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bstract

Aerosolization of amorphous itraconazole may be a safe and effective method of pulmonary delivery. Our objective was to evaluate the histologic
ffects, immunogenic potential, and cellular uptake of aerosolized amorphous itraconazole. Mice received amorphous itraconazole (30 mg/kg),
xcipient placebo, or saline control by nebulization every 12 h for up to 12 days. Broncho-alveolar lavage (BAL) and formalin fixation of both
ungs were conducted. BAL supernatant was assayed for IL-12 by ELISA, and cellular components were analyzed by high performance liquid
hromatography–mass spectroscopy. Coronal sections of the entire lung were stained, viewed by light microscopy, and the Cimolai histopathologic
nflammatory score was obtained for each lobe. No evidence of bronchiolar, peribronchiolar or perivascular inflammation was found in any
reatment group, nor were epithelial ulceration or repair observed. The Cimolai histopathologic scores for amorphous itraconazole, excipient, and

aline control on days 3 and 8 did not differ between groups. ELISA analysis showed no cytokine induction of IL-12. Itraconazole was detected
ithin cells collected from BAL fluid on days 1, 3, 8 and 12. Aerosolized administration of amorphous itraconazole or excipients does not cause

nflammation or changes in pulmonary histology and are not associated with pro-inflammatory cytokine production.
2007 Elsevier B.V. All rights reserved.
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. Introduction
Invasive aspergillosis primarily occurs in immunocompro-
ised patients via inhalation of conidia into the lungs. Over the
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ast two decades the incidence of infections due to this oppor-
unistic pathogen has increased 3–4-fold with an attributable

ortality rate ranging between 60 and 90% in patients with
ematologic malignancies (Baddley et al., 2001; Kontoyiannis
t al., 2003; Marr et al., 2002; Wald et al., 1997). Unfortunately,
urrent treatment strategies for invasive aspergillosis are subop-
imal and are limited by adverse effects and drug interactions
ue to collateral toxicities with mammalian cells.
Because the primary route of entry of Aspergillus is through
he lungs, attention has recently been focused on the pulmonary
elivery of antifungal agents (Perfect et al., 2004). Aerosolized
dministration of amphotericin B deoxycholate as well as lipid
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mphotericin B formulations has been used for prophylaxis and
reatment of invasive aspergillosis (Boots et al., 1999; Drew et
l., 2004; Koizumi et al., 1998; Lambros et al., 1997; Monforte
t al., 2003). However, these formulations are not designed
or aerosolized administration, and toxicity has been reported
ith the deoxycholate and lipid formulations of amphotericin,

ncluding concerns of exogenous lipoid pneumonia and fibrosis
f the lung tissue (Spickard and Hirschmann, 1994). Further-
ore, despite efficacy in lung transplant recipients (Drew et al.,

004; Palmer et al., 2001), inhaled amphotericin B was shown
o be ineffective as prophylaxis in patients with prolonged neu-
ropenia following chemotherapy or autologous bone marrow
ransplantation (Schwartz et al., 2000).

The triazole itraconazole (ITZ) has a broad spectrum of activ-
ty including Aspergillus species (Chiller and Stevens, 2000).
owever, poor oral bioavailability, variable absorption and gas-

rointestinal toxicity due to the hydroxypropyl-�-cyclodextrin
omponent of the oral solution limit itraconazole to a second
r third line treatment option for invasive fungal infections
Allendoerfer et al., 1995; Kapsi and Ayres, 2001). Aerosolized
dministration of ITZ has been proposed as a means to improve
ocalized delivery of this agent to the primary site of infection
or the treatment and prophylaxis against invasive aspergillosis.

Spray freezing into liquid is an engineering process produc-
ng nanostructured particles (<1 �m in diameter) that capable
f drug deposition in the alveolar space (Rogers et al., 2002).
ecent studies in our laboratories have demonstrated high

ung concentrations and a survival benefit of aerosolized
anostructured ITZ formulations as prophylaxis compared to
ommercially available ITZ oral solution (Hoeben et al., 2006;
cConville et al., 2006). However, histologic data and intracel-

ular drug disposition following inhalation of ITZ have not been
valuated. The objective of this study was to evaluate the safety
f an amorphous nanostructured ITZ formulation delivery by
erosolization to the lungs through assessment of changes in
ulmonary histology. Measurement of a soluble inflammatory
ediator (IL-12) and phagocytic uptake of ITZ by cells col-

ected following bronchoalveolar lavage, including pulmonary
acrophages, were also evaluated.

