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Investigation of the Function of Candida albicans Als3 by
Heterologous Expression in Candida glabrata
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During hematogenously disseminated infection, blood-borne Candida albicans invades the endothelial cell lining of the vascu-
lature to invade the deep tissues. Although the C. albicans Als3 invasin is critical for invasion and damage of endothelial cells in
vitro, a C. albicans als3A/A mutant has normal virulence in the mouse model of disseminated infection. We hypothesized that
the contribution of Als3 to virulence is obscured by the presence of additional C. albicans invasins. To elucidate the in vivo func-
tion of Als3, we heterologously expressed C. albicans ALS3 in Candida glabrata, a yeast that lacks a close ALS3 ortholog and has
low virulence in mice. We found that following intravenous inoculation into mice, the ALS3-expressing strain preferentially traf-
ficked to the brain, where it induced significantly elevated levels of myeloperoxidase, tumor necrosis factor, monocyte chemoat-
tractant protein 1, and gamma interferon. Also, the ALS3-expressing strain had enhanced adherence to and invasion of human
brain microvascular endothelial cells in vitro, demonstrating a potential mechanism for ALS3-mediated neurotropism. In addi-

tion, upon initiation of infection, the ALS3-expressing strain had increased trafficking to the cortex of the kidneys. With pro-
longed infection, this strain persisted in the kidneys at significantly higher levels than the control strain but did not induce an
elevated inflammatory response. Finally, the ALS3-expressing strain had increased resistance to neutrophil killing in vitro.
These results indicate that during disseminated infection, Als3 mediates initial trafficking to the brain and renal cortex and con-

tributes to fungal persistence in the kidneys.

he invasion of blood-borne Candida albicans cells across the

endothelial cell lining of the vasculature is a key event in the
initiation of hematogenously disseminated candidiasis (1). One of
the mechanisms by which C. albicans can invade endothelial cells
is by inducing its own endocytosis (2). Previously, we found that
C. albicans hyphae express the invasin Als3, which binds to N-
cadherin on endothelial cells and induces endocytosis (3, 4). Mu-
tants of C. albicans that lack Als3 have significantly reduced capac-
ity to adhere to, invade, and damage endothelial cells in vitro (3, 5,
6). In addition, latex beads that are coated with recombinant Als3
and clones of Saccharomyces cerevisiae that heterologously express
C. albicans Als3 are avidly endocytosed by endothelial cells in vitro
(3, 7). Moreover, both ALS3 mRNA and Als3 protein are highly
expressed by C. albicans in the kidneys of mice with disseminated
disease (8, 9), and healthy individuals and patients with candi-
demia have high-titer antibodies against Als3 (10). Finally, vacci-
nation of mice with recombinant Als3 protects them against dis-
seminated candidiasis (11). Collectively, these data suggest that
Als3 is likely to play an important role in the pathogenesis of
hematogenously disseminated candidiasis.

Based on this information, one would predict that a C. albicans
mutant lacking Als3 would have markedly attenuated virulence in
the mouse model of disseminated candidiasis. Surprisingly, it was
recently reported that an als3A/A mutant has wild-type virulence
in this model (12). Although there are multiple potential reasons
for this result, one possible explanation is that because ALS3 is a
member of a multigene family, other members of the ALS gene
family can compensate for its absence. Because the ALS gene fam-
ily contains 8 members (13), it would be technically difficult to
construct a mutant in which all ALS genes other than ALS3 were
deleted in order to investigate the pathogenic function of Als3 in
isolation. Therefore, to evaluate the function of Als3 in vivo, we
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used an alternative approach in which we expressed C. albicans
ALS3in Candida glabrata, a yeast with no close ALS3 ortholog and
low virulence in mice. We found that following intravenous inoc-
ulation into mice, an ALS3-expressing strain of C. glabrata had
increased trafficking to the brain, where it induced a strong in-
flammatory response. In addition, this strain preferentially trav-
eled to the cortex of the kidneys, where it caused a persistent in-
fection with minimal inflammation. These data suggest that Als3
mediates trafficking to the brain and the renal cortex in vivo.

