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Aerosol inhalation is an established route of medical administration for the treatment
of pulmonary diseases. In contrast, aerosol inhalation for treatment of systemic
diseases is a novel therapeutic approach. Clinical use of the latter therapy for many
years has been limited by the lack of accuracy, efficiency, and reproducibility of the
administered doses. Usually, only a small fraction of inhaled drug reached the target
region within the lungs. Further problems were the risk of potential allergic reactions
in the respiratory tract and a potential variability of drug absorption from the alveoli
into the circulation. These problems have been solved in the last years by modern
aerosol delivery systems allowing the production of an aerosol with a defined and
optimised aerosol particle size combined with an optimized breathing maneuver and
optimization of the efficacy of the technology. Furthermore, there were no observations
of relevant allergic reactions after inhalation of systemically active drugs in numerous
studies. Studies demonstrated that only a small number of morphological factors
influence alveolar drug deposition (e.g., exogen allergic alveolitis, active sarcoidosis,
active smoking). In consequence, an increasing number of studies investigated the
systemic effect of inhaled high molecular weight substances (e.g., insulin, heparin,
interleukin-2) and demonstrated that controlled aerosol therapy may serve as a non-
invasive alternative for drug application by means of a syringe. Our review briefly
summarizes the mechanisms for pulmonary absorption of macromolecules and gives
an overview on prior research in the field of inhalant treatment of systemic diseases.
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INTRODUCTION

Since about 25 years a number of methods for recombinant synthesis of peptides
and proteins were developed. These methods allow the production of large amounts
of substances, which are used in clinical treatment (e.g., growth factors, hormones,
monoclonal antibodies and cytokines) (1). Because of their biochemical properties
(high molecular weight, hydrophilia, sensitivity against chemicals, and proteolytic
enzymes) these compounds cannot be administered orally, but require parenteral
administration. Because these substances are often used for treatment of chronic
diseases, this type of drug administration has negative effects on convenience and
compliance of the patients. In order to solve this problem several methods for
controlled injection or alternative administration of drugs were developed (1).
Inhaled application (via nose or mouth) of high molecular weight compounds
seems to be a method of choice. However, several preconditions must be fulfilled
to allow administration of adequate and reproducible drug doses for treatment of
systemic diseases by inhaled aerosols. Firstly, these are biophysical and
physiological factors (e.g., aerosol particle size, and breathing maneuver (inspired
volume, inspiratory flow, end-inspiratory breathhold time)), which are described in
more detail in other reviews (2, 3). Others are the physical and biochemical stability
of the pharmaceutical compounds designed for aerosolization (aqueous solution,
dry powder, suspension or solution in propellants (4, 5)).

Since the lung has been exposed to microorganisms and foreign substances from
the environment for millions of years, during the evolution process a complex
defense system has been developed protecting the respiratory tract from the nostrils
down to the alveoli. The defense mechanisms of upper airways and the bronchi
consist of anatomic barriers, cough, mucociliary apparatus, airway epithelium,
secretory immunoglobulin A (IgA), dendritic cell network and lymphoid structure
(6). About 90% of inhaled particles with diameters larger than 2 to 3 pum are
deposited in the central airways on the mucus overlying the cilial epithelium (2, 3,
6). After deposition they are rapidly transported to the trachea by means of the
mucociliary escalator and swallowed into the gastrointestinal tract (Fig. 1).
Furthermore, the thickness of mucus layer and respiratory epithelium as well as
peroxidases reduce the absorption of biomolecules deposited in the central airways.

Much better conditions for absorption of inhaled macromolecules are found in
the lung periphery making the lung an important target for inhalant administration of
pharmaceuticals for systemic treatment. Firstly, the size of the alveolar surface
depends on the distension of the lung and varies between 80 and 140 m?, which is
about the half of a tennis court (132 m?) and much larger than that of the nose (about
180 cm?) (4, 7, 8). Another advantage of the lung is the thin alveolar epithelium. The
thickness of this epithelium in most regions is between 0.1 and 0.2 pm (9, 10)
resulting in a total distance between epithelial surface and blood between 0.5 and 1.0
um (8), which is much less than that in the bronchial tract, where the deposited
substances have to pass a distance of 30-40 um, and more between mucus surface
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Fig. 1. Uptake of inhaled drugs after peripheral/alveolar deposition (modified according to (1)).

and blood (Fig. 2) (8, 9). Furthermore, the lung is perfused with a blood volume of
about 5 I/min at rest (11) without a first-pass effect, which plays a large role for orally
administered drugs even though some metabolism takes also place in the lung (1, 4,
8, 10, 12, 13). However, even in the lung periphery a number of defense mechanisms
exist that inhibit the absorption of biomolecules, e.g., macrophage uptake.

Physical methods for aerosol administration

Different types of nebulizers, metered dose inhalers (MDI), and powder
inhalers have been developed for aerosol therapy. Requirements for this type of
administration are high efficiency of drug delivery, reproducible dosing, targeted
delivery of the inhaled drug to the site of action, ease of device operation, short
duration of treatment, minimized risk to the patient and the medical personnel,
environmental protection, and cost-effectiveness (14). However, the various
products differ strongly in respect to their suitability for nebulization and
administration of the different compounds. In the past, low rates of pulmonary
drug absorption were observed, because the used nebulizers were not qualified for
production of an adequate aerosol particle spectrum (5, 8) and did not take care
on the breathing patterns of the patients.

Nebulizers

The appropriateness of nebulizers for administration of macromolecular
compounds depends on the performance of them (e.g., aerosol output, distribution
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Fig. 2. Lung epithelium and mechanisms of particle deposition at different sites within the lungs
[modified from (9)]. Lung epithelial cells of the different lung regions are drawn at their relative
sizes. The higher the number of the airway generation the deeper the particle is inspired into the lung
(0: Trachea, 1-2: Bronchi, 3-5: Bronchioles, 17-18: Terminal bronchioles, 19-20: Respiratory
bronchioles, 21-22: Alveolar ducts, 23: Alveolar sacs). Mechanisms of particle deposition depending
on the aerodynamic particle diameters (d,.) are impaction (inertia), sedimentation (gravity) and
diffusion (Brownian motion) in bronchi, terminal bronchioles and alveoli, respectively. A typical
aerosol particle (d,.: 2 pm) contains tens to hundreds of millions of insulin molecules or hundreds of
millions/billions small molecules depending on its physical character (liquid or solid). Solid aerosol
particles are too large to be absorbed in total and must dissolve to release their drugs for absorption.
The deeper an aerosol particle penetrates into the lung the thinner becomes the airway epithelium and
the larger becomes the lung surface. In consequence, the function of the epithelial absorption barrier
decreases and the absorption increases as a function of the particle penetration depth into the lung.
Typical cells in the bronchi are basal cells, which serve as the stem or progenitor cells for the other
epithelial cells in case of injury or apoptosis, ciliated cells, which provide the mechanism for moving
the mucus blanket, goblet cells, which secrete the mucus and brush cells, which are involved in drug
metabolism. The same cells and the mucus layer are also found in the smaller airways, but not as tall.
The thinnest absorption barrier is found in lung alveoli. The basement membrane is not a membrane,
but an extracellular matrix of different biopolymers to which epithelial cells attach.

