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We examined the relationship between host survival and renal and splenic immune responses in a murine
model of hematogenously disseminated candidiasis. Male BALB/c mice were infected via tail vein injection with
wild-type C. albicans or with an isogenic, �efg1/�efg1 hypha-deficient mutant. Host survival, organ fungal bur-
den, intracellular cytokine content of splenic and kidney lymphocytes, and whole-organ cytokine profiles were
determined. Wild-type C. albicans induced type 2 splenocyte responses with both nonfatal and fatal inocula. In
the kidney, conversely, wild-type inocula causing no or low mortality induced type 1 responses and 100% fatal
inocula induced type 2 or interleukin-10 (IL-10)-dominant responses. Hypha-deficient mutant C. albicans
caused no or low mortality while inducing type 1 responses in both the spleen and kidney. To our knowledge,
this is the first demonstration that host survival during systemic infection correlates with the type of immune
response engendered in a nonlymphoid, parenchymal organ and not with the response in the spleen. Further-
more, the results provide in vivo confirmation that hyphal formation by C. albicans induces type 2 or IL-10-
dominant host responses in tissues.

Candida is the fourth most common bloodstream isolate in
the nosocomial setting (31), and the cost associated with nos-
ocomial candidemia in the United States approaches one bil-
lion dollars per year (18). Furthermore, disseminated candidi-
asis has an attributable mortality of nearly 40% overall (and
�50% in myeloablated patients) even in the face of modern
antifungal therapy (14, 21, 35). Strategies to potentiate host
defense against the fungus are likely to be efficacious for pre-
venting and/or treating this infection; hence, there has been
intense interest in elucidating the precise nature of protective
host defense mechanisms against Candida.

The paradigm of type 1 and/or type 2 immunity integrates
cell-mediated and humoral host defense (32). T-helper 1 (Th1)
cells, which secrete gamma interferon (IFN-�) but not inter-
leukin-4 (IL-4), stimulate type 1 immunity characterized by
intense phagocytic activity. Conversely, Th2 cells, which se-
crete IL-4 but not IFN-�, stimulate type 2 immunity charac-
terized by induction of high antibody titers and suppression of
phagocytic activity. It has been suggested that a type 1 immune
response is protective against both disseminated and mucocu-
taneous candidiasis, while a dominant type 2 immune response
results in increased susceptibility to disseminated disease (6,
10, 17, 28, 30). Furthermore, during Candida sepsis there is a
down-regulation of the host response to the fungus (33), sug-
gesting that T-regulatory (Treg) or Th3 cells, which predomi-
nantly secrete the immunosuppressive cytokines IL-10 and
transforming growth factor beta (TGF-�) (8, 9, 11), regulate
host immunity to high inoculum levels of Candida. This notion
is supported by data from Romani’s group, who recently re-

ported that C. albicans induces IL-10�/TGF-�� Treg cells that
mediate oral tolerance following intragastric infection (19).

Recent observations indicate that the type of immune re-
sponse generated in nonlymphoid organs may be different
from the type of simultaneous immune response generated in
secondary lymphoid organs, such as the spleen and lymph
nodes (15, 36). However, whether the type of immune re-
sponse in nonlymphoid or lymphoid organs determines the
outcome of a systemic infection remains unclear. Seminal ob-
servations by Parish in the early 1970s revealed a significant
effect of inoculum size on the generation of humoral versus
cell-mediated immunity (22, 23). Furthermore, formation of
hyphae by Candida induces antigen-presenting cells to secrete
IL-4 (5) while inhibiting IL-12 secretion (3) in vitro, which may
promote type 2 responses in vivo. Therefore, we modulated
fungal inoculum and hyphal formation to study the simulta-
neous immune polarization in the kidney and spleen and to
determine which response correlated with survival during mu-
rine disseminated candidiasis.

This work was presented in part at the 6th American Society
for Microbiology Conference on Candida and Candidiasis, Or-
lando, Florida, January 2002.

MATERIALS AND METHODS

Reagents and antibodies. All reagents were obtained from Sigma-Aldrich (St.
Louis, Mo.) unless otherwise specified. RPMI 1640 medium and phosphate-
buffered saline (PBS) were obtained from Irvine Scientific (Irvine, Calif.). Fetal
bovine serum (FBS) was purchased from Invitrogen (Carlsbad, Calif.). The
following reagents were obtained from Pharmingen (San Diego, Calif.): fluores-
cein isothiocyanate-conjugated anti-mouse CD4 (clone RM4-5) and an isotype
control (clone R35-95), phycoerythrin-conjugated anti-mouse IFN-� (clone
XMG1.2) and an isotype control (clone R-34), allophycocyanin-conjugated anti-
mouse IL-4 (clone 11B11) and an isotype control (clone R3-34), allophycocya-
nin-conjugated anti-mouse IL-10 (clone JES5-16E3) and an isotype control
(clone A95-1), and unlabeled blocking antibodies directed against each of the
above-named reagents.
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Diseases, Harbor-UCLA Research and Education Institute, 1124 W.
Carson St., Torrance, CA 90502. Phone: (310) 222-3813. Fax: (310)
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5756



Strains and culture conditions: Candida albicans. SC5314, a well-characterized
clinical isolate, was supplied by W. Fonzi (Georgetown), and CAN33, a �efg1/
�efg1 isogenic mutant, was a gift from G. Fink (Whitehead Institute). This
mutant (henceforth referred to as the hypha-deficient mutant) does not form
hyphae under most growth conditions (12), and it has been confirmed by histo-
pathology that the organism does not germinate in kidneys within the first week
during disseminated infection in BALB/c mice (B. Spellberg and S. G. Filler,
unpublished data). Both strains were grown overnight at room temperature on a
rotating drum in yeast nitrogen base broth (Difco Laboratories, Kansas City,
Mo.) containing 2% glucose, as previously described (34).

