
Abstract. Background: Endogenous tumor necrosis factor-
alpha (TNF-·) has a beneficial effect as an activation
mediator of host defense against infection by the fungus
Candida albicans (C. albicans). However, it is unclear whether
exogenous TNF-· has a beneficial or detrimental effect against
Candida. Materials and Methods: The direct effect of TNF-·
on CO2-induced morphological transformation of C. albicans
blastoconidia was examined in vitro and the effect of TNF-·
was determined in a mouse model of oral candidiasis. Results:
TNF-· suppressed hyphal formation from C. albicans
blastoconidia directly and dose-dependently, whereas it did not
affect the fungal budding rate at concentrations ranging from
0.01 to 10 Ìg/ml. In vivo, the oral administration of TNF-·
significantly reduced the C. albicans CFU in tongue tissues of
treated mice. Histopathologically, there was a decrease in the
number and size of C. albicans fungi in the tongue tissues.
Conclusion: Since orally administered TNF-· suppressed
fungal burden in the tongue tissue without significant
detrimental effects, TNF-· has potential as a therapeutic agent
against Candida.

Candida albicans is an opportunistic fungal pathogen found
as part of the normal microflora in the human digestive
tract. In general, innate and acquired host defense
mechanisms act in concert with resident bacterial flora such
that Candida organisms grow and survive as commensals.
However, even a slight modification of the host defense
system or host ecological environment can assist the
transformation of C. albicans into a pathogen capable of

causing infections that may be even lethal. Such a dimorphic
transformation is one of the many characteristic properties
of C. albicans associated with virulence (1). 

TNF-· is a key factor in the reduction of the pathogenic
burden of C. albicans in both normal and immunosuppressed
animals. The regulatory role of TNF-· in enhancement of
the anti-candidal function of macrophages and neutrophils
to kill C. albicans directly is well documented (2-4), but it
remains unclear whether exogenous TNF-· has a similar
beneficial role or may be detrimental in the treatment of
candidiasis.

The most common body sites showing asymptomatic
colonization by Candida are the oral cavity, rectum and
vagina. In particular, oral swabs or rinses are positive for C.
albicans in up to 40% of healthy adult subjects. Since
physiological concentrations of CO2 induce filamentation in
C. albicans by direct stimulation of adenylyl cyclase activity
(5), CO2 may be a key signal for the fungi to choose between
the expressions of environmental or virulence traits (6). This
is illustrated in clinical studies that suggest an increased
tendency for CO2 retention and an increased predisposition
for candidiasis in diabetes and during pregnancy (7, 8). Thus,
CO2-induced hyphal formation may be one of the major
underlying causes of the pathogenic burden of C. albicans in
the oral cavity.

Given this background, the effect of TNF-· on CO2-
induced morphological transformation of C. albicans was
investigated in vitro, and was also evaluated in a murine
model of oral candidiasis.

Materials and Methods

Preparation of natural human TNF-· (HuTNF-·). HuTNF-· was
prepared as described previously (9). Briefly, the human B-cell
lymphoblastoid cell line BALL-1 was stimulated with
hemagglutinating virus of Japan (HVJ) and HuTNF-· produced in
the culture media was purified to homogeneity using an anti-TNF-·
monoclonal antibody column with standard affinity chromatography
procedures. The purified HuTNF-· had a specific activity of 9x108
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U/mgØprotein and an endotoxin content below 50 pg/mg of protein.
This product is commercially available from COSMO BIO (Tokyo,
Japan).

Pathogenic microorganisms. C. albicans (NBRC 1060) was
purchased from the NITE Biological Resource Center (NBRC,
Kisarazu, Japan) and pre-cultured in Sabouraud dextrose broth
(Becton Dickinson, Franklin Lakes, NJ, USA) for 24 h at 28ÆC.
For murine infection, hyphae were induced by culture in
Sabouraud broth supplemented with 5% heat-inactivated fetal calf
serum (Moregate Biotech, Bulimba, Australia) for 18 h at 28ÆC.
Late log-phase C. albicans were harvested and 1x108 cells were
dispersed in 2ml of broth in a plastic tube (Eppendorf Co. Ltd.,
Hamburg, Germany) and centrifuged at 13,000 g for 5 min to
prepare the oral inoculum.

