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Abstract: While the inhalation route has been used for millennia for pharmacologic effect, the bio-
logical barriers to treating lung disease created real challenges for the pharmaceutical industry until
sophisticated device and formulation technologies emerged over the past fifty years. There are now
several inhaled device technologies that enable delivery of therapeutics at high efficiency to the lung
and avoid excessive deposition in the oropharyngeal region. Chemistry and formulation technologies
have also emerged to prolong retention of drug at the active site by overcoming degradation and
clearance mechanisms, or by reducing the rate of systemic absorption. These technologies have also
been utilized to improve tolerability or to facilitate uptake within cells when there are intracellular tar-
gets. This paper describes the biological barriers and provides recent examples utilizing formulation
technologies or drug chemistry modifications to overcome those barriers.

Keywords: inhaled drug delivery; prodrug; liposome formulation

1. Introduction

Pulmonary delivery of therapeutics is now generally accepted as an ideal strategy
to deliver an effective amount of drug to the airways to treat diseases including asthma,
chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF) and pulmonary ar-
terial hypertension (PAH), among others [1]. Many of the early inhaled therapies were
repositioned after initially being administered by the oral or injectable routes [2]. This
change in delivery route was initiated in many cases to avoid systemic side effects and
improve targeting to the lung allowing delivery of higher doses that improved efficacy. The
inhalation route was not the original choice due to the inconvenience, poor efficiency, vari-
ability in delivered dose and lack of portability of the early generation of aerosol delivery
technologies [3]. However, tremendous innovation has occurred in the past fifty years and
product developers can now choose among portable dry powder inhalers (DPIs), metered
dose inhalers (MDIs), soft mist inhalers (SMIs) and nebulizers that provide reproducible
and efficient delivery to the lung.

The anatomy of the respiratory tract represents the first biological barrier to effective
drug delivery to the conducting airways and deeper bronchopulmonary segments. For suc-
cessful delivery to the lung, the inhaled aerosol must avoid deposition in the oropharyngeal
region. As aerosol droplets or particles are inhaled, their momentum can lead to deviation
from a bending air flow path, resulting in aerosol impaction on the surfaces of the mouth or
throat and a reduction in the dose to the lung [4,5]. Aerosol devices delivering particles with
smaller aerodynamic diameters, which can be achieved by a combination of lower density
or smaller geometric size, can more easily avoid aerosol impaction in the oropharyngeal
region. Additionally, slower patient inhalation flow rates can also reduce oropharyngeal
deposition and some device technologies facilitate this paradigm [6]. Furthermore, the
aerosol should be delivered in an aerosol volume that can be fully inhaled with each breath,
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or else delivery efficiency may be compromised. Synchronization of aerosol generation
with initiation of inhalation is a feature of some “smart” inhalation systems [7].

In summary, innovations in inhaler device technologies have addressed the first bio-
logical hurdle, which is to minimize oropharyngeal deposition, resulting in a reproducible
dose of drug to the lung. The criticality of the reproducibility of lung delivery depends on
the drug and the indication. Those indications with narrow therapeutic windows may re-
quire delivery systems with exceptional control over the emitted dose and how the aerosol
is generated and inhaled. While avoiding oropharyngeal deposition is the first biological
barrier, there remain other biological barriers summarized below. Each barrier may need to
be considered for each new therapeutic opportunity to understand its significance as an im-
pediment to achieving the desired treatment paradigm. In this paper, we provide examples
of how these barriers can be overcome using formulation technologies or modifying the
chemistry of the compound.

2. Biological Barriers

The major biological barriers to achieving successful inhaled drug therapy have been
documented [8], are summarized in Figure 1 and include:

• Avoiding the cough reflex so that the complete aerosol dose can be inhaled and
deposited at its pulmonary target site;

• Achieving efficient delivery of the aerosol to the target region within the lung. For
example, to ensure that the therapeutic dose reaches the deeper structures of the
lung, the aerosol must be able to pass through the trachea-bronchial airways of the
respiratory tract with limited deposition;

• Interacting with the airway surface liquid and mucus to access the cellular targets.
Upon deposition in the lung fluid, the drug particle may need to be dissolved or
released from a matrix, and for prodrugs, may need to be chemically converted to its
active form before being able to diffuse to its target site to take effect. Physical barriers
can impede that process;

• Overcoming systemic absorption, degradation or clearance of the active molecule to
provide drug concentrations that remain within the therapeutic window until the next
administration event. When these functions are relatively rapid, therapeutic levels of
the drug can be reduced to ineffective levels prior to the next inhalation event;

• Accessing intracellular targets. Many targets may reside within cells including
macrophages, and the cellular membrane presents a barrier to delivery of drug within
the cells.

2.1. Avoiding the Cough Reflex

Inhaled therapies that result in coughing during the inhalation event may lead not only
to incomplete inhalation of the therapeutic, but also to greater upper airway deposition or
exhalation of the aerosol that is in transit during inhalation. Cough during an inhalation
event may reduce the efficacy of that treatment event and if recurring, would generally
lead to non-adherence. Post-inhalation coughing may not physically hinder inhaled drug
delivery, but it may be a barrier to patient treatment adherence. Some inhaled drugs or
formulations may lead to a coughing bout by triggering two types of afferent nerves: extra-
pulmonary Widdicombe cough receptors and/or the intrapulmonary bronchopulmonary
C-fibers. The former type is sensitive to extreme pH [9–11] and mechanical stimuli while
the latter is sensitive to prostaglandin E2, bradykinin, and a variety of environmental
irritants [12,13]. Extreme local osmolarity of the airway surface liquid in the vicinity of
dissolving inhaled particles can also activate the afferent nerves and generate a coughing
reflex [10,14]. Post-inhalation cough frequency varies with sex and age of patients. Sen-
sitivity to chemical stimuli are increased in female and pediatric patients [15,16] while
the frequency of cough reflex is significantly lower in elderly patients than in young pa-
tients [17,18]. The cough reflex can be overcome by reducing the rate of particle dissolution
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on the airway surface or by utilizing other formulation strategies that minimize changes in
the proton concentration or osmolality of the epithelial lining fluid [19].

