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Voriconazole (VRC) has activity against Aspergillus fumigatus, the most frequent cause of invasive aspergil-
losis in immunocompromised patients. The combination of VRC and A. fumigatus hyphae induced a more
pronounced profile of expression of genes encoding inflammatory molecules in human monocytes than As-
pergillus alone did. Herein, we provide further evidence of the potential mechanism underlying this immuno-
modulatory effect of VRC on human monocytes in response to A. fumigatus hyphae. A significant additive
antifungal effect was shown when VRC was combined with monocytes against A. fumigatus hyphae. Both A.
fumigatus hyphae and VRC induced pronounced profiles of mRNA and protein expression of Toll-like receptor
2 (TLR2) as well as tumor necrosis factor alpha (TNF-�) in THP-1 monocytic cells compared to untreated
cells. The VRC-induced increase was greater than that induced by hyphae. The combination of VRC and
hyphae increased mRNA and protein expression of TLR2 and TNF-� to even higher levels than did either VRC
or hyphae alone. In contrast, TLR4 expression, both at the mRNA and protein levels, was not increased by
either VRC or hyphae or their combination. In addition, significantly more NF-�B was translocated to the
nuclei of THP-1 cells treated with VRC than untreated cells. While VRC induced more NF-�B than hyphae did,
treatment with the combination of the two factors induced the greatest NF-�B expression. The pronounced
profile of TLR2 signaling, TNF-� expression, and NF-�B activation in the presence of VRC suggests an
immunomodulatory effect leading to a more efficient response to A. fumigatus.

Invasive aspergillosis (IA) is a major threat in immunocom-
promised patients (1, 35, 36). The initial host defense against
IA comes predominantly from the phagocytic cell population
of the innate immune system, of which monocytes (MNC) are
an important component (26). Phagocytes are activated by a
set of pattern recognition receptors that recognize pathogen-
associated molecular patterns of the fungus and trigger expres-
sion of cytokines, which modulate the host antifungal defense
system (5, 24). More specifically, membrane-bound Toll-like
receptors (TLRs) have been shown to recognize cell surface
components of Aspergillus fumigatus and initiate a series of
cellular events leading to NF-�B activation and nuclear trans-
location. This sets off the production of proinflammatory cy-
tokines, chemokines, and immunoregulatory molecules for the
recruitment of additional Th1 and Th2 cell populations (33). In
particular, Toll-like receptor 2 (TLR2) and TLR4 have been
shown to be variably involved in activation of the innate im-
mune response after challenge of macrophages as well as neu-
trophils with A. fumigatus (2, 5, 20).

Voriconazole (VRC) is an antifungal triazole active against
medically important fungi causing infections in immunocom-
promised patients (11). In particular, it has been found to be
efficacious against IA, improving the overall survival of the
patients (15). VRC either alone or combined with phagocytes

has variable effects in inhibiting fungal growth (19, 31). We
hypothesized that VRC also has direct immunomodulatory
effects. We found that in combination with VRC, A. fumigatus
hyphae induce a more pronounced profile of gene expression
in the THP-1 human monocytic cell line than the hyphae alone,
potentially leading to a more efficient host resistance to this
fungus (30), which supports this hypothesis.

In order to understand the possible mechanisms underlying
these immunomodulatory properties, we studied the interac-
tion of VRC and MNC in response to A. fumigatus by evalu-
ation of hyphal damage as well as mRNA and protein expres-
sion patterns of TLR2, TLR4, and tumor necrosis factor alpha
(TNF-�) and nuclear translocation of NF-�B.

MATERIALS AND METHODS

Cell culture. The THP-1 monocytic cell line (ATCC TIB202; American Type
Culture Collection [ATCC], Manassas, VA) was grown in a humidified CO2

incubator at 37°C in RPMI 1640 medium supplemented with 10% heat-inacti-
vated fetal calf serum, glutamine, 100 U/ml penicillin, and 100 �g/ml streptomy-
cin (FCM) (Gibco BRL, Life Technologies Ltd., Paisley, Scotland). The THP-1
cell line has been previously used as a readily available source of physiologically
robust monocytes/macrophages as evidenced by expression of cytokines, differ-
entiation, and phagocytosis (3, 18). A 6-hour incubation was used for expression
of cytokines as described previously (30). THP-1 cells were adjusted to a con-
centration of 1 � 106 cells/ml and placed into the wells of 12-well culture plates.
The cells were incubated with 10 ng/ml phorbol myristate acetate at 37°C for 6 h.
Cells were then washed once with Hanks’ balanced salt solution (HBSS) without
Ca2� and Mg2� (Gibco BRL) and incubated with FCM at 37°C for 22 h prior to
incubation with hyphae at an effector cell/hyphae (E/T) ratio of 10:1 either alone
or with 0.5 �g/ml VRC at 37°C with 5% CO2 for 6 h.

