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Abstract

Although there is a modest body of literature on the absorption of inhaled pharmaceuticals by normal lungs
and some limited information from diseased lungs, there is still a surprising lack of mechanistic knowledge
about the details of the processes involved. Where are molecules absorbed, what mechanisms are involved,
how well are different lung regions penetrated, what are the determinants of metabolism and dissolution, and
how best can one retard the clearance of molecules deposited in the lung or induce intracellular uptake by lung
cells? Some general principles are evident: (1) small hydrophobic molecules are absorbed very fast (within tens
of seconds) usually with little metabolism; (2) small hydrophilic molecules are absorbed fast (within tens of
minutes), again with minimal metabolism; (3) very low water solubility of the drug can retard absorption; (4)
peptides are rapidly absorbed but are significantly metabolized unless chemically protected against pepti-
dases; (5) larger proteins are more slowly absorbed with variable bioavailabilities; and 6) insulin seems to be
best absorbed distally in the lungs while certain antibodies appear to be preferentially absorbed in the upper
airways. For local lung disease applications, and some systemic applications as well, many small molecules are
absorbed much too fast for convenient and effective therapies. For systemic delivery of peptides and proteins,
absorption may sometimes be too fast. Bioavailabilities are often too low for cost-effective and reliable
treatments. A better understanding of the determinants of pulmonary drug dissolution, absorption, metab-
olism, and how to target specific regions and/or cells in the lung will enable safer and more effective inhaled
medicines in the future.
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Introduction What is the importance of lung fluids for the dissolution of
inhaled medicines as well as their transport into and across

HE FATE OF INHALED MEDICINES is far from being well the lung tissue for local and systemic absorption, respec-
understood. The paradigm that successful generation of  tively? Indeed, what is the amount and composition of air-
aerosols with a prominent fine particle fraction is sufficient to way and alveolar lining fluids? Does surfactant-assisted
ensure excellent pulmonary absorption or effectiveness is in-  lateral spreading of inhaled drugs/particles affect absorption
creasingly being challenged. and bioavailability? Can particles penetrate the mucus
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blanket? How important are transporters in pulmonary drug
absorption of small molecules? What are the absorption
mechanisms of proteins and peptides in the lungs? Which
cells are responsible for processing slowly dissolving drug
particles? Are pulmonary disease lesions better penetrated or
more accessible by inhaled or systemic medications? Where
are we with regard to inhaled nucleotide therapy?

These and other questions are addressed in this article. We
are aiming to summarize areas where key information is still
missing. We also attempt to formulate key questions that
need to be answered to gain better insights into the field of
inhalation biopharmaceutics.

We have decades of experience with aerosol deposition
and clearance in the lungs."” We also can build on abundant
previous studies with delivering drugs systemically via the
lungs.(2) Often, we have described blood levels of a drug
following inhalation, but rarely have we measured its per-
sistence and location within the lungs. The field of pulmo-
nary pharmacokinetics is underdeveloped. How rapidly do
drug particles dissolve in situ and how fast and far do they
spread on the surfaces of the lung?

It is clear that particles deposited in the airways often
penetrate the mucus blanket without dissolution. For ex-
ample, Watson and Brain® reported the presence of iron
oxide particulates inside airway epithelial cells following
their inhalation. This shows that intact particles can move
through the mucus blanket and the periciliary fluid, and may
even be endocytosed by airway epithelial cells. Indeed, Gehr
and colleagues™® have repeatedly expressed their belief that
particles deposited on mucus are inevitably pushed down-
ward by surface forces. At the same time, we know that
mucociliary clearance and cough move particles deposited in
airways mouthward. Expectorated particles are mixed with
salivary secretions and are swallowed. The velocity and ef-
fectiveness of mucociliary transport affect the half-life of
deposited drugs in the airways. The more quickly they are
cleared, the less likely dissolution and absorption take place
in the airways. Cough, although ineffective in normals, also
moves mucus secretions mouthward in individuals with
mucus hypersecretion.®

What about alveolar nonciliated regions of the lung? First,
we need to admit that we rarely can distinguish deposition
in small airways versus alveolar ducts versus alveoli. An-
other question is the extent to which landed particles remain
at the site of their initial deposition. To what extent do they
slip and slide on alveolar surfaces during breathing or do
they move passively by poorly described bronchioalveolar
transport mechanisms of the alveolar lining layer? In time, it
is likely that they move to (and perhaps bind) the alveolar
epithelial cells (primarily type I epithelial cells, because they
comprise the vast majority of the alveolar surface).

We know that if particles persist—and do not dissolve—
they will probably be recognized by alveolar macrophages.
Strategies for evading phagocytosis such as PEGylation
(PEG—polyethylene glycol) may render particles less sus-
ceptible to phagocytosis. Macrophages move on the surface
of the alveoli. They also police the surface by extending
pseudopods. In animal experiments, the half-life of “un-
captured” particles on the alveolar surface is of the order of
several hours in rodents. The shift from extracellular to in-
tracellular environments causes dramatic changes for drug
particles. For example, the pH drops from a physiologic one
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to a more acidic pH (~4.8) characteristic of phagolysosomes.
Finally, our supposition that particles land in lung fluid and
dissolve quickly is not well supported. In fact, the deep lung
surface is relatively dry. The balance of forces removes water
from the alveolar surface and pulls it into the blood. On most
parts of the lung, particles land on lipoid molecules, for ex-
ample, surfactant. Only in the corners is there a subjacent
aqueous phase. We need to gather data on the rate of drug
particle dissolution in situ. Perhaps if fluorescent particles
were used and examined by laser scanning confocal mi-
croscopy or other associated imaging technologies (e.g.,
multiphoton, live cell imaging approach), we could observe
the process by looking through the pleura.

Inhaled dosage forms that deliver drug aerosols onto the
lung surface in a solid or semisolid form are becoming in-
creasingly common, as these systems hold the potential to
improve the duration and effectiveness of inhaled drugs and
vaccines. Although we have decades of experience delivering
drugs systemically via the lungs,® we typically describe
blood levels of a drug following its inhalation. Rarely do we
measure drug/aerosol particle persistence and location
within the lungs. Ensuing processes after particle deposition,
such as dissolution in the lung lining fluid, lateral spreading
over the lung surface, and/or penetration within the fluids,
facilitate a drug’s access to various locations in the respira-
tory tract. However, each of these processes is affected by
fluid and cellular barriers and natural clearance mechanisms
that operate in the lungs, which ultimately limit the avail-
ability and persistence of drugs within the lung (Fig. 1).

The complex composition and structure of the lung lining
fluids lead to equally multifaceted particle-fluid interactions.
Upon deposition in the lungs, drug particles first interact
with the lung lining fluids, which serve as a protective bar-
rier for the underlying epithelium. The lung lining fluid, with
its limited total volume (10-30 mL in humans), serves as the
mucosal fluid sink for dissolution.®” It has been shown to
contain a variety of proteins and surfactants that can adsorb
to particle surfaces, thereby changing their subsequent in-
teractions, as well as catalytic enzymes for luminal metabo-
lism. The upper respiratory tract fluid is characterized by a
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FIG. 1. General concept of aerosol drug deposition, disso-
lution, and absorption for local or systemic actions, modified
from Edsbécker and Johansson.”
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thick (8-15-um) mucus film, which acts as a physical and
chemical barrier to drug and particle diffusion.®® Drugs or
particles that become trapped within the mucus matrix are
rapidly cleared from the respiratory tract by mucociliary
clearance. In contrast, in the lower to peripheral airways, for
example, near and in the alveolar regions, the lining fluid
thins to 1 um or less and has a more Newtonian consistency.
It is believed, therefore, that this fluid layer provides a lim-
ited sink capacity for dissolution yet little resistance to dif-
fusion, unless drugs and particles strongly interact with
other constituents such as alveolar macrophages. The high
surfactant concentration of the peripheral fluid surface, and
thus the low surface tension compared to the upper airways,
may promote lateral spreading of particles and drugs
throughout the peripheral region and into the upper air-
ways. This process can be augmented in any region of the
lung by the addition of surfactants into the aerosol formu-
lation. These various processes can aid drug transport or
consume drug aerosols in the respiratory tract, but typically
result in relatively short drug residence times and thus
therapeutic actions, regardless of whether drugs act locally
or systemically.