MATERIALS AND METHODS

Candida strains and culture conditions. The C. albicans wild-type strain,
DAY185, and the als3A/A null and als3A/A+ALS3 complemented strains
were constructed as described previously (14, 15). C. glabrata BG14
(ura3A::Tn903Neo") was used as the parent strain in all experiments (16).
This strain was transformed with either the ALS3 expression plasmid
pGRB2.2-ALS3 to create strain Cg-Als3 or the backbone vector pPGRB2.2
(17) to create strain Cg-control. To construct pGRB2.2-Als3, the ALS3
protein coding sequence was amplified by PCR using primers ATATAAA
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ACATCTAGATGCTACAACAATATACATTGTTACTC and GGGTTGT
GTTCTCGATTAAATAAACAAGGATAATAATGTGATCAAACC and
then cloned into the Xbal and Xhol sites of pGRB2.2 using an In-Fusion
2.0 Dry-Down PCR cloning kit per the manufacturer’s instructions
(Clontech Laboratories). For use in the experiments, all strains were
grown in liquid synthetic complete medium with or without uridine (MP
Biomedicals) overnight in a shaking incubator at 30°C. The in vitro
growth rate experiments were performed in the same medium.

Flow cytometry. Flow cytometry was used to analyze the surface ex-
pression of Als3 on C. glabrata using our previously described method (3).
Briefly, after fixing of the organisms in 3% paraformaldehyde and block-
ing with 1% goat serum, the cells were incubated with a rabbit polyclonal
antiserum raised against the recombinant N-terminal region of Als3 (3).
Next, the cells were rinsed extensively and incubated with a goat anti-
rabbit secondary antibody conjugated with Alexa Fluor 488 (Invitrogen).
The fluorescence intensity of the cells was measured using a FACSCaliber
flow cytometer (Becton, Dickinson). Fluorescence data for 10,000 cells of
each strain were collected.

Endothelial cells. Human umbilical vein endothelial cells (HUVECs)
and human brain microvascular endothelial cells (HBMECs) were grown
as described previously (18-21).

Adherence and endocytosis. The capacity of the two strains of C.
glabrata to adhere to and induce their own endocytosis by HUVECs and
HBMECs was determined using our previously described differential
fluorescence assay (3, 20). Briefly, the endothelial cells were grown to
confluence on fibronectin-coated coverslips in 24-well tissue culture
plates. They were infected with 10° cells of each C. glabrata strain sus-
pended in RPMI 1640 medium (Irvine Scientific) to achieve a multiplicity
of infection of 1:1. After 90 min for human umbilical vein endothelial cells
and 180 min for human brain microvascular endothelial cells, the wells
were rinsed with Hanks balanced salt solution (Irvine Scientific) and fixed
with 3% paraformaldehyde. The adherent but nonendocytosed organ-
isms were stained with a rabbit polyclonal anti-Candida antibody (Biode-
sign International) conjugated with Alexa Fluor 568 (Invitrogen). Next,
the endothelial cells were permeabilized with 0.5% Triton X-100, and then
the cell-associated organisms (the adherent plus endocytosed organisms)
were stained with the anti-Candida antiserum conjugated with Alexa
Fluor 488. The coverslips were viewed by epifluorescence microscopy, and
at least 100 cell-associated organisms per coverslip were scored for endo-
cytosis. Each experiment was performed in triplicate on three separate
occasions.

Endothelial cell damage assay. The extent of endothelial cell damage
caused by the C. glabrata strains was measured using our standard >'Cr
release assay (3, 22). Briefly, HUVECs and HBMECs were grown to con-
fluence in 96-well tissue culture plates, loaded with Scr overnight, and
then infected with 2 X 10° cells of the C. glabrata strains. Parallel wells
were incubated with a similar number of C. albicans cells or left uninfected
as a positive or negative control, respectively. After a 16-h incubation, the
amount of >'Cr that had been released into the medium and that re-
mained associated with the endothelial cells was determined. Each exper-
iment was performed three times in triplicate.

Endothelial cell production of IL-8. The capacity of the different C.
glabrata strains to stimulate endothelial cells to release interleukin 8 (IL-8)
was determined using the same conditions as in the endothelial cell dam-
age experiment. At the end of the 16-h incubation period, the medium
above the cells was collected, centrifuged to remove cellular debris, and
then stored at —80°C. At a later time, the IL-8 content of the conditioned
medium was determined by commercial enzyme immunoassay (Hycult
Biotech), following the manufacturer’s instructions. Each experiment was
performed in triplicate on three separate occasions.