Direct effect of TNF-· on growth and morphological transformation
of C. albicans blastoconidia in vitro. Freshly prepared fungal
suspensions were diluted to 2.5x105 blastoconidia per ml with
Sabouraud dextrose broth (pH 5.8) supplemented with TNF-·. The
final concentration of TNF-· in the fungal suspension ranged from
0.01 to 10 Ìg/ml. These aliquots were seeded in 24-well flat-bottom
cell culture plates (Corning Inc., Corning, NY, USA), and were
incubated at 37ÆC for 3 h under a 5% CO2 atmosphere. The
increased concentration of CO2 triggers germ tube formation
during resumption of C. albicans growth (10-12). Control cells were
incubated under the same conditions but without TNF-· and the
number of C. albicans cells in the absence of TNF-· was
approximately 2.1x106 cells/ml after 3 h of culture. After the
incubation, the cells were harvested, absorbance was read at 650 nm
and viable C. albicans cells were counted based on exclusion of
methylene blue staining (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). The morphology of the organisms was examined
using a hemacytometer under an inverted light microscope. Cells
were categorized as budded (less than three jointed cells) or
hyphal, including both true hyphae (no constriction at the septa,
with walls remaining parallel throughout the hyphae and branching
perpendicular to the cell walls) and pseudohyphal, and the
percentages of organisms categorized as blastoconidia and hyphae
were determined. Statistical analysis was performed using a two-
tailed Student’s t-test.

Murine experimental oral candidiasis. Crlj:CD1 (ICR) female mice
(8 week-old) were purchased from Charles River Japan
(Yokohama, Japan) and were housed under specific pathogen-free
conditions. All animal procedures were approved by the
Institutional Animal Care and Use Committee. Experimental oral
candidiasis in mice was induced as previously described (13) with
minor modifications. Briefly, mice were immunosuppressed with
prednisolone (Shionogi Co., Ltd., Osaka, Japan) on days 1 and 3
of the C. albicans infection (i.p., 150 mg/kg body weight (BW) in
PBS). For eradication of potential bacterial competitors,
tetracycline hydrochloride at a concentration of 0.83 mg/ml (Wako
Pure Chemical Industries, Ltd.) was given ad libitum with drinking
water throughout the experiment. For infection, mice were
anesthetized with 8 mg/kg BW of chlorpromazine chloride (Wako
Pure Chemical Industries, Ltd.) and then inoculated orally by
topical application of pelletted hyphae of C. albicans recovered on
a sterile swab. The next day, the animals were divided into three
groups of five mice each: Group 1 received saline (20 Ìl) orally via

a pipette as a control, and Groups 2 and 3 received HuTNF-·
orally at doses of 0.02 and 2 Ìg/kg BW/shot, respectively; 20 Ìl of
the respective TNF-· doses were given orally via a pipette twice a
day for six consecutive days.

Quantification of C. albicans CFU in tongue tissues. Mice were
sacrificed by exsanguination under anesthesia on day 3 and 7 for
enumeration of C. albicans in excised tongue tissues. Longitudinally
half-cut tongue tissues were digested with collagenase (Amano
Enzyme Ltd., Nagoya, Japan) for 30 min at 37ÆC and serial
dilutions of the homogenate were plated on CHROMagar candida
plates (CHROMagar, Paris, France) and incubated for 48 h at
37ÆC. The number of C. albicans colonies formed on each plate
was counted and the total colony forming unit (CFU) value per
tongue was calculated. Statistical analysis was performed using an
unpaired Fisher’s PLSD test.

Histology. Seven days after topical application of C. albicans,
longitudinal half-cut tongue tissue was fixed in 10% formalin and
embedded in paraffin wax. Sections of 4 Ìm thickness were
subjected to periodic acid-Schiff (PAS) staining for histological
analysis and fungal visualization.