. Methods

.1. Production of amorphous nanostructured ITZ

Amorphous nanostructured ITZ was produced using ITZ
owder (Hawkins Chemicals, Minneapolis, MN) and the spray
reezing into liquid (SFL) particle engineering process (Rogers
t al., 2002). A solution of ITZ, polysorbate 80 and polox-
mer 407, in a 1:0.75:0.75 ratio in acetonitrile with 4% (w/w)
ichloromethane as co-solvent, was atomized through a 63 �m
oly-ether-ketone nozzle (Upchurch Scientific, Oak Harbor,
A) via an HPLC pump at 20 mL/min below the surface of

iquid nitrogen. The frozen microparticles were separated from

he liquid nitrogen, the solvent was removed by lyophilization,
nd the dried powders were stored under vacuum. The physical
haracteristics of this formulation have previously been reported
McConville et al., 2006).

s
p
p
Z

f Pharmaceutics 338 (2007) 219–224

.2. Aerosolization of ITZ, excipient placebo and saline
ontrol

Female ICR mice (Harlan Sprague–Dawley, Indianapolis,
N) weighing 20–25 g received either aerosolized amorphous
TZ, excipient placebo, or saline control for up to 12 days using a
reviously described dosing chamber (McConville et al., 2005).
he saline control consisted of a 0.85% NaCl solution used for
ispersion of the excipient and drug formulations. The excipient
lacebo consisted of 15 mg/mL polysorbate 80 and 15 mg/mL
oloxamer 407 dissolved in 0.85% NaCl. A 20 mg/mL disper-
ion of amorphous ITZ was formed in 4 mL of 0.85% NaCl
y first wetting the solution followed by sonication for 1 min
rior to dosing. Amorphous ITZ (N = 22), excipient placebo
N = 10), or saline control (N = 10) were administered via a 20-
in aerosolization every 12 h with an Aeroneb Pro micro pump

ebulizer (Aerogen, Inc., Mountain View, CA) situated at the
nlet of the dosing chamber. This protocol was approved by the
nstitutional Animal Care and Use Committees at the University
f Texas Health Science Center at San Antonio.

.3. Histology

Histologic changes in lung tissue of mice following 3 and
days of aerosolized administration of amorphous ITZ were

ompared to those receiving excipient placebo or saline control.
ive animals were included in each group at each time point.
ice were euthanized and 10% (v/v) formaldehyde was instilled

nto the lungs through a canula placed inside a small inci-
ion in the trachea. Lungs were then harvested and placed into
0% (v/v) formaldehyde followed by processing and embed-
ing into paraffin wax. Coronal sections of the entire lung
ere stained and viewed by light microscopy. The Cimolai
istopathologic inflammatory score (0–26, least to most severe
istologic response based on degree and location of inflamma-
ion) was obtained for each lobe (Cimolai et al., 1992). Evidence
f bronchiolar ulceration and tissue repair were also assessed.
cores were compared by analysis of variance.

.4. Bronchoalveolar lavage (BAL) fluid collection,
ntracellular ITZ, and cytokine assay

BAL fluid was collected following euthanization from
4 mice (12 aerosolized ITZ, 6 excipient control, and 6 saline
ontrol; 3 animals per group per time point). Lungs were lavaged
y cannulization of the trachea and instillation and removal of
.75 mL of phosphate buffered saline (PBS) for a total of three
ashes. Cells were collected from the BAL fluid by centrifu-
ation and washed three times in PBS. Aliquots of the cells
ere viewed by light microscopy (Axioskop 2 plus, Carl Zeiss

