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Cyclosporin A liposome aerosol: Particle size 
and calculated respiratory deposition 
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Summary 

Treatment of pulmonary diseases with the immunosu~~r~ss~e drug qcfctsporin A fCsA) is limited, in part, by poor penetration 
into the lung following oral or intravenous administration, and by the development of limiting renal, hepatic, and other toxicity 
following prolonged administration. CsA aerosol delivery may provide an alternate route of Iocai administrat~un that could improve 
treatment and reduce systemic toxicity. The tataf CsA dosage administered via aerosol would be less than the conventionaf oral or 
intravenous dosage routes. In the present study, Iipophilic CsA was prepared with different phosphatidylcholine (PC) liposome 
formulations. CsA-liposome small particle aerosols generated using continuous jet nebulizers were compared according to particle 
size range, efficiency of drug delivery, and calculated amounts of respiratory tract deposition. Five different CsA-PC liposome 
formulations were tested in aerosol with varying degrees of efficiency of drug delivery. CsA-PC liposomes prepared using PC with 
phase transition temperatures (‘f,,) below 16-17°C nebulized more efficiently than those with higher T,. Based on its size range and 
efficiency, CsA-DLPC was selected as the best formulation for aerosol delivery to the lung. Using the Puritan Bennett 1600, twin 
jet nehulizer modified to a single jet, the particle size, mass median aerodynamic diameter (MMAD), was 0.82 pm ?t: geometric 
standard deviation (GSD) = 1.7. A computer model of inhaled particle deposition in Weibel’s lung generations O-16 and 17-23 was 
utilized to predict the anatomical delivery of GA. A calculated 11.6% of inhaled CsA-DLPC fiposomes will deposit in the 
respiratory tract, almost exclusiveiy in Weibel generations 17-23. The remainder, 85.48, will be exhaled, A dosage of about 2 
mg/h will deposit in the adult model respiratory tract used for cafcuiations. Local delivery of CsA by aerosol may provide more 
efficient treatment of immunologically-mediated pulmonary diseases without systemic toxicity common with intravenous or oral 
therapy. 

Introduction 

The fungal metabolite, Cyclosparin A (CsA), is 
a neutral, Iipophilic, cyclic endecapeptide of 
molecular weight 1203 and possessing potent im- 

munosuppressive activities. CsA is currently one 
of the most effective immunosuppressive drugs 
utilized in man for the treatment of immunologi- 
tally mediated diseases, including the prevention 
of allograft rejection episodes (Kahan, 1989). The 
prevailing modes of delivery to the patient are 
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toxicity has been attributed to the cremophor 
vehicle but no suitable substitute has been identi- 
fied. CsA is widely utilized for the treatment of 
pulmonary allograft rejection episodes but the 
clinical results have often been unsatisfactory be- 
cause of drug-related toxicity (Griffith et al., 
19871. In a recent controlled study of pulmonary 
sarcoidosis, Martinet et al. (1988) reported no 
evidence of benefit to patients receiving up to 10 
mg/kg/day oral CsA, despite profound immuno- 
suppressive effects on their T-lymphocytes in 
vitro. The absence of clinical benefit may be due 
to failure of penetration of CsA into the lung 
despite the attainment of therapeutic blood levels 
of the drug. Moreover, CsA was not detected in 
pulmonary lavage fluids from these patients. In 
one study, oral CsA at 5 mg/day was reported to 
be effective for the treatment of asthma 
(Alexander et al., 1992). The pulmonary dosage 
with this treatment must have been quite low. 

Direct drug delivery into the lung should in- 
crease the therapeutic availability of CsA for 
localized immunosuppression. Furthermore, such 
local immunotherapy could reduce the incidence 
of toxic complications associated with systemic 
administration of the drug. At present, there is 
no alternative method for direct CsA therapy for 
human pulmonary diseases. Recently, Dowling et 
al. (1990) in a canine lung allograft model and 
Keenan et al. (1992) in a rat lung allograft model 
showed a prophylactic effect of a CsA small parti- 
cle aerosol generated via nebulization of a CsA- 
ethanol formulation. These results suggest that 
local pulmonary delivery of CsA via aerosols may 
provide therapeutic effects after deposition deep 
within the lung but with reduced dosage com- 
pared to requirements for oral or i.v. routes. 