Neutrophil fungicidal assay. Isolation of neutrophils from healthy
volunteers and the neutrophil fungicidal assay were performed as previ-
ously described (23). In brief, neutrophils were incubated in glass test
tubes containing C. glabrata in RPMI 1640 medium with 10% pooled
human serum. The neutrophil/fungus ratio was 5:1. Control tubes con-
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tained C. glabrata without neutrophils. After 1 h, the mixtures were son-
icated to disrupt the neutrophils and then quantitatively cultured. The
percentage of organisms killed was calculated by dividing the number of
CFU in the tubes containing neutrophils by the number of CFU in tubes
without neutrophils. Each experiment was performed in triplicate using
neutrophils from different donors.

Animal studies. The virulence of the C. albicans strains was analyzed
by inoculating 10 or 11 male BALB/c mice per strain vial the lateral tail
vein with 5 X 10° yeast-phase organisms and monitoring them three times
daily for survival. To induce disseminated C. glabrata infection, groups of
7 or 8 mice were inoculated intravenously with 5 X 107 cells of each C.
glabrata strain. After 1, 7, and 14 days, the mice were sacrificed, and the
brains, livers, and kidneys were harvested. The organs were weighed and
then homogenized in ice-cold phosphate-buffered saline (PBS) contain-
ing protease inhibitor cocktail (Sigma-Aldrich). An aliquot of the homog-
enate was quantitatively cultured, and the remainder was clarified by cen-
trifugation and stored at —80°C for subsequent myeloperoxidase (MPO)
and cytokine analysis. The organ fungal burden experiments were per-
formed three times, and the results were combined. In some experiments,
sections of the organs were removed prior to weighing, fixed in zinc-
buffered formalin, embedded in paraffin, and cut into thin sections. These
thin sections were then stained with Gomori methenamine silver (GMS)
and periodic acid-Schiff (PAS). In one experiment, kidneys and brain
were harvested and snap-frozen in OCT, after which frozen sections were
prepared. These sections were stained with the polyclonal anti-Als3 anti-
body (3) followed by an Alexa Fluor 568-labeled secondary antibody and
then counterstained with the Alexa Fluor 488-labeled anti-Candida anti-
serum. The mouse studies were carried out in accordance with the Na-
tional Institutes of Health guidelines for the ethical treatment of animals.
This protocol was approved by the Institutional Animal Care and Use
Committee (IACUC) of the Los Angeles Biomedical Research Institute at
Harbor-UCLA Medical Center.

MPO and whole-organ cytokine measurement. MPO is made con-
stitutively by granulocytes (24) and is also present in lesser amounts in
monocytes and some tissue macrophages (25, 26). Thus, the MPO con-
tent of the organ homogenate was used as a marker for phagocyte recruit-
ment. MPO levels were measured by enzyme immunoassay (Cell Sci-
ences) (27, 28). The amounts of IL-6, IL-10, IL-12, gamma interferon
(IFN-v), tumor necrosis factor (TNF), and monocyte chemoattractant
protein 1 (MCP-1) in the organ homogenates were measured using a
mouse inflammation cytometric bead array kit (BD Biosciences). The
MPO and cytokine levels were determined in the organ homogenates
from a single experiment using 8 mice per C. glabrata strain.

Statistical analysis. Differences between the interactions of the two
strains of C. glabrata with host cells in vitro were analyzed using the Stu-
dent ¢ test. In the mouse studies, differences in organ fungal burden, MPO
level, and cytokine content were analyzed using the Wilcoxon rank sum
test. P values of <0.05 were considered significant.

RESULTS

ALS3 is dispensable for C. albicans virulence in mice. The viru-
lence of a C. albicans als3A/A null mutant was tested in the mouse
model of disseminated infection. Consistent with the results of
Cleary et al. (12), we found that the survival of mice infected with
the als3A/A mutant was virtually identical to that of mice infected
with the wild-type or als3A/A+ALS3 complemented strains (see
Fig. S1 in the supplemental material). Thus, any contribution of
Als3 to C. albicans virulence in this infection model was not de-
tectable, possibly because the absence of Als3 was masked by the
presence of other adhesins and/or invasins.

