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Inhaled lung cancer therapy is promising because of direct and noninvasive drug delivery to the lungs
with low potential for severe systemic toxicity. Thus chemotherapeutic drugs have been administered clini-
cally by nebulization of solution or suspension formulations, which demonstrated their limited pulmonary
absorption and relatively mild systemic toxicity. In all these clinical trials, however, there was no obviously
superior anticancer efficacy in lung cancer patients even at the maximum doses of drugs limited by pulmo-
nary toxicity. Therefore methods that deliver both higher anticancer efficacy and lower pulmonary toxicity
are strongly desired. In addition to the worldwide availability of pressured metered dose inhalers (pMDIs)
and dry powder inhalers (DPIs) to treat local respiratory diseases, recent innovations in medicines and tech-
nologies are encouraging next steps toward effective inhaled lung cancer therapy with new therapeutic or
drug delivery concepts. These include the discovery of target cells/molecules and drug candidates for novel
cancer therapy, the development of high-performance inhalation devices for effective pulmonary drug deliv-
ery, and the establishment of manufacturing technologies for functional nanoparticles/microparticles. This
review highlights the present situation and future progress of inhaled drugs for lung cancer therapy, includ-
ing an overview of available inhalation devices, pharmacokinetics, and outcomes in clinical trials so far and
some novel formulation strategies based on drug delivery systems to achieve enhanced anticancer efficacy

and attenuated pulmonary toxicity.
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1. Introduction

Lung cancer is one of the world’s most common and serious
malignancies. The GLOBOCAN database for 185 countries
and 36 cancer types (produced by the International Agency for
Research, IARC) estimates that lung cancer globally caused
2.09 million new cases (11.6% of the total cases) and 1.76 mil-
lion deaths (18.4% of the total cancer deaths) in 2018, both
of which were the largest numbers among all cancer types.”
Histopathologically, lung cancer is categorized into two broad
classes: small cell lung cancer (SCLC) and non-small cell lung
cancer (NSCLC). SCLC is extremely malignant due to its high
proliferative and metastatic potential, but has relatively good
sensitivity to radiotherapy and chemotherapy. On the other
hand, NSCLC with lower sensitivity to these therapies is more
common.

Most chemotherapeutic drugs for SCLC and NSCLC are
systemically administered via oral and intravenous routes to
prevent metastases after surgical resection at early stage or
to inhibit growth of unresectable tumors at more advanced
stage. However, satisfaction with these drugs’ performance is
often very poor; severe adverse effects such as bone marrow
suppression limit dosing, consequently leading to insufficient
anticancer effects. Recently, the advent of molecular-targeted
therapy with therapeutic monoclonal antibodies and signal
transduction activators/inhibitors has greatly contributed to
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improved outcomes for patients with various types of cancer
in which the target molecules are highly expressed. In lung
cancer therapy, epidermal growth factor receptor (EGFR) ty-
rosine kinase inhibitors (TKIs) such as gefitinib and erlotinib
were demonstrated to achieve higher objective response rates
and progression-free survival than chemotherapy in previously
untreated patients with EGFR mutations.” Recently, necitu-
mumab and nivolumab, therapeutic monoclonal antibodies
specific to EGFR and programmed death-1 (PD-1), respec-
tively, have been approved for clinical use in the treatment of
lung cancer.” On the other hand, some severe adverse effects
have been observed for molecular-targeted drugs. For exam-
ple, EGFR TKIs commonly induce skin rash, and interstitial
pneumonia in rare but fatal cases, whereas therapeutic mono-
clonal antibodies frequently cause hypersensitivity reactions
including infusion-related and cytokine-released effects.*
Moreover, acquired resistance to chemotherapeutic and molec-
ular-targeted drugs is a well-known unwanted development in
many cases.>®

Thus innovative medical strategies and technologies are
strongly demanded for further improvement of chemothera-
peutic and molecular-targeted drugs against lung cancer—and
one of the key factors is effective drug delivery to target sites.
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2. Aerosol Inhalation Systems for Pulmonary Delivery

The lungs are attractive organs as both action and absorp-
tion sites of drugs because of various histological characteris-
tics including direct and noninvasive access via the respiratory
tract, low enzyme activity, large surface area comparable to
small intestine, and thin cell layer with high membrane per-
meability.” Therefore pulmonary delivery via the respiratory
tract is promising to promote efficacy of chemotherapeutic
and molecular-targeted drugs against lung cancer with mini-
mal systemic adverse effects. In preclinical studies in small
animals, pulmonary drug delivery has been often performed
through intranasal or intratracheal instillation of drug solution
or suspension,” although this method is not readily applicable
in human due to perceived high invasiveness. For noninvasive
and effective pulmonary drug delivery in human, aerosol in-
halation systems are considered practical. All these systems
comprise specially designed formulations and inhalation de-
vices. Three major types of the devices are commonly used:
nebulizers, pressurized metered dose inhalers (pMDIs), and
dry powder inhalers (DPIs).”

All the above devices generate liquid or solid pharmaceuti-
cal aerosols from the formulations, followed by their transfer
via inspiratory airflow to the respiratory tract. After transfer,
aerosols are deposited on the respiratory epithelium under
various mechanisms including inertial impaction, sedimenta-
tion, diffusion, interception, and electrostatic interaction.'”
The deposition patterns of aerosols in the respiratory tract are
predominantly determined by their aerodynamic particle size
calculated with the following equation:

0.5
e
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where d,, d,, p,, py, and y are aerodynamic particle size, geo-
metric particle size, particle density, unit density, and dynamic
shape factor, respectively. In general, larger-sized aerosols
(d,>10um) are deposited on an upper position of the respira-
tory tract, whereas smaller-sized aerosols (d,<<0.5 um) may be
emitted out of the body through expiratory airflow. Therefore
for effective pulmonary delivery of pharmaceutical aerosols,
their aerodynamic particle size is adjusted mainly within
the range of 1-5um.'” In a lower position of the respiratory
tract, where temperature and relative humidity increase up
to approximately 37°C and 100%, respectively, deposition of
hygroscopic aerosols is considered promoted due to increases
in their particle size and density through moisture absorption.

2.1. Nebulizers Among commercial inhalation devices,
nebulizers, which generate single-micron-sized liquid aerosols
from solution or suspension formulations, have the longest his-
tory of development (since the mid-1800s).!” Currently, three
major types of nebulizers are available on the market: jet,
mesh, and ultrasonic nebulizers, which generate liquid aero-
sols by compressed air, ultrasonic vibration, and ultrasonic
cavitation, respectively.'>'¥ Many nebulizers are inconvenient
to carry due to their relatively large size, although small-sized
mesh nebulizers with portability (e.g., MicroAir U100, Omron
Healthcare Co., Ltd.) have been developed recently. Even now,
nebulizers are predominantly chosen in the first clinical tri-
als of inhalation therapy with drug candidates because the
trial can be easily started with only drug solutions or suspen-
sions. Indeed, only nebulizers have been applied to clinical
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trials for inhaled lung cancer therapy so far, as described
below. However, they have many practical issues including
the necessity of electric power supply for operation, poor
pulmonary delivery efficiency, time-consuming administra-
tion, and low storage stability of the formulations due to their
liquid forms. Moreover, large portions of aerosols generated
and emitted from nebulizers are not inhaled but released to
the environment, possibly causing exposure of anticancer
drugs with severe adverse effects to medical workers or neigh-
bors.