Figure 1. Biological barriers to inhaled drug therapy. The major biological barriers to a successful
inhaled drug therapy include: (1) post-inhalation coughing reflex, (2) low delivery efficiency to
specific target lung regions, (3) rapid elimination of inhaled active molecules from the lung via
degradation, clearance, and/or systemic absorption, and (4) the inability for inhaled therapies
with intracellular targets to sufficiently penetrate cellular phospholipid membranes and maintain
therapeutic concentrations intracellularly.

2.2. Depositing in the Target Region within the Lung

The respiratory tract can be divided into 3 main regions: the upper airways or the
oropharyngeal region, the lower airways or the trachea-bronchial region, and the gas
exchange or alveolar region [20]. The upper airways consist of the nose, the nasal cavity, the
pharynx, and the larynx, while the lower airways comprise the trachea, bronchi, bronchioles
and terminal bronchioles. Gas exchange occurs in the alveoli at the end of the terminal
bronchioles. From the trachea to the alveoli, there are approximately 23 diverging and
asymmetric divisions. As inhaled air travels along the complex respiratory tract, many
particles in the airstream are removed by inertial impaction at airway bifurcations [5]. At
the end of inhalation, the air flow is reversed. Inhaled particles with smaller size or lower
density have limited time to settle to their target sites unless a breath hold maneuver is
incorporated at the end of the inhalation. Particles still air-borne at the end of inhalation are
then driven out of the lung and some of them land on the respiratory tract walls along the
way [5]. Therefore, while employing inhaled air to deliver drugs to the lung is a sensible
approach, targeting exclusively the trachea-bronchial or the alveolar regions is extremely
difficult [5]. Utilizing more rapid inhalations and larger aerosol particles (e.g., 6 µm) will
increase trachea-bronchial deposition over alveolar deposition, although at the expense of
greater deposition in the oropharynx. Targeting deposition of inhaled drugs to the alveolar
regions can be increased by reducing inhalation flow rate and aerosol size (e.g., to 1–3 µm),
and can be further increased by a breath hold to facilitate deposition by sedimentation.
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Several studies using radio-labelled particles clearly demonstrated the impact of changes
in particle size and inhalation flow rate on drug deposition [21,22]. Moreover, in diseased
lungs, the challenge for effective inhaled drug delivery is even more significant due to
airway constrictions [23], excessive mucous [24], and/or edema [25].

2.3. Interacting with the Airway Surface Fluid and Overcoming Systemic Absorption, Degradation
or Clearance

The surface liquid of the lower airways is composed of 2 layers: a mucous layer with
varying thickness [26,27] and a periciliary liquid layer on the airway epithelium. The
mucous layer is a gel-like, entangled network of heavily and heterogeneously glycosylated
mucins. The diverse carbohydrate chains on mucins allow the mucous layer to interact
with and trap a wide range of particles and microorganisms [28] in the inhaled air [29].
The watery periciliary liquid layer is found beneath the mucous layer where the epithelial
cilia reside. Synchronized beatings of the epithelial cilia transport mucous and periciliary
liquid toward the mouth [30]. Particles trapped by the airway mucus or in the periciliary
liquid can be cleared from the lung in a relatively short time frame [31] and thus reduce
the active drug concentration, potentially necessitating more frequent dosing. The gas
exchange regions are not lined with mucous, making them better target sites for inhaled
drugs from that perspective. However, the alveolar epithelial-endothelial layer is thin,
and passive transport of small molecular weight drugs into the systemic circulation can
be rapid [32] providing only transient drug retaining capacity unless facilitated by a
sustained release formulation. In diseased lungs, the mucous of the lower airways can
be overexpressed and/or more thickened [26,33], blocking access for inhaled drugs to the
target tissues beneath.

The epithelial layer lies immediately beneath the airway surface liquid with its apical
surface facing the air space and its basal surface in contact with fluid-filled lung parenchyma.
The epithelial layer restricts passages of ions and larger solutes to maintain lung fluid bal-
ance. Therefore, crossing the epithelial cell layer can be challenging for inhaled hydrophilic
drugs targeting the lung parenchyma. Receptor-mediated transcytosis mechanisms have
been identified in lung epithelial cells for some small peptides [34,35]. The efficiency of
epithelial active transport depends on the lipophilicity of the molecule, the number of
receptors, and the amount of consumed energy. For hydrophilic molecules, slow diffusion
through the paracellular tight junction is the only option, and the opening of this tight junc-
tion limits the rate of transport for larger molecules [32]. Two distinct pathways through
epithelial tight junctions have been identified—the pore pathway mediating passage of
small solutes and the leak pathway mediating passage of macromolecules [36–38]. In
lung alveolar epithelial cells, the leak pathway depends on the lung-specific tight junction
protein claudin 18 [39]. The composition of the leak pathway is still under debate; however,
it is known that the “tightness” of the epithelial tight junction varies greatly between the
lung regions and is closely regulated by epithelial intracellular activities [38,40].