nternational, Thornwood, NY) to confirm the presence of pul-
onary macrophages. ITZ was extracted and concentrations
easured by high performance liquid chromatography–mass
pectrometry (HPLC-MS) (Gubbins et al., 1998). Briefly, the
ellets containing the cells were redispersed in 0.25 mL phos-
hate buffered saline (pH 7.6, 25 ◦C) and vortexed for 30 s.
inc sulfate and barium hydroxide were added to each sam-
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Fig. 1. Representative histology sections from the saline control ((A) day 3; (B)
day 8), excipient placebo ((C) day 3; (D) day 8) and amorphous ITZ composition
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le in 50 �L aliquots and vortexed for 30 s. One milliliter of
cetonitrile was added and vortexed for 1.5 min, centrifuged at
000 rpm for 15 min, after which, the supernatant was trans-
erred to a separate vial and dried at 60 ◦C under a stream of dry
itrogen gas. After drying to evaporation, the extracted drug was
edispersed in 0.25 mL of mobile which consisted of 62% ace-
onitrile and 38% water. The extracted sample was then manually
ractionated using HPLC on a Shimadzu LC-10vp (Shimadzu
cientific Instruments, Columbia, MD) with an Alltima 5 �
50 mm × 4.6 mm (Alltech Associates, Deerfield, IL) column
eld constant at 37 ◦C. The injection volume was 100 �L and a
ow rate of 1 mL/min with an ITZ retention time of 17.7 min and
peak width of 0.75 min based on standard solutions. The stan-
ard solutions consisted of ITZ concentrations of 1.2 �g/mL and
2 ng/mL which were subjected to fractionation and MS analy-
is. Drug fractions were collected between 17 and 18.5 min and
hen run on MS for qualitative confirmation of ITZ presence.
he samples were analyzed by mass spectroscopy at the Cen-

er for Research and Environmental Disease at the University
f Texas at Austin. For cytokine analysis IL-12p70 concentra-
ions were measured in the BAL supernatant in duplicate by a

urine specific enzyme-linked immunosorbent assay (ELISA)
Quantikine-M, R&D Systems, Minneapolis, MN) according to
he manufacturers instructions. Differences in IL-12p70 con-
entrations were assessed by analysis of variance with Tukey’s
ost-test for multiple comparisons.

. Results

.1. Histology

Fixed lungs were sectioned and viewed for pulmonary
amage and/or inflammation secondary to amorphous ITZ or
xcipient inhalation. Representative sections are shown in Fig. 1
rom the mice administered saline control (A and B), excipi-
nt placebo (C and D), or amorphous ITZ (E and F). In each
roup, alveoli remained intact with no evidence of damage,
nflammation or cell migration. Airways remained clear and dis-
layed a single cell layer, indicative of non-inflamed airways.
urthermore, no bronchiolar, peribronchiolar or perivascular

nflammation, or any evidence of epithelial ulceration or repair
as observed in any group. The Cimolai histopathologic inflam-
atory scores (mean ± S.D.) for amorphous ITZ, excipient

lacebo, and saline control following 3 days of administration
ere 2.4 ± 1.1, 2.5 ± 1.3, and 3.0 ± 1.2 (p > 0.05), respectively,

ndicating minimal inflammation. Similarly, at day 8 Cimolai
cores were 3.3 ± 0.8, 2.7 ± 0.8, and 3.2 ± 0.8 (p > 0.05), respec-
ively, demonstrating no increase in inflammatory changes over
ime with repeated dosing of amorphous ITZ or the excipient
lacebo consisting of polysorbate 80 and poloxamer 407. Inter-
stingly, vascular congestion and edema was equal in all groups
nd likely secondary to termination by CO2 narcosis. To demon-
trate that the edema was secondary to CO2 narcosis, a second

xperiment was conducted exposing mice (n = 3 per group) to 8
ays of aerosolized saline control or amorphous ITZ. Animals
ere sacrificed using isoflurane and the entire lung processed for
athologic review. In both the control and amorphous ITZ groups

r
i
a
1

roups ((E) day 3; (F) day 8). Structures noted in the histology samples are
abeled: airways (a), alveolar spaces (b), capillaries (c), lymph tissue (d) and
rteriols (e). Magnification 20×.

he lungs had normal alveolar and interstitial histology without
vidence of inflammation or mucosal ulceration within the air-
ays (Cimolai score 1.5 and 1.3, respectively). Only minimal

ocal vascular congestion was noted equally in both groups.

