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Invasive aspergillosis (IA) is the most common life-threatening invasive mold infection worldwide. The
principal therapy for IA is amphotericin B, despite its known toxicity and immunosuppressive side effects.
Studies in animal models of IA suggest a role for T lymphocytes in the pathology of the disease, although the
precise role for Aspergillus-specific T cells remains undefined. The isolation and characterization of T lym-
phocytes in animal models of IA are hampered by the rapid outgrowth of the fungus in cultures derived from
infected organs. In the present study, we tested the abilities of the antifungal drugs caspofungin acetate and
voriconazole to inhibit fungal growth in vitro as a means of maintaining cultures of T cells from Aspergillus-
infected mice. We demonstrate that while both antifungal drugs are inhibitory, only voriconazole completely
inhibited fungal growth, allowing long-term maintenance of T-cell cultures. In addition, voriconazole had no
inhibitory effect on the activation and maturation of dendritic cells or the proliferation of T lymphocytes. Thus,
voriconazole appears to be a promising agent for use in in vitro studies of Aspergillus-specific T lymphocytes

in animal models of IA.

Aspergillus fumigatus causes severe invasive disease in immu-
nocompromised patients (15). Invasive aspergillosis (IA) oc-
curs as a result of immunosuppressive treatments administered
following allogeneic stem cell and organ transplantation or
treatment of acute leukemia, but it rarely affects immunocom-
petent patients. Studies of IA in animal models have demon-
strated a role for T-lymphocyte responses and associated cy-
tokines in the control of A. fumigatus infections. Murine
models of IA have shown that Thl-type responses, character-
ized by the production of interleukin-12 (IL-12) and gamma
interferon, are important in the protection against lethal in-
fection, while a predominance of Th2-type cytokines (e.g., IL-4
and IL-10) correlates with an inability to clear the fungus and
eventual death (4-6, 19). While T cells are thought to be
important players in establishing the cytokine milieu and de-
termining the outcome of disease, their precise role in the
protection against Aspergillus infections remains poorly char-
acterized. In an effort to characterize these cells, we isolated T
cells from Aspergillus-infected organs but were unable to main-
tain these cells in culture due to the rapid outgrowth of the
fungus.

Antifungal drugs provide an effective means of preventing
Aspergillus germination in vitro and thus may circumvent the
problem of fungal outgrowth in cell cultures. However, the
widely used antifungal amphotericin B is known to have myriad
suppressive effects on cells of the immune system, including T
cells and antigen-presenting cells, and would thus be undesir-
able for use in T-cell cultures (9, 13). The effects of other
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antifungal drugs on T-cell function has not been widely ex-
plored in vitro or in vivo.

In this study, we examined the effects of two new antifungal
agents, caspofungin acetate and voriconazole, on fungal out-
growth, T-cell proliferation, and dendritic cell (DC) activation.
Voriconazole is a broad-spectrum triazole antifungal that in-
hibits the sterol biosynthesis pathway, which is critical for the
production of the fungal cell wall and sustained growth. Vori-
conazole is active against many Aspergillus species both in vitro
and in vivo (17, 22) and has been shown to be at least as
effective as amphotericin B and to result in fewer severe side
effects in patients (10). Caspofungin is an echinocandin that
inhibits fungal cell wall synthesis and has been shown to be
effective in the treatment of disseminated aspergillosis in ani-
mal models (1, 12).

We show that voriconazole was effective in inhibiting fungal
growth in cultures of cells derived from infected organs, while
caspofungin was less effective. In addition, voriconazole did
not inhibit T-cell proliferation following mitogenic or antigen-
specific stimulation, nor did it affect the activation and matu-
ration of DCs. Thus, voriconazole effectively inhibits Aspergil-
lus germination in culture without measurable effects on T-cell
proliferation or antigen-presenting cell activation. In vitro sup-
pression of fungal growth by voriconazole will allow the prop-
agation and maintenance of T cells from Aspergillus-infected
organs, greatly enabling studies of T-cell responses during TA.

MATERIALS AND METHODS

Mice. Inbred C57BL/6 mice (age, 6 to 8 weeks) were purchased from The
Jackson Laboratory (Bar Harbor, Maine) and were maintained under specific-
pathogen-free conditions before and during the experiments. 1.9.6 transgenic
mice, which express a T-cell response specific for Listeria monocytogenes-derived
epitope p60,;7.2,5, Were generated as described previously (16).