For people with lung diseases, the epithelial layer is subject to complex structural and
functional changes. Infection can cause some component proteins of the tight junction to be
upregulated while others are downregulated [41,42]. In asthma, COPD, CF, and idiopathic
pulmonary fibrosis, epithelial cells undergo epithelial-to-mesenchymal transition and lose
crucial proteins of the tight junctions [43,44]. Epithelial cell damage and massive death
are common in Pseudomonas aeruginosa infection, acute lung injury, and acute respiratory
distress syndrome [45–47].

2.4. Accessing Intracellular Targets

Another barrier for a pharmaceutical molecule to access an intracellular target is the
phospholipid bilayer cell membrane. Intracellular treatment targets may include microbio-
logical pathogens, receptors, and attenuation or correction of protein synthesis through the
delivery of gene therapy, mRNA and siRNA delivery. Intracellular microbial pathogens
often reside within lung alveolar macrophages due to active phagocytotic processes.
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As essential components of innate immunity, macrophages play multiple roles in
immune surveillance, defense against pathogens, and resolution of inflammation. Airspace
macrophages (AMs) are readily retrievable from the airspaces via bronchoalveolar lavage
(BAL) and have been well-studied [48]. The healthy human lung contains between
1.4 × 1010 and 2.3 × 1010 AMs, with over 97% present in the alveolar lumen [49,50] A
similar number of macrophages are found in the lung interstitium, known as interstitial
macrophages (IM), with 78% of all IMs being present in the alveolar septa [49].

Lung resident macrophages further polarize between the M1 state (classically activated
macrophages) and the M2 state (alternatively activated macrophages). M1 macrophages
play essential roles in host defense through expression of proinflammatory and antimicro-
bial signals while M2 macrophages help maintain tissue homeostasis and control inflam-
mation through expression of anti-inflammatory cytokines [51,52].

Macrophages have been identified as important sites of infection by both viruses and
bacteria for several diseases, including tuberculosis (TB) and non-tuberculous mycobacteria
(NTM) lung disease. Microbial pathogens have developed diverse strategies to survive and
hide from the host immune response inside the macrophages [53,54], making it difficult to
eradicate these pathogens with traditionally formulated antibiotics. Some of these intra-
cellular pathogens reside in the host’s cytosol while others reside in intracellular vacuoles.
Thus, targeting of the intracellular pathogen populations within the macrophages in the
lung presents a particular challenge for developing certain anti-infective lung therapeutics.

Most antibiotics do not easily penetrate cell membranes. Among therapeutics that
have been shown to accumulate in macrophages are bedaquiline, oritavancin, and tela-
vancin [55–57]. Novel vancomycin derivatives have also demonstrated the ability to target
intracellular infections [58].

The most frequent strategy to improve the penetration of antibiotics into phagocytic
cells is the use of carrier systems that deliver these drugs directly to the target cell. Delivery
systems such as liposomes, nanoparticles, lipid systems, and conjugates enhance the
therapeutic efficacy of antibiotics and antifungal agents in the treatment of infections
caused by intracellular microorganisms [54,59,60].

3. Strategies to Overcome Biological Barriers

Through decades of effort, scientists, chemists, and engineers have developed hard-
ware and technology solutions to overcome, and in some cases even capitalize on, the
numerous barriers described above. As the relevance of these biological barriers differs
by disease, strategies to overcome said barriers is also disease specific. In the context
of pulmonary drug delivery, two main strategies are used to overcome these biological
barriers: nanoparticle formulation and/or modification of a known active pharmaceutical
ingredient (API) using a prodrug strategy. The final choice to use either or both strategies
can be nuanced and is dependent on the therapeutic area.

Nanoparticle formulation strategies can be used to alter the way in which active com-
pounds are presented within the body [61–65], including modification of their dissolution
profiles [66–70], and some of these strategies have been adapted specifically for pulmonary
delivery [71–74]. In some instances, nanoparticles can help overcome specific pharma-
ceutical development challenges including increased payload delivery, controlled-release
kinetics to optimize pharmacokinetic (PK)/pharmacodynamic (PD), improvement of effi-
cacy, and reduction of adverse events [64,75,76]. Similarly, a prodrug modification strategy
can be used to alter a compound’s PK/PD profile to optimize performance following
pulmonary administration. Prodrugs are chemical modifications of an active compound
using a labile covalent attachment of a pro-moiety that alters key physical-chemical prop-
erties of the active compound, and thus drastically reduces its activity prior to cleavage
of the pro-moiety [77,78]. By definition, prodrugs are inactive until the labile covalent
bond is cleaved, and the active compound is released. The prodrug strategy carries some
extra regulatory burden in that the pro-moiety must be biocompatible and the cleavage
mechanism must be robust in all species studied. Furthermore, in the context of pulmonary
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drug delivery, the decision to use either strategy is impacted by multiple factors including
the choice of the delivery device (i.e., DPI, MDI, nebulizer, or soft mist inhaler), the specific
disease, and the potency of the active compound.

4. Inhaled Treprostinil Palmitil (TP) for the Treatment of Pulmonary Arterial
Hypertension (PAH)

PAH is a progressive, life-threatening disease characterized by the constriction and
remodeling of the pulmonary vasculature, leading to increased pulmonary arterial resis-
tance and pulmonary arterial pressure [79–84] that may result in right heart failure and
ultimately death [79–87]. Treatment of PAH often involves administration of prostacyclin
analogs as pulmonary vasodilating agents. Although these therapies can be effective, most
of them are unable to overcome a variety of barriers that make effective treatment difficult
to achieve including tolerability issues, rapid absorption, and the requirement for frequent
repeat administrations [79,85,86].