.2. Interleukin-12 cytokine analysis

Supernatant from the BAL samples was analyzed for the
resence and elevation of IL-12 to determine if inflammation
as elicited from pulmonary dosing of the amorphous ITZ

omposition or the excipient placebo. As shown in Fig. 2,
L-12 concentrations within BAL supernatant from mice that

eceived aerosolized administration of amorphous ITZ, excip-
ent placebo, or saline for 1, 3, or 8 days were negligible
nd similar to the negative control (p > 0.05). Similarly, no IL-
2 was detected after 12 days of aerosolized amorphous ITZ.
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ig. 2. Mean IL-12p70 concentrations measured via ELISA assay of the pos-
tive control, negative control and BAL supernatants of sacrificed mice. ITZ,
traconazole; Exc, excipient control; NaCl, saline control.

n increase in the IL-12 would have suggested an underlying
nflammation not observed during histologic analysis (Ichinose
t al., 2005). However, the ELISA results suggest that there was
o induction of a localized inflammatory response within the
ungs due to the inhalation of amorphous ITZ or the excipients
olysorbate 80 and poloxamer 407.

.3. Cellular uptake of amorphous ITZ

Microscopic analysis of cells collected from BAL fluid was
onducted to ensure the presence of pulmonary macrophages.
acrophages were readily distinguishable from other cells

hrough visualization of the phagosomes (Fig. 3). The remain-
ng cells underwent drug extraction, chromatographic separation

nd mass spectroscopy for qualitative assessment of intracellu-
ar ITZ concentrations. ITZ was present within cells collected
rom the BAL fluid from mice administered amorphous ITZ
days 1, 3, 8 and 12). Recognition of foreign particles by pul-

ig. 3. Representative micrograph showing the presence of macrophages within
he BAL pellet following centrifugation of BAL fluid and washing with phos-
hate buffered saline.
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onary macrophages is dependent on hydrophilicity, size and
urface charge, with hydrophobic and/or negatively charges
articles in the size range of 0.2–10 �m preferentially phago-
ytized (Makino et al., 2003). Thus, amorphous ITZ particles,
hich are hydrophobic and within this range in diameter

McConville et al., 2006), are ideal for phagocytosis by pul-
onary macrophages.

. Discussion

Previous work from our group has demonstrated high
oncentrations of ITZ within the lung following aerosolized
dministration of amorphous ITZ and that this strategy is effec-
ive as prophylaxis against invasive pulmonary aspergillosis
Hoeben et al., 2006; Vaughn et al., 2006). However, the effects
f this strategy on the lungs were unknown. The primary objec-
ive of this study was to evaluate the immunogenic and histologic
ffects of aerosolized amorphous ITZ. To this end, the Cimo-
ai histopathologic inflammatory score was utilized to quantify
he histologic changes (Cimolai et al., 1992). This scoring
ndex, ranging between 0 and 26 from least to severe inflamma-
ion, is based on histologic findings including the quantity and
uality of peribronchiolar and peribronchial infiltrates, luminal
xudates, perivascular infiltrates, and parenchymal pneumonia.
oth aerosolized amorphous ITZ and excipient placebo did not

esult in increased inflammation, inflammatory cell migration, or
issue damage compared to controls. Histologic sections demon-
trated clear and undamaged bronchial/bronchiolar regions and
lveolar spaces without evidence of immune cell infiltration.

hile perivascular edema was noted in all samples from ani-
als sacrificed by CO2 narcosis, normal alveolar and interstitial

istology was observed in repeat studies using isoflurance for
uthanization.

To our knowledge, no previous study has evaluated the safety
f aerosolized ITZ. However, others have assessed the effective-
ess and safety of aerosolized amphotericin B. Adverse effects
ith this strategy have included cough, dyspnea, bronchospasm,
ausea, and vomiting with aerosolized administration of ampho-
ericin B formulations (Drew et al., 2004; Dubois et al., 1995;
almer et al., 2001). These effects may primarily be due to the
eoxycholate constituent used to form the colloidal suspension.
n vitro studies have shown a dose-dependent inhibition of sur-
actant function that was not observed with either amphotericin

alone or a lipid formulation (Griese et al., 1998; Ruijgrok et
l., 2001). Furthermore, aerosolized amphotericin B lipid com-
lex was demonstrated to be better tolerated than amphotericin
deoxycholate in lung transplant recipients with no evidence