width, and variability of the aerosol particle spectrum) as well as the stability of
the biochemical compounds used for nebulization. Within the nebulization
process in air-jet nebulizers, protein structure and function can be compromised
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independently from the molecular weight of the protein (7able 1) by surface
denaturation, shear-stress induced denaturation, and desiccation of the aerosol
droplets (4). The role of these degenerative processes in aerosol production is
enhanced by the operating mode of air-jet nebulizers, because just 1% of the
produced droplets leaves the nebulizer, whereas the other 99% remain inside and
undergoes the nebulization process at least 10-15 times (1, 4). Several additives,
such as lipids, surfactant, amino acids, albumin, polyols, and packing into
liposomes result in an increased protein stability and additional absorption
enhancement (4, 5, 15-17).

Ultrasonic nebulizers act by disruption of liquid surfaces by means of
ultrasound and, therefore, allow production of high concentration aerosols (16).
That requires a supply of high energy doses, which especially in viscous liquids
may cause formation of large surfaces with cavitation and distinct heat
development (4, 16). However, most of the clinically used pharmaceuticals have
a sufficient stability and are not affected by these denaturating processes. In
contrast, peptides and proteins (e.g., insulin, oa-interferon, surfactant, and
recombinant consensus interferon (rConlFN)) are irreversibly denaturated (4, 16).
Usually, aerosol particles produced with this type of nebulizers are not
appropriate for deep lung delivery.

Another approach for nebulization is the vibrating plate technology. In this
type of aerosol devices, a liquid aerosol is produced by means of a vibrating mesh
or plate with multiple apertures. Devices of this type allow the generation of
aerosols with a high fine-particle fraction. The aerosols are generated as a fine
mist without requirement of an internal baffling system (14, 16). Compared with
conventional jet nebulizers and ultrasonic nebulisers, they have a higher
efficiency for the delivery of drugs to the respiratory tract. Some other advantages
are that these devices effectively aerosolize solutions, have only a minimal
residual volume of medication left in the device (cost sparing effect), and might
be breath-actuated, thereby limiting the release of aerosolized drugs into the

Table 1. Stability of selected biomolecules in air-jet nebulizers (from (4)). Molecular weight for
some compounds not provided for monomers.

STABLE MOLECULES MW (Da) UNSTABLE MOLECULES MW (Da)

. . Granulocyte-colony stimulating factor 18.8
o-antitrypsin 450r3l (rhG-CSF; glycosylated, unglycosylated)
Secretory leukoprotease inhibitor (SLPI) 12 PEGylated rhG-CSF 24-36
Desoxyribonuclease (DNAse) 30 Interferon a (IFN-a) 19
Heparin 3-20 Consensus interferon 19
Granulocyte macrophage-colony 22
stimulating factor (rhGM-CSF) 14.5 Growth hormone
Insulin 12-20
Interleukin-1 receptor antagonist IL1-RA 17.2
Tissue plasminogen activator (tPA) 6
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environment (14). These devices sometimes fail when liposomal formulations
should be aerosolized and it usually is difficult to aerosolize suspensions
(exception: nanosuspensions).

Powder aerosols

Powder aerosols are produced by disaggregation of preformed (e.g., milled or
spray-dried) micronized particles. The energy required for disaggregation is
supplied by the inhalation maneuver or alternatively by means of an external
energy (4, 18). Advantages of dry powder inhalers are their environmental
sustainability due to a propellant-free design, the ease to use, because not much
patient coordination is needed, and the formulation stability. On the other hand,
typical disadvantages are the dependency of the deposition efficiency on the
patient’s inspiratory airflow, their potential for dose uniformity problems, and
their relative high complexity and costs for development and manufacture. The
use of dry powder aerosols is established for treatment of asthma and chronic
obstructive pulmonary disease (COPD), e.g., by means of B-mimetics,
anticholinergics, or steroids. However, up to now there is little experience on
inhalant administration of biomolecules except insulin (Exubera®) for systemic
treatment (1, 17, 18). This is caused by specific problems for the use of proteins
or peptides occurring in the processes of lyophilization or spray drying,
micronisation, completeness of dispersion and disaggregation, and the
surveillance of the latter.

For passive systems, the inspiratory air flow of the patient is an essential
parameter. If this air flow is insufficient for complete disaggregation, large
aggregates will be inhaled and cannot reach the alveolar region. Humidity can
also be a large problem, because it impairs the stability of proteins and peptides,
and also affects disaggregation and dispersion (4, 16, 18, 19). However, if the
underlying problems, especially in particle engineering, are solved by novel
techniques (20), the inhalation of dry powder aerosols may be an interesting tool
for inhalant treatment of systemic diseases by inhaled biomolecules deposited in
the alveolar region. In this case it should additionally be considered that high
powder doses (over a few milligram) may cause cough and in that way influence
deep lung deposition significantly.

Metered dose inhalers (MDI)

In metered dose inhalers compounds are dissolved or suspended in a
pressurized propellant that should be nontoxic, noninflammable, compatible with
drugs formulated, as suspensions or solutions, and to have appropriate boiling
points and densities. For consistent dosing the vapor pressure must remain
constant throughout the product’s life. These requirements are typically fulfilled
by chlorofluorocarbons (e.g., dichlorodifluoromethane, dichlorotetrafluoroethane,
and trichlorofluoromethane), but not by pressurized carbon dioxide. After its
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release with high velocity, the mixture rapidly expands forming an aerosol.
Because of the high velocity of the aerosol directly after its release, different types
of spacers are often required for optimization of the aerosol deposition (4, 21).
Aerosols from metered dose inhalers are established in clinical treatment of
patients with asthma or COPD from about 50 years, and many different types of
metered dose inhalers have been developed (4, 16, 21). Unfortunately, these
devices, up to now, cannot be used for treatment with macromolecules (e.g.,
peptides and proteins), because a number of prerequisites (stability of the
compound within storage in the inhaler, no denaturation of the compound within
the nebulization process, production of an aerosol with appropriate particle
distribution pattern) are not sufficiently fulfilled.