Results

Direct effect of TNF-· on the growth and morphological
transformation of C. albicans blastoconidia was first
determined in vitro. Whether TNF-· had a direct antifungal
effect on C. albicans in vitro. Incubation of C. albicans
blastoconidia at 37ÆC in 5% CO2 in Sabouraud dextrose
broth triggered morphological transformation in which
63.7±1.2% of the C. albicans blastoconidia transformed into
pseudohyphae or true hyphae after 3 h. In contrast, no
hyphal morphogenesis was seen at 37ÆC without supply of
additional CO2 (data not shown). TNF-· dose-dependently
suppressed C. albicans absorbance at 650 nm, as shown in
Figure 1, an effect that could be due to a decrease in the
number of C. albicans cells in the culture or in the size of
the cells due to TNF-·-mediated regulation of
morphogenesis, or both. To distinguish among these
hypotheses, the number and morphology of the cells were
determined separately using a hemacytometer under phase
contrast microscopy. Interestingly, varying concentrations of
TNF-· between 0.01 and 10 Ìg/ml did not alter the number
of cells during incubation under a 5% CO2 atmosphere
(Figure 2). On the contrary, TNF-· dose-dependently
suppressed hyphal development, consistent with the
decrease in absorbance at 650 nm (Figure 3). Phase contrast
microscopy showed a marked decrease in the number and
size of hyphal cells in the presence of 10 Ìg/ml TNF-·
(Figure 4C).

The morphology of cells in the TNF-·-treatment wells
was predominantly pseudohyphal, comprising about three
jointed cells, or short germ tubes which extended to no
longer than five times as long as a yeast cell. On the
contrary, control hyphae without TNF-· treatment formed
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long filamentous tubes that were about 5 times as long as
the germ tubes seen with TNF-· treatment (Figure 4B).
Blastoconidial cellular attachment to the culture plate,
which was not seen at the initial stage of incubation (Figure
4A), was observed after the TNF-· treatment. The
regulation of C. albicans transformation induced by TNF-·
was specifically inhibited by the addition of TNF-·
neutralizing antibody (data not shown).

Therapeutic effect of TNF-· in a mouse model of oral
candidiasis. Given the direct impact of TNF-· on the
morphogenesis of C. albicans caused by CO2, we
hypothesized that TNF-· might display a beneficial effect in
treatment of oral candidiasis and that the maximal effect of
TNF-· may occur through direct action on morphogenesis
to influence virulence and invasiveness. To examine this
hypothesis, the effect of exogenous TNF-· was examined in
mice predisposed to oral candidiasis, with the animals
treated with TNF-· orally twice a day for 6 consecutive
days. Semi-quantitative cultures of C. albicans from tongue
homogenates were prepared on day 3 and day 7 post-
infection. The CFU values per tongue recovered from
infected mice without TNF-· treatment (control group)
were 5746±1424 and 1000±208.8, on days 3 and 7,
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Figure 1. Absorbance of C. albicans culture after 3 h of incubation under
a 5% CO2 atmosphere at 37ÆC in Sabouraud dextrose broth in the
presence or absence of TNF-· (0.01-10 Ìg/ml); 2.5x105 per ml of C.
albicans blastoconidia were plated on the 24-well plate and incubated
under a 5% CO2 atmosphere. After incubation, OD650 was measured
against a blank containing the broth only. Data are shown as the mean
percentage absorbance±standard deviation (SD) of six wells. *p<0.05,
**p<0.01 compared with control (no TNF-·).

Figure 2. Growth of C. albicans cells in the presence of TNF-· (0.01-10
Ìg/ml). C. albicans blastoconidia were incubated at 37ÆC for 3 h in
Sabouraud dextrose broth with the indicated concentrations of TNF-·.
After 3 h, viable C. albicans were counted visually using a hemacytometer
under a phase contrast microscope. The C. albicans cell count is expressed
as a percentage of the control cell count (no TNF-·) and is the
mean±standard deviation (SD) of six wells.