Recently, CsA has been incorporated into dif- 
ferent liposomal formulations (Vadiei et al., 
1989a; Stuhne-Sekalec and Stanacev, 1991a-c). 
These formulations were developed as alternative 
vehicles for intravenous delivery of CsA to reduce 
toxicity and to increase pharmacological activity. 
However, intravenous dosages of CsA-liposomes 
are rapidly removed by the reticuloendothelial 
system of the liver and spleen and do not readily 
accumulate in the lung. We have developed an 
alternate method of localized administration of 

CsA to the pulmonary tissues, namely by small 
particle aerosol generated by a continuous flow 
jet nebulizer with CsA-liposomal aqueous suspen- 
sions. Among several preparations tested, we se- 
lected the synthetic lecithin, 1,2-dilauroyl-sn- 
glycero-3-phosphocholine (DLPC) for formula- 
tion of CsA-liposomes as best suited for aerosol 
delivery. The basis for selection, particle size 
distribution, and a method for calculating deposi- 
tion of inhaled CsA-liposomes in the human res- 
piratory tract are described. 

Materials and Methods 

Preparation of CSA liposomes 
A modification of the procedure of Vadiei et 

al. (1989b) was utilized to prepare CsA-lipo- 
somes. A variety of synthetic neutral, L-a-lecithins 
or phosphatidylcholines (PC) (chemically desig- 
nated 1,2-diacyl-sn-glycero-3-phosphocholine or 
1-acyl-2-acyl-sn-glycero-3-phosphocholine) (all 
from Avanti Polar Lipids, Alabaster, AL) species 
were tested for optimal aerosol formulations. 
These included: dipalmitoyl (DPPC), dimyristoyl 
(DMPC), egg yolk (EYPC), dioleoyl (DOPC), 
palmitoyloleoyl (POPC), and dilauroyl (DLPC). 
While vigorously stirring in t-butanol at 37°C 100 
mg of CsA powder (provided by Sandoz Research 
Institute, East Hanover, NJ) was mixed with 750 
mg of synthetic L-a-lecithin powder. The CsA to 
PC ratio was typically 1: 7.5 by weight: This was 
equivalent to a molar ratio of DLPC/CsA of 
14.4. After mixing, the CsA/lipid mixture was 
pipeted into glass vials and rapidly frozen in dry 
ice-acetone and then lyophilized overnight to re- 
move the t-butanol. Liposomes were produced by 
adding ultra-pure water to a final drug concentra- 
tion of 1.0 mg/ml. The mixture was incubated for 
20 min at 37°C to allow hydration of liposomes 
followed by a 10 min sonication at 100 W in a 
37°C water bath before use. The freshly prepared 
liposomes were heterogeneous with sizes ranging 
from < 1 to about 50 pm in diameter. These 
were added to the nebulizer reservoir without 
further modification. With continued passage 
through the nebulizer jet, liposomes in the nebu- 
lizer reservoir were reduced in size. The explana- 



tion for this appeared to result from the fact that 
> 99% of nebulized particles reflux to the reser- 
voir of the nebulizer; < 1% is generated into 
aerosol (May, 1973). Constant recycling through 
the nebulizer jet shears the liposomes to smaller 
sizes (Gilbert et al., 1988). Output of CsA and 
aerosol droplet particle sizes were quite constant 
over time. 

Liposome preparations were checked for size 
by microscopy using an eye-piece micrometer and 
for the presence of drug crystals, both before and 
after nebulization. The association between CsA 
and liposomes was determined using the Cen- 
trifree Micropartition System (Amicon, Beverly, 
MA) as previously described (Taniguchi et al., 
1987). The total CsA concentration (CsA,) and 
the soluble free CsA in the ultrafiltrate (CsA,) 
were determined by HPLC. The CsA-liposome 
incorporation ratio, IR (%,), was determined as 
follows: IR (%I = [KsA. - CsA,)],‘CsA,1 x 
100. 