Major Themes
Imaging deposited and retained particles

Before discussing what happens to particles after they
land on airway or alveolar surfaces, we need to remember
that describing the anatomic distribution of deposited and
retained particles is essential. Noninvasive external imaging
rarely provides adequate resolution. With the use of hy-
perpolarized noble gases (®He and 129Xe), it will be possible
to image and quantify surface area, barrier thickness, and
drug concentrations in the lungs. Data are available from
bronchoalveolar lavage (BAL) following inhalation of drugs.
Finally, animal models are useful because more destructive
procedures can be used. Lungs can be frozen or fixed and
dissected. Then the amount and anatomic distribution of a
drug can be measured via magnetic, radioactive, fluorescent,
or elemental labels. Association of the label with the drug
must be verified. With increasing time, the probability that
the label is no longer reflecting the active drug increases.

Particle dissolution in the lungs

Following deposition, drug aerosols must dissolve in the
lung lining fluid for subsequent cellular uptake and/or ab-
sorption.”) In this context, the aqueous solubility of drugs
used in inhaled dosage forms is quite diverse and occa-
sionally altered by crystal form, formulation, and aerosol
generation.(7'10'n) In addition, the lung lining fluid is limited
in volume, resulting in, in certain cases, incomplete disso-
lution of the deposited drug aerosols. It is likely, therefore,
that the kinetics of dissolution for drug aerosol particles on
the lung surface could be different from those of the bulk
drug materials in aqueous media. I situ dissolution could be
rate-determining in lung biopharmaceutics and pharmaco-
dynamics following inhalation. Even so, comparable phar-
macokinetics were seen for readily soluble peptides (e.g.,
insulin and calcitonin) and antibiotics (e.g., tobramycin)
following powder versus liquid aerosol inhalation in
humans.?*™* This has suggested that aerosol dissolution on
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the lung surface was not kinetically critical, resulting in rel-
atively fast absorption and disappearance from the lung.
However, this may not be the case for drugs with extremely
low aqueous solubility such as certain inhaled corticosteroids
(ICSs), as their lung-deposited doses exceed the estimated
dissolution capacity of the lung lining fluid due to its limited
volume.”)

Fluid-limited dissolution kinetics of drug aerosols from
inhaled products have been demonstrated in vitro. This de-
pends on the drug’s aqueous solubility, the aerosol mass
deposited, particle size, as well as the formulation and
aerosol generation.(1°'15'16) Accordingly, lung biopharma-
ceutics and pharmacodynamics following drug aerosol de-
position can also be affected by these fluid-volume-limited
dissolution kinetics, yet so far have only been shown in the
in vivo animal and in vitro cell models.

In animals, a classic study by Chowhan and Amaro
reported three to four times slower disappearance kinetics
from the lung for 7-methylsulfinylxanthone-2-carboxylic
acid, when instilled into the lung as suspension compared to
solution administration. More recently, a nanosuspension by
Yang et al."® was successful in accelerating lung absorption
of fluticasone propionate (FP), one of the least soluble ICSs,
in rats, which they attributed to faster dissolution of smaller
nanoparticles in the lung. In the in vitro cell model, FP
aerosol deposition (0.9 ug) onto the air-interface cultured
Calu-3 monolayers from Flovent® HFA enabled cellular
uptake of only 4.7% in 6 h, leaving 95.3% of the cell surface,
due to the limited mucosal (apical) cell lining fluid volume
(0.04mL) available for dissolution.!” As a result, its anti-
inflammatory response remained only at 35.7%, whereas
comparable 38.6% response was achieved by a much lower
dose (0.1 ug) of FP applied as solution, by virtue of its greater
cellular uptake from the dissolved FP.!"”

In contrast to all of these findings, there has been no
compelling evidence that suggests dissolution-controlled
lung biopharmaceutics and pharmacodynamics in humans
among the currently approved inhaled dosage forms.*”
Meanwhile, because most inhaled drugs produce fairly fast
absorption and disappearance from the lung, several at-
tempts have been made to slow down their dissolution on
the lung surface using sustained or delayed release meth-
odologies, in order to prolong the duration of action.*"
Nevertheless, their feasibility has been again demonstrated
only in the in vitro and in vivo animal models. It remains to be
seen whether such methods would work in clinical scenarios.

In conclusion, data regarding dissolution-controlled pul-
monary biopharmaceutics and pharmacodynamics may exist
for some drug molecules with extremely low aqueous solu-
bility, for example, FP, fluticasone furoate, and mometasone
furoate, only at the in vitro or in vivo animal levels. Moreover,
it is still unclear if the manipulation of dissolution kinetics or
release is feasible for drug aerosols in human lung, and it will
produce more beneficial local or systemic action profiles.
More quantitative in vitro and in vivo methods are essential,
whereas we also need to acknowledge quantitative differ-
ences in aerosol dose equivalence to humans.

(17)

Particle transport through lung lining fluids

If particles are not immediately dissolved in the lung lin-
ing fluids after depositing, they have the ability to travel
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through the fluids and further interact with various lung
structures. Several researchers have observed the presence of
environmental and therapeutic aerosol particles in airway
epithelial cells or the systemic circulation following their
inhalation.®?** These studies show that intact particles can
move through the mucus blanket and the periciliary fluid,
and may even be endocytosed by airway epithelial cells.
However, particle transport through the mucosal fluids is a
complex process that depends on many factors, such as
particle dose, particle physicochemical properties, and the
nature of the lung fluids. Therefore, a variety of strategies
have been developed to enable longer residence times of
particles in the respiratory fluids.

Barriers to particle transport in the respiratory tract flu-
ids. The relatively thick, 8-10 um, upper respiratory tract
fluid consists of at least two layers: (1) a tightly crosslinked
viscoelastic gel composed of about 95% water, 1% salt, 34%
glycoproteins (mucins), and other macromolecules; and (2) a
periciliary liquid layer beneath the gel that facilitates efficient
ciliary beating. The upper gel layer acts as a physical barrier
to particle transport, because pores available for transport
are estimated to be less than 500nm in diameter, and a
chemical barrier due to attractive interactions (primarily
electrostatic and hydrophobic) between the particles and
mucus constituents.®?>??  Particle diffusivity in mucus,
therefore, is dependent on particle physicochemical proper-
ties (size, surface charge, hydrophobicity) and the available
effective mucus pore size. Depending on disease state, con-
ventional nanoparticles (<500 nm) are usually small enough
to diffuse through low viscosity pores in the pulmonary
mucosal fluids, but do not have the appropriate surface
chemical properties to avoid being trapped by mucus. These
trapped particles can then be rapidly cleared from the re-
spiratory tract by mucociliary clearance. The velocity and
effectiveness of mucociliary transport affect the half-life of
deposited drugs and particles in the airways. For effective
therapy, particle or drug diffusion must occur more quickly
than they are cleared. The periciliary layer has traditionally
been described as a watery, Newtonian fluid, which provi-
des little resistance to particle transport. However, recent
data suggests that this layer is comprised of tethered mucins
and other macromolecules, which may provide a secondary
barrier to efficient particle transport.*”

In the alveoli, particles interact with a thin lining layer
(<0.1 um) containing a variety of lipids and protein mole-
cules. It is unlikely that this fluid layer creates a significant
diffusional barrier to particle transport. Therefore, one bar-
rier to drug availability in this region of the lung is particle
phagocytosis by alveolar macrophages. For transport of
drugs to the capillaries, the primary barrier is tight junctions
between alveolar epithelial cells.

Strategies to improve particle transport in the upper re-
spiratory tract. One way to penetrate pulmonary fluids is to
take advantage of the surface tension of the air-fluid inter-
face.**® Gehr and coworkers*?*?? have shown that mi-
cron-sized particles of various surface chemistries that are
deposited on the lung surface are partially or fully sub-
mersed in the lung lining fluid. Particles in the alveolar fluids
come into direct contact with the lung epithelium due to the
extremely thin fluid layer and low surface tension (close to
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0dyn/cm). However, it is unlikely that particles in the upper
respiratory tract are pushed past the mucus gel layer into the
periciliary layer, where clearance is less rapid.