Figure 3. Percentage of C. albicans blastoconidia morphologically
transformed in response to a 5% CO2 atmosphere in the presence of
TNF-· (0.01-10 Ìg/ml). Cells were incubated in 5% CO2 at 37ÆC for 3
h in Sabouraud dextrose broth with the indicated concentrations of
TNF-·. After 3 h, the morphology of the organisms was examined using
a hemacytometer under a phase contrast microscope. Data are shown as
the mean±standard deviation (SD) of six wells. **p<0.01 compared
with the control (no TNF-·).



respectively. Three days after infection, there was no
statistically significant difference in C. albicans CFU per
tongue between the control and TNF-· groups, although
the mean C. albicans CFU of mice receiving the higher
TNF-· dose (2 Ìg/kgBW/shot) showed a tendency to be
lower than in controls (2022±1250 CFU/tongue; p<0.3).

Administration of TNF-· for 6 days significantly reduced
the CFU per tongue, as shown in Figure 5. A strong dose-
dependent effect of TNF-· on the C. albicans CFU in
tongue tissue was observed, and the higher dose of TNF-·
gave a statistically significant reduction compared with
untreated control mice (132±20.2 vs. 1000±208.8; p<0.05).
Mice treated with the low dose of TNF-· (0.02 Ìg/kg
BW/shot) also tended to show lower CFU values compared
with the control group after 7 days, but the difference was
not statistically significant (404±46.8 CFU/tongue; p<0.2).
No significant adverse reactions, such as weight loss (Table
I) or anorexia, a symptom characteristic of TNF-induced
cachexia, was observed in mice given oral TNF-· at a
dosage up to 2 Ìg/kg BW and the serum level of HuTNF-·
in the mice determined at the time of sacrifice was also
below the ELISA detection limit (25 pg/ml) in both TNF-·-
treated groups and in the saline control group on day 3 and
7 of treatment.

Histological studies were conducted on day 7 post-
infection and representative images are shown in Figure 6.
Large hyphae that stained positively with PAS reagent were
found in the cornified layer of the oral epithelium in the
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Figure 4. Phase contrast micrographs of C. albicans cells after CO2 hyphal triggering for 3 h in the presence or absence TNF-·. (A) C. albicans cells were
predominantly in the yeast form before hyphal triggering. (B) After incubation for 3 h in a 5% CO2 atmosphere at 37ÆC without TNF-· treatment, C.
albicans transformed into the hyphal form. (C) C. albicans cells after hyphal triggering in the presence of TNF-· (10 Ìg/ml). The bar represents 50 Ìm.

Figure 5. Beneficial effect of TNF-· in a mouse model of oral candidiasis.
Mice were challenged with oral application of pelleted 108 C. albicans cells
and administration of TNF-· twice daily by pipette was started 24 h later
and continued for 6 consecutive days (p.o., 0.02 or 2 Ìg/kg BW/shot).
Control mice were administered saline (n=5 mice per group). Numbers
of viable C. albicans CFU forming single colonies isolated from mouse
tongues on day 7 are plotted as the mean±standard error of mean (SEM)
of the indicated groups. *p<0.05 for TNF-· (2 Ìg/kg BW/shot)-treated
mice versus controls.

Table I. Effect of TNF-· on body weight of mice with oral candidiasis.

Treatment Day 0 (g) Day 3 (g) Day 7 (g)

Control 28.0±0.53 21.5±0.08 25.9±0.16
TNF-· (0.02 Ìg/kg BW/shot) 27.6±0.11 21.7±0.26 26.1±0.50
TNF-· (2 Ìg/kg BW/shot) 27.6±0.20 22.4±0.16 26.8±0.35

Data expressed mean±standard error of mean (SEM) of the indicated
groups (n=5 mice per group).



tongue tissues of control mice. In contrast, mice that received
TNF-· at a dose of 2 Ìg/kg BW/shot showed a decrease in
fungal count and size in the infected tongue tissues, and the
number of infectious foci was lower in the TNF-·-treated
animals. A marked neutrophilic inflammatory response in
these foci was apparent in control mice, compared with mice
given TNF-·, and fewer intraepithelial microabscesses were
present in the oral epithelium of TNF-·-treated mice.
However, the frequency of regenerative areas in the covering
epithelium, characterized by basal keratinocyte hyperplasia
and superficial hyperkeratosis, did not differ between TNF-
· recipients and controls.