2.2. pMDIs pMDIs are mainly composed of metering
valves, actuators, and canisters containing solution or suspen-
sion formulations with liquefied gas propellants.'*!> After
pressing the canister, a constant volume of the formulation
(25-100 L) is aerosolized via the metering valve, followed
by instant emission from the actuator. As the propellants,
chlorofluorocarbons (CFCs) with many suitable properties
including no toxicity, no flammability, high drug compatibil-
ity, appropriate boiling points, and appropriate densities were
often used at the past, but they have since been largely re-
placed with hydrofluoroalkanes (HFAs) because CFCs damage
the stratospheric ozone layer.'*'® However, HFAs have much
greater greenhouse effects than carbon dioxide, implying that
further alternative propellants without environmental effects
are required.'*'® For pMDIs, many drugs are formulated as
suspensions through micronization due to their low solubil-
ity in the propellants. In contrast, solution formulations for
pMDIs are prepared mainly by adding alcohols and surfac-
tants as solubilizers, which can attain not only higher dose
uniformity but also smaller particle size of emitted aerosols
than suspension formulations.'®

pMDIs have been widely accepted as effective and practical
devices in inhalation therapy for asthma and chronic obstruc-
tive pulmonary disease (COPD) because of many advantages
including small aerosol size, portability, convenience, and
relatively low cost.” However, their disadvantages are also
well recognized including propellant-induced throat irrita-
tion (the so-called cold Freon effect), large oropharyngeal
deposition caused by high spray velocity, and a difficult ad-
ministration skill to coordinate inhalation with actuation of
the devices."¥ Spacer attachment to the devices, which can
take some distance between the aerosol emission point and a
patient’s mouth, is effective to overcome these disadvantages.
Breath-actuated pMDIs that have no need of coordination are
currently available on the market. In general, slow deep inha-
lation is recommended for effective pulmonary drug delivery
in pMDIs to minimize aerosol deposition on the oropharynx
by inertial impaction.

To the best of our knowledge, there is little information
about preclinical and clinical studies with pMDIs for inhaled
lung cancer therapy. One of the reasons may be because spe-
cialized and complex techniques and systems are necessary to
fill the formulations into the canisters.'”

2.3. DPIs DPIs are the most commonly used inhalation
devices in adult patients because of many practical advantages
including ease of use, portability, relatively high pulmonary
delivery efficiency, and high storage stability of dry powder
formulations due to their solid forms."® Inhalation automati-
cally actuates powder dispersion in the devices, followed by
emission as solid aerosols therefrom via inspiratory airflow.
Unlike pMDIs, therefore, DPIs do not need propellants and co-
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ordination of inhalation with actuation, whereas they demand
relatively high inspiratory flow rates in patients (>30L/min)
for effective powder dispersion.!” Currently, various types
of DPIs with different handling are available commercially,
which sometimes causes poor patient adherence by incorrect
handling. Moreover, these devices have different airflow re-
sistance, generally corresponding to their powder dispersion
efficiency.?” In general, devices with higher airflow resistance
tend to have higher powder dispersion efficiency, whereas in-
spiratory flow rates through the devices achievable in patients
become lower. Lower inspiratory flow rate avoids aerosol
deposition on the oropharynx caused by inertial impaction,
consequently leading to better pulmonary delivery, although
devices with extremely high resistance may be uncomfortable
in patients.’® Although preferences for resistance were not
consistent in some studies,?” Levy et al.*" have recently com-
mented that the peak inspiratory flow requirement of 30 L/min
in the high-resistance devices does not usually pose any prac-
tical limitations for patients with asthma and COPD.

In the conventional development of DPI formulations, bulk
drug powder is micronized by milling to attain aerodynamic
particle size suitable to pulmonary delivery.'® However, mi-
cronized drug particles have poor flowability and dispersibil-
ity due to their high cohesiveness. To improve these particle
properties, micronized drug particles are commonly formu-
lated by carrier- and agglomerate-based designs.?” In carrier-
based design, drug particles are physically attached on coarse
carrier particles such as sieved lactose, whereas in agglomer-
ate-based designs the drug particles are loosely agglomerated
with or without excipient particles to form relatively large
particles. After inhalation of these formulations, detachment
and deagglomeration of the micronized drug particles in the
airstream are necessary for their pulmonary delivery—even
though satisfactory efficiency has not yet been achieved in
commercial DPI products. In some commercial DPI products,
furthermore, the delivered doses to the lungs greatly depend
on inspiratory flow rates through the devices in patients,?”
which can cause considerable inter- and intra-patient change
of their therapeutic effects. Thus the development of novel dry
powder particles for inhalation with high pulmonary delivery
efficiency independent of inspiratory flow rates and device
performance has been actively progressed with various excipi-
ent and powderization techniques, as described below.

Recently, some papers about preclinical studies with DPIs
for inhaled lung cancer therapy have been published as
mentioned in Section 5.4, although there is little information
about their clinical trials, as with pMDIs. DPIs can minimize
release of aerosols to the environment, consequently avoiding
their exposure to medical workers or neighbors. On the other
hand, exposure to industrial workers during the production
and loading of highly dispersible dry powders with anticancer
drugs remains a matter of concern.

2.4. Novel Inhalation Devices Soft mist inhalers (SMIs)
are novel multidose, propellant-free, hand-held, liquid inhala-
tion devices for solution or suspension formulations, in which
constant doses of slow-moving aerosols are generated by
impact of two liquid jets after pressing the dose-release but-
ton. Slow aerosol emission from SMIs enables the user easily
to coordinate inhalation with actuation of the devices and to
avoid aerosol impact to the oropharynx. Pulmonary delivery
efficiency in SMIs has been reported much higher than that
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achievable with pMDIs and DPIs.?®

An evaporation/condensation inhaler named Staccato® sys-
tem is a novel single-use breath-actuated inhalation device
that has been adopted in the development of inhaled loxapine
(Adasuve®) for a rapid action through pulmonary absorp-
tion. A thin drug film in the product is thermally evaporated
through inhalation, followed by instant formation of con-
densed aerosols with 1-3 um diameter in the airstream.>¥

3. Fate of Drugs after Pulmonary Delivery

Biodistribution of inhaled drugs is greatly affected by the
histological characteristics of the respiratory system and the
physicochemical characteristics of the drugs. For successful
inhaled lung cancer therapy, effective delivery to primary
and metastatic cancer cells in the lungs is usually needed,
whereas some inhaled drugs can achieve therapeutic effects
by delivery to other target cells in the lungs, which may be
more easily accessible than cancer cells (Fig. 1). For example,
alveolar macrophages are the target cells for inhaled immu-
nostimulators, where immune responses to lung cancer are
promoted.?® In inhaled gene therapy against lung cancer, the
target cells for nucleic acids encoding anticancer cytokines
or antibodies are both normal and cancer cells in the lungs,
where these anticancer proteins are generated and secreted by
effective transfection. Furthermore, lymph nodes surrounding
the lungs are the target site where inhaled drugs can inhibit
metastasis to and from the lungs. On the other hand, it is es-
sential to minimize pulmonary absorption of inhaled drugs
so as to limit their potential for causing systemic adverse
effects. Hence the development of prodrugs may be practical
as inhaled anticancer drugs for their specific delivery/actions
to lung cancer with minimized local toxicity caused by oro-
pharyngeal deposition.*®