One of the most well-known treatments for PAH is a synthetic prostacyclin derivative
called treprostinil (TRE). TRE therapies are available as an inhalation solution (Tyvaso),
an oral tablet (Orenitram), and as a subcutaneous infusion (Remodulin). TRE acts as a
vasodilator with excellent clinical efficacy but its short half-life requires either frequent
administration or continuous infusion [87,88]. Frequent administration of TRE results
in peak-trough cycles where high levels of TRE shortly after administration may cause
patients to experience adverse events, and low levels of TRE prior to the next round of ad-
ministration may lead to a lack of therapeutic efficacy. Furthermore, inhaled TRE presents
tolerability issues with patients often experiencing cough and throat irritation [87,89]. Fortu-
nately, there are ongoing clinical-stage efforts to develop improved, alternative prostacyclin
derivative therapies using a variety of pulmonary delivery approaches including liposome
encapsulation of iloprost [90–92] and TRE [93,94], nanoparticle formulation [95,96], ad-
vanced 3D printing techniques as a way to engineer uniform respirable particles [97,98],
and prodrug modification [99].

Development of an inhaled prodrug can be challenging because the associated cleavage
mechanism and release of the pro-moiety must be well controlled and not cause any undue
toxicities. Therefore, selection of the prodrug chemistry and structure must be well thought
out. In the case of TP, a hydrophobic prodrug of TRE, the carboxylic acid functional group
from TRE is masked with an ester bond using a 16-carbon hydrophobic chain to form
the prodrug. When delivered to the lungs, esterase enzymes that are ubiquitous in the
lung microenvironment hydrolyze the ester bond releasing TRE, the active compound,
and cetyl alcohol as an inert pro-moiety. Early in vitro experiments confirmed that the
rate of hydrolysis for TRE prodrugs can be tuned based on the alkyl chain length of the
pro-moiety [99].

Initial formulation efforts using TP focused on a solid lipid nanoparticle formulation,
called treprostinil palmitil inhalation solution (TPIS) that was delivered via a nebulizer. This
formulation was noteworthy because it relied on three separate strategies to overcome the
biological barriers associated with TRE. Firstly, it used a hydrophobic prodrug that allowed
for sustained release of TRE. Secondly, it capitalized on the use of solid lipid nanoparticles
to aid in solubility (as a technique to deliver a hydrophobic drug in an aqueous media). And
thirdly, by delivery of the formulation directly to the lungs using a nebulizer, it targeted
the API to the area of interest in the body. Taken together, these strategies resulted in
an extended release of TRE that maintains efficacy through 24 h with significantly lower
plasma TRE levels, and provides a localized effect specific to the organ of interest, in this
case the lungs [100]. More recently, TP has been reformulated for convenient delivery using
a DPI using a formulation called Treprostinil Palmitil Inhalation Powder (TPIP), while
maintaining the sustained release of TRE. The ability to re-formulate as a DPI is largely
due to the high potency of this drug, requiring mere micrograms of material to achieve a
therapeutic response.
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Indeed, in vivo PK data comparing TRE to TP confirms that administration of the
prodrug results in meaningfully reduced peak plasma TRE concentrations and sustained
release of TRE over 24 h [101–103]. Clinical studies with both TPIS and TPIP confirmed
sustained release profiles of the TP formulation compared to inhaled TRE [100]. TPIS
administered at a dose 85 µg (equivalent to TRE dose 54 µg) demonstrated prolonged TRE
half-life of 6.4 h, compared to 0.50 h for inhaled TRE solution dosed at 54 µg (Figure 2).
The peak plasma TRE concentration following TPIS administration was only 97.6 pg/mL
which is roughly 10-fold lower than the peak plasma TRE concentration following a 54 µg
dose of TRE (985 pg/mL). TPIS bioavailability was not notably affected, resulting in a
systemic plasma TRE exposure (AUC0-24h) of 0.617 ng*h/mL, similar to 0.893 ng*h/mL
after TRE inhalation. A similar PK profile was observed following administration of TPIP
[manuscript submitted].

Figure 2. Pharmacokinetics (PK) of Treprostinil (TRE) in healthy volunteers after administration of
Treprostinil Palmitil Inhalation Solution (TPIS) or nebulized TRE. Adapted from [104]. European
Respiratory Society, 2016.

When tested in a Sugen/Hypoxia (Su/Hx) rat model of PAH, and in comparison
with (1) inhaled TRE, (2) intravenous TRE and (3) oral Selexipag, TPIP significantly out-
performed the comparator agents [105]. TPIP was associated with a reduction in pulmonary
pressure, a reduction in the percentage of muscularized vessels, and a reduction in the
percentage of obliterated vessels (Figure 3). Similar results were also observed for the initial
nebulizer formulation, TPIS [106]. TPIS demonstrated durable efficacy in vivo, showing
a significant reduction in hypoxia-induced right ventricular pressure (RVPP) at plasma
TRE concentrations much lower than that observed for infused TRE. In addition to PK/PD
advantages, it is worth noting that TP formulations also result in reduced cough and
tachyphylaxis relative to TRE in rodent models which could translate to improved patient
tolerability via reduction in adverse events in the clinic [107,108]. Thus, for an inhaled
prostanoid therapy, the prodrug strategy coupled with an inhaled dry powder format, may
enable a once-daily therapy that overcomes the tolerability and rapid absorption barriers,
and possibly provide improved efficacy if the remodeling observed in the Su/Hx model
translates into the clinic.
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Figure 3. Effect of Treprostinil Palmitil Inhalation Powder (TPIP) in a Sugen/Hypoxia (Su/Hx) rat
Pulmonary Arterial Hypertension (PAH) model. This spider graph visually depicts the various
readouts from the Su/Hx model including indices of hemodynamics (pulmonary arterial pressure),
right ventricular hypertrophy (Fulton index, cardiac output), and vascular remodeling (wall thickness,
muscularization and obliteration). In the graph, the individual parameters are represented on separate
axes radiating out from the center of the figure. Each parameter is normalized between the normal
healthy state (a score of zero, at the center of the figure) and the vehicle control representing the injury
after exposure to Su/Hx (a score of 1, at the periphery of the figure). The findings for each compound
are depicted in various colors. In this type of figure, the closer that the lines are to the center, the more
efficacy they demonstrate. Fulton Index = weight ratio of Right Ventricle/(Left Ventricle + Septum),
Pulmonary Pressure = mean Pulmonary Arterial Pressure, Obliteration = percentage (%) of non-
obliterated vessels, Wall thickness = Small vessel wall thickness, Muscularization = % of muscularized
vessels, Cardiac Output = amount of blood pumped by the heart per minute. Adapted from [105].
American Thoracic Society, 2021.