C. glabrata expressed Als3 in a functional manner. We there-
fore sought to investigate the function of C. albicans Als3 in C.
glabrata, which lacks a close ortholog of ALS3. C. albicans ALS3
was cloned into plasmid pGRB2.2, in which the gene was ex-
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FIG 1 C. albicans Als3 is expressed on the surfaces of C. glabrata in a functional manner. (A) Flow cytometric analysis of C. glabrata expressing Als3 (Cg-Als3)
or the wild-type control strain (Cg-control) after the organisms were stained with an anti-Als3 antibody. The histogram shows the results of analysis of 10,000
cells per strain. (B) Expression of Als3 in C. glabrata results in increased adherence to and endocytosis by endothelial cells in vitro. HUVECs were incubated with
the indicated strains of C. glabrata for 90 min, after which the numbers of endocytosed and cell-associated organisms were determined using a differential
fluorescence assay. Results are the means = standard deviations of 3 experiments, each performed in triplicate. *, P < 0.001 versus Cg-control. HPF, high-power
field. (C) Growth rate of the indicated strains of C. glabrata in minimal medium. Data are representative results of one of two independent experiments.

pressed under the control of the constitutive PGK1 promoter (17).
This plasmid was introduced into C. glabrata BG14 to create strain
Cg-Als3. First, we used flow cytometric analysis of cells labeled
with a polyclonal anti-Als3 antibody to verify that Als3 was ex-
pressed on the cell surface of this strain. As expected, virtually all
cells of strain Cg-Als3 had strong surface expression of Als3,
whereas strain Cg-control, which contained only the backbone
vector, did not (Fig. 1A).

Next, to confirm that Als3 was functional when expressed in C.
glabrata, we tested the interactions of strain Cg-Als3 with
HUVECs in vitro. We found that the number of organisms that
were associated with these endothelial cells (adherent plus endo-
cytosed organisms) was 11-fold greater for strain Cg-Als3 than
strain Cg-control (Fig. 1B). In addition, 21-fold more organisms
of strain Cg-Als3 were endocytosed by these endothelial cells. Col-
lectively, these data indicate that the adherence and invasion func-
tions of Als3 were maintained when it was heterologously ex-
pressed in C. glabrata.

In addition, to investigate the effects of Als3 expression on the
growth of C. glabrata, we analyzed the growth of the two strains in
liquid culture. Strain Cg-Als3 grew slightly more slowly than
strain Cg-control (Fig. 1C), likely due to the metabolic or fitness
cost of expressing a foreign protein.

Expression of Als3 resulted in increased fungal trafficking to
the brain and induction of an enhanced inflammatory response.
Next, we investigated the effects of expression of Als3 in the mouse
model of disseminated C. glabrata infection. Although each
mouse was inoculated with 5 X 10”7 C. glabrata cells, none of the
animals infected with either strain exhibited signs of illness, and
none died during the 14-day observation period.

C. glabrata induced a different pattern of infection in each
organ that was studied. For example, the liver fungal burden of
mice infected with strain Cg-control was very high at day 1 and
declined progressively over time (see Fig. S2 in the supplemental
material). Moreover, the liver fungal burden of mice infected with
Cg-Als3 was similar to that of mice infected with Cg-control at all
3 time points. In contrast, we found that the brain fungal burden
of mice infected with Cg-control increased from day 1 to day 7 and
then decreased on day 14 (Fig. 2A). Importantly, after 1 and 7 days
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of infection, mice infected with strain Cg-Als3 had a statistically
significant, 3-fold increase in brain fungal burden compared to
mice infected with Cg-control. However, by day 14, this difference
had disappeared. The increased brain fungal burden induced by
Cg-Als3 at days 1 and 7 was highly reproducible, as it was seen in
3 independent experiments. Elevated brain fungal burden in mice
infected with strain Cg-Als3 was also evident on histopathologic
analysis. Whereas only a few organisms of strain Cg-control were
visible scattered throughout the brain, strain Cg-Als3 was ob-
served to form microcolonies that contained numerous organ-
isms (Fig. 2B and C). Thus, expression of Als3 in C. glabrata leads
to increased trafficking to the brain.