f histopathologic abnormalities or lipoid pneumonia (Drew et
l., 2004; Palmer et al., 2001). These observations highlight the
mportance of the excipients used in formulations for aerosolized
elivery. The excipients in the amorphous ITZ formulation used
n this study, polysorbate 80 and poloxamer 407, did not elicit
n immune response or cause changes in pulmonary histol-

gy. Polysorbate 80 is contained within several commercial and
xperimental formulations and is well established as a safe sur-
actant for pulmonary administration (Williams and Liu, 1999).
owever, no commercial product containing poloxamer 407 has
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een approved by the FDA, nor has this excipient been studied
or pulmonary delivery. While the effects of these agents on
urfactant were not evaluated in this study, no adverse effects
n surfactant function are expected since each is a non-ionic
urfactant.

In addition to the histology results, no elevations in IL-12
ere observed in BAL fluid from mice administered amor-
hous ITZ, excipient placebo, or control, suggesting a lack
f local immunogenic potential with aerosolized delivery of
ither the active drug or the excipients. IL-12 is released
y antigen-presenting cells of the innate immune system and
licits a pro-inflammatory Th1 lymphocyte response. While pro-
nflammatory cytokines are typically measured in the serum,
ocal sensitization and a strong airway inflammatory response

ay not always elicit systemic inflammation. As demonstrated
y Repa et al. (2004), aerosolization of a known allergen to
ice (birch pollen extract) resulted in low systemic inflamma-

ory response despite strong airway inflammation as measured
y elevated cytokine concentrations within BAL fluid. Further-
ore, the utility of measuring IL-12 in BAL fluid as a marker

f inflammation has been previously demonstrated. Ichinose et
l reported significant increases in IL-12 concentrations (range
00–900 pg/mL) measured in BAL supernatants along with ele-
ations in other pro-inflammatory markers taken from mice
ollowing intratracheal instillation of Asian yellow dust, an
gent known to cause adverse respiratory effects in humans
Ichinose et al., 2005). The absence of an increase in IL-12
ollowing aerosolization of excipients in our study was not unex-
ected. A prior study demonstrated no increases in IL-12 or other
ytokines following incubation of macrophages with solid lipid
anoparticle formulations containing both polysorbate 80 and
oloxamer 407 (Scholer et al., 2001). These results demonstrat-
ng no increases in the pro-inflammatory cytokine IL-12 within
AL fluid following aerosolized amorphous ITZ or excipient
lacebo are in agreement with the data from histology. Mea-
urement of other pro- and anti-inflammatory cytokines was not
erformed but may be warranted in future studies.

In the current study, ITZ was detected within cells recov-
red from BAL fluid, including pulmonary macrophages, thus
emonstrating intracellular uptake following aerosolized deliv-
ry. A primary host defense against invasive pulmonary fungal
nfections (e.g., invasive aspergillosis) is uptake of conidia
y alveolar macrophages. However, phagocytosis by alveolar
acrophages does not always result in effective killing of fungal

pores or prevent germination into invasive hyphae. Corticos-
eroids have been shown to impair the production of reactive
xidant intermediates and the killing of A. fumigatus conidia by
lveolar macrophages without altering phagocytosis (Philippe
t al., 2003). The ability of ITZ to be taken up by alveolar
acrophages presents a unique opportunity for augmentation of

ost defense with drug treatment through the presence of anti-
ungal activity within the cells that internalize fungal spores.
elivery of ITZ by aerosolization to a primary site of infection
nd intracellular uptake by pulmonary macrophages may aid
n preventing invasive pulmonary fungal infections even in the
resence of agents known to inhibit intracellular killing of fun-
al spores. Indeed, a previous study has demonstrated improved

K

K
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urvival with aerosolized amorphous ITZ in mice immunosup-
ressed with cortisone acetate following pulmonary challenge
ith Aspergillus (Hoeben et al., 2006).
In conclusion, the results of this study demonstrate that

erosolized administration of amorphous ITZ or its excipients
or up to 12 days do not appear to be immunogenic and do not
ause changes in pulmonary histology. Furthermore, the ability
o detect ITZ within cells collected from BAL fluid, including
ulmonary macrophages, raises the possibility that this strategy
ay augment host defenses and help prevent invasive fungal

nfections in the presence corticosteroid induced immune sup-
ression.
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