Discussion

C. albicans is a dimorphic fungus that can grow both as a
yeast and as a hypha. Transformation to the hyphal form is
required for virulence (14) and invasiveness (15) in vivo. In
this study, we examined the direct effect of TNF-· on the
growth and morphological transformation of C. albicans
blastoconidia, and evaluated the effect of exogenously
administered TNF-· in the treatment of oral candidiasis.

Our results show that TNF-· does not inhibit the C.
albicans growth rate directly, but significantly suppresses
morphological transformation of C. albicans blastoconidia

in vitro (Figures 2 and 3). This effect of TNF-· correlated
with the absorbance at 650 nm. Since co-treatment with
neutralizing anti-TNF-· antibody led to a loss of
morphological regulation, the effect appears to be a specific
activity of TNF-·. The observation that TNF-· suppressed
C. albicans hyphal development in the tongue tissue of
infected mice and overall decrease in C. albicans CFU
suggests the potential as an anti-candidal therapeutic agent.

Louie et al. previously have reported that pretreatment of
mice with anti-TNF-· antibody causes the morphology of C.
albicans to change to the hyphal form (16). However, in
contrast to our conclusions, this effect of anti-TNF-·
antibody was interpreted to be due to something other than
a direct effect of TNF-· on morphological transformation of
C. albicans, because TNF-· at the concentration found in the
serum did not show a statistically significant effect on the
regulation of C. albicans morphogenesis. However, it is
questionable whether the tissue concentration of TNF-· at
the site of fungal proliferation is reflected by the TNF-·
concentration in serum, because the large number of
infiltrating leukocytes on the infected tissue may produce
locally high levels of TNF-·. In the current study, TNF-· at
a concentration of less than 0.01 Ìg/ml did not produce
significant changes compared to controls (data not shown),
consistent with the previous results. Therefore, given that a
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Figure 6. Histological appearance of periodic acid-Schiff (PAS)-stained tongues of mice that received saline as a control (A) or TNF-· (2 Ìg/kg BW/shot)
(B). Tissues were collected from mice on day 7 of infection. Black arrowheads indicate fungal elements that were positive in PAS staining. The histological
examination showed decreases in the size and number of fungi in tongue tissues of TNF-·-treated mice. Intra-epithelial infiltration was also reduced in
the tongue tissue from TNF-·-treated mice, whereas leukocyte infiltration, mainly of neutrophils (red arrowheads), was apparent in the oral epithelium
(OE) and lamina propria (LP) of control mice. The bar represents 50 Ìm.



clear dose-response profile was observed in TNF-·-mediated
morphological regulation, locally high levels of TNF-· at the
infection site appear to be particularly important for TNF-
·-mediated regulation of fungal morphogenesis.

Since hypha is characteristically present as the invasive
and resistant form of C. albicans (17), the suppressive
effects of TNF-· on morphological transformation are
likely to be critically important in facilitating sequestration
of the infected fungus by local phagocytes. Because the
yeast and short filamentous forms of C. albicans can be
easily ingested by neutrophils and macrophages through a
variety of mechanisms, opsonic requirements ultimately
influence the antifungal effector functions of the cells. At
this stage, a second function of TNF-·, which is better
known than the direct anti-candidal effect, might become
important; this function is characterized by an augmented
oxidative burst, increased phagocytic activity and enhanced
killing of C. albicans in the presence of TNF-· (2-4).
Therefore, two TNF-·-mediated processes might
ultimately be obligate for reducing the pathogenic burden
of C. albicans in both normal and immunosuppressed
animals. Consistent with the assumption that TNF-· might
be beneficial in treatment of candidiasis, orally
administered TNF-· significantly reduced the pathogenic
burden of C. albicans as measured by pathogen CFU
values/tongue (Figure 5). The effect of exogenous TNF-·
was dose-dependent, and is consistent with previous
studies showing that endogenous TNF-· has a crucial role
in antifungal defense against C. albicans in vivo (16, 18,
19); our results show that this role was retained for
HuTNF-· in a murine candidiasis model.