To verify that strain Cg-Als3 actually expressed Als3 in vivo, we
stained thin sections of the brains of the infected mice with an
anti-Als3 antibody. As expected, this antibody stained the Cg-
control strain very weakly (Fig. 2C). In contrast, the anti-Als3
antibody stained most cells of strain Cg-Als3, although with vary-
ing intensities on different cells.

Next, we investigated whether the increased brain fungal bur-
den of mice infected with strain Cg-Als3 was associated with an
altered inflammatory response. After 7 and 14 days of infection,
the brain MPO content, a marker of host phagocyte accumula-
tion, was approximately 2-fold higher in the mice infected with
Cg-Als3 than in those infected with Cg-control (Fig. 3A). Consis-
tent with these results, the brain TNF, MCP-1, and IFN-v levels
were also significantly higher in mice infected with Cg-Als3 (Fig.
3B to D). There was no difference in the brain IL-6 or IL-12 levels
in mice infected with either strain, and IL-10 levels were undetect-
able (data not shown). Collectively, these data demonstrate that
by 7 days of infection, the increased brain fungal burden of mice
infected with Cg-Als3 stimulated a stronger local inflammatory
response. It is probable that by day 14 this response, in turn,
caused the brain fungal burden to decrease.

The endothelial cells that line the blood vessels of the brain
express unique proteins such as gp96 on their surface, whereas the
endothelial cells that line other blood vessels do not (29). Further-
more, we have found previously that C. albicans Als3 binds to gp96
on brain endothelial cells (20). Therefore, we investigated the in-
teractions of Cg-Als3 with HBMECs in vitro. We found that com-
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FIG 2 Mice infected with Cg-Als3 had increased brain fungal burdens. (A) Mice were infected intravenously with the indicated strains of C. glabrata and then
sacrificed at the indicated times for brain fungal burden determination. Results are the medians * interquartile ranges of 3 experiments, each consisting of 8 mice
per strain of C. glabrata. *, P < 0.002 versus Cg-control. (B) Histopathology of the brains of mice infected for 7 days with the indicated strains of C. glabrata. Brain
sections were stained with Gomori methenamine silver, and arrows indicate the organisms. Scale bar indicates 20 wm. (C) Expression of Als3 in vivo. Thin
sections of the brains obtained after 7 days of infection were stained with an anti-Als3 antibody (red) and an anti-Candida antibody (green) and then imaged by

confocal microscopy. Scale bar indicates 10 pum.
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FIG 3 Infection with Cg-Als3 induced an increased inflammatory response in
the brain. Mice were infected intravenously with the indicated strains of C.
glabrata and then sacrificed at the indicated times. The levels of MPO (A), TNF
(B), MCP-1 (C), and IFN-y (D) in the brain homogenates were measured.
Results are the medians * interquartile ranges of 8 mice per strain of C.
glabrata. *, P < 0.015 versus Cg-control.
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pared to the Cg-control strain, 6-fold more organisms of Cg-Als3
were associated with these endothelial cells and 69-fold more or-
ganisms were endocytosed by these cells (Fig. 4). This enhanced
Als3-mediated adherence to and endocytosis by brain endothelial
cells is likely the reason why Cg-Als3 had increased trafficking to
the brain in vivo.

Expression of Als3 led to fungal persistence in the kidneys
without increased inflammation. The kidney fungal burden of
mice infected with the control strain of C. glabrata was high after 1
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FIG 4 Expression of Als3 in C. glabrata resulted in increased adherence to and
endocytosis by brain endothelial cells in vitro. HBMECs were incubated with
the indicated strains of C. glabrata for 180 min, after which the numbers of
endocytosed and cell-associated organisms were determined using a differen-
tial fluorescence assay. Results are the means = standard deviations of 3 ex-
periments, each performed in triplicate. *, P < 0.0001 versus Cg-control.
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FIG 5 Mice infected with Cg-Als3 had increased fungal persistence in the kidneys. (A) Mice were infected intravenously with the indicated strains of C. glabrata
and then sacrificed at the indicated times for kidney fungal burden determination. Results are the medians * interquartile ranges of 3 experiments, each

consisting of 8 mice per strain of C. glabrata. *, P < 0.03 versus Cg-control. (B