* Corresponding author. Mailing address: Pediatric Oncology Branch, Na-
tional Cancer Institute, Bldg. 10, CRC 1-5750, Bethesda, MD 20892. Phone:
(301) 402-0023. Fax: (301) 480-2308. E-mail: walsht@mail.nih.gov.
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Preparation of human monocyte-enriched mononuclear leukocytes. MNC
were obtained from blood samples from healthy adult volunteers and separated
by centrifugation over Ficoll as previously described in detail (27). The cells were
washed and resuspended in HBSS without Ca2� and Mg2�. MNC were adjusted
to a concentration of 1 � 106 cells/ml with FCM. Monocyte-enriched cell pop-
ulations were obtained from mononuclear leukocytes by adherence on plastic
surfaces in the wells of 12-well plates during incubation in a humidified CO2

incubator at 37°C for 2 h (27). After this incubation, the cells were washed with
warm HBSS without Ca2� and Mg2� and incubated in fresh FCM at 37°C for
22 h prior to any treatment in order to avoid cell activation due to handling. Cell
viability of MNC was checked by trypan blue staining. The viability of the cells
was �95% at the end of each experiment.

Drug preparation. VRC (Pfizer Inc., Groton, Conn.), a lyophilized powder,
was reconstituted in dimethyl sulfoxide, diluted with sterile water at a concen-
tration of 1 mg/ml, and stored at �30°C. According to the manufacturer (Pfizer),
the compound was endotoxin free. The working concentration of VRC tested
was either 0.1 or 0.5 �g/ml. For the functional assays, we chose to work with 0.1
�g/ml VRC as a slightly subinhibitory concentration, since the MIC50 of VRC for
various A. fumigatus clinical strains is 0.25 �g/ml (10). The higher concentration
of VRC (0.5 �g/ml) is the MIC determined for the A. fumigatus strain AF4215,
and thus, it was used in the gene expression and NF-�B nuclear detection
experiments. Furthermore, both concentrations tested are easily achievable in
the sera and tissues of most patients with IA receiving VRC (32).

Fungal growth conditions. A well-characterized A. fumigatus isolate (strain
AF4215, deposited in the ATCC as MYA 1163) recovered from a cancer patient
with invasive pulmonary aspergillosis was used in these studies. The isolate was
preserved on potato dextrose agar (PDA) (Merck Darmstadt, Germany) slants
frozen at �24°C. A. fumigatus conidia were cultured on PDA plates at 37°C for
2 days, harvested, and suspended in HBSS without Ca2� and Mg2� (Biochrom
KG, Berlin, Germany) (27). For hyphal growth, 5 � 104 conidia per ml were
suspended in yeast nitrogen base broth (YNB) (Scharlau Chemie S.A., Spain)
supplemented with 2% glucose and incubated at 37°C for 12 h.

Hyphal damage assay. Hyphal damage induced by MNC and by THP-1 cells
was assessed by a method modified from the 2,3-bis[2-methoxy-4-nitro-5-
sulfophenyl]2H-tetrazolium-5-carboxanilide (XTT) assay (23). A. fumigatus hy-
phae were generated as described above. Once the hyphal network was estab-
lished, YNB was replaced by FCM. VRC at 0.1 or 0.5 �g/ml and MNC or THP-1
cells at an E/T ratio of 10:1 or the combination of VRC and effector cells were
added at corresponding wells. After incubation at 37°C with 5% CO2 for 6 h
(THP-1) or 20 h (MNC), cells were lysed by two washes in 200 �l of H2O. Then,
150 �l of phosphate-buffered saline solution was added containing 0.25 mg/ml
XTT and 40 �g/ml coenzyme Q0 (both from Sigma). After incubation at 37°C
and 5% CO2 for 1 h, 100 �l of XTT was transferred to a new plate, and the
optical density (OD) was assessed spectrophotometrically (Anthos 2000, Aus-
tria) at a wavelength of 450 nm using a 690-nm reference filter. Antihyphal
activity was calculated according to the formula: percent hyphal damage � (1 �
X/C)100, where X is the OD of experimental wells and C is the OD of control
wells with hyphae only.

RNA isolation and reverse transcriptase PCR analysis. After the incubation of
THP-1 cells with VRC and/or A. fumigatus hyphae described above, total RNA
was extracted from THP-1 cells of each experimental condition using the nucleo-
spin total RNA isolation kit (Macherey-Nagel GmbH, Germany) according to
the manufacturer’s instructions. Total RNA (0.5 �g) was reverse transcribed by
RT/Platinum Taq mix (Invitrogen) and then amplified by 30 cycles using TLR2
(5	-TCC TCC AAT CAG GCT TCT CTG TCT T-3	 and 5	-GGA ACT GCG
AGA TAC TGA TT-3	, 637 bp), TLR4 (5	-TTT CCA GCA ACA AGA TTC
AA-3	 and 5	-CAT CAT TGG TGT GTC GGT CCT-3	, 1,371 bp) and TNF-�
(5	-CTT GTT CCT CAG CCT CTT CT-3	 and 5	-ACT CGG CAA AGT CGA
GAT AG-3	, 578 bp) primers (TIB MOLBIOL, Dahlem, Germany). A negative
control containing RNA instead of cDNA was included to rule out genomic
contamination. All PCR products were separated on 1.5% agarose gels. The
amounts of DNA on agarose gels were quantified using the UviDoc software
program (Cambridge, United Kingdom). Three independent reverse transcrip-
tase PCR experiments were performed in order to confirm the sensitivity of the
method.