Mice and experimental protocol. For the survival experiment, eight male
BALB/c mice (weighing 25 g each) were infected via the tail vein with the
appropriate inoculum of wild-type or hypha-deficient mutant C. albicans blasto-
spores or with PBS alone (sham injection controls). For the immunology and
organ fungal-burden experiments, three mice per group were similarly infected.
At 12, 36, or 72 h or 1 week after infection, mice were sacrificed and their
kidneys, livers, and spleens were processed for tissue fungal-burden determina-
tion as described below. Immunology and organ fungal-burden experiments were
performed at least twice, and the data from all replicate experiments were
pooled. All procedures involving mice were approved by the institutional animal
use and care committee, according to the National Institutes of Health guidelines
for animal housing and care.

Tissue fungal burden. To determine the number of viable C. albicans cells at
different time points, organs were weighed, homogenized, diluted with saline,
and quantitatively cultured on Sabouraud dextrose agar at 37°C for 2 days. The
results were expressed as log CFU/gram of tissue. Prior to processing, spleens
were divided in half to allow simultaneous analysis of fungal colony counts and
intracellular cytokine staining of splenocytes, as described below.

Intracellular cytokine staining. Intracellular cytokines in splenic and renal
lymphocytes were detected by a modification of the method of Prussin and
Metcalfe (25). Spleens were homogenized with a syringe plunger, while kidney
homogenates were obtained by mincing the organ with a razor blade followed by
incubation for 45 min at 37°C in RPMI 1640 medium containing collagenase at
2 �g/ml. To obtain splenic and renal lymphocytes, organ homogenates were
passed though 70-�m-pore-size filters (Fisher), followed by red blood cell lysis
with 0.15 M ammonium chloride. The cells were then rinsed with complete
medium (RPMI 1640 medium supplemented with 50 U of penicillin/ml, 50 �g of
streptomycin/ml, 2 mM L-glutamine, 10% FBS, and 5 �M 2-mercaptoethanol)
and transferred to 6-well tissue culture plates (Falcon). Cells were stimulated for
4 h with 50 ng of phorbol myristate acetate/ml–1 �g of ionomycin/ml in the
presence of 10 �g of brefeldin A/ml. The cells were transferred to a 96-well
microtiter plate (Falcon), fixed with 2% paraformaldehyde, and permeabilized
with 0.5% saponin in the presence of 10% normal mouse serum. Subsequently,
the cells were stained for 30 min at room temperature with 10 �g of the
appropriate combination of antibodies/ml in flow cytometry buffer (PBS contain-
ing 2% FBS and 0.1% sodium azide) plus 0.5% saponin. Wells containing excess
unlabeled blocking antibody were included to confirm the specificity of antibody
binding.

Flow cytometry. Three-color flow cytometry was performed using FACSComp
software per the manufacturer’s recommendations on a FACScan instrument
calibrated with CaliBRITE beads (Becton Dickinson, San Jose, Calif.). During
data acquisition, CD4� lymphocytes were gated by concatenation of forward and
side scatter and fluorescein isothiocyanate-anti-CD4 antibody fluorescence prop-
erties. Data for each sample were acquired until 10,000 CD4� lymphocytes had
been analyzed. Th1 cells were defined as CD4� IFN�� IL-4�, and Th2 cells were
defined as CD4� IFN�� IL-4�. Results are presented as the medians � 25th and
75th quartiles of the percentages of all gated lymphocytes that were Th1 or Th2
cells. Ratios of Th1/Th2 cells were generated to determine the presence of a
polarized immune response. The immune response in uninfected mice was de-
fined as unpolarized (4, 13, 16). Hence, ratios significantly higher than those
measured in uninfected mice defined type 1 responses and ratios significantly
lower than those measured in uninfected mice defined type 2 responses.

Whole-organ cytokines. Following homogenization of each organ in 4 ml of
PBS, aliquots of liver and kidney homogenates were centrifuged, filtered though
0.45-�m-pore-size syringe-tip filters, and frozen at �70°C. Subsequently, these
homogenized organ supernatants were assayed by enzyme-linked immunosor-
bent assay (ELISA) for IL-4 and IL-10 (both from R&D Systems, Minneapolis,
Minn.) and IFN-� and TGF-� (both from BioSource International, Camarillo,
Calif.). IFN-�/IL-4 ratios were utilized to define immune polarization, and ratios
significantly higher than or lower than those in uninfected mice defined type 1 or
type 2 responses, respectively.

Statistical analysis. Differences between the results from infected and control
mice were compared using the Steel test for nonparametric multiple comparisons

(27) or the Mann-Whitney U test for nonparametric unpaired comparisons, as
appropriate. The log rank test was used to compare survival curves of mice
infected with wild-type strains of C. albicans to those of mice infected with
hypha-deficient mutant strains. Correlations were determined by the Spearman
rank sum test. P values of �0.05 were considered significant.