) Histopathology of the kidneys of mice infected with the indicated C. glabrata

strains for 1 day. Kidney sections were stained with Gomori methenamine silver (top row) and periodic acid-Schiff (bottom row). Arrows indicate the organisms.
Scale bar indicates 20 pm. (C) Expression of Als3 in vivo. Thin sections of the kidneys after 1 day of infection with the indicated strains were stained with an
anti-Als3 antibody (red) and anti-Candida antibody (green) and then imaged by confocal microscopy. Scale bar indicates 10 pwm.

day of infection and then progressively declined at the subsequent
time points (Fig. 5A). Although the kidney fungal burden of mice
infected with strain Cg-Als3 was similar to that of mice infected
with Cg-control after 1 and 7 days of infection, it was 9-fold higher
on day 14. These results suggest that Als3 led to persistence of
infection in the kidneys.

Histopathologic analysis of GMS-stained kidneys obtained af-
ter 1 day of infection confirmed that the renal fungal burdens of
mice infected with the Cg-control and Cg-Als3 strains were simi-
lar (Fig. 5B). However, the different strains appeared to travel to
different regions of the kidneys. Strain Cg-control caused infec-
tion in both the cortex and medulla, and 19 of 46 (41%) fungal
cells were found to be present in the renal cortex when the kidneys
of 3 mice were viewed by a blinded observer. In contrast, strain
Cg-Als3 had a distinct tropism for the renal cortex, and 42 of 63
(67%) fungal cells were visible in this region (P = 0.007 by Fisher’s
exact test). Some cells were even present in the glomeruli (Fig. 5B).
At the day 1 time point, no organisms of either strain were visible
in the collecting system. Unfortunately, as has been reported by
others (30), the numbers of organisms that were visible in the
kidney sections after 7 days of infection were too low to determine
whether the tropism of Cg-Als3 for the renal cortex persisted over
time. When the kidney sections were stained with PAS, cells of
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both C. glabrata strains were visible between the tubules and in-
duced the accumulation of a modest mononuclear cell infiltrate
(Fig. 5B). Of note, none of the organisms were observed to be
within phagocytes. Staining of the kidney sections with the anti-
Als3 antibody demonstrated that strain Cg-Als3 had strong sur-
face expression of Als3 in vivo, whereas strain Cg-control did not
(Fig. 5C).

Infection with Cg-control induced a strong initial inflamma-
tory response in the kidneys that subsequently declined (Fig. 6).
The kidneys of mice infected with this strain had high levels of
MPO, MCP-1, and IFN-y on day 1, and these levels fell progres-
sively on days 7 and 14. The kidney inflammatory response in-
duced by Cg-Als3 was very similar to that induced by Cg-control.
The only exceptions were slight but statistically significant in-
creases in MPO and IFN-vy content induced by Cg-Als3 on days 7
and 14, respectively. However, the magnitude of these increases
was small and of uncertain biological significance. The similarity
in the overall renal inflammatory response induced by strains Cg-
Als3 and Cg-control at day 14 is striking, given that there were
9-fold more organisms present in the kidneys of mice infected
with Cg-Als3 at this time point. This finding suggests that Cg-Als3
induced a markedly weaker inflammatory response in kidneys
than did Cg-control.
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FIG 6 Mice infected with Cg-Als3 and Cg-control had similar profiles of
kidney inflammatory response. Mice were infected intravenously with the in-
dicated strains of C. glabrata and then sacrificed at the indicated times. The
levels of MPO (A), TNF (B), MCP-1 (C), and IFN-vy (D) in the kidney homog-
enates were measured. Results are the medians * interquartile ranges of 8 mice
per strain of C. glabrata. *, P < 0.03 versus Cg-control.

One potential explanation for the persistence of Cg-Als3 in the
kidneys is that expression of Als3 resulted in resistance to neutro-
phil killing. To test this hypothesis, we tested the susceptibility of
both strains of C. glabrata to killing by human neutrophils. We
found that 19% = 12% fewer cells of Cg-Als3 were killed by neu-
trophils compared with the control strain (n = 9, P = 0.0008).
Thus, increased resistance to neutrophil killing may have made a
modest contribution to Als3-mediated persistence in the kidneys.
However, the relatively low accumulation of phagocytes in the
kidneys of mice infected with Cg-Als3 was probably the major
factor that enabled this strain to avoid being cleared by the host.