Microorganisms, culture conditions, and infection. A. fumigatus strain 293 is
a clinical isolate of Aspergillus from lung tissue and was generously provided by
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Michael Anderson (University of Manchester, Manchester, United Kingdom).
The fungus was grown on Sabouraud dextrose agar slants (Becton Dickinson) for
7 to 10 days at 37°C. Conidia were harvested by inverting the slant over a 50-ml
conical tube and gently tapping the side of the slant to dislodge the conidia. A
total of 25 ml of sterile phosphate-buffered saline (PBS) plus 0.025% Tween 20
was added to the conidia, and the suspension was filtered twice through a
40-pm-pores-size filter to remove hyphal fragments and conidial aggregates. The
conidia were enumerated with a hemocytometer. 4. fumigatus hyphae were
grown by inoculating minimal medium with 5 X 10° conidia/ml and incubating
the cultures with shaking for 2 to 3 days at 37°C. Hyphae were harvested by
filtering the cultures through Whatman no. 54 filters and washing the hyphae
extensively with sterile PBS. The suspension was sonicated to generate hyphal
fragments, and the relative concentration of hyphae was assessed by the chitin
assay. The preparation used in this study contained 165 pg of glucosamine per
ml.

Mice were infected via the lateral tail vein with 5 X 10° or 1 X 10° conidia in
0.2 ml of PBS-0.025% Tween 20. Control animals were given PBS-0.025%
Tween 20. Infected animals were killed on day 4 postinfection, and their spleens
were harvested.

Chitin assay. Chitin contents were measured as described previously (18). The
chitin contents of the samples were measured on the basis of a glucosamine
standard curve and are expressed as micrograms of glucosamine per milliliter.

Antifungal agents. Caspofungin acetate was provided by the pharmacy at
Memorial Sloan-Kettering Cancer Center (New York, N.Y.). Voriconazole (UK-
109496) was kindly provided by Pfizer Ltd. (Sandwich, United Kingdom).

Inhibition of fungal growth. Splenocytes from infected and control C57BL/6
mice (n = 3 mice/group) were harvested 4 days after intravenous infection with
0.5 X 10° or 1 X 10° A. fumigatus conidia. Cells were plated at 5 X 10°/well in
RPMI 1640 medium supplemented with 10% fetal calf serum and antibiotics.
Antifungal drugs were added to the wells at final concentrations ranging from 0.5
to 10 pg/ml, as indicated where appropriate. Replicates of 12 wells were plated
for each drug concentration. The cultures were maintained at 37°C for 7 days and
each day were visually monitored for fungal growth.

DC activation. Bone marrow was isolated from the femurs and tibias of adult
C57BL/6 mice, filtered through nylon mesh, and depleted of red blood cells by
hypotonic lysis with 0.17 M NH,CI. The cells were resuspended at 1 X 10° to 2
X 10°ml of RPMI 1640 plus 2% granulocyte-macrophage colony-stimulating
(GM-CSF) and were cultured for 4 to 5 days at 37°C. On day 2, nonadherent cells
were removed by gentle pipetting and fresh RPMI-2% GM-CSF was added to
the wells. Immature DCs were harvested on day 4 or 5 of culture and were
stimulated with increasing dilutions of A. fumigatus hyphal fragments or with
lipopolysaccharide (LPS; 10 ng/ml) or CpG DNA (1 uM) for 24 h at 37°C in the
presence or absence of voriconazole. These concentrations were determined to
be optimal in dose-response experiments. The supernatants were removed and
stored at —80°C for cytokine analysis. DCs were stained for expression of surface
molecules by using the following antibodies: anti-CD11¢ (HL3), anti-CD80 (16-
10A1), anti-CD86 (GL1), and anti-major histocompatibility complex (anti-
MHC) class II (I-A/I-E; M5/114.15.2) (PharMingen). The DCs were then ana-
lyzed by flow cytometry. Cytokine levels in DC culture supernatants were
measured by an enzyme-linked immunosorbent assay according to the instruc-
tions of the manufacturer (PharMingen).

T-cell proliferation assays. Splenocytes from infected (n = 3) or uninfected (n
= 3) C57BL/6 or L9.6 transgenic mice were plated at 2 X 10° to 3 X 10° cells/well
in 96-well flat-bottom plates (Costar). The cells were stimulated with immobi-

TABLE 1. Inhibitory effects of caspofungin and voriconazole on
fungal growth

% Wells with visible fungal growth at drug concn

Drug and expt (pg/ml) of:
(dose)
10 5 1 0.5 0

Caspofungin

1(5 X 10°) 42 335*x64 335x64 40x28 100

2 (1 x 10° 100 100 100 100 100

3 (1 X 10°) 100 100 100 100 100
Vorizonazole

1(5%10°) 0 0 0 0 100

2 (1 %X 10°) 0 0 0 0 100

3 (1 X 10°) 0 0 0 0 100
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lized anti-CD3 antibody (10 pg/ml), phorbol myristate acetate (PMA; 50 ng/ml),
ionomycin (500 ng/ml), specific peptide (L. monocytogenes p60,,7.555) at the
indicated concentrations or live A. fumigatus hyphae for 4 to 5 days at 37°C.
Replicates of five wells were plated for each stimulation condition. Voriconazole
was added to the wells at 0.5 to 10 pg/ml for the duration of the assay except for
the stimulation with live hyphae, in which voriconazole was added after the first
24 h of incubation. [*H]thymidine was added for the final 16 h of culture.