RESULTS

The hypha-deficient mutant strain causes diminished mor-
tality compared to wild-type C. albicans. To establish a sever-
ity-of-infection reference point against which to compare im-
munologic parameters, survival curves were determined by
infecting mice with various inocula of the wild-type or the
hypha-deficient mutant strains of C. albicans. Mice inoculated
with 5 	 105 or 105 organisms of wild-type C. albicans exhibited
100% mortality, with a median survival time of 6 or 10 days,
respectively. The hypha-deficient mutant strain caused signif-
icantly less-severe infection, with median survival times of 9
and �42 days for inocula of 5 	 105 and 105 blastospores,
respectively (P 
 0.05 for both strains compared to the wild
type). Mice infected with an inoculum of 104 wild-type C.
albicans organisms had low but measurable mortality (13% at
42 days), whereas no mice infected with an inoculum of 103

organisms died. These results defined the inoculum threshold
required for a lethal infection and confirmed that the hypha-
deficient mutant strain is significantly less virulent in vivo than
the wild-type strain (12).

Fungal colony counts in the kidney progressively increase
during fatal infection and decrease during nonfatal infection.
To further define the course of infection, organ fungal burden
was measured in kidneys, spleens, and livers. Mice infected
with the an inoculum of 104, 105, or 5 	 105 organisms of the
wild-type strain had progressive increases in kidney colony
counts over the first week following infection (Fig. 1A). Mice
infected with an inoculum of 102 or 103 organisms of the
nonfatal wild-type strain had nearly undetectable colony
counts in their kidneys at all time points beyond 12 h. In
contrast, splenic colony counts progressively declined in all
mice except those infected with the highest-level, rapidly fatal
wild-type inoculum (5 	 105 organisms). Similarly, liver colony
counts were cleared within 72 h at all inoculum levels except
that of the highest inoculum (5 	 105 organisms) (data not
shown).

To confirm its utility as a marker for disease severity, the
kidney fungal burden in mice infected with 103 or 105 organ-
isms of wild-type C. albicans was compared to that in mice
infected with hypha-deficient mutant C. albicans. In mice in-
fected with a nonlethal inoculum of 103 blastospores of either
strain (Fig. 1B), kidney colony counts were similar at both 72 h
and 1 week. At an inoculum of 105 blastospores, the kidney
fungal burdens were also similar in mice infected for 72 h with
either strain. By 1 week postinfection, however, the kidney
fungal burden was nearly 100-fold lower in mice infected with
the mutant strain than that in mice infected with the wild-type
strain. These results were concordant with the diminished le-
thality of the mutant versus the wild-type strain at this inocu-
lum level.

Wild-type C. albicans induces type 2 splenic lymphocyte re-
sponses at all inoculum levels. To determine the nature of the
immune response in infected mice, the frequencies of Th1
(CD4� IFN�� IL-4�) and Th2 (CD4� IFN�� IL-4�) cells in
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the spleen at selected time points and in response to specific
inocula were determined by intracellular cytokine staining and
flow cytometry. The Th1/Th2 cell ratio was used as an indicator
of the relative polarization of the splenic immune response in
each mouse, with the ratio seen in uninfected mice represent-
ing an unpolarized response (4, 13, 16). No significant differ-
ences were found when the splenic Th1/Th2 ratios of unin-
fected mice were compared to those of mice infected with any
inoculum of wild-type C. albicans at 12, 36, or 72 h (Table 1).
However, mice infected for 1 week with an inoculum of 102,
104, or 105 wild-type C. albicans organisms mounted significant
type 2 splenic lymphocyte responses (low Th1/Th2 ratios) com-
pared to uninfected mice (Table 1). The splenic Th1/Th2 ratio
from mice infected with an inoculum of 103 organisms trended

towards a type 2 response but was not significantly different
from that of the control (P � 0.07). The immune responses of
mice infected with an inoculum of 5 	 105 wild-type organisms
could not be profiled at 1 week, because there was 100%
mortality at this time point.

Analysis of individual splenic Th1 and Th2 frequencies was
performed to determine whether polarized responses (altered
Th1/Th2 ratios) were due to changes in Th1 or Th2 frequencies
(individually or in combination). At 1 week postinfection, the
type 2 responses (low Th1/Th2 ratio) seen in the splenic lym-
phocytes of mice infected with an inoculum of 102 or 104

wild-type C. albicans organisms were principally due to signif-
icant rises in Th2 cell levels rather than decreases in Th1 cell
levels compared to those seen in uninfected mice (Fig. 2). In
contrast, at the fatal inoculum of 105 organisms, the type 2
splenic lymphocyte response was a result of both a rise in Th2
and a fall in Th1 frequency.