ABSORPTION OF MACROMOLECULES DEPOSITED IN THE ALVEOLI

General and specific factors affecting the absorption

Proteins with lower molecular weight are absorbed more rapidly after alveolar
deposition than those with higher molecular weight (5, 8, 22-25). Numerous
studies have shown that the bioavailability of proteins with molecular weights up
to 30 kDa (which includes the vast majority of proteins used in clinical therapy)
is between 20 and 50% (Fig. 3) (8, 25). However, the bioavailability of some
proteins is much smaller, because they are subject of proteolytic degradation (8,
22). Other variables affecting the absorption are pH-value, electrical charge,
surface activity, solubility and stability in the alveolar environment (4, 10, 22).
Pharmacokinetics of the different macromolecules also depends on their
molecular weight. For example, the half-life time of the alveolar absorption of
hydrophilic compounds increases with their molecular weight (sucrose: MW: 342
Da, tys: 87 min; inulin: MW: 5250 Da, t,5: 225 min; dextran: MW: 20000 Da, t; s:
688 min; dextran: MW: 75000 Da, t,s: 1670 min) (22). Accordingly, the time to
reach the maximum serum concentration (t,,, ) is also increasing as a function of
the molecular weight of peptides and proteins (Fig. 4) (5, 22, 24, 25).

Proteins deposited on the mucociliar epithelium of the conducting airways are
poorly absorbed and show a small bioavailability, because they are transported to
the pharynx by mucociliary transport and degraded in the intestinal tract. In
contrast, proteins deposited in the alveoli can be absorbed by four distinct
mechanisms: phagocytosis by alveolar macrophages, paracellular diffusion via tight
junctions, vesicular endocytosis or pinocytosis, and receptor dependent transcytosis
(4, 8, 10). The functional role of barriers and transport mechanisms is very different
and underlies control by physiological and pharmacological factors (4, 8, 10, 15).
For example, absorption enhancing substances (15) and cigarette smoking cause an
inflammation of the lower respiratory tract followed by an increased epithelial
permeability (8, 10). In consequence, inhaled insulin is more rapidly absorbed in
smokers than in nonsmokers (5, 8, 10, 16, 17, 22, 26, 27). On the other hand, an
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Fig. 3. Bioavailability of peptides and proteins after pulmonary deposition or intratracheal
adminstration (from (8, 25)). Data were obtained in rodents (M), dogs (#), monkeys (A) and
humans (®). Note the large variability of the bioavailability for some biomolecules obtained in
different experiments and species; the variability is in part caused by a different mode of
administration (i.e., intratracheal instillation and aerosol inhalation). Data for albumin (MW: 68000
Da, bioavailability: 4.5%) and IgG (MW: 150000 Da, bioavailability: 1.7%) are not shown.
Abbreviations: CSA: Cyclosporine A; DDAVP: (desamino-Cysl-D-arg8)vasopressin; G-CSF:
Granulocyte-colony stimulating factor; GHRH: Growth hormone releasing hormone; IFN-o:
Interferon o; IFN-y: Interferon y; PTH(1-84): Parathormone; PTH(1-34): Parathormone active
fragment of 34 amino acids; RGD: Arg, Gly, Asp; VIP: Vasoactive intestinal peptide.

alveolar inflammation, which can be even induced by the inhalation therapy itself
(e.g., by absorption enhancers), can result in a reduction of the bioavailability (15).
However, an immunization against the administered peptides and proteins, which
might cause an incompatibility or an inactivation, obviously plays no relevant role
(8, 12, 28). Finally, pulmonary diseases affecting convective gas transport, size of
the alveolar surface or alveolar permeability (asthma, COPD, smoking) can
preclude or hamper a pulmonary drug therapy (8, 11, 17).

Physiological absorption barriers

A number of physiological barriers inhibit the absorption of inhaled proteins
after their pulmonary deposition (Fig. 5) (4, 8, 10). The first barriers after contact
are the mucus layer and the alveolar lining fluid. The mucus layer consists of a
complex mixture of lipids and glycoproteins, but also surfactant from the lower
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Fig. 4. Time to reach the maximum blood concentration (t,,,) after pulmonary administration as
function of the molecular weight of various peptides and proteins [modified from (5, 22, 24, 25)].
Most of the biomolecules were administered intratracheally in rats, few in other species (e.g. dogs).
Data of some biomolecules show a large variability. The variability can be caused by differences in
the experimental settings (e.g., animal species and mode of administration (substances administered
by aerosol peak more rapidly than those administered intratracheally)) and by the glycosylation of
a protein. Abbreviations: AAT: a,-antitrypsin; AAT®: from E. coli, not glycosylated; AAT®: normal
o-antitrypsin, glycosylated; CSA: Cyclosporine A; DDAVP: (desamino-Cys1-D-arg8)vasopressin;
G-CSF: Granulocyte-colony stimulating factor; GHRH: Growth hormone releasing hormone; hGH:
Human growth hormone; IFN-o: Interferon a; LHRH: Luteinic hormone releasing hormone;
PTH(1-34): Parathormone active fragment of 34 amino acids; RGD: Arg, Gly, Asp.