3.1. Histological Characteristics of Respiratory System
In human lungs, the alveolar epithelium has a thickness of
0.1-0.2 um, which is much thinner than that of the upper bron-
chial epithelium (50—60xm).” In addition, the alveolar region
has a large surface area (>100m?), low enzymatic activity,
and extensive vasculature.” These histological characteristics
in the alveolar region greatly contribute to high drug absorp-
tion efficiency after pulmonary delivery. In the intercellular
space of the respiratory epithelium, on the other hand, tight
junctions are formed to restrict paracellular permeation of hy-
drophilic and macromolecular drugs. Besides, there are vari-
ous types of drug transporters in the respiratory epithelium,
such as P-glycoprotein (P-gp), multidrug resistance proteins
(MRPs), organic cation transporters (OCTs), organic anion
transporters (OATs) and peptide transporters (PEPT1/PEPT2),
although their concrete relations with drug distribution after
pulmonary delivery remain unclear.””” Some anticancer drugs
are widely known as substrates for P-gp and MRPs, and their
biodistribution can be affected by these transporters.

The respiratory system has several barrier functions against
foreign substances including inhaled drugs. The bronchial epi-
thelium is covered with mucus secreted by goblet cells, which
can restrict dissolution and diffusion of drugs. Furthermore,
drugs on the bronchial epithelium can be carried to the larynx
by mucociliary clearance, followed by their transfer to the
gastrointestinal tract by swallowing. Mucociliary clearance
is performed at the fastest rate in the central airway and at
a slower rate with increasing airway generations.”® In con-
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Pharmacokinetics and Pharmacodynamics of Inhaled Drugs for Lung Cancer Therapy

*Therapeutic effects can be achieved only by induction of anticancer immune responses or expression/secretion of anticancer proteins (e.g., anticancer cytokines).

trast, the alveolar epithelium is covered with lung surfactant
secreted by alveolar type II cells, which can promote dissolu-
tion and diffusion of drugs.?® Moreover, drugs on the alveolar
epithelium can be taken up by alveolar macrophages through
phagocytosis, leading to lysosomal degradation or transfer
toward the upper respiratory tract, followed by mucociliary
clearance.

3.2. Physicochemical Characteristics of Drugs The
physicochemical characteristics of drugs are the most impor-
tant factors determining their pharmacokinetics. To predict
oral bioavailabilities of drugs, for example, in 1997 Lipinski*”
proposed the Rule of Five on the basis of four physicochemi-
cal parameters: molecular weight, number of hydrogen-bond
donors (NHD), number of hydrogen-bond acceptors (NHA),
and octanol-water partition coefficient (logP). In this pro-
posed scheme, drugs with molecular weight >500, NHD > 5,
NHA > 10, or log P> 5 will be estimated to have poor absorp-
tion or permeation. However, Choy and Prausnitz*? indicated
that even drugs outside the Rule of Five limits can be clini-
cally developed as inhaled formulations.

Hypothetically, pulmonary bioavailability should be higher
for hydrophobic than hydrophilic drugs because of effective
permeation through passive diffusion. In various drugs with
the log P ranging between —6 and 6, however, their pulmo-
nary bioavailability was not correlated with their hydrophobic-
ity.*? In contrast, amphotericin B and all-trans retinoic acid,
which have extremely high hydrophobicity, show prolonged
retention in the lungs and insignificant translocation to the
systemic circulation after pulmonary delivery,>>** which may
be due to their strong hydrophobic interaction with epithelial
membranes in the lungs.

The molecular weight and size of drugs are also the im-
portant factors related with their pulmonary bioavailability.
Although higher molecular weight drugs generally have lower
pulmonary bioavailability, the absorption rates of macro-
molecules in the lungs are higher than those in the other
tissues including the small intestine. As inhaled macromo-
lecular products, a nebulizer formulation of deoxyribonuclease
(Pulmozyme®; 37kDa) has been clinically used to improve
pulmonary function in patients with cystic fibrosis. Further-
more, DPI formulations of insulin (5.8 kDa) with rapid actions
via pulmonary absorption (Exubera® and Afrezza®) were
approved by the U.S. Food and Drug Administration (FDA).
Regarding the detailed biodistribution of macromolecules with
different molecular weights in the lungs, two studies investi-
gated pulmonary administration of polyethylene glycol (PEG),
a clinically approved hydrophilic polymer, and PEG-modified
poly-L-lysine dendrimers, biodegradable dendritic polymers,
into rats.>*® In the former study PEG <2kDa disappeared
from alveolar macrophages and lung tissue within 48h,
whereas PEG >5kDa remained in these sites for up to 7d.>>
In the latter study dendrimers <22kDa showed relatively high
pulmonary bioavailability (20-30%) with limited retention and
partial degradation in the lungs, whereas 78-kDa dendrimers
exhibited extremely low pulmonary bioavailability (approxi-
mately 2%) with prolonged retention and limited degradation
in the lungs.*®

Apart from macromolecules, nanoparticles/microparticles
have also attracted interest for biodistribution studies through
pulmonary delivery from some perspectives such as drug
delivery carriers and particulate pollutants related to en-
vironmental health hazard. Choi et al*” comprehensively
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investigated the biodistribution of various nanoparticles with
different chemical composition, size, and surface charge after
pulmonary administration into rats. They observed neutral
and anionic nanoparticles with less than approximately 34nm
hydrodynamic diameter quickly translocated from the lungs
to mediastinal lymph nodes, irrespective of chemical com-
position and shape, followed by their transfer to the blood-
stream. Kreyling et al.*® studied the biodistribution of iridium
nanoparticles (Ir NPs) 20 and 80nm in diameter after pul-
monary administration into rats, and noted both Ir NPs were
retained predominantly in the lungs; however, small fractions
absorbed into the systemic circulation: 20-nm Ir NP fractions
translocated to the liver, spleen, kidneys, heart, brain, and
blood were about one order of magnitude higher than those of
80-nm Ir NP. It should be noted that both nanoparticles and
microparticles exhibit more prolonged pulmonary retention in
humans than other species including rodents.”

Regarding electric charge, positively charged drugs can
electrostatically interact with negatively charged mucus and
epithelial membranes, leading to their delayed mucus penetra-
tion and prolonged pulmonary retention. Indeed, Choi et al.>”
reported that cationic nanoparticles with approximately 29nm
hydrodynamic diameter were retained in the lungs with limit-
ed translocation to mediastinal lymph nodes and bloodstream,
unlike neutral and anionic nanoparticles with similar hydro-
dynamic diameters. Moreover, both positively and negatively
charged drugs can be eliminated through phagocytosis by
alveolar macrophages.”>*” Besides, the activity of phagocy-
tosis in alveolar macrophages greatly depends on geometric
particle size, being the greatest for particles with 1-3 um and
the least for those with less than 0.2 um or more than 10um
diameter.”