Expression of Als3 had negligible effects on endothelial cell
damage and stimulation in vitro. In mice with hematogenously
disseminated C. albicans infection, fungus-induced damage to
host cells and stimulation of a strong host inflammatory response
contribute to disease pathogenesis (31). In vitro, endothelial cell
invasion is necessary for C. albicans to damage these cells and
stimulate them to produce proinflammatory mediators such as
leukocyte adhesion molecules and IL-8 (3, 19, 32). Therefore, we
investigated whether strain Cg-Als3 had an increased capacity to
damage endothelial cells and stimulate them to release IL-8 in
vitro. Strain Cg-control did not cause detectable damage to
HUVECs or HBMECs, even after 16 h of infection (Fig. 7A). Al-
though the amount of endothelial cell damage (°'Cr release) in-
duced by strain Cg-Als3 was statistically greater than baseline, the
absolute amount of damage was very low and not significantly
greater than the amount of damage induced by Cg-control. As
expected, C. albicans caused much greater damage than strain Cg-
Als3 to both HUVECs and HBMECs (2, 22). These results indicate
that expression of Als3 on C. glabrata had a minimal effect on
endothelial cell damage in vitro.

The C. glabrata strains had different effects on induction of
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FIG 7 Expression of Als3 in C. glabrata had minimal effect on endothelial cell
damage and stimulation of IL-8 release. HUVECs and HBMECs were incu-
bated with Cg-control, Cg-Als3, or C. albicans for 16 h, after which the extent
of endothelial cell damage (A) and secretion of IL-8 in to the medium (B) were
determined. Results are the means * standard deviations of 3 experiments,
each performed in triplicate. *, P < 0.05 versus uninfected endothelial cells; T,
P < 0.0001 versus Cg-Als3.

IL-8 secretion by HUVECs compared to HBMECs. Both Cg-con-
trol and Cg-Als3 strains stimulated HUVEC: to secrete approxi-
mately 1.8-fold more IL-8 than was released by uninfected endo-
thelial cells (Fig. 7B). However, strain Cg-Als3 did not stimulate
significantly more IL-8 secretion than Cg-control, and both
strains stimulated less IL-8 secretion than did C. albicans. Infec-
tion of HBMECs with Cg-control actually caused a significant
decrease in IL-8 production, whereas Cg-Als3 had no effect. Fur-
thermore, C. albicans induced only a 1.2-fold increase in IL-8 se-
cretion compared to uninfected HBMECs. Collectively, these re-
sults demonstrate that expression of Als3 on C. glabrata had little
effect on the capacity of this organism to damage and stimulate
endothelial cells in vitro. Thus, it is possible that the inability of
Cg-Als3 to damage host cells and stimulate a strong proinflamma-
tory response contributed to its low virulence in mice.