Hypha-deficient mutant C. albicans induces type 1 and
unpolarized splenic lymphocyte responses at low and high
inoculum levels, respectively. Strikingly different immune re-
sponses were detected in mice infected with the hypha-defi-
cient mutant compared to those detected in mice infected with
the wild-type strain. As before, no significant polarization in
splenic lymphocytes was noted at 72 h compared to that seen
with uninfected mice (data not shown). However, after 1 week
of infection an inoculum of 103 organisms of the hypha-defi-
cient C. albicans mutant strain induced a significant type 1
splenic immune response (high Th1/Th2 ratio) compared to
those of both uninfected mice and mice infected with wild-type
C. albicans (Fig. 3A). At the higher inoculum of 105 organisms,
the hypha-deficient mutant induced an unpolarized response
which was not significantly different from that of the control
but was significantly different from the type 2 response induced
by the same inoculum of wild-type C. albicans organisms (Fig.
3A). Analysis of individual Th1 and Th2 frequencies was again
performed to discern whether polarized responses were due to
changes in Th1 or Th2 cells. After 1 week of infection, at both
inoculum levels the hypha-deficient mutant strain induced
higher frequencies of Th1 cells and lower frequencies of Th2
cells than did the wild-type C. albicans strain (Fig. 3B).

FIG. 1. Tissue fungal burden of kidneys and spleens from mice
infected via the tail vein with 1 	 102, 1 	 103, 1 	 104, 1 	 105, or 5 	
105 blastospores of wild-type C. albicans (A) or with 1 	 103 or 1 	 105

blastospores of wild-type or hypha-deficient mutant C. albicans (B).
The lower boundary of the y axis on each graph represents the limit of
detectability of quantitative colony counting for each organ (1 CFU/g
of kidney versus 2 CFU/g of spleen). Data are displayed as medians �
interquartile ranges from two to five experiments with 6 to 15 mice per
group. *, P � 0.02 by the Mann-Whitney U test compared to mice
infected with the same strain at 72 h; **, P � 0.0005 by the Mann-
Whitney U test at 1 week for mutant versus wild-type strains.

FIG. 2. Frequencies of Th1 and Th2 cells isolated from the spleens
of mice 1 week after inoculation with 102, 103, 104, or 105 wild-type C.
albicans organisms or with PBS (0). Data are displayed as medians �
interquartile ranges from three experiments with nine mice per group.
*, P 
 0.05 by the Steel test versus values for uninfected (0) mice.

TABLE 1. Splenic Th1/Th2 ratios

Inoculum
(no. of

organisms)

Median (25th quartile, 75th quartile) Th1/Th2 frequency
ratio at indicated time postinfection

12 h 36 h 72 h 1 wk

None 11 (16, 8)
102 10 (13, 8) 8 (10, 6) 8 (9, 6) 6 (7, 5)b

103 7 (8, 6) 7 (9, 5) 6 (8, 5)c 7 (8, 6)c

104 7 (11, 6) 9 (32, 5) 13 (19, 8) 6 (7, 5)b

105 9 (14, 8) 11 (20, 9) 11 (15, 10) 5 (6, 4)b

5 	 105 9 (20, 5) 10 (11, 6) 10 (12, 7)

aRatios of frequencies of Th1 to Th2 lymphocytes harvested from the spleens
of male BALB/c mice inoculated with 1 	 102, 1 	 103, 1 	 104, 1 	 105, or 5 	
105 wild-type C. albicans organisms or with PBS (None).

b P 
 0.05 versus values for uninfected mice.
c P � 0.07 versus values for uninfected mice.
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Splenic levels of IFN-� and IL-4, but not IL-10, correspond
to the frequency of intracellular cytokine detection in CD4�

lymphocytes. Whole-spleen cytokines were measured by
ELISA to determine whether splenic Th1 and Th2 frequencies
accurately corresponded to the overall splenic immune polar-
ization. Concordant with the results of splenic Th1 frequency
analysis, splenic IFN-� concentrations in mice infected with
the wild-type strain were not significantly different from those
in uninfected mice except at an inoculum of 105 organisms at
72 h and 1 week, when the concentrations of IFN-� were
decreased compared to those of the control (Fig. 4). The
splenic IL-4 levels in mice infected at all inoculum levels were
below the limit of detection at 72 h. However, after 1 week of
infection there was detectable splenic IL-4 in mice infected
with an inoculum of 104 or 105 organisms. The decreased
IFN-� and increased IL-4 levels collectively indicated that
there was an increasingly potent type 2 response at 1 week in
the spleens of mice infected with an inoculum of 104 or 105

organisms, consistent with the splenic Th1/Th2 lymphocyte
ratios observed following infection with an inoculum of 104 or
105 organisms (Table 1 and Fig. 4). Because the splenic levels
of IL-4 were below the limits of detection in both uninfected
mice and in mice infected with an inoculum of 102 or 103

organisms, it was impossible to determine whether IL-4 was
induced to levels higher than those of the control at these low
inoculum levels. Therefore, for determinations of the nature of
the splenic immune response in animals infected with an inoc-
ulum of 102 or 103 organisms, Th1/Th2 ratios were superior to
IFN-�/IL-4 ratios.

To discern the accuracy of measurements of intracellular
CD4� IL-10� splenic lymphocyte frequencies as a reflection of
splenic IL-10 production, the total splenic concentrations of
IL-10 were also determined. Surprisingly, whereas CD4� IL-

10� splenic lymphocyte frequencies did not change from those
of the control at any time point or inoculum level during
wild-type infection (data not shown), splenic IL-10 levels con-
sistently decreased over time. In the spleens of uninfected
control animals, the median (� 25th and 75th quartile) IL-10
level was 4 (� 2 and 2) ng/g of spleen, whereas at all wild-type
inoculum levels for infected animals, IL-10 levels fell below the
limit of detectability (
0.5 ng/g of spleen) at 12, 36, and 72 h
after infection (P 
 0.05 for all comparisons). Splenic IL-10
levels remained undetectable until 1 week, at which time the
levels returned to near baseline in all groups. Thus, measuring
CD4� IL-10� splenic lymphocyte frequencies did not account
for the total production of IL-10 in the spleen.