respiratory tract. The amount, composition and thickness of the mucus layer
depend on their localization in the respiratory tract and are also influenced by
local inflammatory and neuronal factors. Pulmonary diseases, local
inflammation, and administered drugs cause a variation of the mucus volume and
composition and of the airway diameters, all of which affects deposition and
absorption. In consequence, patients with pulmonary diseases must be thoroughly
investigated prior to inhalation therapy for treatment of systemic diseases,
because aerosol deposition and absorption differ from those in healthy individuals
and data obtained in individuals with normal lung function cannot be extrapolated
to these patients (4). The alveolar lining fluid includes a large amount of
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surfactant with phospholipids and surfactant apolipoproteins acting as a surface
active substance. Hyperventilation causes a release of surfactant from the type 11
pneumocytes located in the alveoli. However, numerous other endogenous and
exogenous factors (pharmaceuticals) modulate cellular surfactant synthesis.
Pulmonary surfactant interacts with the deposited substances affecting their
stability and solubility, e.g., by formation of liposomes (Fig. 5).
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Fig. 5. Barriers for absorption of peptides and proteins after peripheral/alveolar deposition
[modified from (4)].
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Cells located in the respiratory tract also counteract the absorption of inhaled
substances after their alveolar deposition. Macrophages represent about 85% of
the cells retrieved by bronchoalveolar lavages and are normally the only type of
phagocytic cells within the lower respiratory tract (6). They play a predominant
role in this process for absorption inhibition, which serves as an unspecific
defense mechanism of the lung against bacteria and inhaled particles. Lombry et
al (29) demonstrated that alveolar macrophages serve as a primary barrier to the
pulmonary absorption of macromolecules, as a depletion of alveolar macrophages
was followed by an improved absorption of proteins into circulation after
intratracheal instillation even though there seems to be differences regarding the
administered type of protein (e.g., IgG and hCG). Macrophages are differentiated
from blood monocytes after they have emigrated into the tissues and they occur
in the respiratory tract, the alveoli, and the interstitial matrix, and their number
can rapidly increase in case of an inflammation (4, 6). Furthermore, they can
rapidly incorporate particles deposited in the lung alveoli, secrete reactive oxygen
species (ROS) by means of respiratory burst and release mediators of
inflammation (e.g., granulocyte macrophage-colony stimulating factor (GM-
CSF)), cytokines (e.g., IL-1B/IL-1ra, IL-6 and tumor necrosis factor o (TNF-a))
and chemokines (e.g., RANTES and MCP-1-MCP-3) and enzymes (e.g.,
metalloproteinase, urokinase and acid hydrolases) (Fig. 5) (4, 6). The release of
inflammatory cytokines and chemokines causes an inflammatory cascade with
activation of neighbouring cells and invasion of other inflammatory cells from the
blood (6). Therefore, an increase in the number and activity of macrophages in
the alveolar lining fluid can substantially decrease the bioavailability of inhaled
biomolecules (4). Compared with macrophages, the proportion of neutrophil
granulocytes in alveoli is much smaller (about 1-2%), even though they are the
most abundant type of leukocytes in the body. Neutrophils can invade within
hours from circulation, where a large proportion is weakly bound by carbohydrate
ligands and selectins to the vascular endothelium, into the respiratory tract and
lung interstitium. The processes of granulocyte binding and extravasation are
triggered by several inflammatory cytokines and chemokines, which are in part
released from activated macrophages and mediated by an interaction between
adhesion molecules of leukocytes and endothelial cells (6). The physiological role
of neutrophil granulocytes is the elimination of microorganisms. For this purpose
they can phagocytose deposited material, secrete ROS and proteases (e.g.,
cathepsin G and elastase) and release mediators of inflammation (TNF-a und IL-
1) (4, 6). Hence, neutrophils can also account in a relevant manner for the
clearance of material deposited in lung alveoli. Another cell type, lymphocytes
are found in a proportion between 10 and 20% (50% CD4+ lymphocytes, 30%
CD8+ lymphocytes, 10-15% natural killer cells, and 5% B lymphocytes) in
bronchoalveolar lavage fluid and also in pulmonary lymph nodes, and bronchial
and alveolar interstitium. Physiologically, they serve for the immunological
response after antigen presentation by macrophages and dendritic cells (6).
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Hence, deposition of immunogenic material may cause a sensibilization of
lymphocytes. However, lymphocytes can also phagocytose and include secretory
granules containing proteases and different proteolytic enzymes (4).

The largest proportion of substances deposited in lung alveoli achieves the
surface of the alveolar type I pneumocytes. These cells cover about 97% of the
alveolar surface and serve for pulmonary gas exchange. The remaining area
consists of the type Il pneumocytes producing lung surfactant. Type I
pneumocytes express carboxypeptidase on their membrane, which degrades a
number of peptides and proteins. The total distance between respiratory tract and
circulation is only 0.5 um facilitating the diffusion of gasses and penetration and
transport of fluids and (inhaled) macromolecules (4). Inhaled macromolecules
can pass alveolar epithelium via different transport mechanisms, which are
intracellular tight junctions, membrane pores, and vesicular transport by type |
and type II pneumocytes (4). Tight junctions are located between epithelial
barriers, have a radius between about 0.8 and 1.0 nm and regulate the transport of
small soluble substances, fluids, and ions. In the normal lung they play obviously
no relevant role in the transport of proteins. In contrast, in cases of cellular
damage the size selectivity is lost allowing permeation of larger molecules and
fluid volumes. Furthermore, the permeability of chemical compounds like bile
acids and calcium chelators is also increased. However, there are structural
differences between epithelial tight junctions and endothelial tight junctions. The
latter allow a permeation of molecules with molecular weights more than 12 kDa
into the interstitium. In cases of hydrostatic or oncotic pressure gradients larger
molecules can also permeate (4).

Membrane pores are discussed as another transport mechanism allowing the
exchange of fluids and macromolecules. It is assumed that pores of different sizes
exist, which can increase their diameter in case of an existing hydrostatic pressure
gradient (4). In pneumocytes types I and II another mechanism of vesicular
transport has been described, which is comparable with that in epithelial and
endothelial cells. This transport mechanism is of larger relevance in type I
pneumocytes, because they line a much larger proportion of the alveolar surface
than type Il pneumocytes. In detail, the vesicular transport mechanism of type I
pneumocytes is pressure independent and allows the transcellular transport of
fluids and macromolecules. The vesicles have a diameter of about 35.5 nm
allowing the transport of even larger macromolecules. For example, the
hydrodynamic radii of lysozyme (MW: 14.1 kDa) and catalase (MW: 230 kDa)
are 2.1 and 5.2 nm, respectively. However, an estimation of the functional
capacity of this transport mechanism is difficult, because (1) the number of
vesicles increases in liquid filled lung indicating their role in the transport of
fluids, (2) the glycocalix affects the uptake of proteins via specific or unspecific
binding mechanisms and a number of receptors and binding proteins were
identified on capillary endothelia, (3) the definite processing of the vesicles inside
the cells and the mechanisms for their movement (e.g., Brownian movement) are
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not conclusively identified, (4) the energetic mechanisms of membrane
displacement and fusion of the vesicles are not yet conclusively elucidated, and
(5) different types of vesicles (e.g., clathrin-coated and clathrin-uncoated) exist,
which both play a role in transcytosis, but differ in respect to their characteristics
of protein uptake (e.g., a,-macroglobulin and albumin). However, the results of
investigations in type [ pneumocytes indicate that uptake and transport take place
via liquid phase, adsorption, and receptor dependent processes (4).

In contrast to the type I pneumocytes described before, type Il pneumocytes
cover only a small area of the alveolar surface and produce pulmonary surfactant.
The latter together with proteins plays an important role in the clearance of
macromolecules by means of the alveolar lining fluid. Further cellular processing
can take place with or without binding of the macromolecules on the cellular
surface and depends strongly on the charge of the molecules. For example,
cationic ferritin is absorbed much better than uncharged or anionic molecules. A
large proportion of the material absorbed by endocytosis from the type II
pneumocytes is deposited in lamellar bodies. In addition, transcellular transport
represents another mechanism for absorption of macromolecules.