Western blot analysis. The cells (5 � 106 cells per experimental condition)
were washed once with 0.5 ml of a buffer containing 10 mM HEPES (pH 7.9), 1.5
mM MgCl2, and 10 mM KCl. The cells were then lysed in the above buffer
supplemented with 1% Nonidet P-40, 0.5 mM dithiothreitol, 0.5 mM phenyl-
methylsulfonyl fluoride, 2 �g/ml aprotinin, 2 �g/ml pepstatin A, and 2 �g/ml
leupeptin. The protein concentrations of lysates were determined by the Brad-
ford protein assay (7). Twenty micrograms of total cytoplasmic protein from each
condition was suspended in 2� Laemmli buffer under reducing conditions (0.125

M Tris [pH 6.8], 4% sodium dodecyl sulfate [SDS], 20% glycerol, 10% 2-mer-
captoethanol, 2% bromophenol blue), boiled for 5 min, separated on 10%
SDS-polyacrylamide gels using 0.025 M Tris (pH 8.3), 0.192 M glycine, and 0.1%
SDS as the running buffer for 2 h at 60 mA, and transferred onto polyvinylidene
difluoride membranes (Whatman Inc., United Kingdom). Membranes were
blocked overnight at 4°C and incubated with the primary antibodies (mouse
anti-human TLR2 and TLR4; AbD Serotec GmbH, Germany) for 2 h. Horse-
radish peroxidase (HRP)-conjugated horse anti-mouse immunoglobulin G (Cell
Signaling Technology Inc., MA) was used as the secondary antibody at 1:2,000
dilution. After the membranes were washed, they were developed by using the
chemiluminescent substrate LumiGLO (Cell Signaling Technology Inc.). Three
independent experiments were performed.

Preparation of nuclear extracts and NF-�B p65 binding assay. After the
incubation of THP-1 cells with VRC and/or A. fumigatus hyphae, nuclear extracts
were prepared, and NF-�B p65 (RelA) activation was detected using the
TransAm NF-�B kit (Active Motif, Belgium) according to the manufacturer’s
instructions. Briefly, 107 THP-1 cells per experimental condition were washed
with ice cold phosphate-buffered saline containing phosphatase inhibitors (125
mM NaF, 250 mM 
-glycerophosphate, 250 mM para-nitrophenyl phosphate, 25
mM NaVO3). After centrifugation at 500 rpm and 4°C, the cell pellets were
resuspended in 0.5 ml hypotonic solution containing 20 mM HEPES (pH 7.5), 5
mM NaF, 10 �M Na2MoO4, and 0.1 mM EDTA, incubated on ice for 15 min,
and lysed by adding Nonidet P-40 to a final concentration of 0.5%. Nuclei were
pelleted (14,000 � g for 30 seconds at 4°C) and resuspended in 50 �l lysis buffer
containing 10 mM dithiothreitol and protease inhibitor cocktail (2 mM phenylmeth-
ylsulfonyl fluoride, 2 �g/ml aprotinin, 2 �g/ml pepstatin A, 2 �g/ml leupeptin).

The protein concentration was measured by the Bradford assay. Two micro-
grams of total nuclear protein per experimental condition was incubated at room
temperature for 1 h with 30 �l of binding buffer, and the NF-�B consensus
oligonucleotide (5	-GGGACTTTCC-3	) was immobilized at the bottom of a
96-well plate. After the wells were washed three times with this wash buffer,
DNA-protein complex was bound to primary NF-�B antibody (1:1,000 dilution)
and to a secondary HRP-conjugated antibody (1:1,000 dilution) for 1 h each at
room temperature. The DNA-protein complex was detected colorimetrically by
reading the absorbance of the blue color development on a spectrophotometer
set at 450 nm with a reference wavelength of 620 nm. Jurkat nuclear extract (2.5
�g) was added to additional wells as a positive control for NF-�B activation.
Twenty picomoles of competitor oligonucleotide was added to each well in
another set of control wells in order to monitor the specificity of the assay. Three
independent experiments were performed. Data are expressed in OD units.

Statistical analysis. Quadruplicate wells were used for each condition per
experiment to assess the damage induced by MNC (n � 5) on A. fumigatus
hyphae. The averages of the replicate wells of each experiment were then used
in the data analysis to calculate the mean � standard error (SE) for all the
donors at the same conditions. The statistical program Instat (GraphPad, Inc.,
San Diego, CA) was used. Parametric analysis of variance (ANOVA) with
Dunnett’s test was used for statistical comparisons between treated and un-
treated cells in all the experiments including molecular studies. A P value of
�0.05 was considered statistically significant.