Puritan Bennett 1600 twin jet nebutizer modified to 
a single jet 

In the present studies, small particle aerosol 
was generated with the Puritan Bennett 1600 
twin jet nebulizer (PBtj) (Carlsbad, CA) which 
was modified in our laboratory by removing the 
liquid supply tubing from one of the two nebu- 
lizer internal ceramic jets (subsequently desig- 
nated as the PBsj). Compressed dry air was sup- 
plied to the nebulizer at a flow rate of 15 l/min. 
This air supply was internally divided between 
the two jets. As modified, therefore, approx. 50% 
of the 15 l/min air supply passed through each 
nebulizer jet. One jet produced aerosol while the 
other without a liquid feed tube provided a jet of 
dry air within the nebulizer chamber. The addi- 
tion of drying air internally was found to signifi- 
cantly reduce the particle size of the CsA-lipo- 
some aerosol produced by the PBsj compared to 
the standard PBtj. The amount of drug delivered 
in particles in the upper half of the size spectrum 
(3.3 ,um to > 10 pm in diameter) was signifi- 
cantly less with the PBsj nebulizer than with the 
PBtj nebulizer (unpaired t-test, n = 50, 30; P < 
0.0005). More drug was delivered by the PBsj in 
the smaller particle range (< 3.3 pm diameter) 

than the PBtj (P = 0.025). The single jet modifi- 
cation also produced about two-thirds of the 
amount of aerosol produced by the twin jet, thus 
a relative increase in efficiency. The PBsj nebu- 
Iizer efficiently produces aerosol particles with 
the majority of particles in the size range of 
0.5-5.0 pm. It is proposed that the reduction in 
particle size is principally due to the lowering of 
humidi~ in the head space of the nebulizer, but 
other factors may be operative. The PBsj has 
several sizes of reservoirs available, up to 250 mI 
volume, thus prolonged aerosol treatment is pos- 
sible. 

Parti~i~ size distribution of CsA li~osome aerosol 
The particle size distribution of CsA liposome 

aerosol was measured with the Andersen/ACFM 
non-viable ambient particle sizing sampler 
(Andersen Instruments, Inc., Atlanta, GA) 
(Andersen, 1958; Davies et al. 1976; Hallworth et 
al., 1976). Flowing aerosol was conducted for a 
sampling period of 5 min through the impactor at 
a rate of one CFM (28.3 l/min) by a vacuum 
pump. The input aerosol flowed at a rate of 15 
l/min. The difference in volume was made up by 
passage of compensating air around the connec- 
tion between the aerosol tubing and the impactor 
or by inserting a Y tube in the line from the 
nebulizer to the impactor so that one area of the 
Y tube was left open to ambient air. Results by 
two similar methods were compared with the 
Andersen sampler using slightly different connec- 
tors but with identical results. 

Metal disks below sampling grids at each stage 
of the impactor were removed after sampling and 
agitated gently for 20 min in 10 ml of absolute 
methanol. This eluted material was assayed by 
high-pressure liquid chromatography (HPLC) for 
CsA (Charles et al., 1988). A Waters (Milford, 
MA) 710 B WISP automatic sample injector and 
a Waters Nova-Pak Cl8 column heated to 70°C 
was used in the assay. The mobile phase was 50% 
acetonitrile, 20% methanol and 30% water. Peaks 
were detected at 214 nm using a Waters 441 
Detector and quantified with a Waters 746 Data 
Module integrator. After determination of the 
drug concentrations for each size range, the mass 
median aerodynamic diameter (MMAD) and geo- 
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metric standard deviation (GSD) of the CsA-lipo- 
somes were calculated using KaIeidaGraph 2.0 
(Synergy Software, Reading, PA) (Nilsson et al., 
1977). We emphasize that particle size measure- 
ments in the Andersen sampler refer to the aero- 
dynamic diameters of aqueous particles that con- 
tain one to several liposomes. The diameter of 
the liposomes is much smaller than the diameter 
of the aqueous particles in which they are car- 
ried. The validity of the Andersen sampler 
methodolo~ for calculating the MMAD/GSD 
was independently verified using a Model 3300 
TSI Laser Particle Sizer. 