The basal lamina has a thickness of about 20 to 25 nm and is placed below the
epithelium. It predominantly consists of glycoproteins (laminin, heparan
sulphate, proteoglycan, fibronectin, and collagen) and has an anionic charge on
its outer surface. Presumably, the latter regulates the permeation dependent on the
size and charge of molecules. However, the mechanism of the permeation
inhibition is not yet fully elucidated. After their passage through the alveolar wall
and alveolar basal lamina inhaled substances reach the interstitium, where
proteins can be bound by macromolecules or inactivated or phagocytosed by
macrophages or transported to the lymphatic system. In the latter case, proteins
can be detected after some hours in the circulation. The endothelial basal lamina
and endothelium are also barriers for the absorption of macromolecules.
However, compared with the other barriers described before they act only as a
minor barrier for inhaled biomolecules before entering the circulation (4).

Methods for absorption improvement

A number of physiological barriers inhibit the absorption of macromolecules
via the gastrointestinal tract and other mucosal surfaces, the respiratory tract, and
the skin. In addition, various enzymes, especially peptidases and proteases,
degrade macromolecules, especially peptides and proteins, by proteolysis.
Addition of absorption enhancers to the pharmacological compound considerably
increases the transdermal (30), gastrointestinal (31), and respiratory absorption
(5, 15, 31, 32). Prevention of proteolysis by addition of protease inhibitors or
packing of the macromolecules into particles can further increase the
bioavailability. Packing into microparticles can also be used for the development
of ,,sustained release” pharmaceuticals. However, it should be considered that all
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these substances for absorption enhancement do not only affect the
pharmacological properties of the administered macromolecules (e.g.,
bioavailability, time to reach the maximum plasma concentration (t,,.), and
maximum plasma concentration (C,,,)), but also have an own active profile and
toxicity (1, 15, 22).

Enzyme inhibitors

The activity of proteases and peptidases in the alveolar region of the
respiratory tract is much lower than in the gastrointestinal tract (13, 22).
However, proteolytic degradation, especially of susceptible peptides and proteins,
cause a relevant reduction of the bioavailability even after pulmonary
administration of these macromolecules. The bioavailability and pharmacological
activity of inhaled peptides and proteins can be improved by addition of protease
inhibitors preventing the inactivation of these biomolecules by proteolytic
cleavage (1, 5, 15). Examples of protease inhibitors are nafamostat mesilate
(doubling the insulin bioavailability) and aprotinin and (p-amidinophenyl)-
methanesulfonylfluoridesHCI (p-AMF) (increase the bioavailability of rhG-CSF
1.5-times and 3-times, respectively) (Table 2) (15).

Surface active substances

This group includes compounds, which are very different in their molecular
structure (bile acids, fatty acids, nonionic detergents). The mode of action is not yet
completely understood, and it is assumed that the increase of the alveolo-capillary
transport is caused by an interaction with the cell membrane resulting in a
liquefaction followed by an increased permeability and/or a modulation of cellular
tight junctions followed by an increased paracellular permeability (15, 33).
Presumably, bile acids increase the absorption by alteration of the mucus layer,
protection of proteins against enzymatic degradation, disaggregation of protein
multimers, opening of epithelial tight junctions, and solubilization of phospholipids
and proteins out of the cell membrane, followed by formation of micelles. However,
the strong absorption enhancing effect (e.g., of bile acids for insulin) (5) can result
in a damage to the epithelial surfaces after treatment for longer periods. The
absorption can also be increased by fatty acids (or their sodium salts) or nonionic
detergents. For example, beside other fatty acids (or their sodium salts), oleic acid
and linoleic acid and polyoxyethylene cause a distinct increase of calcitonin
absorption. Lauryl ether enhances the absorption of rhG-CSF and Span 85 increases
the absorption of inhaled insulin aerosol without lung damage (7able 2) (5, 15).

Cyclodextrins

Cyclodextrins are cyclic polymers of glucose that form complexes with
molecules fitting into their lipophilic inner structure. An absorption enhancing
effect of cyclodextrins was observed for luteinic hormone releasing hormone
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(LH-RH), granulocyte-colony stimulating factor (G-CSF), calcitonin, and
analogs of the adrenocorticotrophic hormone (ACTH). However, inhalation of
insulin with different compounds of this group demonstrated that the intensity of
the absorption enhancing effect of cyclodextrins, but also their toxicity, depends
on their structure (1, 15). In detail, the toxicity increases with the intensity of
absorption enhancement (15). The underlying modes of action are solubilization
and complexation of membrane lipids and proteins of epithelial cells, inhibition
of proteolytic enzymes, and modification of the physicochemical properties (e.g.,
solubility and partition coefficient) of the administered substances. The latter is
important for hydrophilic peptides and proteins with high molecular weight that
can only partially be incorporated into complexes and are subject of changes of
their conformity (15) (Table 2).

Table 2. Substances tested for promoting pulmonary protein absorption of pharmaceuticals for
systemic treatment (modified from (15, 34-36)). Most substances were tested in animals only and
the absorption enhancing effect differs strongly between the various compounds and the
administered doses. Note that liposomes and microparticles differ strongly regarding their
composition.

Type Compound

Protease inhibitors Amastatin, antipain, aprotinin, bacitracin, benzamidine, bestatin, chymostatin, 3,4-
dichloroisocumarin, diisopropyl fluorophosphate (DFP), elastinal foroxymithin,
leupeptin, nafamostat, nafamostat mesilate, (p-amidinophenyl) - methanesulfonyl
fluoridesHCI (p-AMF), pepstatin, phenanthroline, phosphoramidon, soybean trypsin
inhibitor, potato carboxy peptidase inhibitor (pCPI), Tos-Lys-chloromethylketone
(TLCK), Tos-Phe-chloromethylketone (TPCK), trans-epoxysuccinyl-leucylamido - (4-
guanido) - butane.

Surface active agents Bile acids and their salts:

Chenodeoxycholic acid, sodium cholate, sodium deoxycholate, sodium glycocholate,
sodium glycodeoxycholate, sodium taurocholate, sodium taurodeoxycholate,
taurocholic acid, ursodeoxycholic acid.

Fatty acids and non-ionic surfactants:

Ethyl oleate, glycerol trioleate, lauryl ether, linoleic acid, linoleic acid-HCO60
(hydrogenated castor oil) mixed micelles, n-lauryl f-D-maltopyranoside, n-lauryl p-D-
maltoside, octyl-B-D-glucoside, oleic acid and its sodium salt, oleyl alcohol, palmitic
acid, palmitoleic acid, polyoxyethylene oleyl ether, polyoxyethylene sorbitan
monooleate, polyoxyethylene sorbitan trioleate, sorbitan trioleate, Span 85, stearic
acid, surfactin.