RESULTS

Hyphal damage induced by VRC and MNC or by THP-1
cells. An additive effect on hyphal damage was observed when
MNC and VRC were incubated together with A. fumigatus
hyphae for 20 h compared to the effect on hyphal damage when
A. fumigatus was incubated with MNC or VRC alone (P �
0.01; Fig. 1). After a shorter coincubation time of 6 h, VRC at
0.1 �g/ml did not show any combinational effect with MNC
against A. fumigatus (data not shown).

Prior to performing a targeted analysis of TLR2 and TLR4
macrophage receptors in THP-1 cells, we studied the antifungal
activity of these cells. We observed similar antifungal activities
between MNC isolated from healthy donors and the THP-1
monocytic cell line, alone or when combined with VRC at 0.5
�g/ml following a 6-h challenge with hyphae (Fig. 2A and B).

TLR2 and TLR4 mRNA expression in THP-1 cells incu-
bated with VRC and A. fumigatus hyphae. Intracellular extracts
of THP-1 cells treated with VRC or hyphae contained in-
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creased amounts of TLR2 mRNA than untreated THP-1 cells
did. The VRC-induced increase in TLR2 mRNA was greater
than that induced by Aspergillus hyphae. The combination of
VRC and hyphae induced the highest TLR2 mRNA (Fig. 3A).
In contrast, the TLR4 mRNA levels of THP-1 cells exposed to
VRC and/or hyphae did not differ significantly from those of
untreated THP-1 cells (Fig. 3B). TNF-� exhibited a profile
similar to that of TLR2 for VRC alone or for the combination
(P � 0.01; Fig. 3C), but not for hyphae.

TLR2 and TLR4 protein expression in THP-1 cells incu-
bated with VRC and A. fumigatus hyphae. In untreated THP-1
cells, the levels of expression of TLR2 and TLR4 proteins were

almost below the detection limits of the assay. However, when
THP-1 cells were incubated with hyphae, VRC, or both, TLR2
protein showed patterns of expression corresponding to the
mRNA levels. Larger amounts of TLR2 were observed in
THP-1 cells exposed to VRC than to hyphae, while the largest
amounts were observed with the combination treatment (Fig.
4). TLR4 protein showed very weak expression with a similar
expression profile under all experimental conditions (Fig. 4).

Induction of NF-�B expression in nuclear extracts of THP-1
cells in response to VRC and hyphae. More NF-�B p65 was
present in nuclear extracts of THP-1 cells treated with VRC
than with hyphae (Fig. 5). The combination of VRC and hy-
phae induced the highest level of NF-�B protein expression
(P � 0.01).

DISCUSSION

The results of this study indicate the following. (i) VRC and
MNC have an additive antifungal effect against A. fumigatus
hyphae. (ii) VRC induces a more pronounced profile of TLR2
and TNF-� mRNA expression in THP-1 cells than hyphae do,
while the combination of VRC and hyphae increases both
mRNAs to even higher levels. (iii) TLR4 mRNA expression is
low under all experimental conditions and similar to untreated
cells. (iv) TLR2 and TLR4 protein levels correlate with the
corresponding mRNA levels. (v) More NF-�B is present in
nuclear extracts of THP-1 cells treated with VRC than with
hyphae, while the combination of VRC and hyphae induces the

FIG. 1. Percentage of hyphal damage induced by MNC in the pres-
ence or absence of VRC. Hyphae (5 � 104/ml) were incubated at an
E/T ratio of 10:1 with untreated MNC, VRC at 0.1 �g/ml, and MNC
plus VRC for 20 h. The bars represent means � SEs (error bars) for
data derived from five experiments. Combinational activities of VRC
with MNC were evaluated by repeated measures of ANOVA by Dun-
nett’s posttest for multiple comparisons. Values that were significantly
different from each other (P � 0.01) are indicated by the bars and
asterisks above the bars in the bar graph.

FIG. 2. Percent damage induced by freshly isolated human MNC
and THP-1 cell line on A. fumigatus hyphae. Hyphae (5 � 104/ml) were
incubated with differentiated MNC (A), THP-1 cells (B) at an E/T
ratio of 10:1, VRC at 0.5 �g/ml (A and B), or MNC plus VRC or
THP-1 plus VRC (A and B) for 6 h. The bars represent means � SEs
(error bars) derived from three independent experiments.