DISCUSSION

By employing a heterologous expression strategy, we found that C.
albicans Als3 contributes to the pathogenesis of disseminated in-
fection in vivo. Of interest, our data indicate that Als3 mediates
pathogenicity by different mechanisms in different organs. For
example, expression of Als3 in C. glabrata resulted in increased
trafficking to the brain, but not the liver or kidneys, during dis-
seminated infection in mice. In addition, the Als3-expressing
strain had enhanced capacity to adhere to and invade HBMECs in
vitro. Although the increase in brain fungal burden of mice in-
fected with the Als3-expressing strain was relatively modest, the
results with this strain are entirely consistent with our previous
data obtained with C. albicans vps51A/A and slr1A/A mutants.
Both of these C. albicans strains have increased surface expression
of Als3, which results in enhanced tropism for the brain in the
mouse model of disseminated infection and increased invasion of
HBEMC:s in vitro (20, 22). Thus, these combined data indicate that
Als3 likely contributes to brain invasion during the initiation of
disseminated candidiasis. A potential mechanism for this neuro-
tropism is that Als3 binds to gp96, a heat shock protein that is
expressed specifically on the surfaces of brain endothelial cells.
Indeed, we have found previously that both C. albicans and a
strain of S. cerevisiae that expresses C. albicans ALS3 are avidly
endocytosed by human brain endothelial cells in a gp96-depen-
dent manner (20).
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Als3 had a different effect on fungal pathogenicity in the kid-
neys. Although expression of Als3 in C. glabrata did not affect the
total number of organisms that trafficked to the kidneys, it en-
hanced trafficking to the renal cortex. A previous detailed histo-
pathologic analysis of the kidneys of mice inoculated intrave-
nously with wild-type C. albicans demonstrated that the initial
infection is localized predominantly in the renal cortex (33). Fur-
thermore, when mice are infected with a C. albicans efglA/A
cph1A/A mutant, which does not form hyphae or express Als3, the
organisms do not infect the renal cortex but instead infect the
medulla and pelvis (34). N-cadherin and E-cadherin are host cell
receptors for Als3 (3, 4), and it has been reported that in rats,
N-cadherin is preferentially expressed in the proximal tubules,
which are in the renal cortex (35). Although the distribution of
N-cadherin expression in the kidneys of mice has not been re-
ported, E-cadherin is known to be expressed throughout the
nephron, with the exception of the glomerulus (36). Therefore, it
is possible that high level of expression of both N-cadherin and
E-cadherin in the cortex contributed to the preferential localiza-
tion of the Als3-expressinig C. glabrata.

An unexpected finding was that the Als3-expressing strain of C.
glabrata persisted in much higher numbers than the control strain
in the mouse kidney after 14 days of infection. One possible ex-
planation for this result is that cells expressing Als3 are resistant to
phagocyte killing. In support of this possibility, the Als3-express-
ing strain of C. glabrata was somewhat more resistant to being
killed by human neutrophils in vitro than the control strain. More
importantly, we found that even though the kidneys of mice in-
fected with the Als3-expressing strain contained 9-fold more or-
ganisms than mice infected with the control strain, they did not
have elevated levels of phagocytes or proinflammatory cytokines.
These data suggest that Als3 may attenuate the host inflammatory
response, either directly or indirectly.

Although C. glabrata is highly pathogenic in humans with he-
matogenously disseminated infection (37), wild-type strains gen-
erally have very low virulence in immunocompetent mice, and
they rarely cause lethality after intravenous inoculation in the ab-
sence of immunosuppression (38, 39). This property led us to use
C. glabrata as a heterologous host to study the contribution of C.
albicans Als3 to virulence. It was notable that after intravenous
inoculation into mice, even wild-type C. glabrata achieved an ini-
tial high level of infection in the brain, kidneys, and liver. Thus, the
decreased virulence of C. glabrata in mice is probably not due to a
major defect in invading the target organs. The relatively normal
tissue invasion of wild-type C. glabrata is likely one reason why
expression of Als3 increased brain fungal burden only modestly.
In addition, the slightly lower growth rate of the Als3-expressing
strain may have blunted its growth in the target organs compared
to the control strain. Furthermore, the cell-to-cell variability in
Als3 expression in vivo may have diminished the differences be-
tween the Als3-expressing and control strains of C. glabrata. Fi-
nally, the Als3-expressing strain of C. glabrata caused much less
endothelial cell damage and stimulation of IL-8 secretion in vitro
than did C. albicans. Thus, expressing Als3 in C. glabrata incom-
pletely recapitulated the virulence properties of C. albicans, which
is the likely explanation for the absence of mortality in mice in-
fected with the Als3-expressing strain. Collectively, our results are
consistent with a model that the virulence defect of C. glabrata in
mice is multifactorial and thus unlikely to be completely rescued
by the heterologous expression of a single cell surface protein.
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In summary, the data presented herein indicate that Als3 con-
tributes to trafficking to the brain and the renal cortex during
disseminated infection in mice. In addition, expression of Als3
facilitates fungal persistence in the kidneys. These results indicate
that Als3 does influence the pathogenesis of disseminated candi-
diasis in vivo, and they provide further insight into Als3 function.
These data also demonstrate the utility of C. glabrata for elucidat-
ing the virulence function of C. albicans genes.
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