Cyclodextrins a-cyclodextrin, B-cyclodextrin, y-cyclodextrin, dimethyl-B-cyclodextrin,
hydroxypropyl-B-cyclodextrin.
Miscellaneous agents Alcohol, citrate (37), citric acid, ethylene diamine tetraacetic acid (EDTA), hydroxy

methyl amino propionic acid (HMAP), lanthanide salts (CeCl;, GdCl;, LaCl;, LuCls),
polyethylene glycol, salicylates.

Modified proteins (Fc fusion proteins) (38-40).

Liposomes and Calcium phosphate and polyethylene glycol (CAP-PEG), chitosan/tripolyphosphate
microspheres and phospholipids (41), dilaurylphosphatidylcholine (42, 43), dipalmitoyl
phosphatidylcholine and human serum albumin and lactose (DPPC/HAS/lactose),
dipalmitoyl phosphatidylcholine and hydroxyethyl starch (DPPC/HES), dipalmitoyl
phosphatidylcholine and oligosaccharide ester derivatives (DPPC/OEDs), dipalmitoyl
phosphatidylcholine and sodium oleate (DPPC/sodium oleate), gelatine, 3,6-bis(N-
fumaryl-N-(n-butyl)amino-2,5-diketopiperazine (FDKP), poly(lactic-co-glycolic) acid
(PLGA).
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Other substances

Other very different compounds also serve as absorption enhancers for
pharmaceuticals after inhalant administration and pulmonary deposition. For
example, salts of different lanthanides (CeCl;, GdCl;, LaCl;, LuCl;) interact
with membrane components and cause a conformational change of membrane
proteins resulting in a distinct increase of insulin absorption depending in its
intensity on the type of the lanthanide salt (15). Ethylene diamine tetraacetic
acid (EDTA) and salicylates increase the paracellular transport by a calcium
regulated modification of cellular tight junctions (15). Polyethylene glycol
(PEG) also increases the bioavailability of inhaled macromolecules (e.g., thG-
CSF) after alveolar deposition (15). As shown for insulin, hydroxyl methyl
amino propionic acid (HMAP, an amino acid) increases absorption and
bioavailability of the inhaled peptide. However, the inhalation of HMAP is
followed by a temporary alveolar inflammation (15). In another study, the
bioavailability of leuprolide acetate was enhanced by additionally administered
alcohol. However, repeated administration resulted in an inflammation
followed by a reduced effect (Table 2) (15).

Another, recently described approach is the modification of therapeutic
proteins by fusion to the Fc domain of an IgG; (IgG subtype 1). The Fc fusion
proteins can be efficiently administered as liquid aerosols (38). Compared to
the other absorption enhancers described before, the function mode of this
absorption enhancing process is more physiological. First described in the
intestine of rodents, the neonatal constant region fragment (Fc) receptor (FcRn)
transports maternal immunoglobulin (IgG) from milk into the circulation of
newborns providing immunity in the first life span. The transport is based on
the interactions between the Fc fragment of IgG and FcRn. In rodents FcRn
expression in gut epithelium rapidly decreases after weaning and remains low
in epithelial tissues of adult animals. In contrast, FcRn in humans is also
expressed in adulthood, where it can be found in the placenta and serves for the
transport of IgG from the mother to the fetus, and in several absorptive tissues
(lung, kidney, and intestine) (38, 39). Physiologically, IgG is taken up into
epithelial cells by pinocytosis. In detail, a coated vesicle is formed by
invagination of the plasma membrane entrapping IgG and other solutes in its
lumen. Obviously, only a small proportion of IgG binds to FcRn at the plasma
membrane, whereas most of the binding takes place intracellularly, because the
majority of FcRn is localized in acidic endosomal vesicles inside the cell. The
transport vesicles containing IgG bound to FcRn do not fuse with lysosomes,
but rather pass unidirectionally through the epithelial cell, driven by the pH
gradient between luminal and serosal exposures of the epithelial cells. As the
binding of IgG to FcRn is pH-dependent (tight binding at slightly acidic pH),
there is release of IgG from FcRn after fusion of the transport vesicles with the
plasma membrane at the basolateral site of the epithelial cells, because of the
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neutral to slightly alkaline pH value of the interstitial space. Passage of IgG into
the circulation is most likely primarily paracellular because of the absence of
tight junctions between endothelial cells. The FcRn receptor is also responsible
for the long half-life time of IgG in the bloodstream, because it protects IgG
from degradation. As in epithelial cells, IgG is taken up from vascular
endothelial cells by pinocytosis. However, in contrast to epithelial cells, IgG
there is not subject of transcytosis, because the endocytic vesicles containing
IgG bound to FcRn return to the plasma membrane of the endothelial cells, so
that IgG is released back into the bloodstream. This results in a recycling
process for IgG protecting IgG from lysosomal degradation (39). Both, the
enhanced uptake via alveolar epithelium and the endothelial recycling process,
makes the administration of Fc fusion proteins an interesting tool for inhalant
application of some proteins. Fc¢ fusion proteins with erythropoietin, interferon-
a, interferon-f, and follicle-stimulating hormone (FSH) have been evaluated in
animals or humans, demonstrating a good tolerability, a high bioavailability
even of this large proteins, and an increased half-life time in the circulation
(Table 2) (38-40, 44).

Liposomes and phospholipids

Liposomes are particles ranging in size from nanometers up to few
micrometers and consist of hydrophobic lipids and phospholipids forming a
closed, concentric, bilayer membrane vesicle with a hydrophilic aqueous
centre (14). In their structure they have some similarities to the biological cell
membrane (Fig. 6). Each phospholipid molecule is characterised by a polar
(i.e., hydrophilic) “head” group and two hydrophobic “tails”. Hydration of
phospholipid molecules under low-shear stress conditions results in a
spontaneous arrangement of the phospholipids in heads-up and tails-down
orientation followed by a join in a tail-to-tail array with formation of a
concentric bilayer membrane enclosing some water in an aqueous center (Fig.
6). According to this structure both hydrophobic and hydrophilic compounds
can be packed into liposomes prior to transportation into the lung. Hydrophilic
compounds (e.g., pharmaceuticals and larger biomolecules) are entrapped into
the vesicle inside the liposome, whereas lipophilic (hydrophobic) compounds
are encapsulated into the membrane bilayer. Small liposomes are unilamellar
bodies with a hydrophilic core, whereas larger multilamellar liposomes have
an onion-like structure with several layers of phospholipids and aqueous
compartments. Because of their strong chemical and structural similarity
liposomes merge with cell membranes and facilitate drug delivery into the
interior of the cell (Fig. 6). In the lung, the cellular absorption can also be
influenced by the pulmonary surfactant that lines the alveolar surface, because
surfactant proteins A, B, and C are subject to an intensive recycling process,
which is further increased by the deposited liposomes resulting in an enhanced