FIG. 3. TLR2 (A), TLR4 (B), and TNF-� (C) mRNA expression
after induction of THP-1 cells with VRC or A. fumigatus hyphae
(AFH). THP-1 cells (1 � 106/ml) were incubated with hyphae at an
E/T ratio of 10:1 or with VRC at 0.5 �g/ml for 6 h. The production of
TLR2, TLR4, and TNF-� mRNA was assessed in the intracellular
extracts of unchallenged THP-1 cells (None) (black bars) and after
incubation with AFH (gray bars), VRC (diagonal striped bars), and the
combination of AFH plus VRC (vertical striped bars). Data represent
means � SEs (error bars) of three independent experiments. Differ-
ences in the values for treated MNC from those of untreated MNC
were tested by ANOVA with Dunnett’s posttest for multiple compar-
isons. Values that were significantly different from the values for un-
treated MNC are indicated as follows: �, P � 0.01; †, P � 0.05.
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highest NF-�B expression. These results provide evidence that,
following challenge with hyphae, VRC enhances phagocyte
proinflammatory programs by signaling the upregulation of
TLR2, and this effect is mediated by NF-�B activation and
nuclear translocation.

After the initial proinflammatory response to A. fumigatus
associated with TLRs, phagocytes use both oxidative and non-
oxidative mechanisms in concert to damage the hyphae of A.
fumigatus (9, 29). While a number of cytokines upregulate
these antifungal phagocytic activities (12, 14, 16), antifungal
agents may assist in further damaging hyphae. Sau et al. found
that amphotericin B induces signal transduction and inflam-
matory cytokine release from cells expressing TLR2, and the
adapter protein MyD88 responds to amphotericin B with NF-
�B-dependent reporter activity and cytokine release (28a). In
addition, Bellocchio et al. found that neutrophil activation by
Aspergillus occurs through TLR signaling pathways that affect
the oxidative and nonoxidative killing mechanisms differently
by diverting signaling from TLR-2 to TLR-4 (4).

In the present study, we have provided evidence for a dif-
ferential regulation of TLR2 and TLR4 receptors in THP-1
cells in response to VRC or hyphae and have shown that
compared to hyphae, VRC induces greater amounts of TNF-�
expression, a proinflammatory cytokine associated with early
host response to A. fumigatus (21, 28). We have further found
that this event is associated with NF-�B activation.

It has previously been shown that when VRC enters human
MNC, the intracellular phagocytic capacity of these cells
against Candida spp. is enhanced (6). Our study extends the
existing knowledge on the combinational antifungal activities
of VRC with immune cells in response to Aspergillus and shows
that, even at subinhibitory concentrations (0.1 �g/ml), VRC
has an additive effect with MNC on damaging hyphae. This
finding is in agreement with the report by Vora et al. where
MNC and VRC at 0.5 �g/ml additively collaborated in inhib-
iting hyphal growth of A. fumigatus (31).

Pulmonary alveolar macrophages of TLR2 knockout mice
are less responsive to A. fumigatus and cause reduced produc-
tion of TNF-� during IA (2, 20). In comparison, Meier et al.
(22) provide evidence that both TLR2 and TLR4 are required
for an optimal response to A. fumigatus in vivo. Furthermore,
Bellochio et al. (5) demonstrate that TLR2 signaling promotes
antifungal activity of dexamethasone-treated polymorphonu-
clear leukocytes against hyphae through release of TNF-�,
while TLR4 favors oxidative pathways with participation of
interleukin 10 release. However, signaling of hyphae in MNC
has been reported by Wang et al. (34) to occur in a TLR4-
dependent manner.

Activation of most TLRs leads to the initiation of a signal
transduction cascade with final activation and nuclear translo-
cation of the transcription factor NF-�B, a key molecule for
the inducible regulation of a number of genes, which modulate
the innate immune response against invading microbes (24,
25). In this study, the subunit p65 (RelA) of the NF-�B family
was detected in nuclear extracts of either untreated THP-1
cells or THP-1 cells incubated with hyphae or VRC alone or
combined. Our results support the hypothesis that VRC in-
creases the fungicidal activity of THP-1 cells challenged with
hyphae, which is largely TLR2 dependent and is mediated by
NF-�B activation with TNF-�, a cytokine known to be induced
in macrophages after TLR2 production in experimental as-
pergillosis (2, 20, 22). Whether other azoles or other classes of
antifungal agents have similar properties is presently unknown,
but studies are under way or planned to delineate it.

In this study, the small amounts of TLR4 expression, both at
the mRNA and protein levels, suggest that TLR4 may play a
role in assisting fungal pattern recognition and ligand binding.
The data provided by Wang et al. (34), while supporting TLR4
involvement in signaling by hyphae, do not exclude a role for
TLR2 in hyphal signaling. These investigators used blocking
monoclonal anti-TLR2 and anti-TLR4 antibodies to demon-
strate partial inhibition of TNF-� released by MNC after chal-
lenge with hyphae. The weak inhibition of MNC activation
observed with both monoclonal antibodies could not rule out a
role for TLR2 in hyphal signaling or the possibility of cross-
reactivity with other TLRs. Our data also cannot exclude the

FIG. 5. NF-�B p65 gene expression in nuclear extracts of THP-1
cells is upregulated after induction of THP-1 cells with VRC or A.
fumigatus hyphae (AFH). THP-1 cells (107/experimental condition)
were incubated with hyphae at an E/T ratio of 10:1 or with VRC at 0.5
�g/ml for 6 h. Unchallenged THP-1 cells (None) (black bar) and
THP-1 cells were incubated with AFH or VRC alone and the combi-
nation of AFH plus VRC are sown. Data expressed in OD units
represent means � SEs (error bars) from three independent experi-
ments. Differences of treated MNC from untreated MNC were tested
by ANOVA by Dunnett’s posttest for multiple comparisons. Values
that were significantly different (P � 0.01) from the value for untreated
MNC are indicated by an asterisk.