To overcome the short residence times at mucosal sites
due to clearance, particle development has largely focused
on increasing association with mucus through mucoadhesive
particles. This technique has shown significant promise in
the gastrointestinal (GI) tract and nasal passages, and re-
cently, improved drug bioavailability in the lungs.®"*? Al-
though mucoadhesive particles exhibit slower particle transit
time from the mucosal site, this strategy is limited by the
time scale for mucus renewal. In addition, concerns over
abnormal changes in mucociliary clearance due to the use of
mucoadhesive particles have limited this technique in pul-
monary drug delivery.

Alternatively, minimizing particle mucoadhesion through
modification of particle surface properties has been shown to
facilitate particle diffusion through the mucosal fluids. Par-
ticles with neutral surfaces have been shown to undergo
more rapid diffusion in mucus than those with charged (ei-
ther positive or negative) surfaces.®*® Soluble proteins ad-
sorbed to polyethyleneimine (PEI) particle surfaces have
been observed to increase in vivo gene expression in epithe-
lial cells compared to naked PEI complexes, although there
were no differences in the size the surface charge (both were
negatively charged) of the particle types.®¥ The enhanced
gene expression was likely due to a masking of the particle
surface, limiting the binding of lung proteins and other
components to the particle surface.

Coating nanoparticles with a dense covering (enough to
neutralize the particle’s zeta potential to 08 mV) of low
molecular weight PEG (2-5kDa) has been shown to reduce
hydrophobic and electrostatic interactions with lung fluid
components.®® Appropriate surface modification requires
optimization of each formulation independently and all
strategies may not be possible on every particle type. Sig-
nificant questions regarding surface modification remain to
be answered, including: How does disease state affect the
particle size and surface requirements for transport? Why do
not all particles transport in the same manner (differences in
surface modification, small changes in particle size, patient
characteristics, particular location that particle landed)? How
do variations in patient lung structure and fluid composition
affect particle transport?

Limitations of transport strategies. A variety of strategies
have been developed in recent years to overcome the lung
fluid barrier. However, the complex processes that ultimately
dictate health outcomes still remain a black box. Therefore,
the specific molecular and physical characteristics of particles
that control their behavior in lung lining fluid are poorly
defined. Our understanding of lung lining fluid—particle in-
teractions is largely complicated by the difficulty in obtaining
physiological lung fluids for research, especially for the non-
cystic fibrosis (CF) or chronic obstructive pulmonary disease
(COPD) populations. There is currently a lack of good mucus
mimetics to replace native mucus in these studies, as well as a
general lack of fluid composition and structure profiles across
different patient populations. Our knowledge of how particle
properties change over time due to adsorption of various
fluid and surfactant components to the particle surface and
how these interactions alter delivery is primitive, especially
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compared to available data for injectable systems. Improving
our knowledge base in this area would aid our ability to
predict particle and drug fate in the respiratory tract and
improve health outcomes in humans.

The fate of macromolecules

It has been repeatedly shown that biopharmaceuticals
(e.g., peptides and proteins) can be absorbed through the air—
blood barrier of the deep lung into systemic circulation with
measurable quantities yielding low to rather good bioavail-
ability, although the exact mechanisms are still unclear at
best.*?® Size-dependent clearance/transport of hydrophilic
solutes (including proteins) across lung alveolar epithelium
has been widely accepted, stressing that perhaps passive
diffusion (via equivalent water filled pores whose radius
may be ~5-6nm) may be the predominant mechanisms for
absorption of biopharmaceuticals via the deep lung into the
circulation.®”)

Present state of art. Of those biopharmaceuticals stud-
ied, insulin delivery via the deep lung into blood has re-
ceived much attention, because oral delivery of insulin
results in virtually no bioavailability.>® The exact mecha-
nisms for the rather unexpectedly good bioavailability for
insulin (and other peptides including human growth hor-
mone) delivered via the deep lung are currently unknown,
although vast areas available in the lung airspaces and the
very short distance (approx 0.5 um) between airspaces and
the blood circulation in the deep lung may be the important
factors for such success even if the predominant transport
mechanisms may be passive diffusion.

Why we sometimes see fast as well as slow components in
peptide absorption profiles (e.g., insulin) is also unclear, al-
though differential clearance and absorption schemes in al-
veoli and airways are likely to contribute to overall
pharmacokinetic properties.®® It has to be stressed that as far
as peptides (and some proteins) are concerned, the respira-
tory epithelial tract may not be construed as a relatively weak
enzymatic barrier, because various studies in vitro and in vivo
indicate that many types of peptidases/proteases are lurking
in the airspaces and the lining cells of the respiratory epi-
thelia.® In this regard, the usage of antiproteases and pep-
tidase inhibitors along with biopharmaceuticals (especially
peptide and protein drugs) may be indicated for successful
formulation and efficacious pulmonary drug delivery.

It can be also noted that several cognate receptors for
various serum proteins (e.g., albumin, transferrin, immuno-
globulin G, and polymeric immunoglobulin A) are identified
and studied in detail for their roles in absorption/secretion
of various proteins across the alveolar epithelial barrier.®”)
Other more general receptors (e.g., more promiscuous
megalin and other scavenger type receptors) may also play
some role(s) in transport of protein drugs. By extension of
this concept, other biopharmaceuticals may be able to be
absorbed (albeit intracellular degradation at lysosomes may
be a major hurdle to overcome) via these latter receptors. No
systematic investigation pertaining to such transport has
been reported to date.

What critical information is missing?. Certainly, more in
depth information on specific receptors/vesicular pathways
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for biopharmaceuticals would be helpful to deduce whether
such receptors play any roles in mediating transport of
specific biopharmaceuticals across alveolar epithelium. Also
needed would be critical evaluation of transport data ob-
tained using a rodent alveolar epithelial model versus
human alveolar epithelial model, because some differences
appear to be more than apparent in absorption level/profile
of several biopharmaceuticals across the popular rodent
model versus the human alveolar epithelial model.*”’ The
contribution of nasal/tracheobronchial/alveolar epithelium
in pulmonary absorption of a given biopharmaceutical
would be important in determining the role of various re-
spiratory epithelial barriers in overall absorption of the bio-
pharmaceutical via the pulmonary route into the systemic
circulation. Although a proton-dependent peptide trans-
porter (most likely PEPT2) and several amino acid trans-
porters have been reported to be expressed in various
respiratory epithelia, we currently do not have any evidence
as to whether biopharmaceutical absorption via these
transporters could occur. Finally, localization and activity of
peptidases in various regions of the lung (e.g., trachea vs.
bronchus vs. bronchiole vs. alveolus) have to be investigated
to better understand if protective measures such as PEGy-
lation or peptidase inhibitors are efficacious.

The role of macrophages in macromolecule disposi-
tion. Data have indicated that alveolar macrophages and
respiratory tract dendritic cells play a significant role in the
local fate of macromolecules. Different microscopy tech-
niques, including optical, confocal, and electron microscopy,
have shown that macromolecules delivered to the animal
lung are internalized by alveolar macrophages.“? Studied
animal species were not limited to small rodents but also
included large animal species such as sheep and the monkey.
Yet microscopy provides only a qualitative assessment of
alveolar macrophage uptake with no quantification of its
impact on systemic absorption.

Using a rat model depleted in alveolar macrophages
in vivo, Lombry et al.4? provided the quantitative demon-
stration that macromolecule uptake by alveolar macrophages
was a significant clearance pathway for inhaled proteins.
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FIG. 2. Impact of intratracheal instillation of clodronate li-

posomes on the number of alveolar macrophages (A) and
neutrophils (Bg in bronchoalveolar lavage in rats. From
Lombry et al.*?
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FIG. 3. Pharmacokinetics of pulmonary human chorionic
gonadotropin in alveolar macrophage-depleted and control
rats. Rats received a hormone dose of 100 ug by intratracheal
instillation 1 day after clodronate (®) or PBS ([J) liposome
administration or no treatment (A). From Lombry et al.4?