70

protein absorption (15). One more mechanism for liposome absorption is
cellular phagocytosis, which seems to play a role for small liposomes only
(14). Depending on their structure liposomes have a high transport capacity
and allow the transport of a large number of very different lipophilic and
hydrophobic compounds. One more characteristic is the sustained release of
the compounds transported by liposomes (5, 14-16). The majority of studies
revealed no relevant toxicity of liposomes after pulmonary deposition.
However, liposomes not only enhance absorption of drugs and biomolecules,
but may also damage pulmonary epithelium. Both effects, absorption
enhancement and lung toxicity, depend on the physicochemical properties of
liposomes (concentration, charge, chain length, and molecular weight of
phospholipids) (1, 14, 15). After pulmonary deposition, soluble compounds are
rapidly cleared from the lung, whereas lipids and phospholipids remain much
longer in the lung because of their chemical properties and structural

Inside cell

Fig. 6. Acceptance of a liposome into a cell. Liposomes consist of lipids and phospholipids (from
(14)). Each phospholipid has a polar hydrophilic “head group” and two hydrophobic “tails”. When
phospholipid molecules are hydrated under low-shear conditions, they spontaneously arrange
themselves in sheets with their heads up and tails down. These sheets then join tails-to-tails and
form a bilayer membrane that encloses water and — if added — water soluble compounds (e.g.,
pharmaceuticals and larger biomolecules) in the center of the sphere. If liposomes come into contact
with phospholipid cell membranes, the liposome membrane fuses with the cell membrane
facilitating the entry of the encapsulated drug into the interior of the cell.
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homology to cell membranes. Human studies demonstrated that more than
80% and 52-73% of inhaled liposomal formulation remained in the lung 8 and
24 hours after inhalation, respectively (14). Examples for the successful
administration of macromolecules for systemic treatment via liposomes are the
inhalation of interleukin-2 (IL-2) in patients with advanced kidney cancer, the
inhalation of the immunosuppressive drug cyclosporine A in lung graft
recipients and even the inhalant administration of insulin (7able 2) (1, 4, 15,
16, 17, 45).

Microparticles

In 1992, Rudt and Muller published their observation that smaller particles
are more rapidly phagocytosed than larger ones (46). Based on these results,
methods were developed to bind macromolecules to microparticles (1, 22, 43).
For this purpose proteins are packed into biologically degradable polymers or
lipids. That results in a reduction of physiological clearance in the alveolar
region and proteolytic degradation of peptides and proteins after phagocytosis
by alveolar macrophages. In addition, there is also a variation of the
pharmacokinetics of the administered pharmaceuticals, because of a sustained
release of the compounds from the microparticles (5, 22, 43). Microparticles
for drug administration can be classified into porous particles and liposomes
(1, 5, 15, 22, 43). The pharmacological properties of porous particles depend
on the used material, particle size, porosity, and surface structure, whereas
those of liposomes depend on particle size and chemical properties (charge,
molecular weight) of the consisting phospholipids (1, 15, 43). For example,
inhaled insulin linked to large porous particles shows a higher bioavailability
than insulin from small nonporous particles (47). The same applies to insulin
administered via liposomes and rhG-CSF linked to polyethylene glycol
(PEGylated CSF) (1, 17). However, it cannot be excluded that microparticles
can damage pulmonary tissue under specific conditions (7able 2) (1).

Examples of systemic treatment with inhaled macromolecules

Recently, the number of studies investigating the feasibility of
macromolecules for systemic treatment has continuously increased (7able 3).
Studies in this field focussed on hormones (insulin, calcitonin, growth
hormones, somatostatin, thyroid-stimulating hormone (TSH), and follicle-
stimulating hormone (FSH)), growth factors (granulocyte-colony stimulating
factor (G-CSF) and granulocyte monocyte-colony stimulating factor (GM-
CSF)), different interleukins and heparin (unfractionated and low molecular
weight heparin (LMWH)) (1, 4, 16, 17). Most data are available for insulin,
which was introduced in the market for pulmonary delivery, heparin and
interleukin-2 (IL-2) (4, 5, 8, 16, 22, 27, 35, 48-50).



72

Safety of the inhalation of peptides and proteins

An analysis of safety and tolerability of pulmonary administered compounds
includes their activity after inhalation, which can be largely different compared
with subcutaneous administration. For example, inhaled insulin causes a more
rapid decrease of the blood glucose concentration than subcutaneously
administered insulin (8, 11, 12, 26-28). Pulmonary diseases may complicate or
prevent inhalant drug therapy under some circumstances (8, 11, 17). Inhaled
pharmaceuticals and additives may induce incompatibility. For example,
peptides and proteins can cause immunisation (8, 10, 11, 28), but also can have
specific effects on the target organ lung (e.g., growth stimulating effect of
insulin) (12, 28). In addition, a chronic administration of bile acids,
cyclodextrins, and other absorption enhancers can damage alveolar epithelium
(15, 28). Finally, administration of compounds by means of microparticles and
liposomes can harm the lung (15). The latter, even though often a safe type of
therapy, can damage the lung via production of reactive oxygen species (ROS)
in case of cationic liposomes (1).

A large number of studies have demonstrated the feasibility and safety of
pulmonary administration of drugs and biomolecules for systemic treatment (8,
11, 16, 53). However, there are few data regarding the long-term effects of
inhaled macromolecules, except insulin and heparin (1, 8, 11, 12, 16, 27, 28, 48,
50, 53, 82). The effects of inhaled macromolecules should be thoroughly
investigated in future studies to ensure the safety of this pharmaceutical form
for therapy. Packing of the macromolecules into microparticles and liposomes
and addition of stabilisers or absorption enhancers can improve the
bioavailability and reduce the required drug doses and therapy costs. Such
compounds can strongly affect safety and tolerability of inhalant drug therapy.
Therefore, they also should be subject of intensive studies, including lung
function diagnostics for detection of therapy-induced untoward effects. In
summary, advances in aerosol therapy in the last decades will allow the
introduction of inhalation based methods for drug administration for treatment
of systemic diseases as an alternative of subcutaneous injection and will
improve convenience and compliance of the treated patients.