FIG. 4. TLR2 and TLR4 protein expression after induction of
THP-1 cells with VRC or A. fumigatus hyphae (AFH). THP-1 cells
(1 � 106/ml) were incubated with hyphae at an E/T ratio of 10:1 or with
VRC at 0.5 �g/ml for 6 h. Equal amounts of protein samples were
electrophoresed on a 10% SDS-polyacrylamide gel followed by blot-
ting with mouse anti-human TLR2 and TLR4 monoclonal antibody.
The signal was detected with HRP-conjugated horse anti-mouse im-
munoglobulin G antibody by standard techniques. Lanes: None, un-
challenged THP-1 cells; AFH, incubation of THP-1 cells with hyphae;
VRC, incubation of THP-1 cells with VRC; AFH�VRC, incubation of
THP-1 cells with VRC and hyphae.
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possible contribution of additional receptors. For example, the
observations that dectin-1 receptor recognizes the hyphal form
of A. fumigatus and is important for reactive oxygen species
production (13) and that mannan-binding lectin receptor en-
hances uptake of A. fumigatus conidia by polymorphonuclear
leukocytes (17) suggest that additional receptors participate in
activating host defense against pathogens.

Accumulating evidence, based on in vitro and animal data,
supports a role for several TLRs in sensing A. fumigatus. Clin-
ical reports suggest that TLR gene polymorphisms are associ-
ated with invasive pulmonary aspergillosis but their involve-
ment is affected by the immunological status of the patient.
These studies support the argument that TLR2, acting as a
heterodimer either with TLR1 or TLR6, is a major component
of the host defense mechanisms against Aspergillus (8). A lim-
itation of this study is that it evaluates cells from healthy
donors, whereas aspergillosis occurs in immunocompromised
patients and especially in profoundly neutropenic patients.
However, the difficulty in obtaining large quantities of cells
from such ill patients prohibits the performance of studies in
these patients.

In conclusion, our data indicate that differential regulation
of TLR2/TLR4 receptors mediated by activation of the NF-�B
signal transduction pathway and facilitated by the presence of
VRC leads to an augmented fungicidal activity of host cells
upon challenge with hyphae. These results may lay the foun-
dation for further studies aiming to improve management of
invasive aspergillosis.

ACKNOWLEDGMENTS

This study was supported by the European Social Fund & National
Resources–EPEAEK II–ARCHIMIDIS and the intramural research
program of the National Cancer Institute, Bethesda, MD.

We thank P. Siourda for assistance with THP-1 cell line prepara-
tions.

REFERENCES

1. Almyroudis, N. G., S. M. Holland, and B. H. Segal. 2005. Invasive aspergil-
losis in primary immunodeficiencies. Med. Mycol. 43(Suppl. 1):S247–S259.

2. Balloy, V., M. Si-Tahar, O. Takeuchi, B. Philippe, M. A. Nahori, M. Tanguy,
M. Huerre, S. Akira, J. P. Latge, and M. Chignard. 2005. Involvement of
Toll-like receptor 2 in experimental invasive pulmonary aspergillosis. Infect.
Immun. 73:5420–5425.

3. Barker, K. S., T. Liu, and P. D. Rogers. 2005. Coculture of THP-1 human
mononuclear cells with Candida albicans results in pronounced changes in
host gene expression. J. Infect. Dis. 192:901–912.

4. Bellocchio, S., R. Gaziano, S. Bozza, G. Rossi, C. Montagnoli, K. Perruccio,
M. Calvitti, L. Pitzurra, and L. Romani. 2005. Liposomal amphotericin B
activates antifungal resistance with reduced toxicity by diverting Toll-like
receptor signalling from TLR-2 to TLR-4. J. Antimicrob. Chemother. 55:
214–222.

5. Bellocchio, S., S. Moretti, K. Perruccio, F. Fallarino, S. Bozza, C. Montag-
noli, P. Mosci, G. B. Lipford, L. Pitzurra, and L. Romani. 2004. TLRs govern
neutrophil activity in aspergillosis. J. Immunol. 173:7406–7415.

6. Bopp, L. H., A. L. Baltch, W. J. Ritz, P. B. Michelsen, and R. P. Smith. 2006.
Antifungal effect of voriconazole on intracellular Candida glabrata, Candida
krusei and Candida parapsilosis in human monocyte-derived macrophages.
J. Med. Microbiol. 55:865–870.

7. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248–254.

8. Chignard, M., V. Balloy, J.-M. Sallenave, and M. Si-Tahar. 2007. Role of
Toll-like receptors in lung innate defense against invasive aspergillosis. Dis-
tinct impact in immunocompetent and immunocompromised hosts. Clin.
Immunol. 124:238–243.