5. Nebulized CL27c for the Treatment of Pulmonary Fibrosis

Pulmonary fibrosis (PF) is a progressive respiratory condition characterized by chronic
fibrosis of the lung interstitial tissues that is associated with diminished lung function
and a high mortality rate with limited treatment options [109]. The most common form
of PF is idiopathic pulmonary fibrosis (IPF), meaning that the root cause of disease is
unknown [110]. During the progression of IPF, alveolar epithelial cells become over-
activated which results in accumulation of fibroblasts and myofibroblasts in addition to
extensive matrix remodeling [111]. As part of this remodeling, the epithelium becomes
scarred and develops a thickened alveolus wall that interferes with gas exchange reducing
pulmonary function. Treatment for pulmonary fibrosis typically involves administration
of either oral pirfenidone (a pyridine with anti-fibrotic activity) or nintedanib (tyrosine
kinase inhibitor), oxygen therapy, pulmonary rehabilitation, or in some instances lung
transplant [112]. Recently, prostacyclin analogs [103,113] and phosphoinositide 3-kinase
(PI3K) pan inhibitors [114,115] have shown promise in models of PF with examples of both
classes of drugs being evaluated via the inhaled route of administration.

The PI3K inhibition strategy is interesting because PI3Ks are involved in a variety
of biological processes related to inflammatory conditions such as PF, autoimmune dis-
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orders, and certain cancers [116,117]. Recently, Pirali et al. (2017) developed a novel
PI3K inhibitor by synthesizing a small library of triazolylquinolones and screening them
for PI3K inhibition [118]. Using in vitro PI3K inhibition assays, the authors identified a
promising candidate termed CL27e. However, during cell based PI3K activity screening,
CL27e failed to affect the PI3K signaling pathway. The authors hypothesized that the
ionizable carboxylic acid increased the hydrophilicity of the compound and prevented it
from crossing cell membranes and entering the cytoplasm. In other words, the compound
could not reach the site of interest and required further modification. To enhance the cell
permeation, the authors evaluated a series of ester-based prodrugs, identifying the methyl
ester derivative CL27c as the lead candidate that was most effective at inhibiting the PI3K
signaling pathway in vitro. The structures of both CL27c and CL27e are shown below in
Figure 4.

Figure 4. Chemical structures of the active compound CL27e and the corresponding methyl ester
prodrug CL27c. Adapted from [119].

In a follow-up publication, Campa et al. (2018) reported on how inhaled delivery of
CL27c can improve lung function in rodent models of asthma and fibrosis [120]. Impor-
tantly, CL27c was delivered via nebulization to avoid unwanted on-target systemic toxicity
observed for other PI3K inhibitors [121–124]. The results indicate that CL27c delivered via
inhalation improves lung function in murine models of acute asthma and protects against
bleomycin-induced pulmonary fibrosis. Specifically, inhaled CL27c resulted in reduced
inflammation and improved survival rate in a bleomycin-induced model of pulmonary
fibrosis (Figure 5).
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Figure 5. In a bleomycin-induced model of pulmonary fibrosis, treatment with CL27c results in
reduced inflammation (A) and increased survival (B). Histopathologic scoring of inflammatory damage
in lung sections derived from control (Bleo−) and Bleo-treated mice (Bleo+) with and without treatment
with CL27c (black and white bars, respectively) (n = 5, 6, 10 independent experiments). *** p < 0.001
determined using Kruskal–Wallis followed by Dunn’s test. ** p < 0.01 determined using one-way
ANOVA followed by Bonferroni post-hoc test. Adapted from [120]. Nature Communications, 2018.

In summary, if human clinical data replicates these preclinical findings, then the de-
velopment of CL27c will demonstrate that the combination of prodrug modification that
requires intracellular accumulation for release of the active compound, with targeted deliv-
ery to the lungs to reduce systemic on-target side effects observed for PI3K inhibitors, can
be an effective strategy to overcome biological barriers associated with pulmonary delivery.