Fatal inocula of wild-type C. albicans induce type 2 or IL-
10-dominant responses in the kidney. As the kidney fungal
burden correlated with mortality, the kidney was chosen as the
nonlymphoid organ in which to assess immune polarization to
compare to that in the spleen. Given that lymphocytes com-
prise a much smaller fraction of the total cell population in the
kidney than they do in the spleen, the kidney immune response
was characterized by measuring whole-organ cytokine levels
rather than intracellular cytokine frequencies.

Surprisingly, the basal concentration of IFN-� was markedly
higher in the kidneys than the spleens of both uninfected mice
and mice infected with wild-type C. albicans (Fig. 4 and 5).
Infection with 5 	 105 wild-type organisms for 72 h signifi-
cantly suppressed renal IFN-� levels compared to those of
uninfected mice (Fig. 5). As well, the renal IFN-� concentra-
tion in mice infected for 1 week with an inoculum of 105

wild-type organisms was significantly less than in mice infected
at lower inoculum levels. At no inoculum level or time point
were renal IFN-� levels significantly higher than those of the

FIG. 3. Th1 and Th2 splenocyte responses of mice 1 week after
inoculation with 103 or 105 wild-type or hypha-deficient mutant C.
albicans organisms or with PBS (Uninfected). (A) Th1/Th2 splenocyte
ratios. (B) Frequencies of Th1 and Th2 splenocytes. Data are displayed
as medians � interquartile ranges from two experiments with six mice
per group. *, P � 0.05 versus values for uninfected mice; **, P 
 0.05
for hypha-deficient mutant versus values for wild-type strains (both
P values determined by the Steel test).

FIG. 4. Whole-organ cytokine analysis by ELISA of spleens from
mice inoculated with 1 	 102, 1 	 103, 1 	 104, 1 	 105, or 5 	 105

wild-type C. albicans organisms or with PBS (0). Whole-spleen IFN-�
and IL-4 concentrations at 72 h (A) and 1 week (B) after inoculation
are indicated. The lowest points on the y axes represent the lower
limits of detection of the ELISAs. Data are displayed as medians �
interquartile ranges from two experiments with six mice per group.
*, P 
 0.05 versus the uninfected mice; **, P 
 0.05 versus values for
uninfected mice and mice inoculated with 102, 103, or 104 organisms
(both P values determined by the Steel test).
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control mice, although the levels trended higher at 1 week at
inocula of 102, 103, and 104 organisms.

IL-4 levels remained below the limit of detection in the
kidneys of mice infected with all wild-type inocula and at all
time points except in the mice infected with 105 organisms
(Fig. 5). In these mice, renal IL-4 levels increased to the de-
tectable range after 1 week of infection. The decreased IFN-�
and increased IL-4 levels following 1 week of infection with 105

wild-type organisms indicated the presence of a type 2 re-
sponse. In contrast, mice infected for 72 h with 5 	 105 organ-
isms had a marked suppression of renal IFN-� with no detect-
able IL-4, which was suggestive of either a Treg or Th3
response due to secretion of either IL-10 or TGF-�, respec-
tively.

To determine whether an IL-10/Treg response or a TGF-�/
Th3 response was present in the kidneys of mice infected for
72 h with 5 	 105 wild-type organisms, renal IL-10 and TGF-�
concentrations were measured. Kidney IL-10 levels were un-
detectable in uninfected mice and only consistently increased
above the limit of detectability in mice infected with a 100%
fatal inoculum (Fig. 6A). In mice infected for 72 h with 5 	 105

wild-type organisms, IL-10 levels increased dramatically. As
well, following 1 week of infection with an inoculum of 105

organisms, IL-10 also increased above the level of detection
(Fig. 6B). The marked increase in IL-10 at 72 h at an inoculum
of 5 	 105 organisms was consistent with the presence of an
IL-10-dominant–Treg response in the kidney, as IFN-� was
suppressed and IL-4 was absent. Conversely, the smaller in-
crease in IL-10 at an inoculum of 105 organisms at 1 week

paralleled an increase in IL-4 and suppression of IFN-� levels,
indicating the presence of a classic type 2 response. TGF-� did
not play a role in the suppression of IFN-�, as kidney TGF-�
levels were similar in both control and uninfected animals at all
time points (data not shown).

Induction of type 2 immunity in the kidney is specifically
associated with fatal host outcome and not just with high
inocula. Pathogens at high inocula have been suggested to
induce type 2 immune responses (32), and the levels of fatal
wild-type C. albicans inocula were all higher than those of
nonfatal inocula. Therefore, to eliminate the possibility that
high inoculum levels induced type 2 renal immunity regardless
of host outcome, mice were infected with wild-type or hypha-
deficient mutant organisms at identical inocula. The renal im-
mune responses in mice infected with an inoculum of 103

organisms of either strain were indistinguishable, with similar
levels of IFN-� seen, and neither IL-4 nor IL-10 was detected
(Fig. 7A). Conversely, at an inoculum of 105 organisms, mice
infected with hypha-deficient mutant C. albicans produced
higher levels of IFN-� in their kidneys than did uninfected
mice or mice infected with wild-type C. albicans. IL-4 was not
detectable in the kidneys at any inoculum of the hypha-defi-
cient mutant but was detectable at markedly increased levels in
mice infected with the fatal inoculum of 105 wild-type C. albi-
cans bacteria.