9. Diamond, R. D., and R. A. Clark. 1982. Damage to Aspergillus fumigatus and
Rhizopus oryzae hyphae by oxidative and nonoxidative microbicidal products
of human neutrophils in vitro. Infect. Immun. 38:487–495.

10. Diekema, D. J., S. A. Messer, R. J. Hollis, R. N. Jones, and M. A. Pfaller.

2003. Activities of caspofungin, itraconazole, posaconazole, ravuconazole,
voriconazole, and amphotericin B against 448 recent clinical isolates of
filamentous fungi. J. Clin. Microbiol. 41:3623–3626.

11. Donnelly, J. P., and B. E. De Pauw. 2004. Voriconazole—a new therapeutic
agent with an extended spectrum of antifungal activity. Clin. Microbiol.
Infect. 10(Suppl. 1):107–117.

12. Gaviria, J. M., J. A. van Burik, D. C. Dale, R. K. Root, and W. C. Liles. 1999.
Comparison of interferon-gamma, granulocyte colony-stimulating factor,
and granulocyte-macrophage colony-stimulating factor for priming leuko-
cyte-mediated hyphal damage of opportunistic fungal pathogens. J. Infect.
Dis. 179:1038–1041.

13. Gersuk, G. M., D. M. Underhill, L. Zhu, and K. A. Marr. 2006. Dectin-1 and
TLRs permit macrophages to distinguish between different Aspergillus fu-
migatus cellular states. J. Immunol. 176:3717–3724.

14. Gil-Lamaignere, C., R. M. Winn, M. Simitsopoulou, A. Maloukou, T. J.
Walsh, and E. Roilides. 2005. Interferon gamma and granulocyte-macroph-
age colony-stimulating factor augment the antifungal activity of human poly-
morphonuclear leukocytes against Scedosporium spp.: comparison with As-
pergillus spp. Med. Mycol. 43:253–260.

15. Herbrecht, R., D. W. Denning, T. F. Patterson, J. E. Bennett, R. E. Greene,
J. W. Oestmann, W. V. Kern, K. A. Marr, P. Ribaud, O. Lortholary, R.
Sylvester, R. H. Rubin, J. R. Wingard, P. Stark, C. Durand, D. Caillot, E.
Thiel, P. H. Chandrasekar, M. R. Hodges, H. T. Schlamm, P. F. Troke, and
B. de Pauw. 2002. Voriconazole versus amphotericin B for primary therapy
of invasive aspergillosis. N. Engl. J. Med. 347:408–415.

16. Johnson, C. P., C. E. Edmiston, Jr., Y. R. Zhu, M. B. Adams, A. M. Roza, and
V. Kurup. 2005. A murine model of invasive aspergillosis: variable benefit of
interferon-gamma administration under in vitro and in vivo conditions. Surg.
Infect. (Larchmont) 6:397–407.

17. Kaur, S., V. K. Gupta, S. Thiel, P. U. Sarma, and T. Madan. 2007. Protective
role of mannan-binding lectin in a murine model of invasive pulmonary
aspergillosis. Clin. Exp. Immunol. 148:382–389.

18. Lagoumintzis, G., M. Christofidou, G. Dimitracopoulos, and F. Paliogianni.
2003. Pseudomonas aeruginosa slime glycolipoprotein is a potent stimulant of
tumor necrosis factor alpha gene expression and activation of transcription
activators nuclear factor �B and activator protein 1 in human monocytes.
Infect. Immun. 71:4614–4622.

19. Lewis, R. E., N. P. Wiederhold, and M. E. Klepser. 2005. In vitro pharma-
codynamics of amphotericin B, itraconazole, and voriconazole against As-
pergillus, Fusarium, and Scedosporium spp. Antimicrob. Agents Chemother.
49:945–951.

20. Mambula, S. S., K. Sau, P. Henneke, D. T. Golenbock, and S. M. Levitz.
2002. Toll-like receptor (TLR) signaling in response to Aspergillus fumigatus.
J. Biol. Chem. 277:39320–39326.

21. Mehrad, B., R. M. Strieter, and T. J. Standiford. 1999. Role of TNF-alpha
in pulmonary host defense in murine invasive aspergillosis. J. Immunol.
162:1633–1640.

22. Meier, A., C. J. Kirschning, T. Nikolaus, H. Wagner, J. Heesemann, and F.
Ebel. 2003. Toll-like receptor (TLR) 2 and TLR4 are essential for Aspergil-
lus-induced activation of murine macrophages. Cell. Microbiol. 5:561–570.

23. Meshulam, T., S. M. Levitz, L. Christin, and R. D. Diamond. 1995. A
simplified new assay for assessment of fungal cell damage with the tetrazo-
lium dye, (2,3)-bis-(2-methoxy-4-nitro-5-sulphenyl)-(2H)-tetrazolium-5-car-
boxanilide (XTT). J. Infect. Dis. 172:1153–1156.