Immunization with live hyphae. C57BL/6 mice were immunized intravenously
(i.v.) (n = 2) or intraperitoneally (i.p.) (n = 2) with live A. fumigatus hyphal
fragments diluted in PBS (1:4, which is equal to 41.3 ug of glucosamine per ml)
and were boosted 2 weeks later in the same way. Control mice were given PBS
alone. Four weeks after the mice were boosted, splenocytes were harvested for
analysis in proliferation assays in the presence of 0.5 ug of voriconazole per ml,
as described above.

RESULTS

Voriconazole prevents outgrowth of 4. fumigatus in cell cul-
ture. We have found that the isolation and propagation of T
lymphocytes specific for A. fumigatus antigens are hampered by
rapid outgrowth of the fungus in cultures of cells derived from
infected organs. In an attempt to circumvent this problem, we
tested the abilities of two antifungal agents, caspofungin ace-
tate and voriconazole, to prevent fungal outgrowth in cultures
of spleen cells from mice infected i.v. with A. fumigatus conidia.
Splenocytes from mice infected with a sublethal dose (0.5% 10°
to 1 X 10°) of A. fumigatus conidia 4 days earlier were cultured
in the presence or absence of increasing concentrations of
caspofungin or voriconazole for 7 days at 37°C and were mon-
itored daily for fungal growth. In the absence of drug, A.
fumigatus germination was seen in 100% of the wells within 2
to 3 days of culture, as indicated by appearance of extensively
branched hyphae throughout the culture. The presence of
caspofungin acetate partially inhibited fungal outgrowth in cul-
tures of cells from mice infected with 5 X 10° conidia (growth
was seen in 30 to 40% of the wells with drug and in 100% of the
wells without drug) but had no inhibitory effect on fungal
growth in cultures of cells derived from mice infected with 1 X
10° A. fumigatus conidia (growth was seen in 100% of the
wells) (Table 1). The lowest dose of caspofungin tested (0.5
pg/ml) reduced fungal growth by 60% in cultures of cells from
mice infected with 5 X 10° conidia, and increasing doses of
caspofungin (1.0 to 10 wg/ml) had no additional effect. In broth
microdilution assays, caspofungin was found to significantly
inhibit hyphal growth at concentrations as low 0.04 pg/ml, but
it did not completely inhibit germination at any concentration
(data not shown). This finding is in agreement with those of
previous studies (2, 3, 8), which reported similar morphological
changes associated with inhibition of fungal growth by caspo-
fungin. In contrast, addition of voriconazole to spleen cell
cultures completely prevented the outgrowth of fungus, re-
gardless of the dose of conidia used to infect the mice (Table
1). Voriconazole was effective at concentrations as low as 0.5
pg/ml and did not have to be replenished in the culture me-
dium for continued inhibition of fungal growth. Cultures re-
mained negative for fungal growth for the duration of the
experiment (7 days). In broth microdilution analysis, voricon-
azole inhibited hyphal growth at 0.08 pg/ml and completely
inhibited germination at 0.3 to 0.6 pwg/ml (data not shown).
Thus, voriconazole effectively inhibited the growth of Aspergil-
lus in cultures of cells derived from Aspergillus-infected mice.
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A. fumigatus hyphae activate murine DCs, and activation is
not inhibited in the presence of voriconazole. Activation of
DC:s following stimulation with microbial products such as LPS
results in the upregulation of costimulatory molecules (CD80,
CD86) and MHC class II on the surface of the cell and the
production of cytokines such as IL-12 and tumor necrosis fac-
tor alpha. To determine whether A. fumigatus hyphae activate
DCs, we tested the effect of exposure of bone marrow-derived
DCs to live A. fumigatus hyphal fragments. We found that
contact with the hyphae caused the activation and maturation
of DCs, as reflected by the upregulation of MHC class II,
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FIG. 1. Activation of DCs by A. fumigatus hyphae, LPS, and CpG
in the presence or absence of voriconazole. Bone marrow-derived DCs
were cultured with A. fumigatus hyphae (1:1,000 dilution), LPS (10
ng/ml), or CpG (1 pM) in the absence or presence of voriconazole (0.5
wg/ml) for 24 h at 37°C. (A) Surface expression of CD80, CD86, and
MHC class II on unstimulated DCs (filled histogram) or following
activation with the indicated stimulus in the presence (dashed lines) or
absence (solid lines) of voriconazole (0.5 wg/ml). (B) Production of
IL-12 by unstimulated DCs (medium alone) or following activation
with the indicated stimulus in the absence (—) or presence (+) of
voriconazole (Voricon.; 0.5 pg/ml). The data shown are representative
of greater than five independent experiments.