Table 3. Examples of aerosol inhalation for systemic treatment (from (4, 16, 22, 49, 51)). Note that
the inhalant application of most substances is experimental in animals or clinical studies or off-
label use and not approved for human use. Some cytokines tested in clinical studies failed to show
a sufficient antitumour effect even though there was a proven systemic effect of the cytokine (51).
Furthermore, for some substances an additional local mode of action after inhalation has been
described, which is not considered in this table (4, 16, 51, 52). The table is not complete, but it
demonstrates the large variety of drugs, which have been administered by pulmonary instillation or
aerosol inhalation in clinical investigations or experimental studies.
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Substance group Substance Molecular Indication
weight”
Ergotamine Dihydroergotamine 700 Migraine, vascular cephalgia,
mesilate orthostatic hypotension
Ergotamine tartrate 1300 Migraine, vascular cephalgia,
orthostatic hypotension
Heparin Fractionated heparin (low | Mean molecular | Prevention of deep venous thrombosis,

molecular weight
heparin)

weight: 4000-
6000

myocardial infarction (53, 54)

Unfractionated heparin

Mean molecular
weight: 15000

Prevention of deep venous thrombosis,
myocardial infarction, migraine

Hormones (protein Calcitonin 4500 Osteoporosis, Paget’s disease of the
hormones and their bone
analogs)
Cetrorelix 1430 Gonadorelin receptor antagonist,
increase of fertility
Epoetin o 14700 Anemia (8, 51)
Epoetin B, v, 8, &, ® 18200 Anemia (8, 51)
Follicle-stimulating 36000 Hormone replacement therapy
hormone (FSH)
Glucagon 3600 Hormone replacement therapy
Growth hormone 22100 Growth hormone deficiency
(somatotropin)
Insulin 6000 Diabetes mellitus (12, 27, 28)
Leuprolide 1200 Endometriosis, pubertas praecox,
prostate carcinoma
Prolactin 23000 Hormone replacement therapy (55)
Releasing hormones variable Different diseases
(different hormones)
Granulocyte-colony 18800 Chronic granulocytopenia, AIDS

stimulating factor (thG-
CSF)

PEGylated rhG-CSF

24000-36000

Chronic granulocytopenia, AIDS

Granulocyte macrophage- | 14600 Tumour therapy of lung metastases (51,
colony stimulating factor 56), granulocytopenia, infection
(GM-CSF)

Oxytocin 1000 Hormone replacement therapy
Parathormone 1-34 4300 Osteoporosis, Paget’s disease of the
(PTH) bone

Parathormone 1-84 9400 Hormone replacement therapy
(PTH)

Thyroid-stimulating 24000-30000 Hypothyreosis

hormone (TSH)

Vasopressin-analogon 1100 Enuresis

(dDAVP)
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and suppressors

Other hormones/ Adrenaline (Epinephrine) | 180 Anaphylactic reaction
neurotransmitters

Adrogolide 440 Parkinson’s disease (57)

Estrogens (different 270-290 Hormone replacement therapy, slow

estrogens) release application

Nicotine 160 Smoking cessation, nicotine

deprivation

Testosterone 290 Hormone replacement therapy (58)

Immunomodulators | Cyclosporine A 1200 Graft rejection (especially lung)

(59, 60)

a-Interferons

19000-22000

Chronic hepatitis B and C, tumour
therapy (lung cancer or lung metastases
of tumours) (51)

B-Interferons

19000-22000

Multiple sclerosis, tumour therapy
(lung cancer or lung metastases of
tumours) (51)

y-Interferon 16000-25000 Tumour therapy (51)

Consensus interferon 19600 Hepatitis C

(rCON-IFN)

Liposomes Cyclosporine A 1200 Graft rejection (especially lung)
(59, 60)

Desoxyribonucleic acid variable Gene therapy (e. g. cystic fibrosis, lung

(DNA) metastases) (50, 61)

Fentanyl 340 Pain therapy (e.g., cancer) (62)

Guanylate cyclase not available Primary pulmonary hypertension (63)

agonists™

Insulin 6000 Diabetes mellitus (45)

Interleukin-2 (IL-2) 15400 Tumour therapy (predominantly
pulmonary metastases of renal cell
carcinoma, but also melanoma, lung
cancer and breast cancer) (51, 64-67),
chronic hepatitis C (51)

Leuprolide 1200 Endometriosis, pubertas praecox,
prostate carcinoma (68)

9-nitrocampothecin 393 Tumour therapy (primary or metastatic
lung cancer) (41, 42)

Paclitaxel 854 Tumour therapy (e.g., pulmonary
metastases of renal cell carcinoma) (41)

NO donators Nitroglycerin 230 Primary pulmonary hypertension
Sodium nitroprusside 300 Primary pulmonary hypertension
Opioids Fentanyl 340 Pain therapy (e.g., cancer) (62)
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Morphine (hydrochloride | 380 or 760 Dyspnea, pain therapy (e.g. cancer)
or sulphate) (62)
A-9-tetrahydrocannabinol | 314 Pain therapy, anorexia, nausea,
(THC; dronabinol) migraine (69)
PDE inhibitors™* Dipyramidol 500 Primary pulmonary hypertension (70)
Pentoxifylline 280 Primary pulmonary hypertension
(70, 71)
Sildenafil 470 Primary pulmonary hypertension
(72,73)
Tolafentrine 510 Primary pulmonary hypertension
(70, 74)
Zaprinast 270 Primary pulmonary hypertension (75)
Peptides/proteins Bactericidal/permeability | 55000 Gram-negative infections of the
-increasing protein (BPI) respiratory tract
Fab fragments 50000-100000 Vaccination
Factor IX 57000 Haemophilia B (76)
Hirudin 7000 Anticoagulant
Polyamino acids 5000-20000 Experimental
Protein C 60000 Thrombophilia (76)
Renin-inhibitory peptides | 1000 Hypertonia
RGD peptides™*” 500-1000 Anti-adhesion molecules
Prostaglandins Iloprost 360 Primary pulmonary hypertension
(70, 77-81)
Prostaglandins E; and I, | 360 Primary pulmonary hypertension
Tranquiliser Midazolam 330 Sedation
Vaccines Influenza virus vaccine, variable Vaccination against systemic diseases

measles virus vaccine,
vaccines against inhaled
bioterrorism agents

(50)

“Approximated values; data in part for non-glycosylated monomers of peptides and proteins; *
BAY 41-2272, BAY 41-8543, BAY 58-2667; ## Phosphodiesterase inhibitors; *# Proteins with an
arginine-glycine-aspartate sequence
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