To assess the overall type 1-type 2 response to wild-type and
hypha-deficient mutant strains at an inoculum level of 105

organisms, whole-kidney IFN-�/IL-4 ratios were determined.
Infection with the hypha-deficient mutant strain caused a sig-
nificant type 1 response (high IFN-�/IL-4 ratio) relative to
those seen with mice infected with the wild-type strain and with
uninfected mice (Fig. 7B). In contrast, the wild-type strain
caused a type 2 response (low IFN-�/IL-4 ratio) relative to that
seen with the uninfected mice. Thus, at the same inoculum of
105 organisms, the mutant and wild-type strains induced dis-
parate renal immune responses.

FIG. 5. Whole-organ IFN-� and IL-4 analysis by ELISA of kidneys
from mice inoculated with 1 	 102, 1 	 103, 1 	 104, 1 	 105, or 5 	
105 wild-type C. albicans organisms or with PBS (0). Kidneys were
harvested at 72 h (A) or 1 week (B) after infection. The lowest points
on the y axes represent the lower limits of detection of the ELISAs.
Data are displayed as medians � interquartile ranges from two exper-
iments with six mice per group. *, P 
 0.05 versus values for uninfected
mice; **, P 
 0.05 versus values for mice inoculated with 102, 103, or
104 organisms per mouse (both P values determined by the Steel test).

FIG. 6. Whole-organ IL-10 analysis by ELISA of kidneys from
mice inoculated with 1 	 102, 1 	 103, 1 	 104, 1 	 105, or 5 	 105

wild-type C. albicans organisms or with PBS (0). The lowest points on
the y axes represent the lower limits of detection of the ELISA. Data
are displayed as medians � interquartile ranges from two experiments
with six mice per group. *, P 
 0.05 by the Steel test versus values for
uninfected mice.
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IL-10 was undetectable in the kidneys of mice infected with
the hypha-deficient mutant at either inoculum level (Fig. 7). In
contrast, wild-type C. albicans again induced a marked stimu-
lation of IL-10 production at the fatal inoculum level of 105

organisms compared to the results seen with uninfected mice
and mice infected with the hypha-deficient mutant. The IFN-
�/IL-10 ratios seen in the kidneys of mice infected for 1 week
with 105 organisms paralleled the IFN-�/IL-4 ratios, indicating
the presence of a type 2 response (low IFN-� and high IL-4 and
IL-10 levels).

The nature of the immune response in the kidney, but not
the spleen, correlates with survival. To correlate organ-specific
immune responses with outcome from infection, splenic Th1/
Th2 and renal IFN-�/IL-4 ratios for infected animals were
normalized to the unpolarized ratios measured in uninfected
control animals, generating a quantitative assessment of the
degree of organ-specific immune polarization. Normalization
of the ratios for infected animals to those measured for the
control animals from each experiment allowed comparison of
the ratios across different experiments. Normalized ratios of
�1 indicated the presence of a type 1 response in infected
animals, while normalized ratios of 
1 indicated the presence
of a type 2 response. The normalized ratios were compared to
the survival results for mice infected at each inoculum level.
The presence of a type 1 response in the kidney (normalized
Th1/Th2 ratio of �1) significantly correlated with prolonged
survival (P 
 0.001) (Fig. 8) compared to survival with the
presence of a type 2 renal response. In contrast, the nature of
the splenic immune response did not correlate with survival (P
� 0.1) (Fig. 8).

Renal cytokine levels do not correspond to the frequency of
renal lymphocytes expressing the cytokines. To assess the pos-
sibility that CD4� lymphocytes recruited into the kidney pro-
duced the detected renal cytokines, mice were infected with
105 wild-type or hypha-deficient mutant C. albicans organisms
and the frequencies of renal Th1 and Th2 cells were deter-
mined. Contrary to the results from whole-organ cytokine anal-
ysis, the frequency of Th1 cells in the kidneys of mice infected
with wild-type C. albicans trended higher than the frequency in
the kidneys of uninfected mice (median [� 25th and 75th
quartile] � 15% [� 3 and 3%] versus 7% [� 1 and 2%]; P �
0.053) and was not significantly different from the frequency in
mice infected with the hypha-deficient mutant (20% [� 4 and
6%]). Furthermore, the frequencies of Th2 cells in the kidneys
of mice infected with both wild-type (0.7% [� 0.1 and 0.1%])
and hypha-deficient mutant (0.6% [� 0.2 and 0.4%]) C. albi-
cans strains were little changed from the frequency in unin-
fected mice (0.6% [� 0.1 and 0.3%]). As a result, the renal
Th1/Th2 ratio measured during wild-type infection trended
higher than the ratio for uninfected mice (25 [� 8 and 7] versus
12 [� 1 and 2]; P � 0.07) and was not significantly different
from the ratio measured during infection with the hypha-defi-
cient mutant strain (41 [� 11 and 28]). As well, the frequencies
of CD4� IL-10� lymphocytes harvested from the kidneys were
not significantly different between mice infected with wild-type
or hypha-deficient mutant C. albicans (4% [� 1 and 2%] versus
4% [� 1 and 1%]). Hence, the frequencies of CD4� IFN-��,
CD4� IL-4�, and CD4� IL-10� lymphocytes in the kidney
were not reflective of the overall renal levels of these cytokines.