CD80, and CD86 and the secretion of IL-12 (Fig. 1). This
activation was dependent on direct contact with the hyphae,
since exposure of DCs to supernatants from the solution of
hyphal fragments had no activating effect (data not shown)

Since we are interested in using DCs as a means of stimu-
lating T-cell responses in vitro, we tested whether the addition
of voriconazole to the culture medium affects the activation of
DCs. We stimulated DCs using various agents, including LPS,
CpG DNA, and A. fumigatus hyphae, in the presence or ab-
sence of voriconazole. The presence of voriconazole at con-
centrations that inhibited the outgrowth of the fungus (0.5
pg/ml) did not affect the upregulation of MHC class II, CD80,
or CD86 on the surfaces of the DCs (Fig. 1A) or the produc-
tion of IL-12 (Fig. 1B). Production of tumor necrosis factor
alpha and IL-6 by DCs was also unaffected in the presence of
voriconazole (data not shown).

Voriconazole does not inhibit mitogen- or antigen-driven
proliferation of T cells. To assess whether the presence of
voriconazole affects the proliferative function of T cells, we
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stimulated spleen cells from mice infected iv. with 10° A.
fumigatus conidia or uninfected mice in the presence or ab-
sence of voriconazole. In the absence of voriconazole, fungus
grew in all wells that were seeded with cells from infected mice,
precluding analysis of the assay. The presence of voriconazole
at concentrations as high as 10 pg/ml did not affect T-cell
proliferation in response to stimulation with either anti-CD3
or PMA-ionomycin (Fig. 2). Proliferative responses were sim-
ilar when splenocytes were derived from infected or uninfected
mice (data not shown). We next assessed whether the presence
of voriconazole would affect antigen-specific proliferation of T
cells by stimulating transgenic CD8"* T cells specific for an
epitope from the L. monocytogenes p60 protein with the cog-
nate peptide (p60,,-.,,5) in the presence or absence of drug.
As shown in Fig. 2B, the levels of proliferation of the p60,,,.
22s-specific transgenic T cells in response to increasing dilu-
tions of peptide were comparable in the presence and absence
of voriconazole, indicating that proliferative signals delivered
via the T-cell receptor were unaffected by the presence of the
antifungal drug.

Finally, we immunized mice with live A. fumigatus hyphal
fragments in an attempt to generate Aspergillus-specific T-cell
responses. After the mice were immunized twice (i.v. or i.p.)
with live hyphae, we were able to detect dose-dependent anti-
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FIG. 2. T-cell activation in the presence and absence of voricon-
azole. Splenocytes from infected C57BL/6 or L9.6 X Rag ™/~ trans-
genic mice were plated at 2 X 10° to 3 X 10°/well in 96-well plates.
(A) Splenocytes were stimulated with immobilized anti-CD3 antibody,
PMA-ionomycin (P+1I), or medium alone in the presence of the indi-
cated concentrations of voriconazole for 5 days at 37°C. [*H]thymidine
was added for the final 16 h of culture. Incubation in the absence of
voriconazole resulted in the outgrowth of fungus in the wells, so these
wells were not analyzed. (B) Splenocytes from 19.6 X Rag™/~ mice
were stimulated with the indicated concentration of peptide (L. mono-
cytogenes p60,,7.,5) in the presence (0.63 wg/ml [squares] or 10 pg/ml
[circles]) or absence (diamonds) of voriconazole for 5 days at 37°C.
[*H]thymidine was added for the final 16 h of culture. The data in
panels A and B are representative of three independent experiments.
(C) Splenocytes from mice immunized twice with live A. fumigatus
hyphal fragments (i.v. or i.p.) were plated at 4 X 10° cells/well in
96-well plates. Splenocytes were stimulated with the indicated concen-
tration of hyphal fragments (expressed as micrograms of glucosamine
per milliliter) or were left unstimulated and cultured for 5 days. Vori-
conazole (0.5 wg/ml) was added after the first 24 h of incubation, and
[*H]thymidine was added for the final 16 h.