4. Clinical Trials of Inhaled Lung Cancer Therapy

The first clinical trial for inhaled lung cancer therapy was
published in 1968.*) As mentioned above, nebulizers have
been predominantly adopted until now in all the clinical trials
for inhaled lung cancer therapy. The drugs evaluated included
not only chemotherapeutics but also therapeutic cytokines to
induce immune responses to lung cancer, as described below
and shown in Table 1. In some of these clinical trials, patients
not only with primary cancer (SCLC and NSCLC) but also
with metastatic cancer in the lungs were eligible subjects. For
inhalation of chemotherapeutic drugs in the trials, specialized
barrier systems (e.g., full barrier protection clothing and a
high-efficiency particulate air (HEPA)-filtered airborne scav-
enging tent) were constructed to protect patients and medical
workers from unnecessary exposure to cytotoxic aerosols.
Most of the clinical trials demonstrated limited systemic
translocation and few systemic adverse effects of the inhaled
drugs, although it remains unclear whether these drugs can
exhibit higher anticancer efficacy against lung cancer than
systemically administered drugs. In some trials, the inhaled
drugs were additionally administered into patients receiving
systemic chemotherapy, which complicated accurate assess-
ment of their intrinsic anticancer efficacy. The major dose-
limiting toxicity (DLT) of the inhaled drugs was due to their
local actions on the respiratory tract rather than systemic
adverse events.

4.1. 5-Fluorouracil 5-Fluorouracil (5-FU) is a chemo-
therapeutic drug with antimetabolic activity that has been
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widely used clinically as oral and intravenous formulations
for treatment against several types of cancer such as stom-
ach, colon, and breast cancer. The major adverse effects of
systemically administered 5-FU include anorexia, diarrhea,
nausea, vomiting, stomatitis, and hair loss, whereas the se-
vere unwanted effects include myelosuppression. Tatsumura
et al* tested inhaled 5-FU with an ultrasonic nebulizer in
lung cancer patients. Biodistribution analysis of inhaled 5-FU
in lung and blood samples revealed that the concentrations of
5-FU in tumor tissue and lymph nodes surrounding the lungs
were higher than those in normal lung tissue, whereas 5-FU
was not detected in the blood. There were no notable adverse
effects in the trial.

4.2. Cisplatin and Carboplatin Cisplatin (CDDP), a
platinum complex, is one of the most commonly used che-
motherapeutic drugs. It is intravenously injected into patients
with various types of cancer such as bladder, prostate, ovary,
stomach, and lung cancer; however, its clinical use is lim-
ited due to severe adverse effects including neurotoxicity and
nephrotoxicity. Wittgen et al.*¥ performed a phase I trial of
inhaled CDDP as a liposomal formulation with a jet nebulizer.
This formulation, containing dipalmitoyl phosphatidylcho-
line (DPPC) and cholesterol as liposome components, was
intended to exhibit sustained release of encapsulated CDDP
in the lungs and bypass acute kidney injury caused by rapid
accumulation of free CDDP in the kidneys after pulmonary
absorption. Inhaled liposomal CDDP was well tolerated and
did not show neurotoxicity, nephrotoxicity, and ototoxicity.
Major adverse effects were pulmonary injury including pul-
monary function loss, dyspnea, and hoarseness, except for
fatigue, nausea, and vomiting, although its DLT was not found
even at a maximum dose of 60mg/m?. Pharmacokinetic data
for inhaled liposomal CDDP showed low blood platinum con-
centrations. Another clinical trial of inhaled liposomal CDDP,
which was performed in patients with lung metastases of
osteosarcoma, also confirmed low blood platinum concentra-
tions and no CDDP-specific adverse effects.*” In the trial, the
platinum concentration in tumor tissue was not significantly
different from that in surrounding lung tissue.

Carboplatin (CBDCA) is a CDDP analog with fewer ad-
verse effects. In a clinical trial of CBDCA reported by Zar-
ogoulidis et al.,*” solo treatment with its inhaled formulation
(160—230mg/d on days 1-3) and combination treatment with
its inhaled formulation (160—230mg on day 1) and intravenous
formulation (320—460 mg on day 1) were compared versus solo
treatment with its intravenous formulation (550—700 mg on day
1). A jet nebulizer was used for pulmonary delivery through
inhalation. As for adverse effects of the inhaled formulation, a
statistically significant loss of pulmonary function was found
in the solo treatment but not in the combination treatment.
Interestingly, combination treatment with the inhaled and
intravenous formulations achieved prolonged survival with a
statistically significant difference from solo treatment with the
intravenous formulation (275 vs. 211d), although solo treat-
ment with the inhaled formulation did not (250d).

4.3. Doxorubicin Doxorubicin (DOX) is an anthracy-
cline antibiotic with a wide spectrum of anticancer activity.
Its intravenous formulations have been clinically used against
various types of cancer including lung, stomach, liver, colon,
and breast cancer, although it can cause severe adverse effects
such as cardiotoxicity. A liposomal formulation of DOX for
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Table 1. Clinical Trials of Inhaled Lung Cancer Therapy
. Response rate
Drug Dose per day Cancer type Evaluation [total no. patients] Ref.
5-Fluorouracil 250mg NSCLC Biodistribution/Toxicity/Efficacy CR: 20%, 42)
PR: 40%,
SD + PD: 40% [10]
Cisplatin (liposomal) 1.5-60 mg/m> NSCLC/SCLC PK/Toxicity/Pulmonary function/Efficacy SD: 71%, 43)
PD: 24% [17]
Cisplatin (liposomal) 24 or 36 mg/m? MC (osteosarcoma)  Biodistribution/Toxicity/Pulmonary function/Efficacy CR: 16%, 44)
PR: 5%,
SD: 37%,
PD: 42% [19]
Carboplatin 160-230mg NSCLC PK/Toxicity/Pulmonary function/Efficacy CR: 5%, 45)
PR: 20%,
SD: 25%,
PD: 50% [20]
Carboplatin 160-230mg NSCLC PK/Toxicity/Pulmonary function/Efficacy CR: 10%, 45)
(+ i.v. carboplatin) PR: 30%,
SD: 15%,
PD: 45% [20]
Doxorubicin 0.4-9.4mg/m’ NSCLC/MC PK/Toxicity/Pulmonary function/Efficacy PR: 2%, 46)
SD: 15% [53]
Doxorubicin 6.0 or 7.5mg/m’ NSCLC Toxicity/Pulmonary function/Efficacy CR: 4%, 47)
(+ i.v. cisplatin/ PR: 25%,
docetaxel) SD: 54% [24]
Gemcitabine 1-4mg/kg NSCLC PK/Toxicity/Efficacy PR: 9%, 48)
SD: 36%,
PD: 36% [11]
9-Nitrocamptothecin 6.7-26.6 ug/kg PC/MC PK/Toxicity/Pulmonary function/Efficacy PR: 8%, 49)
(liposomal) SD: 12% [25]
Interferon-a 3 or 18 MU NSCLC Toxicity/Pulmonary function/Efficacy PD: 83% [6] 51)
Interferon-a 18-216 X 10° TU  NSCLC/Breast cancer PK/Toxicity — 52)
Interferon-y 0.1-5.4mg NSCLC/SCLC PK/Toxicity/BALF cell analysis/ — 53)
Oxygen radical production
Interferon-y 250-1000 ug — (healthy subjects) PK/Toxicity/Pulmonary function/ — 54)
Interferon-y-induced gene expression
Interleukin-2 1-6 X 10° TU NSCLC/MC (RCC) PK/Toxicity/Pulmonary function/ CR: 6%, 55)
BALF and blood cell analysis/Efficacy PR: 6%,
SD: 38%,
PD: 44% [16]
Interleukin-2 1.8-3.6 X107 TU MC (melanoma) Toxicity/Efficacy CR: 19%, 56)
PR: 30%,
SD: 19%,
PD: 30% [27]
GM-CSF 60240 ug MC Toxicity/Pulmonary function/ CR: 14%, 57)
Blood cell analysis/Efficacy PR: 14%,
SD: 43%,
PD: 29% [7]
GM-CSF 500-2000 ug MC (melanoma) Toxicity/Pulmonary function/ PR: 3%, 58)