All-glass impinger (AGI) assay of total aerosol 
output 

The AGI device (Ace Glass Co., Vineland, NJ) 
consists of a collecting flask containing 10 ml of 
water to which the aerosol is introduced at sonic 
velocity through a calibrated glass tube delivering 
the jet of aerosol 4 mm above the bottom of the 
flask (Tyler et al., 1959). The system is operated 
by a vacuum pump so that the flow rate through 
the impinger is 12.5 I/min (with pressure com- 
pensation as described above). The sampling pe- 

riod was 2 min. Paired samples were taken at the 
designated time intervals during the aerosol gen- 
eration for analysis. 

Results 

CsA-liposome aerosol particle sizes with different 
phosphatidyicholine deriuatives 

The purpose of our study was to develop a 
simple aerosol delivery system for the treatment 
of immunologicalIy mediated, human pulmona~ 
diseases with CsA-Iiposomes. Formulations were 
developed using a lyophilization method which 
can readily be scaled up for clinical use. 
Lyophilization was selected to limit the use of 
toxic, organic solvents, such as chloroform and 
methanol. Selection of the appropriate nebulizer 
was also critical. Many different nebulizers (origi- 
nally designed for soluble, aqueous drug adminis- 
tration) were tested for both quantity and quality 
of CsA-liposome aerosol output. Our basis for 
selection was production of particles in the 05-5 
pm size range with few particles larger than 5 
pm. The PBsj nebulizer was selected since it 

TABLE 1 

Recovery of CsA from Andersen cascade impactor according to particle sizeumh 

Range CsA CsA CsA CsA 

(pm) DLPC DOPC POPC EYPC 

0.82 + 1.7 = t.35+2.3C 1.3812.8’ 1.29 & 2.2 = 

Presep. 0 9 8 9 

9.0-10.0 0 4 19 0 

5.8-9.0 0 13 31 0 

4.7-5.8 0 27 9 0 

3.3-4.7 0 23 26 6 

2.1-3.3 19 59 22 50 
1.1-2.1 179 232 142 168 

0.7-1.1 171 178 112 66 

0.4-0.7 133 66 89 43 

o-o.4 79 43 45 29 

Total ’ 581 654 so3 371 

” Aerosol flow rate 15 l/min, sampling interval for 5 min at 30-35 min after initiation. 

h Mean CsA recovery per stage (fig) of two different preparations. 
’ MMAD rt GSD. 

’ Total pg CsA recovered. 

CsA CsA 

DMPC DPPC 

1.23+2.7’ 1.25 + 3.6 ’ 

8 10 

0 0 

19 2 

45 3 

3 10 

18 16 
67 30 

84 14 

103 16 

32 25 

379 126 
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came with different reservoirs of 10 up to 250 ml 
capacity and had the highest sustained aerosol 
drug output with the appropriate size characteris- 
tics. 

In initial studies (Table l), it was found that 
CsA-liposomes prepared with DPPC (the pre- 
dominant lung PC) and DMPC (previously de- 
signed for intravenous use> did not nebulize effi- 
ciently. This was thought to be due to the rigidity 
of the DPPC and DMPC containing liposomes at 
the operating temperature of the nebulizer (16- 
17°C). The phase transition temperatures CT,) of 
DPPC and DMPC (respectively 41 and 23°C) are 
well above the operating temperature of the neb- 
ulizer. The T, effect is shown in Table 1 with 
CsA-DPPC liposome aerosol of MMAD of 1.25 
+ GSD 3.57 pm, but with only 126 pg total 
output/5 min. The CsA-DMPC aerosol was simi- 
lar with an MMAD of 1.23 k GSD 2.7 pm, but 
higher output of 379 pg/S min; however, 19% of 
the CsA-DMPC aerosol particles were greater 
than 4.7 pm diameter. CsA-EYPC was similar to 
CsA-DMPC. We observed lot-to-lot variation in 
the performance of EYPC liposomes and subse- 
quently chose to utilize only synthetic PC. 