24. Netea, M. G., G. Ferwerda, C. A. van der Graaf, J. W. Van der Meer, and
B. J. Kullberg. 2006. Recognition of fungal pathogens by Toll-like receptors.
Curr. Pharm. Des. 12:4195–4201.

25. Rementeria, A., N. Lopez-Molina, A. Ludwig, A. B. Vivanco, J. Bikandi, J.
Ponton, and J. Garaizar. 2005. Genes and molecules involved in Aspergillus
fumigatus virulence. Rev. Iberoam. Micol. 22:1–23.

26. Rivera, A., T. Hohl, and E. G. Pamer. 2006. Immune responses to Aspergillus
fumigatus infections. Biol. Blood Marrow Transplant. 12:47–49.

27. Roilides, E., A. Dimitriadou, I. Kadiltsoglou, T. Sein, J. Karpouzas, P. A.
Pizzo, and T. J. Walsh. 1997. IL-10 exerts suppressive and enhancing effects
on antifungal activity of mononuclear phagocytes against Aspergillus fumiga-
tus. J. Immunol. 158:322–329.

28. Roilides, E., A. Dimitriadou-Georgiadou, T. Sein, I. Kadiltsoglou, and T. J.
Walsh. 1998. Tumor necrosis factor alpha enhances antifungal activities of
polymorphonuclear and mononuclear phagocytes against Aspergillus fumiga-
tus. Infect. Immun. 66:5999–6003.

28a.Sau, K., S. S. Mambula, E. Latz, P. Henneke, D. T. Golenbock, and S. M.
Levitz. 2003. The antifungal drug amphotericin B promotes inflammatory
cytokine release by a Toll-like receptor- and CD14-dependent mechanism.
J. Biol. Chem. 278:37561–37568.

29. Schaffner, A., H. Douglas, and A. Braude. 1982. Selective protection against
conidia by mononuclear and against mycelia by polymorphonuclear phago-
cytes in resistance to Aspergillus: observations on these two lines of defense
in vivo and in vitro with human and mouse phagocytes. J. Clin. Investig.
69:617–631.

30. Simitsopoulou, M., E. Roilides, C. Likartsis, J. Ioannidis, A. Orfanou, F.
Paliogianni, and T. J. Walsh. 2007. Expression of immunomodulatory genes

VOL. 52, 2008 VORICONAZOLE AND TLRs IN RESPONSE TO A. FUMIGATUS 3305

 on A
pril 2, 2012 by U

N
IV

 O
F

 IO
A

N
N

IN
A

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/


in human monocytes induced by voriconazole in the presence of Aspergillus
fumigatus. Antimicrob. Agents Chemother. 51:1048–1054.

31. Vora, S., S. Chauhan, E. Brummer, and D. A. Stevens. 1998. Activity of
voriconazole combined with neutrophils or monocytes against Aspergillus
fumigatus: effects of granulocyte colony-stimulating factor and granulocyte-
macrophage colony-stimulating factor. Antimicrob. Agents Chemother. 42:
2299–2303.

32. Walsh, T. J., M. O. Karlsson, T. Driscoll, A. G. Arguedas, P. Adamson, X.
Saez-Llorens, A. J. Vora, A. C. Arrieta, J. Blumer, I. Lutsar, P. Milligan, and
N. Wood. 2004. Pharmacokinetics and safety of intravenous voriconazole in
children after single- or multiple-dose administration. Antimicrob. Agents
Chemother. 48:2166–2172.

33. Walsh, T. J., E. Roilides, K. Cortez, S. Kottilil, J. Bailey, and C. A.

Lyman. 2005. Control, immunoregulation, and expression of innate pul-
monary host defenses against Aspergillus fumigatus. Med. Mycol. 43:S165–
S172.

34. Wang, J. E., A. Warris, E. A. Ellingsen, P. F. Jorgensen, T. H. Flo, T.
Espevik, R. Solberg, P. E. Verweij, and A. O. Aasen. 2001. Involvement of
CD14 and Toll-like receptors in activation of human monocytes by Aspergil-
lus fumigatus hyphae. Infect. Immun. 69:2402–2406.

35. Wiederhold, N. P., R. E. Lewis, and D. P. Kontoyiannis. 2003. Invasive
aspergillosis in patients with hematologic malignancies. Pharmacotherapy
23:1592–1610.

36. Zaoutis, T. E., K. Heydon, J. H. Chu, T. J. Walsh, and W. J. Steinbach. 2006.
Epidemiology, outcomes, and costs of invasive aspergillosis in immunocom-
promised children in the United States, 2000. Pediatrics 117:e711–e716.

3306 SIMITSOPOULOU ET AL. ANTIMICROB. AGENTS CHEMOTHER.

 on A
pril 2, 2012 by U

N
IV

 O
F

 IO
A

N
N

IN
A

http://aac.asm
.org/

D
ow

nloaded from
 

http://aac.asm.org/