FIG. 7. (A) Whole-organ IFN-�, IL-4, and IL-10 analysis by ELISA
of kidneys from mice inoculated 1 week earlier with 103 or 105 wild-
type or hypha-deficient mutant C. albicans organisms or with PBS (0).
The lowest points on the y axes represent the lower limits of detection
of the ELISAs. (B) Ratio of total IFN-� to total IL-4 and IL-10. For
organs in which IL-4 or IL-10 levels were undetectable, ratios were
calculated using the lower limits of the IL-4 and IL-10 ELISA standard
curves. Data are displayed as medians � interquartile ranges from two
experiments with six mice per group. *, P 
 0.05 versus values for
uninfected mice; **, P 
 0.05 for values for the hypha-deficient mutant
versus values for wild-type stains (both P values determined by the
Steel test).

FIG. 8. Normalized kidney IFN-�/IL-4 (A) and splenic Th1/Th2
(B) ratios compared to survival durations of 42 infected mice (8 per
group). Normalized ratios of 
1 indicate the presence of a type 2
response, and ratios of �1 indicate the presence of a type 1 response.
The Th1/Th2 ratios were measured at 72 h postinfection for inocula of
5 	 105 organisms and at 1 week postinfection for other inoculum
levels. (A) P 
 0.001 and rho � 0.7 (determined by Spearman rank
sum test). (B) P � 0.1 and rho � 0.2 (determined by Spearman rank
sum test).
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DISCUSSION

We report a striking difference between the profiles of im-
mune responses in the spleen and kidney during murine dis-
seminated candidiasis. Infection with wild-type C. albicans in-
duced type 2 immunity in the spleen at both a low inoculum
that resulted in 100% survival and a high inoculum that caused
100% mortality. Hence, the splenic immune response did not
vary with survival of the host. In contrast, the nature of the
kidney immune response correlated with the outcome of in-
fection. Wild-type inocula that caused 100% fatal infection
with short median survival times induced either a type 2 or an
IL-10-dominant, generalized suppressive response in the kid-
ney. Conversely, inocula causing low or no mortality induced
high renal IFN-� levels and undetectable IL-4 levels indicative
of type 1 responses.

It has been suggested that infection with inocula at high
levels preferentially induces type 2 immune polarization (32).
A possible confounding correlation of renal type 2 immune
response with high fungal inoculum levels was excluded by
comparing the renal immune responses during infection with
inocula of the wild-type and hypha-deficient mutant strains at
the same high level (105 organisms). After 1 week the mutant
strain, which caused low mortality, induced a significant type 1
response (high IFN-�/IL-4 ratio) in the kidney relative to the
results seen for mice with wild-type infections and for unin-
fected mice. In contrast, the wild-type strain, which caused
100% fatal infection, induced a type 2 response (low IFN-�/
IL-4 ratio) in the kidney. Thus, infections with mutant and
wild-type strains at identical inoculum levels of 105 organisms
induced disparate renal immune responses, indicating that a
type 2 immune response in the kidney, rather than a higher
inoculum level, correlated with higher mortality. We believe
that this is the first report indicating that it is the nature of the
immune response in a nonlymphoid, parenchymal organ, and
not that in the spleen, that predicts survival during systemic
infection. These results suggest that examination of the host
response during systemic infection should focus on the local
immune responses in target organs rather than the responses
in the spleen.

In similarity to the findings of Lo et al. (12), the isogenic,
hypha-deficient mutant strain of C. albicans was attenuated in
virulence compared to its parent wild-type strain, as evidenced
by a lower renal fungal burden at 1 week and significantly
reduced mortality. Homogenization of tissues containing ex-
tensive hyphae may kill the fungus by rupturing long hyphal
strands, possibly leading to underestimation of the organ fun-
gal burden of hyphal-forming wild-type C. albicans. Neverthe-
less, even with this possible underestimation, the organ fungal
burdens of mice infected with wild-type C. albicans were sig-
nificantly higher than those of mice infected with the hypha-
deficient mutant. Hence, any underestimation of the wild-type
organ fungal burden would further increase the detected dif-
ference, underscoring the higher virulence of the wild-type
strain than that of the mutant strain.

The hypha-deficient mutant strain induced type 1 immune
responses in the spleen and kidney for both uninfected mice
and mice infected with wild-type C. albicans. These results
reinforce the concept that type 1 immunity, which stimulates
phagocytic activity, enhances host defense against C. albicans

(28, 32). As well, the results suggest that one mechanism by
which hypha formation acts as a virulence factor is the sup-
pression of endogenous type 1 immunity and induction of a
nonprotective type 2 host response. As thoroughly reviewed by
Romani et al. (29), seminal work by her group has established
that in vitro, C. albicans hyphae induce antigen-presenting cells
to secrete a profile of cytokines favoring type 2 immune induc-
tion (5). Our study provides in vivo confirmation of this finding.
The exact mechanism by which hyphae induce type 2 immunity
is not clear but may be due to induction of type 2 cytokines
(such as IL-4 and IL-10) during damage to host cells, to in-
duction of “frustrated phagocytosis” in host leukocytes, or to
recognition of hyphal constituents by a theoretical host recep-
tor that induces a type 2 response (33).