PCs of low T,, DOPC and POPC, were better 
producing aerosols with, respectively, MMAD/ 
GSD of 1.35 + 2.3 and 1.38 &- 2.8 and higher out- 
puts of 654 and 503 pg CsA delivered in 5 min. 
Both CsA-DOPC and CsA-POPC aerosols also 
contained some particles in the ranges greater 
than 4.7 pm. CsA-DOPC produced an oil upon 
lyophilization from t-butanol; both DOPC and 
POPC powders were very hygroscopic and diffi- 
cult to work with. Furthermore, the presence of 
unsaturated double bonds, uncertain long-term 
stability, and specialized storage questions led us 
to abandon these PC. Aerosol experiments with 
CsA-DLPC produced the most consistent results. 
Incorporation ratios determined using the Ami- 
con Centrifree Micropartition System indicated 
that 94-99% of the CsA was associated with 
liposomes, with less than l-6% in the aqueous 
filtrate. CsA-DLPC liposomes suspended in wa- 
ter were stable for up to 2 weeks at 4°C. The 
aerosol generated from CsA-DLPC had an 
MMAD of 0.82 + 1.7 ,um with all aerosol parti- 
cles less than 3.3 pm and a peak in the range of 

Reservoir (ugiml) 

. 4 
. . 

Aerosol output (uglL) 

b 
. 

0 10 20 30 40 50 60 

Time (minutes) 

Fig. 1. Total aerosol output of the PBsj with CsA-DLPC 

liposomes analyzed by AGI. Paired 2-min samples were taken 

from the aerosol at the designated intervals. Initial reservoir 

concentrations were 1 mg CsA/ml. Curves represent the 

mean of two separate analyses using different CsA-DLPC 
formulation lots. 

1.1-2.1 pm. Total CsA output was 581 kg in 5 
min. For the above reasons, CsA-DLPC lipo- 
somes were selected for use. 

AGI measurements of DLPC-CsA aerosol 
Fig. 1 shows typical measurements of the total 

drug concentration as determined by AGI analy- 
sis of CsA-DLPC liposome aerosol generated over 
a 45 min interval with the PBsj nebulizer. Using a 
30 ml starting reservoir volume, there was a slight 
trend of increase in the CsA concentration in the 
reservoir with time of nebulization due to evapo- 
ration of water in excess of aerosol generation as 
previously reported in other systems. The fluid 
consumption of the PBsj nebulizer is 15 ml of 
liquid per h. Fig. 1 also shows a parallel increase 
in the concentrations of CsA in the aerosol out- 
put and in the nebulizer reservoir. The mean 
reservoir concentration for the nebulizer was 0.99 
mg/ml with a mean of 25.3 pg/l of CsA con- 
tained in the aerosol over a 45 min period of 
operation. The calculated yield of CsA (pg/l of 
aerosol) by Andersen sampler was consistently 
only 31% of the AGI values. This discrepancy 
may be due to differences in the efficiency of 
collection of impacted aerosol particles on the 
eight stages of the Andersen sampler vs collec- 
tion in liquid within the AGI. Also, an unknown 
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amount of CsA is lost from the Andersen sampler 
during collection, extraction, and analysis. 

Respirator tract deposition of GA-DLPC lipo- 
some aerosol 

A model of an adult lung with a tidal volume 
of 750 cm3, respiratory rate of 15 breaths per min 
(bpm), mouth breathing, log normal particle dis- 
tribution, functional residual volume of 3300 cm’, 
respiratory cycle of 2 s inspiration/2 s expiration, 
without breath holding, and an aerosoi osmolality 
of 77 mM was chosen for calculating the anatomi- 
cal distribution of inhaled particles. Data for these 
calculations were derived from a computer model 
modified for this study by P.W. Scherer using the 
MMAD of the CsA-DLPC Iiposome aerosol (0.82 
k 1.7 GSD) (Persons et al., 1987). Deposition in 
the mouth and pharynx was calculated to be 
0.03%, for Weibel generations O-16, 1.36%, and 
for Weibel generations 17-23, 10.2% (Weibel, 
1963). A total of 11.6% of the inhated CsA-DLPC 
was retained. The remaining 88.4% would be 
exhaled. 