In both mice and humans, two distinct TNF receptors of
55-60 kDa (TNFR-1) and 75-80 kDa (TNFR-2) have been
identified and cloned (20). There is little species specificity
between murine (Mu) TNF-· and HuTNF-· in TNFR-1-
mediated activities, whereas mTNFR-2 is only triggered by
MuTNF-· and not by HuTNF-· (21), which explains the
species specificity of, for example, several T-cell responses
to MuTNF-· (22-24). However, the TNFR-1 receptor
mediates most of the biological effects of TNF-·, including
activation of nuclear factor (NF)-κB and induction of
apoptosis, and the dominant role of TNFR-1 signaling and
only a minor role for TNFR-2 have been demonstrated in
host anti-candidal defense using TNFR-1 or TNFR-2
knockout mice (25). Similarly, the responsibility of TNFR-1
signaling in neutrophil activation has also been shown in
vitro (26). From these observations, TNFR-1-mediated
signaling pathways are likely to play an important role in the
activation of the host immune response, such as
enhancement of phagocytic activity in response to
exogenously administered TNF-·. Although the lack of data
for TNFR-2 agonists makes it difficult to assess the
contribution of TNFR-1 accurately, exogenous TNFR-2

agonists are unlikely to play a role in anti-candidal defense,
because TNFR-2 is preferentially activated by membrane-
bound TNF-· (27).

TNF-· has pleiotropic biological roles that are
concentration-dependent, and therefore the detrimental
effects of exogenous TNF-· are difficult to establish.
Experimental studies of animals exposed to a high
concentration of TNF-· for protracted periods indicate
that TNF-· is capable of causing cachexia (28), which is a
chronic syndrome that causes the afflicted host to succumb
due to weight loss and anorexia (29). In the current study,
all mice in which oral candidiasis was induced showed
significant weight loss on day 3; however, TNF-· treatment
up to 2 Ìg/kg BW neither increased nor decreased the
body weight of mice compared with untreated controls
(Table I) and the mice treated with oral TNF-· up to 2
Ìg/kg BW for 6 consecutive days did not show weight loss
at all. The low levels of serum HuTNF-· in the treated
mice might account for the absence of significant weight
loss (below the detection limit of 25 pg/ml). In addition,
oral TNF-· might not have an effect to augment
endogenous TNF-·, because the levels of serum MuTNF-
· in treated mice at day 7 were not different from
untreated controls (all less than 125 pg/ml). Theses results
were consistent with a previous study that demonstrated
TNF-·-induced cachexia was only found when serum TNF-
· reached 250 pg/ml (30). Our data also demonstrate that
histopathological evidence of tissue injuries, such as
extensive inflammation with accumulation of inflammatory
cells and associated edema, which are hallmarks of TNF-·
induced toxicity (31), was not observed in the tongue tissue
of the treated mice (Figure 6). From these observations,
we conclude that oral TNF-· at a dosage of 2 Ìg/kg BW is
beneficial for treatment of oral candidiasis and does not
cause detrimental effects.

The molecular mechanisms underlying TNF-·-induced
suppression of C. albicans morphogenesis under hyphal-
inducing conditions remain in question. One possible
hypothesis is the presence of receptors on the C. albicans
cell surface that can interact with TNF-·. TNF-· receptors
possess a heterologous but highly conserved cysteine-rich
extracellular domain (32) and a number of virus-encoded
TNF-· receptor homologs have been reported to have the
ability to bind specifically to HuTNF-· (33-36). These
receptors serve to dampen the host immune response by
compromising the antiviral effects of TNF-·. Therefore,
speculatively, the C. albicans fungus may carry a similar
receptor that can bind to and be activated or inhibited by
HuTNF-·. This possibility is also supported by the identical
intracellular signaling pathways in C. albicans and
mammalian cells: in C. albicans, the mitogen-activated
protein kinase (MAPK) pathway is one of the important
regulatory signal transduction pathways for hyphal
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development (37, 38), and MAPK is the central mediator of
TNF-· induced signaling via TNFR-1 in mammalian cells
(39). The availability of ligand-receptor interaction analysis
techniques will permit detailed studies into the molecular
mechanisms through which HuTNF-· regulates hyphal
formation of C. albicans and may also produce further
evidence for a novel receptor on C. albicans that interacts
with HuTNF-·.
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