Alveolar macrophages were depleted by locally delivering
liposome-encapsulated clodronate, which caused apoptosis
of alveolar macrophages.“**¥ In those experiments, 1 day
after liposome treatment, rats presented a fivefold decrease
in alveolar macrophage count in bronchoalveolar lavage
(Fig. 2A). Local administration of liposomes was not asso-
ciated with significant inflammation (Fig. 2B).*?

Figure 3 shows an example of pharmacokinetic data ob-
tained in the alveolar macrophage-depleted animal model
and for comparison in control rats. A substantial rise in
serum human chorionic gonadotropin levels resulted from
the depletion of alveolar macrophages. The pulmonary bio-
availability of the hormone relative to i.v. injection increased
from 4% in untreated rats to 18% in empty liposomes-treated
rats, to 60% in clodronate liposomes-treated rats.*?

Table 1 describes the enhancement in bioavailability of
other proteins that followed alveolar macrophage depletion.
Alveolar macrophages significantly competed with the
transport of IgG from the airways into the bloodstream as
well, whereas they had no impact on smaller proteins such as
insulin and human growth hormone. The dependence of
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alveolar macrophage clearance on macromolecular weight
might be explained quite simply by the relationship between
the residence time in the airways and molecular weight. The
time it takes proteins to peak in blood after pulmonary de-
livery is molecular weight-dependent; the larger the size, the
slower the absorption. Small proteins such as insulin are
quickly absorbed through the epithelium and degradation by
alveolar macrophages may be minimal because of their short
residence time within the alveoli. The longer the time of
residence of the macromolecule within the airspaces, the
longer its contact with, and uptake by, alveolar macro-
phages.®*V

Parameters other than the molecular weight can affect the
rate of protein transport across the epithelium or the rate of
alveolar macrophage uptake. Receptor-mediated transport
across the alveolar epithelium leads to increased protein
absorption rates,*> and thereby to shorter residence time
within the alveolar spaces. Receptor-mediated endocytosis
by alveolar macrophages (e.g., endocytosis via the mannose
or Fc receptor)*®*”) is a faster process than fluid-phase or
adsorptive endocytosis, and this mode of uptake is expected
to increase protein clearance by alveolar macrophages. A
global cationic charge on the protein promotes adsorptive
endocytosis (Table 1).*"

However, the significance of alveolar macrophage uptake
remains to be demonstrated in humans. Moreover, methods
to avoid alveolar macrophage uptake of macromolecules
need to be developed, as they could increase systemic bioa-
vailabilities following pulmonary delivery. Alveolar macro-
phage depletion using liposomal clodronate is not feasible in
humans because the absence of alveolar macrophages would
predispose individuals to infections and disrupt pulmonary
physiology.(48) Therefore, the prevention of protein uptake
by alveolar macrophages represents a particularly challeng-
ing task because the methods should not compromise mac-
rophage function.*"

Antigenic proteins have been shown to be taken up by
respiratory tract dendritic cells and alveolar macrophages
within hours of administration.***” After antigen uptake,
respiratory tract dendritic cells migrate to lung draining
lymph nodes for presentation of processed antigen to T cells
(Fig. 4). Immune responses are moderate, unless ligands for
pattern recognition receptors are codelivered.®?

Alveolar macrophages do not migrate to regional lymph
nodes and do not present antigen effectively to T cells (Fig. 5).
Alveolar macrophages are ineffective in antigen presentation
because they fail to express B7 antigens, which ligate CD28
on T cells and provide a costimulatory signal required for
activation of T cells.®?

TABLE 1. PHYSICOCHEMICAL PROPERTIES OF PROTEINS PossiBLY AFFECTING AM UPTAKE

Specific Enhancement
receptor on factor in bioavailability
Molecule MW (kDa) pl Glycosylation AM/epithelium due to AM depletion
Insulin 6 5.3 - - 0.7
hGH 22 5.2 - - 1.1
hCG 39.5 3.3 + - 34
IgG 150 7-8 + + 2.3

hGH, human growth hormone; hCG, human chorionic gonadotropin; AM, alveolar macrophages.
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FIG. 4. The kinetics of dendritic cell-associated antigen
presenting cell activities after an airway challenge with hen-
egg lysozyme in rats. Dendritic cells from the lung (O)
showed peak antigen presenting cell activity at 3h, which
subsequently decreased gradually to day 7. Antigen-pre-
senting cell activity in the draining hilar lymph nodes (®)
peaked at day 3 and was detectable until day 14. When
rats received a second challenge with hen-egg lysozyme
intratracheally, specific dendritic cell-associated antigen
presenting cell responses were agam stimulated in lung and
lymph nodes. From Xia et al.”

Alveolar macrophage uptake of antigens shields local tis-
sues from development of specific immune responses.®" In
addition, alveolar macrophages present immunosuppressive
activities, that is, they actively downregulate the antigen-
presenting functions of dendritic cells (Fig. 6).°%>'~%

To avoid collateral damage to type I and type II cells in
response to harmless antigens, alveolar macrophages are
kept in a quiescent state, producing little inflammatory cy-
tokines.®” Alveolar macrophages adhere closely to alveolar
epithelial cells, and this in turn induces the expression of the
integrin avf36 on alveolar epithelial cells. This integrin binds
and activates tumor growth factor (TGF)-f in the vicinity of
the macrophage and binding of activated TGF-§ to its re-
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FIG. 5. Antigen-presenting cell functions of alveolar mac-
rophages and peripheral blood monocytes. Purified CD4" T
cells were cultured with tetanus toxoid and the indicated
antigen-presenting cell type. The prohferatlve response was
determined by the incorporation of *H-thymidine over the
last 18h of a 6-day culture. Adapted from Chelen et al.®?

FIG. 6. Effect of prior depletion of alveolar macrophages on
antigen presentation by lung dendritic cells. Lung dendritic
cells from groups of control or treated rats were titrated into
cultures of lymph node T cells and resulting DNA synthesis
determined as incorporation of *H-thymidine at the 120-h
time point. Lung dendritic cell pools were from untouched
controls (M), and animals intratracheally inoculated 48h
previously with either PBS (O) or hposomes containing PBS
(O) or clodronate (®). From Holt et al.®

ceptors on macrophages suppresses cytokine production by
macrophages.

It is well known that dendritic cells in the lung trigger
immune responses but it remains to be demonstrated whe-
ther systemic absorption of part of the antigen dose also
plays a role. To enhance immune responses for vaccination
purposes, the uptake of antigen by lung dendritic cells
should be optimized, as is done for other routes of vaccine
administration.®”

The role of drug transporters in pulmonary
drug disposition

Carrier transporters can impact upon the absorption and
disposition of low-molecular weight drugs leading to alter-
ations in pharmacodynamics and potentially leading to
organ toxicity. The study of drug transporters has progressed
particularly in intestinal, renal, and blood-brain barriers. The
main groups of drug transporters so far investigated include:
the ATP-dependent Binding Cassette (ABC) transporters in-
cluding P-glycoprotein (P-gp), Multidrug Resistance Proteins
(MRPs), and Breast Cancer Resistance Protein (BCRP); the
family of organic cation transporters (OCTs) and organic
cation/carnitine transporters (OCTNs); the family members of
the organic anion transporters (OATs) and organic anion
transporting polypeptides (OATPs); and the peptide trans-
porters (PEPT1/PEPT2).

The rate and extent of epithelial permeation of drugs in the
lung depends upon the dose and deposition site of drug
within the lung, the passive permeability of the epithelial
barrier to drug, any parallel and sequential drug clearance
mechanisms and the characteristics of any active drug
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transporters expressed in lung epithelium. Given the wide
range of different cell types in the lung, the varying nature of
the epithelium along the respiratory tract and the quite dis-
tinct deposition patterns that can result from aerosol inha-
lation of drug, it is the spatial pattern of pulmonary drug
transporter expression that is significant. However, the spa-
tial expression of drug transporter proteins is generally
poorly defined.®® Further, the functional significance of
transporters within the intact lung has been explored in only
a limited manner.