6. Inhaled Liposomal Ciprofloxacin for the Treatment of Non-Cystic Fibrosis
Bronchiectasis (NCFBE)

NCFBE is characterized by a vicious cycle of infection and inflammation, which leads
to structural damage to the airways and deterioration in lung function [125]. NCFBE
patients with chronic lung infections have a decreased quality of life and greater morbidity.
Pseudomonas aeruginosa (PA) lung infections in particular are associated with a seven times
greater risk of hospitalization and three times greater mortality compared to NCFBE
patients who are uninfected [126]. Thus, an effective inhaled antibiotic targeting PA lung
infections in NCFBE patients may reduce the incidence of pulmonary exacerbations and
improve morbidity and quality of life. While inhaled antibiotics have become a mainstay
of therapy in CF, they have generally been unsuccessful in demonstrating clinical benefit
in NCFBE and have been associated with an increased incidence of respiratory adverse
events [127,128], bronchospasm [129,130] and drug withdrawals [127–129], compared to
placebo. Thus, one of the key barriers to developing an effective inhaled antibiotic in
NCFBE is to overcome their poor tolerability [131]. Additionally, most inhaled antibiotics
are rapidly absorbed systemically after deposition in the lung, which may necessitate
multiple administration events each day to ensure that the antibiotic concentrations remain
above the pathogen’s minimum inhibitory concentration (MIC) [131,132]. In CF, inhaled
tobramycin is labeled for twice-daily administration and aztreonam is administered three
times a day. A sustained release formulation of an inhaled antibiotic, which slowly exposes
the lung surface to the antibiotic over a 24-h period, thus has the potential to address both
the tolerability and residence time barriers.
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There are many possible formulation strategies that can provide a sustained release
profile in the lung, but liposomes have emerged as a viable strategy for a diverse range
of molecules, including antibiotics [69,133]. Robust and reproducible inhaled liposomal
formulations can be manufactured utilizing lipids endogenous to the lung including phos-
pholipids and cholesterol [134]. Inhalation and deposition of a biocompatible liposomal
formulation on the surface of the airways is unlikely to cause local irritation or sudden per-
turbations to pH or osmolarity, factors which can lead to cough or bronchospasm [131,132].
A liposomal formulation of ciprofloxacin was thus developed with the goal to provide a
sustained release profile in the lung following once-daily inhalation in NCFBE patients
with PA lung infections [132].

The development of an inhaled liposomal formulation can be more challenging than
the development of traditional inhaled nebulizer solutions and a number of hurdles may
need to be addressed: reproducibility of manufacturing each liposome batch, stability of
the formulation over its shelf-life, stability of the formulation to the aerosolization process,
generation of an appropriate aerosol particle size distribution allowing deposition of an
effective dose in the airways, and release of drug from the liposomes at an appropriate rate
to maintain drug levels above the MIC until the next administration event [134].

The liposomal ciprofloxacin formulation that was taken into late-stage clinical tri-
als was composed of cholesterol and hydrogenated soy phosphatidylcholine (HSPC) in
unilamellar liposomes of 90 nm diameter [132]. This formulation retained its liposome
morphology, particle size distribution and in vitro release profile after jet nebulization [132].
The phase 3 trial of inhaled liposomal ciprofloxacin provided PK data that validated the
choice of the inhalation route to improve selectivity of the drug for the lung and the choice
of the liposome formulation to increase the drug residence time in the lung [135] (Figure 6).
Utilization of the inhalation route resulted in a 1700-fold higher peak drug concentration in
the sputum compared to oral ciprofloxacin at a similar dose, and a 15-fold lower systemic
drug concentration [135]. Consistent with the design thesis, the liposomal component of the
formulation provided a sustained presence of drug in the lung over the 24-h period [135].

In the pooled phase 3 trials, inhaled liposomal ciprofloxacin resulted in a delay in the
time to first exacerbation of 65 days, which did not reach statistical significance (HR = 0.82
and p = 0.074); however, the frequency of moderate to severe pulmonary exacerbations
(PE) was significantly (p = 0.0001) reduced by 33% and the frequency of severe PEs was
significantly (p = 0.014) reduced by 42% [136]. The prespecified quality of life metric did
not demonstrate improvement in respiratory symptoms at the end of the 48-week trial
compared to baseline [137]. However, because liposomal ciprofloxacin was administered in
six cycles of 28 days on treatment followed by a 28-day drug holiday, a post-hoc analysis of
the on-treatment periods demonstrated significant improvements in respiratory symptoms
and declines in CFUs that correlated with improvements in symptoms (p < 0.0001) [137].
Following FDA review of clinical trial data, a complete response letter was issued and
liposomal ciprofloxacin remains unapproved. While the complete response letter provides
a reminder that preclinical success may not always translate to the clinic, the development
work and preclinical data surrounding inhaled liposomal ciprofloxacin does validate the
use of liposomes as a formulation tool to help overcome biological barriers, specifically in
terms of improved patient tolerability and drug residence time in the lung with reduced
systemic exposure.
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Figure 6. Ciprofloxacin concentrations in blood and sputum samples at steady state. These results
cover a single dosing interval over a 24-h period from the Phase 3 open label extension. These data
are at steady state achieved after about 4 days of dosing. The solid blue line shows the very high
sputum concentrations of ciprofloxacin achieved with inhaled liposomal ciprofloxacin, three orders
of magnitude above the MIC for PA (green line) throughout the 24-h dosing interval, and well above
the Cmax for oral ciprofloxacin in sputum (dotted blue line). This solid orange line shows a far lower
plasma concentration of ciprofloxacin for inhaled liposomal ciprofloxacin, one order of magnitude
lower than the Cmax for oral ciprofloxacin (dotted orange line). The peak sputum concentration
of ciprofloxacin for inhaled liposomal ciprofloxacin is over 10,000× higher than the peak plasma
concentration. Adapted from [135]. World Bronchiectasis Conference, 2017.

7. Inhaled Liposomal Amikacin for the Treatment of Non-Tuberculous Mycobacteria (NTM)

NTM are opportunistic pathogens that are ubiquitous in the environment and can
cause pulmonary infections in patients who typically also have underlying respiratory con-
ditions [138,139]. When established, NTM pulmonary infection presents as NTM lung disease.
Among mycobacterial species that can cause NTM lung disease, the Mycobacterium avium
complex (MAC) predominates, while Mycobacterium abscessus (Mab) is less common but
more pathogenic [138].