Systemic anticancer immunity/Efficacy SD: 13% [40]

i.v.: intravenous, GM-CSF: granulocyte macrophage colony-stimulating factor, NSCLC: non-small cell lung cancer, SCLC: small cell lung cancer, PC: primary cancer in

the lungs, MC: metastatic cancer in the lungs, RCC: renal cell cancer, PK: pharmacokinetics, CR: complete response, PR: partial response, SD: stable disease, PD: progressive

disease.

intravenous administration (Doxil®) has also been approved
for clinical use to achieve prolonged blood circulation and
attenuated cardiotoxicity of DOX. A phase I study of inhaled
DOX was performed with a jet nebulizer, in which a solution
formulation of DOX (non-liposomal) was prepared in 20%
ethanol/80% water.*® The DLT of inhaled DOX includes
pulmonary toxicity (respiratory distress and chemotoxic reac-
tion) at a dose of 9.4mg/m?, although there was no significant
systemic toxicity related to DOX. Pharmacokinetic data for
inhaled DOX showed low blood DOX concentrations (a maxi-
mum concentration of approximately 40ng/mL at a dose of
9.4mg/m?). In another clinical trial, inhaled DOX was com-

bined with intravenously administered CDDP and docetaxel.*”
The trial clarified that inhaled DOX was safe even combined
with systemic chemotherapy, although it did not demonstrate
significantly improved response rate.

4.4. Gemcitabine Gemcitabine (GEM) is a water-soluble
chemotherapeutic drug belonging to the nucleoside analog
family, which has been clinically used as intravenous formula-
tions for treatment against lung, pancreatic, and breast cancer.
It has relatively mild toxicity after intravenous administration
compared with other chemotherapeutic drugs, but its major
adverse effects include myelosuppression and influenza-like
symptoms. A clinical trial of inhaled GEM for lung cancer
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therapy was performed with a mesh nebulizer.*® The DLT of
inhaled GEM was bronchospasm at a dose of 3mg/kg; other
adverse effects also observed included fatigue, vomiting, dys-
pnea, and cough. Scintigraphy using a *™Tc derivative as trac-
er of GEM aerosols confirmed that approximately 42% of the
initial GEM dose in the nebulizer was delivered to the lungs
of patients. Pharmacokinetic data for inhaled GEM showed
low blood GEM concentrations.

4.5. 9-Nitrocamptothecin 9-Nitrocamptothecin (9-NC)
is a topoisomerase I inhibitor and lipophilic camptothecin
analog for oral administration. The major adverse effects of
orally administered 9-NC are hematologic (e.g., anemia and
neutropenia) and gastrointestinal (e.g., nausea, vomiting, and
anorexia). In a clinical trial of inhaled 9-NC for lung cancer
therapy, a liposomal formulation containing dilauroyl phos-
phatidylcholine (DLPC) as a liposome component was atom-
ized with a jet nebulizer.*” Inhaled liposomal 9-NC showed no
hematological toxicity, and its DLT was chemical pharyngitis
at a dose of 26.6 ug/kg. Pharmacokinetic data of inhaled lipo-
somal 9-NC showed that 9-NC was absorbed from the lungs
to reach a maximum blood concentration (76.7ng/mL at a
dose of 13.3 ug/kg [equivalent to 0.5mg/m?]) similar to that
observed with orally administered 9-NC (111 ng/mL at a dose
of 2mg/m?). At the end of treatment, on the other hand, the
concentration of 9-NC in bronchoalveolar lavage fluid (BALF)
was much higher than that in the blood.

4.6. Interferon Interferon (IFN) is a well-known cy-
tokine with antiviral, anticancer, and immunomodulatory
functions. So far, various classes of IFN have been identified
including IFN-a (19kDa), IFN-f (23kDa for f-1a and 19kDa
for f-1b), and IFN-y (17kDa), which have been clinically used
against chronic hepatitis C, relapsing-remitting multiple scle-
rosis, and chronic granulomatous disease, respectively.’” The
most common adverse effects of systemically administered
IFN are influenza-like symptoms including fever, headache,
and malaise, whereas depression, neutropenia, and interstitial
pneumonia have also been observed. IFN-a, IFN-f, and IFN-y
have been tested by nebulization in clinical trials against
lung cancer.’” In a clinical trial reported by Kinnula et al.,>”
inhaled natural IFN-o was not effective against lung cancer,
and its DLT was bronchial hyperreactivity and/or broncho-
constriction. Furthermore, the same group found that inhaled
recombinant IFN-a had different pharmacokinetics from in-
haled natural recombinant [FN-a and caused milder systemic
adverse effects.”” On the other hand, the same group® and
Jaffe et al.>® reported that inhaled recombinant IFN-y showed
activation of alveolar macrophages without significant pulmo-
nary absorption and systemic adverse effects in clinical trials.

4.7. Interleukin-2 Interleukine-2 (IL-2; 16kDa) is an
activated lymphocyte-secreted cytokine with various immu-
nostimulatory functions. The major adverse effects of sys-
temically administered IL-2 include influenza-like symptoms,
fatigue, and hepatic toxicity. In particular, high-dose IL-2 can
cause capillary leak syndrome, a life-threatening respiratory
failure. A phase I trial of inhaled IL-2 was performed with a
jet nebulizer in patients with NSCLC and lung metastases of
renal cell cancer (RCC).™ The predominant dose-dependent
adverse effect of inhaled IL-2 was nonproductive cough, and
there were no severe adverse effects including capillary leak
syndrome. Pharmacokinetic data for inhaled IL-2 showed
low blood IL-2 concentrations. Moreover, inhaled IL-2 dose-
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dependently increased the number of activated lymphocytes
in BALF, although there were no significant responses of
lymphocytes in peripheral blood. In another clinical trial
of inhaled IL-2, which was performed in patients with lung
metastases of melanoma, some therapeutic responses were ob-
served without severe adverse effects, whereas there were no
therapeutic responses in extra-lung metastases.*®

4.8. Granulocyte Macrophage Colony-Stimulating Fac-
tor Granulocyte macrophage colony-stimulating factor (GM-
CSF; 14-35kDa, depending on degree of glycosylation), also
called colony-stimulating factor 2, is a cytokine that stimu-
lates growth and differentiation of hematopoietic progenitor
cells and increases the functional activities of neutrophils,
monocytes, macrophages, and dendritic cells. In clinical ap-
plications, GM-CSF has been subcutaneously or intravenously
injected into patients receiving systemic chemotherapy to
promote neutrophil recovery. Besides, GM-CSF is promising
as an immunostimulatory adjuvant to induce anticancer im-
munity. A clinical study of inhaled GM-CSF was performed
with a jet nebulizer in patients with lung metastases of leio-
myosarcoma, RCC, Ewing’s sarcoma, osteosarcoma, and
melanoma.’” In the trial, there were no adverse effects, and
pulmonary function changes were minor. In another clinical
trial of inhaled GM-CSF in patients with lung metastases of
melanoma, significant systemic anticancer immunity was not
achieved even at a maximum dose of 2000 ug.>®

5. Inhaled Formulations with Drug Delivery Functions
for Lung Cancer Therapy

As mentioned above, most clinical trials of inhaled lung
cancer therapy to date have demonstrated attenuated systemic
adverse effects but not remarkable therapeutic success. One
reason for these disappointing results may be insufficient
delivery of drugs to target sites after inhalation. Further to
improve efficiency, therefore, novel inhaled drugs (or for-
mulations) with drug delivery functions including sustained
release, prolonged retention, and targeting in the lungs have
been actively developed in preclinical studies so far (Table 2).