The commentary that follows will concentrate on ap-
praising evidence gained from intact lung tissue (primarily
human) on the spatial expression of drug transporters, par-
ticularly in respect to the lung epithelial cells. Further, where
applicable, some assessment is provided of the intact organ
studies addressing transporter functionality. The reader is
also directed to the reviews of Bosquillon,(57) van der Deen
and colleagues,®® and Gumbleton and colleagues.®”

P-gp. P-gp substrates comprise a broad range of struc-
turally diverse molecules.®**? P-gp is encoded in humans
by the MDR1 gene and in rodents by mdrla and mdrlb
genes. In rodent lung it is the mdrlb mRNA that predomi-
nates. 3%

A number of studies have described the localization of P-
gp in intact human lung®**>*" with P-gp expression ap-
pearing well defined at the luminal surface of bronchi/
bronchiolar epithelium. Some evidence exists for P-gp ex-
pression at the luminal (blood interface) surface of bronchial
capillaries®*®® and for P-gp expression in alveolar macro-
phages.”*® Contrasting reports highlight both of the lack of
P-gp signal in alveolar epithelium®*” and the presence of
P-gp-associated signal along the entire surface of alveolar
epithelium,®® the latter finding corroborated by P-gp
protein expression and functionality in primary rat®” and
human® alveolar epithelial cells isolated from the respec-
tive lung tissue. There is a need to confirm using electron
microscopy techniques, the discrepant findings for P-gp in
alveolar epithelium and to explore the expression of P-gp in
pulmonary vascular beds.

Even for P-gp, only a few functional investigations within
intact lung tissue have directly attempted to address its im-
pact upon the extent and rate of pulmonary solute absorp-
tion. Losarten, a P-gp substrate, shows a high extent of
absorption following administration into the airways of both
an in vivo fully intact animal”” and of an isolated perfused
rat lung (IPRL) model.”" Manford et al.”? reported no effect
of mdrla deletion upon the rate or extent of pulmonary
absorption of the P-gp substrate digoxin from the airways of
CF-1 mice, which display a mdrla(—/—) but mdrlb(+/+)
phenotype. Using an IPRL model, coadministration into the
airways of the P-gp inhibitor GF120918 (2 uM) has been
shown not to affect the pulmonary absorption profile of di-
goxin.”® In contrast in another IPRL model, the presence of
GF120918, in both the circulating perfusate (0.5uM) and
coinstilled into the airways (1 uM), resulted in significant
enhancement in the rate and extent of pulmonary absorption
for the P-gp substrate rhodamine-123 (Rh123);"* an effect
not mediated through a generalized enhancement in the lung
permeability. Additional functional investigations on the role
of P-gp in the intact lung are needed, including studies ad-
dressing not simply the extent of systemic absorption but the
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impact of P-gp upon intraluminal drug recycling kinetics.
These may be best addressed using knock-out mice or at
least a combination of various P-gp substrates and inhibitors.
It should not be forgotten that a drug’s physiochemical
properties driving passive transport across the cell mem-
brane serve to reduce membrane residence time and op-
portunity for P-gp binding.

MRPs and BCRP. The MRPs are responsible for the
cellular efflux of a wide range of amphipathic anions.”>”®
MRP1 is the most studied member of the subfamily in terms
of drug transport. MRP1 predominantly localizes to the ba-
solateral membranes in epithelial cells. However, in normal
human lung MRP1 has been shown to variously display
strong cytoplasmic staining toward the apical zone of bron-
chial and bronchiolar epithelial cells”” or toward the baso-
lateral zone in bronchial and bronchiolar epithelial cells®®
and the basolateral zone in ciliated epithelial and mucus cells
from primary and lobar bronchi.”® Alveolar macrophages
appear to express MRP1®””) but alveolar pneumocytes have
been reported to lack MRP1.7”)

BCRP has a broad range of substrates extending beyond
anticancer agents to include antivirals, HMG-CoA reductase
inhibitors, antibiotics, and calcium-channel blockers.”® Low
levels of BCRP have been reported in bronchial epithelial
cells and in small endothelial capillaries of the lung.® BCRP
has also been reported in alveolar pneumocytes from normal
human lung.®”

Evidence for MRPs and BCRP transporter functionality
within the intact lung is lacking.

OCT/OCTN. The polyspecific organic cation transport-
ers, OCT1, 2, and 3, translocate a range of organic cations of
differing structures in a bidirectional manner.®” The two
carnitine/cation transporters OCTN1/2 are characterized by
their ability to transport the zwitterionic L-carnitine as well
as organic cations.

Evidence for OCT and OCTN transporter functionality
within the intact lung is lacking. However, some information
on the spatial pattern of protein expression in intact human
lung is available. The OCT1, OCT2, and OCT3 proteins have
been reported®? to all display luminal membrane expression
in bronchial ciliated epithelial cells. Both OCTN1 and
OCTN2 have also been shown® to be expressed in the
apical portion of airway epithelial cells, with OCTN2 also
showing relatively strong expression at the surface of alve-
olar type I epithelium.

A number of respiratory drugs are organic cations and
the functioning of OCTs and OCTNs may have a signifi-
cant impact on the disposition of lung-administered com-
pounds. For example, in vitro studies have shown active
uptake of ipratropium by human bronchial epithelial cells
via an organic cation uptake mechanism, most likely
represented by OCTN.®% Similar finding have previ-
ously also been reported for albuterol (salbutamol) and
formoterol.®¥5)

OAT/OATP. The OATs comprise six isoforms with sub-
strates that include a chemically heterogeneous range of
weak acids bearing a net negative charge at physiological
pH.®® In 2006, Bleasby et al.®” reported upon a microarray
analysis of drug transporter genes in whole tissues. For the
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lung, Bleasby et al. reported an absence of OAT transporters,
other than OAT2, a finding in general agreement with that of
others using RT-PCR or Northern blot techniques [see &7)1.

The OATPs mediate the bidirectional cellular transport of a
wide range of molecules and are capable of carrying cationic,
neutral, zwitterionic, as well as anionic compounds [see @8]
In human lung tissue the findings of Bleasby et al.®” were
consistent with those of Tamai et al.®” in that the only OATP
mRNA transcripts found in lung at any significant level were
OATP4A1, OATP3A1, OATP2B1, and OATP2A1.

No evidence for the spatial expression or functionality
within the intact lung exists for OATs and OATPs proteins.

PEPT1/PEPT2. PEPT1 and PEPT2 are proton-oligo-
peptide cotransporters. They are di- and tripeptide trans-
porters with a broad substrate capacity such that many small
peptide-like drugs, as well as nonpeptidic drugs, can also
serve as substrates.

Using RT-PCR or Northern analyses, a number of re-
searchers have documented PEPT2 mRNA in the lung tissue
of rodents or rabbits, while PEPT1 is essentially absent or
extremely low. In human lung tissue, Bleasby et al.®”) re-
ported transcript levels for PEPT1 to be low to absent,
whereas that for PEPT2 was high. In the human lung, PEPT2
staining has been reported(go) in tracheal, bronchial, and
bronchiolar epithelial cells, with a prominent expression at
the apical cell borders. Cytoplasmic staining for PEPT2 was
observed within type II pneumocytes, although staining for
PEPT2 could not be detected in alveolar macrophages or
type I pneumocytes.

Summary. Some key aims in the study of pulmonary
drug transporters include determining the presence and
spatial pattern of expression of drug transporters within
normal human lung and the lungs of various genera (e.g.,
rats and mice) that are used as models for pulmonary or
systemic pharmacokinetic investigations. Further, the spatial
localization of transporter protein needs to be related to
functional impact upon pulmonary drug absorption and
disposition. This latter aim is hindered by functional re-
dundancy in transporter activity, the broad substrate speci-
ficity of transporters, and the lack of truly specific
inhibitors—coupled with the need to achieve effective in-
hibitory local concentrations within model systems display-
ing an intact lung architecture, that is, in vivo or ex vivo
isolated perfused organ models. Exploitation of knock-out
mice may prove fruitful together with application of appro-
priate techniques for small animal pulmonary delivery; the
deposition pattern of aerosol in the lung may impact upon
the significance of a transporter upon drug absorption and
disposition.