NTM can exist extracellularly, in a biofilm form, or intracellularly within macrophages
and other cells. NTM biofilms are found in sputum samples and in explanted lungs from CF
patients infected with Mab [140]. NTM species can also effectively survive and persist in-
tracellularly evading macrophage’s killing mechanisms [141,142] and NTM infections have
been found in clinical samples with M. avium detected inside peripheral blood leukocytes
and bone marrow aspirate [143,144]. Therefore, delivering an effective dose of antibiotic
into cells infected with NTM should be an essential component of treatment.

NTM pathogens in planktonic form are sensitive to aminoglycoside antibiotics such
as amikacin [145] that demonstrate both inhibitory and bactericidal effects. However,
aminoglycoside antibiotics accumulate poorly in cells due to their highly hydrophilic nature.
This limits their effectiveness against intracellular infections. By packaging amikacin
into liposomes, targeted delivery into the intracellular compartment of macrophages was
achieved with improved amikacin activity against intracellular M. avium infections [146].
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Efficient NTM lung disease treatment requires delivery of high amounts of amikacin to
the lung while keeping systemic concentrations low to avoid nephro- and oto-toxicities [147].
Inhalation delivery of liposomal amikacin directly into the lungs may address this problem,
but this approach faces three major delivery challenges: (1) efficient delivery of mostly
intact liposomes to the lungs; (2) effective distribution of the intact liposomes throughout
the lungs; and (3) penetration into biofilms and macrophages to reach the sites of infection.
Amikacin liposome inhalation suspension (ALIS), also referred to as Arikayce, or liposomal
amikacin for inhalation (LAI), was developed to overcome these challenges and improve
the treatment of NTM lung disease.

Liposomal amikacin (ALIS) was tested in in vitro and in vivo preclinical studies to
assess whether it was an improvement over amikacin alone with respect to penetration into
biofilms and macrophages. In an in vitro study, ALIS liposomes penetrated readily into PA
biofilms and through a layer of CF patient mucus in 30 min, that larger (1 µm) fluorescent
beads were not able to penetrate [148]. ALIS also penetrated M. avium biofilms [149] over
a period of 4 h (Figure 7). In this study, mycobacteria biofilm were composed of a dense
layer on the slide surface, with more diffuse bacteria and extracellular biofilm components
present above. Liposomes could be seen distributed throughout the biofilm, demonstrating
that the liposomes penetrated through the extracellular components and reached the cell
dense region, suggesting that they may perform well in vivo.

Figure 7. Amikacin liposome inhalation suspension (ALIS) penetrated Mycobacterium avium biofilms.
Biofilms (strain A5) were established for 7 days in 2-well chamber slides, treated with 512 µg/mL of
AF657-labeled ALIS (red) for 4 h, fixed, stained with Syto9 (green), and imaged with a Zeiss LSM 780
confocal scanning microscope (630× magnification). Adapted from [149]. Frontiers, 2018.

The uptake of free or liposomal amikacin into human macrophages was quantified
after incubation for 4 or 24 h [149]. Amikacin uptake was time dependent, with cells treated
with ALIS containing significantly more amikacin than cells treated with the same concen-
tration of free amikacin (Figure 8A) after 24 h. The amikacin accumulation in macrophages
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was up to 4-fold higher when treated with ALIS as compared to free amikacin, with mean-
ingful differences between the groups exposed to drug concentrations of 64 and 128 µg/mL.
Fluorescence microscopy images taken after 24-h incubation were consistent with the
quantitative measurements: macrophages exposed to 32, 64, or 128 µg/mL of ALIS clearly
exhibited bright TAMRA fluorescence (yellow) colocalized next to blue DAPI-stained
cell nuclei, whereas TAMRA fluorescence was barely visible in cells incubated with free
amikacin (Figure 8B).

Figure 8. Liposomal and free amikacin uptake into human macrophages. Macrophages were exposed
to increasing concentrations of either ALIS or free amikacin (with addition of 0.44% tetramethyl
rhodamine (TAMRA) conjugated amikacin) for 4 h (gray symbols) or 24 h (black symbols). (A) nor-
malized mean fluorescence intensity (MFI) at each concentration averaged from three independent
experiments. (B) Visualization of liposomal and free amikacin uptake in human macrophages by
fluorescence microscopy. TAMRA fluorescence was visualized by a Zeiss Axio fluorescence micro-
scope (400× magnification) using constant settings for all experimental conditions. Yellow: TAMRA
amikacin; Blue: DAPI-stained DNA. * p < 0.05 vs. free amikacin at the same concentration and
timepoint. Adapted from [149]. Frontiers, 2018. Furthermore, tissue and pulmonary macrophage
exposures were compared in vivo after the 96 mg/kg amikacin dose delivered by ALIS nebuliza-
tion versus the 100 mg/kg amikacin dose given intravenously [149]. In pulmonary macrophages,
maximum amikacin concentration (Cmax) after the ALIS dose was nearly 1.0 µg/µg protein and
the total macrophage exposure over 24 h (AUC) was 17.8 µg*h/µg protein, 274-fold higher than
the exposure following amikacin injection. Similarly, the BAL fluid and lung tissue exposures were
69.5- and 42.7-fold higher, respectively, after inhalation dosing of ALIS compared to intravenous
dosing. Simultaneously, the systemic (blood plasma) exposure was 5-fold lower for ALIS than for
amikacin injection.