To add these drug delivery functions to inhaled drugs, there
are two major technical strategies: chemical conjugation with
polymers and encapsulation into nanoparticles/microparti-
cles.**® Chemical conjugation with polymers has been adapt-
ed in some commercial products for systemic administration
including PEG-conjugated proteins, although application of
this technique is limited due to some disadvantages including
necessity of having active functional groups in the drugs to
conjugate with polymers and lowered activity of the drugs by
conjugation. Encapsulation into nanoparticles/microparticles
can be applied to a wider range of drugs, whereas controlled
release of encapsulated drugs (i.e., stable encapsulation) must
be achieved in the body to exhibit drug delivery functions of
nanoparticles/microparticles. In the systemic circulation, many
biocomponents such as blood cells, serum proteins, and lipids
can bind to nanoparticles/microparticles through electrostatic
and hydrophobic interaction, causing rapid release of encap-
sulated drugs after intravenous administration. In contrast,
there are relatively fewer biocomponents in the lungs, where
inhaled nanoparticles/microparticles may escape from these
interactions more reliably to exert their drug delivery func-
tions including controlled release. Indeed, Garbuzenko et al.®?
demonstrated that the pulmonary pharmacokinetics of inhaled
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Table 2. Inhaled Formulations with Drug Delivery Functions for Lung Cancer Therapy
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Drug Delivery system Drug loading method to delivery system Targeting moiety Dosage form Ref.
Paclitaxel Poly-L-glutamic acid Covalent binding — SS 69)
Paclitaxel PEG Covalent binding — SS 70,71)
Cisplatin Hyaluronic acid Metal complex formation — SS 72,73)
Doxorubicin PEG-PLL Covalent binding — SS 74)
Doxorubicin Liposomes Encapsulation — SS 77)
9-Nitrocamptothecin Liposomes Encapsulation — SS 78)
Paclitaxel Liposomes Encapsulation — SS 79)
Paclitaxel Solid lipid nanoparticles Encapsulation — SS 84)
Paclitaxel PEG-lipid micelles Encapsulation — SS 85)
Paclitaxel PLGA microparticles Encapsulation — SS 86)
p53 pDNA PLL/Protamine Electrostatic complex formation — SS 96)
Anti-WTI1 siRNA Polyethylene imine Electrostatic complex formation — SS 97)
FKN pDNA 704 Electrostatic complex formation — SS 98)
AT2R pDNA Modified TAT peptide Electrostatic complex formation — SS 99)
CpG oligonucleotide Polyketal microparticles Encapsulation — SS 100)
Doxorubicin Liposomes Encapsulation Transferrin SS 102)
Cisplatin Gelatin nanoparticles Metal complex formation EGF SS 104)
Doxorubicil/Paclitaxel/ Lipid nanoparticles Encapsulation/Electrostatic complex LHRH SS 105)
Anti-MRP1 siRNA/ formation
Anti-BCL2 siRNA

Anti-VEGF siRNA Gold nanoparticles Covalent binding M2pep SS 106)
Anti-EGFR mAb Antibody — Antibody SS 107)
Anti-VEGF mAb Antibody — Antibody SS 108)
Cisplatin Solid lipid microparticles Encapsulation — DpP 121,122)
Paclitaxel Solid lipid microparticles Encapsulation — DP 123,124)
Doxoribicin PLGA microparticles Encapsulation — DP 125)
Doxorubicil/Paclitaxel PLGA microparticles Encapsulation — DP 126)
Gemcitabine Liposomes Encapsulation — DpP 127)
Paclitaxel PEG-HMD micelles Encapsulation Folate DP 103)
Doxorubicin Polybutyl cyanoacrylate nanoparticles Encapsulation — DP 128)
Interferon-f pDNA Chitosan Electrostatic complex formation — DP 132)
Anti-VEGF siRNA Chitosan Electrostatic complex formation — DP 136)

p53: tumor suppressor, pDNA: plasmid DNA, WTI: Wilms’ tumor gene 1 (tumor antigen), siRNA: small interfering RNA, FKN: fractalkine, AT2R: angiotensin II type 2
receptor, CpG: unmethylated cytosine-guanine motif, MRP1: multidrug resistance-associated protein 1 (multidrug efflux pump), BCL2: b-cell lymphoma 2 (apoptosis suppres-
sor), VEGF: vascular endothelial growth factor, EGFR: epidermal growth factor receptor, mAb: monoclonal antibody, PEG: polyethylene glycol, PLL: poly-L-lysine, PLGA:
poly-lactic-co-glycolic acid, 704: tetrafunctional amphiphilic block copolymer, TAT: transactivator of transcription, HMD: hydrophobically modified dextran, EGF: epidermal
growth factor, LHRH: luteinizing hormone-releasing hormone, M2pep: tumor associated macrophages-targeting peptide, SS: solution or suspension, DP: dry powder.

polymers or nanoparticles is considerably different to intra-
venously administered equivalents. Interestingly, the authors
also clarified that lipid-based nanocarriers show higher and
more prolonged pulmonary accumulation after inhalation than
non-lipid-based vehicles. Moreover, surface modifications of
nanoparticles/microparticles with PEG, cell penetrating pep-
tides, and targeting moieties (e.g., ligand and antibodies) can
provide additional drug delivery functions for further pro-
longed pulmonary retention, intracellular uptake, and active
targeting, respectively.

As a strategy for cancer targeting, chemical conjugation
with polymers to reach more than 40kDa in total and encap-
sulation into nanoparticles with 10-500nm diameter allow
effective drug delivery to tumor tissue after systemic admin-
istration by passive targeting based on the enhanced perme-
ability and retention (EPR) effect.®*®® Furthermore, various
markers including EGFR and vascular endothelial growth
factor (VEGF) have been found in lung cancer, and targeting
moieties for these markers have been applied to the modifica-
tion of drugs for active targeting in lung cancer therapy.®” Re-
cently, M2-like tumor-associated macrophages (TAMs), which
populate the tumor microenvironment and promote tumor

angiogenesis, survival, and growth through immunosuppres-
sive effects on the adaptive immune responses in early tumori-
genesis, have attracted much attention as an alternative target
site for cancer therapy.”> However, the delivery efficiency of
inhaled drugs to cancer cells and other targets in the lungs by
passive and active targeting remains to be fully validated.