Pulmonary drug transporters may actively remove
drugs from the systemic circulation resulting in lung ac-
cumulation, leading to potential lung toxicity and altered
systemic pharmacodynamics. As such, the functionality of
pulmonary drug transporters may have broader implica-
tions for drugs administered by nonpulmonary routes such
as the oral dosing. There is also a need to understand from
a pulmonary perspective the effect of disease upon drug
transporter function and the potential for drug-drug in-
teractions and contributions to interindividual variation.
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The importance of pathophysiology on drug
absorption from and within the lung

“The disease is in the pulmonary artery wall, will an in-
haled drug penetrate there?—They can hardly breathe and
you want them to inhale a drug?—Isn’t the best way to ac-
cess the tumor from the blood side?—Their lungs are full of
fluid, an aerosol will not work!” Biology is always the most
difficult part about drug delivery, and there are many
questions about how to best treat lung diseases with thera-
peutic molecules.

Some general concepts about pulmonary drug absorption
from the airways are known. Many studies show that most
small molecules have very high systemic bioavailabilities
following deposition in the lungs and their rates of absorp-
tion, unless the small molecule is very insoluble, are fast (half
times of seconds to tens of minutes). The picture with mac-
romolecules is more complex. As a class they are absorbed
more slowly and have bioavailabilities and pharmacokinetics
that are determined by susceptibility to enzyme breakdown
and regional deposition [see earlier sections in this article,
and for a recent review see (2)]. However, remarkably little is
known about precisely how and where drugs are absorbed at
the cellular level (either from the blood or airway side) and
how long they reside in the different cells and regions of the
lungs in health and disease. This badly needed knowledge
could help speed the development of therapies for a group of
deadly lung diseases including pneumonia; adult respiratory
distress syndrome (ARDS), where the lungs fill with fluid;
the nonfluid lesions of idiopathic pulmonary fibrosis (IPF);
primary pulmonary hypertension (PAH); lung cancer; as-
pergillosis; other infections where microbes create barrier
matrices (biofilms and granulomas); and lesions such as in
COPD, tuberculosis, and cystic fibrosis.

Present state of the art. Inhalation technology today [see
other reviews in this issue and ©V] is capable of reliable
delivery of aerosol drugs to even the sickest patients (in or
out of intensive care) and those with the weakest breathing.
However, aerosol particles will not necessarily distribute into
diseased areas of the lungs, and there is abundant evidence
that disease and smoking modifies the absorption pharma-
cokinetics of drugs delivered to the lungs [see, e.g., (92)].
Asthma, emphysema, fibrosis, pneumonia, CF, and other
conditions clearly affect the bioavailability of drugs depos-
ited in the lungs. This occurs at multiple stages. First, the
pattern of deposition of inhaled aerosols is dramatically al-
tered by disease. This reflects alteration in the distribution of
ventilation as well as altered fluid mechanics, such as in-
creased Reynolds numbers caused by bronchoconstriction or
airway obstruction. We also know that portions of the lung
that are not ventilated receive no aerosol. Both animal
models as well as human studies show us that patterns of
particle deposition are increasingly nonuniform as pulmo-
nary disease becomes more severe. Godleski and col-
leagues®>™”) published a series of articles on the patterns of
deposition in normal lungs and models of disease in animals.
These studies are often overlooked when people talk about
delivery of drugs by inhalation to patients with chronic lung
diseases. However, they show clearly that the aerosols go
preferentially to the more normal areas of the lung, especially
in fibrosis. With airway disease, the aerosols tend to deposit
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primarily in the obstructed airway “hot spots” and to not
penetrate more deeply, which may be desirable for the pa-
tient. Aerosols will deposit in and treat those parts of the
lungs that are still ventilated, and presumably some drug
will diffuse into obstructed areas.

We also know that particle clearance and we suspect drug
absorption are related to anatomic site. As the site of particle
deposition is changed, resulting absorption characteristics
do also change. However, in at least one study,98 inhaled
small molecule hydrophilic solutes were rapidly and exten-
sively absorbed independent of the intrapulmonary aerosol
deposition pattern, based on P“mTcDTPA. Finally, even at the
same site, disease may alter absorption characteristics. Em-
physema, characterized by loss of surface area and airway
obstruction, will reduce absorption. Fibrosis and associated
increases of the air-blood barrier may reduce diffusion of drugs
across the air-blood barrier. Inflammatory changes and in-
creased amounts of neutrophil elastase, such as is seen in cystic
fibrosis, may create a more hostile environment for proteins.

Today, despite the above-mentioned concerns of poor
aerosol penetration in some pulmonary disease states,
treatment of most lung diseases by inhaled medications is
favored over systemic therapies (oral or intravenous). The
rationale is that inhalation yields higher lung and lower
systemic drug concentrations, with an overall benefit of
lower total body dose and lower potential for adverse events.
This rationale is well proven in asthma and cystic fibrosis,
and should apply to other lung diseases and infections.
However, the “inhalation is better” rule may not always
hold, such as the case where the inhaled medication is ab-
sorbed very fast or the diseased area of the lung is inacces-
sible to the inhaled drug. Treatment of lung disease from
both the blood and airway side may also make sense, for
example, in ventilator associated tracheobronchitis.®”

It is well known that different conditions affect absorption
of inhaled medicines. For example, insulin absorption is in-
creased during exercise and among smokers, unaffected by
upper respiratory tract infections, and decreased in asth-
matics and increased in patients with COPD.®>100) Again,
though, this information is of the “black box” kind—we
measure what goes in and out, without knowing exactly
where and how. Some of the cellular and tissue barrier
properties of different parts of normal lungs are generally
known [for a review, see ®?]. However, the permeability and
accessibility of therapeutic drugs to the different lesions of
many pulmonary diseases remains largely unknown.

Solid lung disease lesions and fluid-filled lung. The
treatment of lung disease with inhaled medicines has a
sound scientific rationale—targeted delivery, with high local
concentrations, reduced systemic side effects, and reduced
overall body dose. The approach has been widely accepted
for the treatment of asthma, cystic fibrosis, and to some
extend, COPD. Although many factors such as smoking,
exercise, airway restriction, and the numerous lung diseases
themselves can increase or decrease the absorption of inhaled
medicines, the over riding rationale for inhaled therapies for
lung diseases has held up. For systemic applications of in-
haled medicines the scientific rationales, that is, faster action,
noninvasive delivery of proteins, avoidance of first-pass
metabolism, are less compelling. Here the lungs are pre-
sumably healthy but if not, then pathophysiology is thought
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to be a confounding factor that must be taken into account by
drug developers. Fortunately, the enormous surface area of
the lungs usually enables inhaled drugs to be adequately
absorbed regardless of underlying lung diseases. However,
there are many questions about exactly how, where, and
how much drug is absorbed in diseased lungs and im-
provements in our understanding are urgently needed to
address a wide spectrum of deadly lung diseases.

The penetration of drugs into solid pulmonary lesions and
fluid-filled lungs to elicit therapeutic effect is a challenging
nascent field with potential for great new discoveries. The
following are some key questions, whose answers could
significantly facilitate drug treatment of pulmonary diseases.

® How do drugs penetrate, and what affects residence
time in diseased lung lesions?

® What is the structure and local microenvironment of
solid pulmonary disease lesions (pH, density, oxygen
concentration, osmotic pressure, matrix pore sizes, etc.)?

® What receptors could enable specific targeting to pul-
monary disease tissue?

® How can inhaled medications facilitate drainage of
fluid filled lungs?

® [s systemic, local, or both routes of drug delivery the
best way to access diseased lungs?

The following are five deadly pulmonary disease classes
with markedly different structural and cellular manifesta-
tions, plus wide variability within any individual class. We
know very few answers to the above questions in these
diseases. One could easily base a brilliant career on addres-
sing these questions.