gen-specific proliferation in response to secondary stimulation
with live hyphae in three of four animals (Fig. 2C). One of the
mice immunized i.p. did not have a detectable proliferative
response to hyphal stimulation (data not shown). The addition
of voriconazole to the wells after the first 24 h of incubation
allowed us to detect an antigen-specific response while inhib-
iting the outgrowth of fungus. Control wells incubated in the
absence of voriconazole became positive for fungal growth by
day 3, indicating that the mice were productively infected with
Aspergillus. When we immunized mice with inactivated prepa-
rations of A. fumigatus hyphae, we were unable to detect pro-
liferation in response to in vitro stimulation (data not shown).

DISCUSSION

The antifungal drugs voriconazole and caspofungin have
both been shown to inhibit the germination of Aspergillus spe-
cies in vitro (7, 21, 25) and to significantly increase survival
rates in animal models of TA (1, 11, 12). In a guinea pig model,
treatment of transiently immunosuppressed animals with vori-
conazole for 5 days after a lethal challenge with A. fumigatus
provided 100% protection, while caspofungin was much less
effective, achieving a maximum rate of protection of only 50 to
60% (11, 12). In our study, we showed that both drugs inhib-
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ited fungal outgrowth in cultures of cells derived from infected
mice (Table 1) and inhibited the growth of A. fumigatus hyphae
in pure cultures. However, voriconazole completely inhibited
germination and growth in cultures of cells from infected mice,
while caspofungin provided only partial growth inhibition. This
is consistent with our observation that voriconazole, but not
caspofungin, effectively inhibits germination of A. fumigatus
when it is incubated directly with conidia (data not shown).
Caspofungin has been reported to inhibit the growth of A.
fumigatus isolates in vitro, with mean inhibitory concentrations
as low as 0.06 pg/ml and with inhibitory concentrations ranging
from 0.06 to >16 pg/ml (3, 7). However, while inhibition of
fungal growth by caspofungin results in characteristic morpho-
logical changes, including short, extensively branched hyphal
clusters (8, 14), it has not been reported to completely inhibit
germination of conidia. Since the recovery and subsequent
culture of cells from infected mice require the complete ab-
sence of fungal growth, we considered wells to be positive for
fungus even if the growth was inhibited compared to the
growth in the wells to which no drug was added. The concen-
tration of caspofungin necessary to inhibit fungal outgrowth in
vitro varies depending on the strain of fungus in question, and
it is possible that higher concentrations would more effectively
inhibit the growth of the 293 strain used in this study. However,
we think that this is unlikely, since we did not observe in-
creased inhibition with increasing concentrations of caspofun-
gin. While it is not possible to directly compare the in vitro
potencies of these drugs, voriconazole was a more reliable
inhibitor of fungal outgrowth in this study.

In vitro studies of Aspergillus-specific T cells derived from
infected animals require absolute inhibition of fungal out-
growth in cell culture. Without a reliable means of neutralizing
fungus in cultures of tissue derived from infected mice, immu-
nologic studies have depended on immunization with inacti-
vated forms of the fungus. While immunization with inactive
pathogens may elicit T-cell responses, studies that have used
other disease models have shown that immune responses to
dead pathogens are qualitatively different from those gener-
ated during infection with live organisms (16, 24).

Amphotericin B has been widely used for the treatment of
invasive fungal infections in immunocompromised patients;
however, it is also known to have various immunomodulatory
effects. These effects of amphotericin B include inhibition of
macrophage differentiation and function (20), B- and T-cell
proliferation (20, 23), and CD8"-T-cell cytolytic activity and
gamma interferon production (9, 13). Although liposomal for-
mulations of amphotericin B have been shown to significantly
reduce the toxicity and immunosuppressive effects of the drug
in some models, suppression of antigen-specific T-cell prolif-
eration and inhibition of protective immunity are still observed
(9, 13). Voriconazole is an attractive alternative to amphoter-
icin B, as it has been reported to be as effective or more
effective than amphotericin B for the treatment of fungal in-
fections and is significantly less toxic to patients (10). Voricon-
azole is also of use in animal models of Aspergillus infection,
particularly those focused on the analysis of specific T-cell
responses. We demonstrate here that voriconazole facilitates
the culture of T cells from infected organs without compro-
mising T-cell proliferation or DC activation. Thus, voricon-
azole appears to be a promising antifungal drug that will en-
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able the isolation and characterization of Aspergillus-specific T
cells in animal models of TA.
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