5.1. Chemical Conjugation with Polymers For small
molecule drugs, chemical conjugation with polymers is one of
the simplest techniques to obtain successfully prolonged reten-
tion ability in the administration site or systemic circulation.
PEG and dextran are most commonly used as polymers con-
jugated to attain these drug delivery functions, because they
have high hydrophilicity and good tolerability. These polymers
can also provide further functions including improved water
solubility for hydrophobic drugs and attenuated immunogenic-
ity/enzymatic degradation for biomacromolecular drugs. As
with the functions mentioned above, however, the therapeutic
activity of drugs conjugated with polymers is affected by
various conjugation conditions including conjugation sites in
the chemical structure of drugs, conjugation modes between
drugs and polymers (e.g., direct ester or amide linkages and
spacer application), molar ratios of drugs to polymers, and
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total molecular weight. For example, the potencies of many
macromolecular drugs are slightly or greatly lost by conjuga-
tion with PEG.%® As for polymer—drug conjugates via ester
linkages, the drugs may be rapidly released from the conju-
gates through enzymatic hydrolysis in the blood circulation
after systemic administration,®” whereas the conjugates may
be relatively stable in the lungs after inhalation because of
less potential for enzymatic degradation. For the application of
polymer—drug conjugates to cancer therapy, pH-sensitive hy-
drazone linkages and cathepsin-sensitive peptide spacers may
be effective to achieve selective drug release from conjugates
in the tumor microenvironment.®®

As a polymer—drug conjugate for lung cancer therapy,
Zou et al.®® investigated the usefulness of paclitaxel (PTX,
a lipophilic chemotherapeutic drug) conjugated with 42-kDa
poly-L-glutamic acid (PGA) through a direct ester linkage.
The PGA-PTX conjugate (Opaxio™) improved water solu-
bility of PTX without any solubilizers and reached phase III
clinical trials for ovarian cancer therapy. After pulmonary ad-
ministration into mice at a therapeutically equivalent dose, the
PGA-PTX conjugate showed lower toxicity than a commercial
PTX formulation (Taxol®) with ethanol and Cremophor EL
as solubilizers. Moreover, Luo et al.”® developed innovative
PEG-PTX conjugates with 6- and 20-kDa linear PEG by click
chemistry with azide linker triazole rings and ester linkages,
which had the sustained release ability of PTX in BALF and
serum through enzymatic hydrolysis of ester linkages. Pul-
monary administration of these PEG-PTX conjugates showed
higher maximum tolerated doses in normal mice and higher
anticancer efficacy in lung metastasis-bearing mice than both
intravenous and pulmonary administration of Taxol®." In par-
ticular, the conjugate with 20-kDa PEG had less toxicity and
equivalent anticancer efficacy at a lower dose as PTX than that
with 6-kDa PEG (20 and 50mg/kg as PTX for the conjugates
with 20- and 6-kDa PEG, respectively), which might be attrib-
uted to the larger molecular weight of PEG. In other reports,
CDDP was conjugated with 35-kDa hyaluronic acid (HA, a
natural polysaccharide) through metal complex formation.”>’®
In a biodistribution study in rats, pulmonary administra-
tion of the HA—CDDP conjugate (HylaPlat™) demonstrated
higher platinum accumulation in lymph nodes surrounding the
lungs as well as the whole lungs, limiting platinum transloca-
tion to other tissues, than its intravenous administration or
intravenous and pulmonary administration of free CDDP.?
Furthermore, the HA—CDDP conjugate showed higher anti-
cancer efficacy after pulmonary administration into lung
metastasis-bearing mice at the same dose as free CDDP.”? In
addition, a novel 56-kDa conjugate of DOX with a biodegrad-
able PEGylated poly-L-lysine dendrimer was synthesized with
a 4-(hydrazinosulfonyl) benzoic acid linker”” Pulmonary
administration of the dendrimer—DOX conjugate showed pro-
longed retention and sustained absorption of DOX in the lungs
of normal rats, leading to higher anticancer efficacy in lung
metastasis-bearing rats than its intravenous administration as
well as intravenous administration of free DOX.

5.2. Encapsulation into Nanoparticles/Microparticles
Lipids and biodegradable/biocompatible polymers are the
major components of clinically used nanoparticles/micropar-
ticles for drug encapsulation because of their low toxicity.
Lipid-based nanoparticles/microparticles include liposomes,
lipid nanospheres/microspheres, and solid lipid nanopar-
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ticles/microparticles; polymeric micelles and polymeric nano-
spheres/microspheres are also widely used. In the aim of en-
capsulation, all nanoparticles/microparticles can be applied to
hydrophobic drugs through hydrophobic interaction, whereas
only liposomes or polymeric nanospheres/microspheres pre-
pared by a water-in-oil-in-water (w/o/w) emulsion method
can encapsulate hydrophilic drugs. Nanoparticles/micropar-
ticles and encapsulated drugs have been elaborately designed
under various techniques to achieve controlled drug release
(or stable drug encapsulation) in the body. Some of the tech-
niques are based on remote loading (for liposomes), promoted
hydrophobic interaction (for lipid nanospheres/microspheres),
limited inner diffusion (for solid lipid nanoparticles/micropar-
ticles), induced structural interaction (for polymeric micelles),
and limited polymer degradation (for polymeric nanospheres/
microspheres).

Liposomes are the most advanced nanoparticles for clini-
cal application as inhaled formulations. Besides inhaled che-
motherapeutic drugs mentioned in Section 4 (CDDP and
9-NC), clinical trials of inhaled antibiotics are progressing by
nebulization of liposomal formulations (Arikace® for amikacin
and Lipoquin® or Pulmaquin® for ciprofloxacin).”>’® Among
various lipids used as liposome components, DPPC is con-
sidered one of the most suitable drug delivery materials for
inhalation therapy, because it is a major element (accounting
for 40% [w/w]) of lung surfactant and exerts excellent safety.
In many preclinical studies in small animals, pulmonary de-
livery of various liposomal chemotherapeutic drugs including
DOX, 9-NC, and PTX demonstrated promising outcomes for
lung cancer therapy including prolonged pulmonary reten-
tion with limited systemic translocation, attenuated systemic
adverse effects, and potent anticancer efficacy.””’® However,
the physical stability of liposomes during nebulization is a
matter of concern in their application to inhalation therapy.
High shear forces exerted by nebulizers for aerosol generation
from liposomal suspensions can destabilize the structure of
liposomes, leading to losses of their drug delivery functions.
Some reports demonstrated that jet and mesh nebulizers are
quite acceptable for delivering liposomes, whereas ultrasonic
nebulizers are the least suitable.’**) Moreover, the stability
of liposomes during nebulization may be improved by various
techniques including the adoption of large mesh apertures for
mesh nebulizers and the addition of cholesterol or phospho-
lipids with high phase transition temperatures as liposome
components.®>*) Besides liposomes, solid lipid nanoparticles,
PEG-lipid micelles, and poly-lactic-co-glycolic acid (PLGA)
microspheres have been applied for encapsulation of PTX,
demonstrating prolonged pulmonary retention and high anti-
cancer efficacy in mice after pulmonary administration.34-%¢
However, there is little information of their superiority over
liposomes in drug delivery functions and stability during
nebulization.