IPF and other pulmonary fibroses. IPF, which has a
prognosis as bad as lung cancer, and other fibrotic lung
diseases are challenging for drug delivery because of the
heterogeneity of the lesions and the decrease in vascular
density and increase in sclerotic condition of remaining
vessels as fibrotic score increases.'V In general, in IPF, fi-
broblast foci “march” from the periphery to the center of the
lungs, but atypical patterns can also be found. Regardless of
the specific pattern of lesions, aerosols should enable the
leading edge of the fibrotic progression at the air tissue in-
terface to be targeted with inhaled drugs."”® With inhaled
macromolecules or sustained release small molecules (e.g.,
entrapped within liposomes or polymers), one could poten-
tially have a depot of drug that provides continuous expo-
sure to the fibrotic lesions.

PAH. The advanced vascular lesions of the arterial walls
in PAH, characterized by hyperproliferation of the adventi-
tia, intimal, and smooth muscle cells and formation of
plexiform lesions,"®'% have been likened to a form of
nonmetastasizing cancer in that both cancer and PAH show
actively proliferating cells without apoptosis.?®® The au-
thors claim that the concept of PAH as a “quasimalignant”
state provides a new framework for antiproliferative and
antiangiogenic therapy. This may be the case, but the ques-
tion remains as to how to best target drugs to these enlarged
sclerotic vessels that are enmeshed in the tissue of the lungs.
The administration of vasodilators, both from the blood side
and from aerosols, has been shown to be weakly efficacious
in PAH. The first inhaled product, iloprost, was so rapidly
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metabolized and cleared that it needed to be inhaled seven to
eight times a day (inhaled sustained release forms are in
development). The results do suggest that at least in the case
of the small molecule prostacyclin analog, iloprost, that in-
halation can provide some beneficial effect.!° But it is un-
clear how the drug penetrates the lung tissue and exerts its
effects. High molecular weight aerosol drug particles could
serve as sustained release vehicles to treat PAH locally, and
this is in fact where the field is going.

Lung cancers. Pulmonary tumors take many forms and
develop from a variety of precursor cells."’” Treating lung
cancer by inhalation has been shown to be feasible in ani-
mals,"® but the work has not yet led to significant drug
development for humans, primarily because once lung can-
cer is detected in humans, it is thought to have already
spread to other parts of the body, so drug treatment is given
systemically. Nevertheless, the rationale for inhaled thera-
pies to treat lung cancer or precancerous conditions is sound,
that is, targeted therapy with reduced systemic side effects.
Some cancers that metastasize to the lungs could also po-
tentially be more effectively treated by inhalation than by
systemic treatments. Chemoprevention of lung cancer by
drug treatment has been proposed for some time but has not
progressed because of the lack of good drug candidates and
the long duration and large size of trials needed to show
efficacy.

Cancer treatment in general has struggled for more than
100 years to design the prized “magic bullet” first proposed
by Paul Ehrlich, 1% whereby a drug lethal to tumors and
cancer cells is selectively delivered to the tumor or cancer cell
but avoids healthy tissues and cells. The reasons for lack of
success of almost all efforts in this field are well known and
include poor tumor targeting, lack of tumor selectivity, de-
velopment of tumor resistance, poor residence time of drugs,
drug metabolism, and genetic variation. Aerosol delivery
directly to cancerous or precancerous tissue in the lungs
enables a major feature of the “magic bullet’—targeted de-
livery with greatly reduced systemic side effects.

A feature of solid tumors that has stimulated significant
drug delivery research is called the “enhanced permeability
and retention effect of intravenous (i.v.) macromolecular
drugs in solid tumors” (the EPR effect), whereby macromo-
lecular drugs accumulate (are trapped) due to the tumor’s
leaky vascular system and lack of lymphatic drainage. The
EPR effect was first described in 1986, and has since
spawned the development of numerous high molecular
weight tumor targeting constructs.''” The lungs natural
very slow absorption of high molecular weight macromole-
cules along with aerosol delivery offers a natural retention
effect for antitumor constructs in the lungs. This retention,
along with the addition of targeting moieties to these con-
structs, could achieve the magic bullet. One technique to
study the pharmacokinetics of drugs in tumors that could be
applied to lung cancers is the microdialysis technique.™'"

Microbial biofilms, granulomas, tubercles, and aspergillo-
mas. Many deadly microbial infections in the lungs induce
the formation of special self-protecting colonies and struc-
tures. In tuberculosis, the structures are known as granulo-
mas or tubercles and consist of a mixture of immune cells
and bacteria and may carry dormant microbes. In aspergil-
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losis, the structures are called aspergillomas. In CF, diffuse
panbronchiolitis and bronchiectasia are known as bio-
films.'? Tt is estimated that biofilms account for up to 80%
of microbial infections in the body. Within a biofilm, bacteria
display differential gene expression and are upward of 1000
times more resistant to conventional antibiotic treatment.
Respiratory and related structures provide ideal environ-
ments for the development of bacterial biofilms, which pre-
dispose patients to recurrent and chronic infections.
Furthermore, biofilms modify themselves following expo-
sure to antimicrobial therapy, thus developing increased re-
sistance. Understanding the nature of biofilms is essential to
comprehending the expected course of bacterial illness and
identifying treatments that are most likely to be beneficial
against more resistant biofilms.!'® A recent study suggests
that inhaled antibiotics can be formulated with lipids to
improve their penetration of Pseudomonas biofilms following
inhalation.'¥

Fluid filled lungs—pneumonias and acute lung injury
(ALI). The filling of parts of the lungs with fluid is a chal-
lenging situation in aerosol medicine. Pneumonias, of which
there are many different types, and acute lung injury can be
lethal. Pneumonias are a leading cause of death worldwide.
Inhaled therapeutics may not reach the fluid filled areas but
they could prevent further fluid spread and protect the re-
maining aerated regions of the lungs. One could argue that
although deposition in the diseased area is clearly reduced, it
is not zero, and this direct airspace deposition may be a
larger dose and more useful than amounts that could reach
the diseased area via the vasculature (John Godleski, per-
sonal communication). The pioneering work of Smaldone,
Palmer, and colleagues(gg) has shown that inhaled antibiotics
in conjunction with systemic antibiotics, compared with
systemic antibiotics alone, has significantly improved effi-
cacy against serious pulmonary infections in the intensive
care unit (ICU). How can we harness this approach to thwart
the many other types of serious pneumonias?

ALl is a clinical syndrome manifested by a rapid onset of
respiratory failure associated with high mortality."''> ALI is
characterized by increased permeability of the alveolar—
capillary barrier, decreased surfactant function, and im-
paired alveolar fluid clearance. Although significant efforts
have been made to pharmacologically upregulate alveolar
fluid clearance to reverse the progression of lung injury,
these approaches have not been successful.'® However,
new results demonstrate a novel role for TGF-f1 in impairing
the f-adrenergic agonist stimulated alveolar fluid clearance
in acute lung injury, an effect that could be corrected by
using PI3K inhibitors that are safe to use in humans.”)
Again there is the question of inhalation versus systemic—
which is better?

Summary. Delivery of drug from both the airway and the
blood side would seem to be optimal, and this seems to be a
fundamental consideration in regard to the diseases dis-
cussed above. When we queried John Godeleski about vas-
cular perfusion in regard to various pulmonary diseases, this
was his response: “Although I have not studied the question
of vascular perfusion in areas of pulmonary disease, this
would be fairly easy to do using modern methods to assess
vascular perfusion. One approach can be that used in a paper



S-82

by Glenny et al."'®. We have used this approach in other
studies of vascular perfusion and found it to be highly sen-
sitive. Another consideration is that most chronic diseases
such as lung fibrosis and emphysema have substantial pul-
monary vascular sclerosis in the areas of the disease process.
This is readily seen in any human lung pathology specimens
with these diseases.” So, it is clear that the penetration of
aerosol drugs into lung disease tissue and their subsequent
efficacy or lack thereof is a wide open field with many op-
portunities for outstanding work.