An estimate of CsA deposition in the respira- 
tory tract of CsA-DLPC aerosol can be made as 
follows: 1 1 of inhaled CsA-DLPC aerosol con- 
tains 25.3 pg of CsA (Fig. 1). With a lung minute 
volume of 11.25 l(15 bpm X 750 cm31 pulmonary 
deposition would be as follows: in the mouth and 
pharynx, 0.1 pg/min, Weibel generations O-16, 
3.9 gg/min, and Weibel generations 17-23, 29.0 
pg/min, for a total deposition of 33 pg/min. 250 
fig would be exhaled per min. Thus, in 3 h, 
approx. 2 mg of CsA would deposit almost exclu- 
sively on the lung periphery of the selected model. 
Note that these data were derived from a model 
employing mouth breathing only. Nasal deposi- 
tion of CsA-DLPC aerosol would exceed that by 
mouth causing some reduction in lower respira- 
tory tract deposition. However, due to the small 
size of particles of CsA-DLPC, the resultant 
changes would be small. 

Discussion 

Initial experiments with liposome formulations 
developed for intravenous administration re- 
vealed properties unsuitable for efficient aerosol 

delivery. In contrast to other CsA-liposomal for- 
mulations (Vadiei et al., 1989a; Stuhne-Sekalec 
and Stanacev, 1991a-c), we employed a higher 
CsA : PC molar ratio of 1: 14.4 with DLPC (with 
low T,) in water rather than buffers to reduce 
particle size and maximize aerosol drug output. 
There was a stable association of CsA within the 
DLPC liposomes produced in this study, even 
though there is continual passage and extrusion 
of liposomes through the nebulizer jet. In an 
earlier study using electron microscopy, liposome 
particles were found to be reduced in size from 
63% of particles, 250 nm diameter or greater at 
initiation of nebulization, to only 9%, 2.50 nm in 
diameter or greater, after 1 h of nebulizat~on 
(Gilbert et ai., 1988). Our resuits indicate that the 
CsA-DLPC liposomes are similarIy processed to a 
smaller size during nebulization. To further ex- 
amine the effect of nebulization on the stability 
of Iiposomes, we re-nebuhzed CsA-DLPC that 
had been previously nebulized and captured in 
the AGI. The MMAD and GSD from the first 
and second nebulizations were nearly identica1. 
The first sample was MMAD 0.82 t GSD 1.7 
pm, and the second was MMAD 0.8 + GSD 0.6 
pm_ The only difference was the reduction in the 
GSD, which may represent the further reduction 
in numbers of larger particles after nebulization. 

Treatment of many immunologically mediated 
human pulmonary diseases by systemically admin- 
istered CsA has proven to be ineffective, perhaps 
due to poor pene.tration into the lung as well as 
limitations of treatment by toxicity (Atkinson et 
al., 1983; Martinet et al., 1988; Kahan, 1989). The 
goal of this work was to develop a simple aerosol 
delivery system for localized, topical CsA therapy 
of the lung. These studies demonstrate CsA lipo- 
somal preparations which seem suitable for treat- 
ment of human pulmonary diseases when admin- 
istered by small particle aerosol based on particle 
size and drug content. The particle size of the 
aerosol studied, generated with the Puritan Ben- 
nett 1600 nebulizer, modified to a single jet, 
configuration was quite small (0.82 pm MMAD 
t_ 1.7 GSD). This value was less than the aerosoi 
particle ranges generated with CsA and the other 
PC (Table 1). The finer particles generated with 
CsA-DLPC (and the absence of particles greater 



than 3.3 pm) were predicted by our computer 
mode1 to deposit principally in the peripheral 
Iung areas (Weibel’s generations 17-23), a prop- 
erty that is important for treatment of parenchy- 
ma1 lung diseases. Very little CsA would deposit 
in the mouth and pharynx. 

