identification of putative C. albicans
colonization factors and mechanisms of dissemination from
the human GI tract. The C. albicans culture filtrate induced
transmigration of PMNs in the physiological direction across a
T84 epithelial cell monolayer (Fig. 5A), suggesting that the
release of low-molecular-weight molecules by C. albicans helps
to recruit PMNG into the gut. Since NSCFs induced chemotaxis
of PMNs in the absence of the T84 cells, the factor(s) is not
likely to be epithelium derived. However, it is possible that the
NSCF induced T84 cells to release other chemotactic agents,
such as IL-8, which stimulates PMN transmigration. Because
fMLF has been shown to cross model intestinal epithelial
monolayers by the paracellular pathway (50), it is highly prob-
able that the NSCF contained in the culture filtrate is crossing
the T84 monolayer by the paracellular pathway to stimulate
the transepithelial migration of PMN. The production of se-
creted aspartyl proteinases by C. albicans has been suggested
to facilitate hematogenous dissemination from the gut by di-
gesting the mucin layer (14) and has also been shown to be
chemotactic as well as chemokinetic for human PMNs (52).
Thus, secreted aspartyl proteinases and the NSCFs described
in this study may act together to stimulate PMN infiltration.

We also examined whether C. albicans culture filtrate stim-
ulated the migration of the macrophage cell line J774. To our
knowledge this is the first report of a NSCF produced by C.
albicans for macrophages. Unlike the NSCF for PMNs, the
production of the chemotactic factor for J774 cells peaked
sooner and the activity remained stable when the 1-h culture
filtrate was boiled for 10 min. In addition, despite using a wide
concentration range of fMLF (107> to 107'° M), we were
unable to stimulate J774 cell migration, suggesting that the
cells lack FPR expression and that the NSCF contains a factor
which is a ligand for a separate chemotactic receptor. These
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results support existing data showing that murine macrophages
may lack FPR expression (19, 53).

We provide evidence in this study that C. albicans, along
with other yeast species, produces a NSCF for human PMNs
which may have immunoregulatory activity at sites where there
is decreased complement activity. The ability of the culture
filtrate to induce transmigration of PMNs across the T84
monolayer from the basolateral to the apical side suggests that
the NSCF influences the host-pathogen interactions in the GI
tract by stimulating an infiltration of leukocytes.
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