An update on nucleotide delivery to the lung

Gene therapies utilizing modified viruses or complexed
plasmid DNA (pDNA) as gene transfer agents (GTAs) to
reintroduce functional copies of defective or mutated genes
are being investigated for the treatment of a wide range of
lung diseases including CF, cancer, and alpha-1 antitrypsin
deficiency.!? The relative accessibility of the pulmonary
epithelium makes aerosol delivery of gene therapy formu-
lations an attractive possibility, allowing noninvasive appli-
cation to target cells within the lung while minimizing the
risks associated with systemic delivery and potential germ
line transmission. Despite these advantages, only eight clin-
ical trials (all in patients with cystic fibrosis) have so far in-
corporated aerosol delivery of GTAs to the lungs as a key
component of the study.’*” Encouragingly, partial correc-
tion of the underlying CF chloride transport defect was re-
ported in one study,™*" but overall levels of gene expression
have been disappointingly low. If aerosol gene therapy is to
prove a viable therapeutic option for the treatment of lung
diseases in the future, significant improvements in the effi-
cacy of aerosolized GTAs will be required.

Aerosolization of gene transfer agents. Despite consid-
erable advances in gene therapy over the last 20 years,
transfer of technological improvements to aerosol gene
therapy has been limited by the additional constraints placed
upon formulations for nebulization and the associated costs
of developing and testing in relevant animal model systems.
Consequently, only recombinant adenovirus (Ad),"*? ade-
no-associated virus (AAV),(123) and pDNA complexed to the
cationic lipid Genzyme Lipid 67A (GL67A)"*" have so far
advanced to clinical studies. The key factor in limiting the
progress of aerosol gene therapies has been the susceptibility
of many viral and nonviral formulations to hydrodynamic
shear forces associated with many aerosol generation de-
vices. Continuous recycling of material within many nebu-
lizers results in rapid and progressive destruction of shear-
sensitive molecules including some enveloped viruses*¥
and the circular pDNA component of many nonviral gene
therapy formulations (Fig. 7). Such destruction is associated
with an almost complete loss of biological function, and as a
result, only a fraction of the available GTAs have proven
viable for aerosol delivery.

To improve the delivery of GTAs, multiple innovations
are needed. Improved formulations that protect GTAs dur-
ing aerosolization as well as nebulization devices that mini-
mize the exposure to hydrodynamic shear would greatly
improve the range of GTAs suitable for aerosol applications.
There is evidence that with appropriate nebulization devices
even highly sensitive molecules such as pDNA can be
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FIG. 7. Degradation of naked pDNA during jet nebuliza-
tion. Plasmid DNA (5.6kb) was aerosolized at 40 psi using
the Aerotech II (CIS-US, Bedford, MA) jet nebulizer with
samples removed from the reservoir at 5-min intervals for
conformational analysis by gel electrophoresis. Aerosoliza-
tion resulted in progressive degradation of pDNA with loss
of both covalently closed circular (ccc) and open circular (oc)
plasmid forms. Lane 1, plasmid size markers; lane 2, refer-
ence plasmid (not aerosolized); lanes 3-10, plasmid DNA
samples following 0-35 min of aerosolization.

aerosolized successfully. Electrospray of plasmids up to
15.3 kb in size resulted in no detectable pDNA degradation,
and aerosol delivery of such formulations resulted in robust
gene expression in the lungs of treated mice."'*® However,
no EHD device has yet been commercialized for use in the
clinic, and there remain considerable obstacles with regard to
formulation compatibility and electrospray requirements.

Barriers to aerosol gene transfer. The general ineffi-
ciency of gene transfer following aerosol delivery in animal
model systems as well as in clinical studies"*® would sug-
gest that significant barriers to gene transfer exist in the lung.
Of the many physical barriers to successful aerosol gene
delivery, potentially the most significant is the layer of mu-
cus covering the epithelial cells of the conducting airway.
Sequestration of GTAs by mucus or shielding of target cell
populations from vector access can greatly reduce the effi-
cacy of aerosolized GTAs, especially in the diseased lung. In
diseases such as CF or asthma, the mucus barrier may be
thicker and also more hostile, containing greater amounts of
active proteases and nucleases, which might degrade essen-
tial biological components of delivered GTAs. In such cir-
cumstances, it may prove beneficial to reduce the mucus
burden of the lungs prior to gene delivery via the use of
mucolytic agents such as Nacystelyn."*” In addition to
mucus clearance, pulmonary macrophages can also eliminate
delivered GTAs via phagocytosis, and resident macrophages
in the mouse lung have been shown to clear 70% of adeno-
virus genomes within 24 h of administration."*® Removal of
macrophages by prior delivery of liposomes incorporating
dichloromethylene-biphosphanate resulted in a 96% increase
in adenoviral gene expression,?® although it is unclear how
such an approach could be translated to the clinic. For viral
vectors an additional barrier is the presence or generation of
neutralizing antibodies (NAbs) to the viral vectors them-
selves. Exposure to viral GTAs has been shown to generate
potent NAbs in a number of animal model systems"2*'3% at
titers high enough to completely inhibit gene transfer from
subsequent treatments."'* Numerous immunomodulatory
approaches have been proposed,’*" but the generation of
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NAbs remains possibly the most significant barrier to suc-
cessful long-term airway gene transfer using viral vectors.
Encouragingly, recent studies utilizing integrating lentiviral
vectors have demonstrated that repeated delivery to the
mouse nasal epithelium is possible without generation of
mucosal anti-lentiviral antibodies."*® If these results can be
translated to the lung, and an appropriate aerosol delivery
methodology can be identified then lentiviral vectors may
represent an exciting direction for future lung gene therapies.

Animal models. If the efficiency of aerosol gene delivery
is to improve dramatically in the coming years it will be
essential to identify which of the various barriers to gene
transfer are critical for each GTA. However, many of the
physical and immunological barriers to aerosol gene delivery
are likely to be disease specific. Wherever possible, studies to
identify and overcome such barriers should be performed in
suitable animal disease models. Historically, the mouse lung
has provided the primary model for aerosol gene delivery.
However, the difficulties in generating aerosols with ap-
propriate size characteristics, the peculiarities of mouse lung
anatomy, and a failure of many transgenic mouse lines to
recapitulate human disease phenotypes,"*® have led to a
requirement for suitable lung disease models in larger ani-
mals. Such models remain elusive, although the recent gen-
eration of transgenic pigs homozygous for the most common
mutation in cystic fibrosis (deltaF508)"** will hopefully
provide new insight into the critical parameters required for
successful aerosol gene delivery in the CF lung.

Summary. Although delivery of gene therapy formula-
tions via aerosols remains a relatively new field, numerous
preclinical and clinical studies have demonstrated the po-
tential for aerosol mediated gene transfer in the lung.
However, if aerosol gene therapy is to prove to be a viable
clinical therapeutic option for the treatment of lung disease,
it is clear that significant advances in vector design and
performance will be required. Crucial to achieving these
goals will be identifying and overcoming critical barriers to
efficient gene transfer by aerosolized GTAs—a task that will
be best achieved in relevant large animal models of disease
with appropriate lung pathology. Finally, to streamline the
development of GTAs suitable for aerosol delivery in the
future, it is essential that novel GTA formulation develop-
ment and optimization studies are performed in the context
of aerosol delivery from an early stage.

Conclusions

We are optimistic about the long-term prospect of deliv-
ering pharmaceuticals to and through the lung. We have
barely scratched the surface of what is possible. Pulmonary
delivery, where we achieve high pulmonary concentrations
while protecting sensitive organs elsewhere, makes a lot of
sense; for example, especially drugs designed to treat lung
cancer or pulmonary infections have a good rationale for
pulmonary delivery. The lungs are less than 1% of the body
weight. Why put a potent, expensive, toxic drug everywhere
in the body when it is only needed in a particular location (in
the lung)? Similarly, the potential for systemic drug delivery
via the lung continues to make sense. When oral or dermal
delivery is not possible (e.g., growth hormone, insulin,
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erythropoietin), it makes sense to develop an appropriate
pulmonary formulation.

Nevertheless, these aspirations will never be realized un-
less we address the fundamental questions outlined in this
article. Where do inhaled drugs deposit? What happens to
them after they land? Where and how are they degraded or
lost? How can we control and enhance bioavailability? Es-
sential questions are abundant; clever new experimental
designs to answer them are few; and the saga continues ...
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