A major question to be answered with respect 
to these studies is whether topically delivered 
CsA lung dosage would be sufficient to provide 
adequate immunomodulatory therapy. The 
amount of CsA that enters the lung of patients 
given systemic treatment is uncertain. Alexander 
et al. (1992) reported clinical benefit of asthmat- 
ics given CsA, 5 mg/kg per day, orally, but Mar- 
tinet et al. (1988) in a controlled study showed no 
clinical benefit in patients with sarcoidosis treated 
over a long period with daily oral doses of 1Q 
mg/kg per day. Trough serum levels in the latter 
patients ranged from 150 to 250 ng/ml, but no 
CsA could be detected in their pulmonary Iavage 
fluids. Pulmonary Iavage cells from these patients 
were, however, responsive to low doses of CsA in 
vitro. 

~erimental studies have demonstrated that 
topical CsA therapy of the lung is effective. 
Dowling et al. (1990) performed CsA aerosol 
studies to control rejection of lung allografts. CsA 
was administered in an ethanol vehicle using a 
Collison small-particle aerosol generator con- 
nected directly via an endotracheal tube into the 
transplanted lung. The reservoir contained 200 
mg CsA in 5 ml of ethanol with therapy given 
daily for 7 days (291 ng CsA/l aerosol). An 
estimated 2.8 mg CsA was deposited in the trans- 
planted lung with each daily treatment. However, 
only two of 44 bIood samples showed therapeutic 
concentrations of CsA. Lung concentrations were 
variable, but when values of 6-51 yg per g were 
achieved (based on tissue assay), lung transplant 
rejection was much less than in controls (or in 
animals with lower CsA lung tissue levels). Using 
rats with pulmonary allografts, Keenan et al. 
(1992) administered CsA in ethanolic small parti- 
cle aerosol compared with conventional systemic 
CsA therapy. In this study, the highest aerosol 
CsA dose (3.6 mg/kg per day for 7 days) gave 
significantly greater protection from graft rejec- 
tion than the lower aerosoi dosages. The protec- 

tive effect was also greater than a dose of 25 
mg/kg per day given intramuscuIarly for 1 or 4 
days. The lung transplants utilized were setected 
to cross major histocompatibility barriers and 
thus, the protective effects of CsA aerosol ther- 
apy are highly significant. 

In preliminary studies of mice treated with 
CsA-PC liposome aerosol formulations, we have 
recovered up to 4 pg of CsA per g of lung tissue 
following 2 h of inhalation therapy. Minimal lev- 
els have been detected in the liver, kidney or 
blood. In contrast, 2 h after an equivalent dosage 
of oral CsA, CsA lung concentrations are negligi- 
ble. These preliminary studies suggest that topi- 
cal dehvery to the lung by aerosol may produce 
higher locat concentrations than systemic admin- 
istration. This pattern was suggested in a study of 
patients who died from complications following 
organ transplantation but had received therapeu- 
tic dosages of intravenous and oral CsA prior to 
death (Reid et al., 1988). Among 29 sites sam- 
pled, CsA concentrations in lung tissue averaged 
434 rig/g.. Several-fold higher levels were noted 
in most other tissues. Efficient targeting of CsA 
to the lung by aeroso1 may produce lung concen- 
trations within a therapeutic range. An added 
potential benefit of Iocalized aerosol CsA therapy 
may be reduced systemic toxicity. Smeesters et al. 
(1988) have reported reduced toxicity of CsA- 
liposomes. 

While the use of DLPC for liposome formula- 
tions has been limited, its biophysical properties 
make it well-suited for aerosol use. In animal 
studies, we noted no acute toxicity from inhala- 
tion of DLPC liposome aerosol. The present 
studies are prelimina~ to clinical studies of CsA 
aerosol treatment of obliterative bronchiolitis in 
pulmonary allograft recipients. This progressive 
and fatal lung disease is a prime candidate for 
early aerosol CsA therapy since much of the 
damage is irreversible once clinical symptoms ap- 
pear (Griffith et al., 1988). Studies will be per- 
formed when required approvals are obtained. 
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