During chronic daily administration of ALIS, lung alveolar macrophages may accu-
mulate significant amounts of liposomal amikacin over time, thus raising the question of
their possible effect on macrophage function. Therefore, an in vivo study was conducted to
test the effect of continuous treatment of healthy rats by inhalation at a dose of 90 mg/kg
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over three 30-day treatment periods each followed by a 30-day recovery period [150].
Macrophages demonstrated accumulation of amikacin during treatment periods and nearly
complete elimination during recovery periods. The 30-day dosing did not alter macrophage
phagocytic activity, yeast killing function, or ability to release inflammatory mediators
compared to the control group.

Having established that liposomal amikacin is superior to free amikacin with respect to
macrophage uptake, the use of a sophisticated liposomal formulation like ALIS introduced
a series of challenges that then had to be addressed, including the ability to nebulize the
liposomal amikacin with consistent retention of its liposome properties. To ensure that any
batch of liposomal amikacin that satisfied its release specification would provide consistent
aerosol performance when used with an intended nebulizer device, in vitro studies were
conducted to characterize the product performance [151]. In those studies, nebulized ALIS
was shown to maintain a consistent aerosol delivery rate of 0.6 mL/min, aerosol emitted
dose of 500 mg amikacin, aerosol fine particle dose of 260 mg amikacin, mean liposome
vesicle size between 269–296 nm, and reproducibly generated 35% free amikacin and 65%
encapsulated amikacin [151]. Furthermore, in a separate study, aerosol droplets of ALIS
were segregated by size and collected in an impactor for subsequent evaluation [152]. In
that study, the six aerosol size fractions ranging between 1.1 and 9 µm all maintained
equivalent ratios of drug to lipid, percentage of encapsulated and free amikacin, and
liposome size [152]. These in vitro experiments provided confidence that nebulized ALIS
would perform reproducibly during clinical testing.

In healthy animals dosed with ALIS by inhalation, amikacin was distributed evenly
throughout the lungs after single and multiple doses, with equal amikacin concentrations
in all lobes of both lungs [150]. In clinical studies, when delivered by inhalation through
nebulization, 43% of the ALIS nominal liposome dose was deposited in the lungs of
NTM-LD patients [153]. Inhaled ALIS distributed throughout the whole lungs in both
healthy volunteers [154] and patients with NTM-LD [153]; the ratio of distribution to central
and peripheral lung regions was approximately 1.6–2.0 and more than 50% of the deposited
dose was detectable in the lung 24 h post-dose.

Overall, the data demonstrate that nebulization of ALIS results in amikacin delivery
to pulmonary macrophages, airways, and lung tissue better than free amikacin given by
either inhalation or intravenous administration. This mechanism of improved delivery into
pulmonary macrophages and retention within airways and lung tissue has been shown
to effectively treat refractory NTM-LD in clinical trials and represents a promising new
therapy for patients [155].

ALIS has been shown to effectively target NTM in both preclinical studies and clinical
trials. In mice with pulmonary M. avium infections, inhalation administration of ALIS
lowered viable mycobacteria in the lungs by more than 2 log units [156]. A Phase II trial
of patients with refractory NTM-LD demonstrated that ALIS increased the proportion of
patients who achieved negative sputum cultures compared with placebo, and the time to
first negative sputum culture was shorter with ALIS treatment versus placebo [157]. Based
on full results from Phase III studies, ALIS met the primary endpoint by demonstrating
that the addition of ALIS to guideline-based therapy eliminated evidence of NTM-LD
caused by MAC in sputum by month 6 in a greater proportion of patients than guideline-
based therapy alone [155,158,159]. Currently, ALIS is approved in the US, EU, and JPN as
ARIKAYCE® and is indicated for the treatment of Mycobacterium avium complex (MAC)
lung disease as part of a combination antibacterial drug regimen for adult patients who
have limited or no alternative treatment options [160].

8. Concluding Remarks

The selection of a prodrug chemistry or nanoparticle formulation, either individu-
ally or in combination, can be used to overcome biological barriers related to pulmonary
delivery across a wide array of diseases. To develop an improved inhaled prostanoid
therapy providing sustained exposure to non-irritating levels of TRE in the lung, a prodrug
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approach has shown feasibility in either an inhaled dry powder format or when combined
with a lipid nanoparticle formulation for nebulization. Two inhaled liposomal products
have been utilized to overcome the rapid clearance and subsequent systemic exposure of
unencapsulated small molecule drugs. Inhaled liposomal ciprofloxacin was designed to
also improve pulmonary tolerability and selectivity for the lung, while liposomal amikacin
improved uptake into macrophages at the site of intracellular infection. Looking to the
future, while there are many treatments that have been developed for patients with CF,
and these have dramatically improved their quality of life and extended survival, a gene
therapy that directly corrects the chloride ion channel defect provides the ultimate trans-
formational promise for these patients. To correct the defects in the epithelial cells in the
lung may require delivery via the inhalation route. This is also true for other genetic
diseases that are manifested primarily in the lung like Primary Ciliary Dyskinesia, and
Alpha 1 Antitrypsin Deficiency, where a huge unmet need still exists. Inhaled gene therapy
medications will likely require sophisticated formulation strategies to protect and efficiently
deliver their genetic cargo to the epithelial cells on the lung surface. The biological barriers
become especially challenging to overcome because the genetic cargo is more susceptible
to degradation than for traditional small molecular weight drugs and the molecules must
remain intact prior to transport into the epithelial cells. The inhaled gene therapy prod-
ucts in development will likely build upon the learnings from the examples described in
this review.
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