Mice infected with inocula at the rapidly fatal level of 5 	
105 organisms exhibited a generalized regulatory (or suppres-
sive) response indicated by the presence in kidneys of high
levels of IL-10, decreased IFN-� levels, and an absence of IL-4.
Because Treg cells secreting IL-10 and TGF-� have been re-
ported to regulate immunity during intragastric murine candi-
diasis (19), we explored the possibility that the rapidly fatal
intravenous inoculum of 5 	 105 C. albicans organisms induced
a Treg or Th3 response. However, we found no evidence that
differences in recruitment of IL-10� CD4� lymphocytes ac-
counted for the increase in total IL-10 levels seen in the kid-
neys of mice infected with wild-type C. albicans. Furthermore,
TGF-� levels in the kidney and spleen were not significantly
altered by C. albicans infection. Hence, we found no evidence
of a Treg or Th3 response in this model. Differing routes of
infection (intragastric versus intravenous) likely account for
the finding of Treg cells in the study by Montagnoli et al. (19)
and for the lack of detection of such cells in the model used in
the present study.

Given the reports describing IL-10 production by renal ep-
ithelial cells (1, 20, 26) and the absence of leukocytes in the
kidney during the first 12 h of disseminated candidiasis (2), it
is possible that renal parenchymal cells, and not influxing leu-
kocytes, produced the bulk of the IL-10 during fatal wild-type
infection. This renal IL-10 might be induced by the tissue
damage caused by wild-type C. albicans (7, 20). The hypha-
deficient mutant strain is defective in its ability to injure host
cells in vitro (12, 24), and it is therefore likely that this mutant
strain causes less damage to the renal parenchyma and is a
weaker stimulus for IL-10 production than the wild-type strain.
For two reasons, it is unlikely that the cytokines detected in the
kidney were of serum origin. First, if the majority of the cyto-
kines detected in the whole-organ analysis were of serum ori-
gin, similar profiles would have been detected in the kidney
and in the highly vascularized spleen. Furthermore, investiga-
tors have found that serum levels of inflammatory cytokines
are low during lethal disseminated candidiasis (2, 33).

The lack of concordance between whole-kidney cytokine
levels of IFN-� and IL-4 and the frequencies of Th1 and Th2
cells isolated from the kidney suggested that cells other than
CD4� lymphocytes were producing the bulk of the cytokines
measured in the kidneys. In support of this possibility, the
frequency of Th2 cells did not increase in the kidneys of mice
infected with 105 wild-type C. albicans organisms and the level
of IL-4 in the kidney increased significantly. As well, extremely
low absolute numbers of Th1 lymphocytes were harvested from
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the whole kidneys of uninfected mice (median, 20 cells/kidney;
interquartile range, 16 to 25 cells/kidney). These few lympho-
cytes were unlikely to be the source of the high basal level of
IFN-� present in these kidneys. Finally, the frequencies of
CD4� IL-10� lymphocytes were not significantly different in
the kidneys of mice infected with wild-type versus hypha-defi-
cient mutant C. albicans. These results are in contrast to the
marked increase in IL-10 levels seen in whole-kidney cytokine
analysis of mice infected with the wild-type strain but not with
the mutant strain. In aggregate, these data support the notion
that cells other than CD4� lymphocytes synthesize the major-
ity of the IFN-�, IL-4, and IL-10 in the kidney.

As both the spleen and kidney are infected in this model of
murine disseminated candidiasis, it is not clear why such dis-
parate immune responses are mounted in these two organs.
The possibility that Th1 cells are selectively depleted from the
spleen by recruitment to the site of infection in the kidney is
not supported by the increase in Th1 cells seen in both the
spleens and kidneys of mice infected with 105 organisms of the
hypha-deficient mutant strain. Alternatively, it may be that
renal microenvironments are more prone than splenic micro-
environments to the induction of type 1 responses. The pres-
ence of a level of IFN-� in the kidneys of both uninfected and
infected mice higher than that detected in the spleens supports
this notion. Regardless, clearance of C. albicans from the kid-
ney correlated with the presence of a type 1 or unpolarized
local immune response. In contrast, clearance of the organism
from the spleen occurred even in the presence of a type 2
response, likely due to the extraordinary density of phagocytes
in the spleen. However, in the presence of an IL-10-dominant,
generalized suppressive response, clearance of the organism
was inhibited despite this high density of phagocytes.

In conclusion, an isogenic, hypha-deficient mutant strain of
C. albicans is significantly less virulent than its wild-type parent
strain. During in vivo infection, the mutant strain induces type
1 immunity in the spleen and kidney relative to the wild-type
strain, suggesting that hypha formation contributes to C. albi-
cans virulence by inducing nonprotective type 2 immunity that
results in an ineffectual host response to the organism. The
wild-type organism induced type 2 immunity in the spleen
irrespective of host survival, indicating that the type of immune
polarization in the spleen did not correlate with host survival.
Conversely, the nature of immune polarization in the kidney
did correlate with host survival, with IFN-�-dominant, type 1
responses seen during infection causing no or low mortality
and type 2 or IL-10-dominant responses seen during 100%
fatal infection. Thus, in this model of systemic infection, the
nature of immune polarization in a key, parenchymal target
organ correlated with survival, while the nature of the immune
polarization in the spleen did not.
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