For realizing gene therapy, various cationic nanocarriers
(e.g., cationic polymers and liposomes), which electrostatically
interact with negatively charged therapeutic nucleic acids to
form nanocomplexes, have been developed to attain various
functions including nuclease resistance, enhanced cellular
uptake via endocytosis, and effective intracellular transloca-
tion via endosomal escape.!” As an alternative strategy for
successful gene therapy, development as inhaled formulations
is promising because of some advantages including direct
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and noninvasive delivery to the lungs (target tissue) and low
nuclease activity in the lungs. In preclinical studies in small
animals, interestingly, pulmonary delivery of naked nucleic
acids (e.g., plasmid DNAs (pDNAs) and small interfering
RNAs (siRNAs)) achieved effective gene transfection and
therapeutic actions in the lungs even without any cationic
nanocarriers.®°? As with liposomes shown above, however,
naked nucleic acids can be destabilized during nebulization.
Furthermore, naked oligonucleotides (ODNs) with relatively
small molecular weight including siRNAs may be transferred
to the systemic circulation after pulmonary administra-
tion.”>®> Thus cationic nanocarriers remain useful in the
development of inhaled formulations for gene therapy, because
nanocomplex formation protects nucleic acids from various
stresses induced during nebulization or the production process
of the formulations and prolongs their pulmonary retention
with limited transfer to the systemic circulation after inhala-
tion. So far, various therapeutic nucleic acids such as a pDNA
encoding p53 (a tumor suppressor) and a siRNA specific to
WTI (a tumor antigen) have been applied with cationic nano-
carriers including polyethylene imine (PEI, a cationic poly-
mer) to form nanocomplexes for lung cancer therapy, showing
effective gene transfection and anticancer actions in orthotopic
lung tumor- and lung metastasis-bearing mice after pulmonary
administration.”**® For immunotherapy against lung cancer,
Sato et al.'®” recently developed novel pH-sensitive biodegrad-
able polyketal microparticles loaded with a CpG ODN. After
pulmonary administration into normal and orthotopic lung
tumor-bearing mice, the CpG ODN-loaded microparticles
showed higher accumulation and more prolonged retention in
tumor nests (primarily macrophages and dendritic cells within
the tumors), higher activation of immune cells in the lungs,
and higher anticancer efficacy than naked CpG ODN.

5.3. Modification with Targeting Moieties Active drug
targeting to marker-expressing cells in the lungs might not
be sufficiently achieved by systemic administration, because
these cells are usually present even in other organs. In con-
trast, inhalation can directly deliver drugs to marker-express-
ing cells in the lungs and minimize their transfer to other or-
gans. Thus far, mannose- and transferrin-modified liposomes,
folate-modified polymeric micelles, and EGF-modified gelatin
nanoparticles have been developed for active drug targeting to
alveolar macrophages and lung cancer cells after pulmonary
administration, and demonstrated more effective drug delivery
to the target cells and higher efficacy than their non-modi-
fied counterparts as well as good tolerability in small ani-
mals.'”'1%Y Besides, Taratula et al.'® constructed multifunc-
tional lipid nanoparticles modified with PEG and a luteinizing
hormone-releasing hormone (LHRH) analog (a targeting moi-
ety for lung cancer) for codelivery of anticancer drugs (DOX
and PTX) and siRNAs specific to MRP1 (a multidrug efflux
pump) and BCL2 (an apoptosis suppressor). After pulmonary
administration into orthotopic lung tumor-bearing mice, the
nanoparticles predominantly accumulated in tumor tissue,
avoiding normal lung tissue, and showed higher anticancer ef-
ficacy than comparator nanoparticles without any siRNAs. For
immunotherapy against lung cancer, Conde et al.'’® developed
novel gold nanoparticles (AuNPs) functionalized with a TAM-
targeting peptide (M2pep) and a siRNA specific to VEGFE.
After pulmonary administration into orthotopic lung tumor-
bearing mice, the bi-functionalized AuNPs were internalized
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into TAMs and lung cancer cells to inhibit VEGF expression
in the lungs and reduced recruitment of TAMs. Interestingly,
the bi-functionalized AuNPs showed higher anticancer effi-
cacy than those without M2pep, which were internalized into
lung cancer cells but not TAMs to inhibit VEGF expression in
the lungs without reducing recruitment of TAMs.

Inhaled antibodies are considered to have two drug delivery
functions: one is active targeting to antigens (target proteins)
in the lungs and the other is prolonged pulmonary retention
attained from their large molecular weight. In two preclini-
cal studies in mice with intrabronchially implanted cancer
cells and with K-ras-induced lung adenocarcinoma, aerosol-
ized anticancer full-length monoclonal antibodies showed
therapeutic actions with limited absorption to the systemic
circulation.””'® In addition to full-length antibodies, vari-
ous engineered antibody fragments including antigen-binding
fragments (Fabs), single-chain variable fragments (scFvs),
and single-domain antibodies (sdAbs or Nanobodies®) are
also promising because of some attractive properties such as
enhanced tissue and tumor penetration, binding to cryptic epi-
topes, and avoidance of crystallizable fragment (Fc) receptor-
dependent toxicity.'%*!'%

5.4. Development as DPI Formulations For pulmonary
administration of inhaled drugs with drug delivery functions
in preclinical and clinical studies, solution or suspension for-
mulations have been predominantly used with nebulizers and
other aerosolization apparatuses. However, the low storage
stability of these formulations due to their liquid forms, which
can cause degradation of drugs and irreversible aggregation of
nanoparticles/microparticles, is a matter of concern in clini-
cal application. Among alternative aerosol inhalation systems,
DPI formulations are promising because expected to show
higher storage stability due to their solid forms. In particular,
innovative particle design of dry powders based on excipient
and powderization techniques has attracted much attention,
enabling the production of powders with high aerosol perfor-
mance for effective pulmonary delivery through inhalation.
Such powderization techniques include freeze drying (FD),
spray drying (SD), spray freeze drying (SFD), and supercriti-
cal carbon dioxide (scCO,) precipitation.'!V

Highly porous particle structure of dry powders for inha-
lation may be advantageous because its low particle density
enables achievement of aerodynamic particle size suitable for
inhalation therapy (1-5um, as mentioned in Section 2) with
larger geometric particle size, successfully improving the
flowability and dispersibility of the powders.!® In recent
commercial DPI products, a tobramycin powder (TOBI®
Podhaler™) and an insulin powder (Afrezza®) have highly
porous structure, as constructed by PulmoSphere™ and Tech-
nosphere™ technologies, respectively.!'>!"¥ PulmoSphere™
technology is based on SD of component solutions with
distearoyl phosphatidylcholine (DSPC, a hydrophobic shell-
forming reagent) and perfluorooctyl bromide (a pore-forming
reagent), whereas Technosphere™ technology is based on FD
of component solutions with fumaryl diketopiperazine (FDKP,
an excipient). In contrast, SFD can produce highly porous dry
powders from component solutions, regardless of types of
drugs and excipients."'¥

For successful development of macromolecule- and
nanoparticle-embedded DPI formulations, effective reconstitu-
tion of macromolecules and nanoparticles after dissolution of
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the powders is essential to maintain their original physico-
chemical and biological (or functional) properties. However,
macromolecule/nanoparticle reconstitution can be disturbed
by various thermal and physical stresses induced during each
production process of the powders including agitation, at-
omization, heating, freezing, and drying. Thus optimization
of functional excipients and powderizaion conditions is neces-
sary to obtain powders with high macromolecule/nanoparticle
reconstitution efficiency. For example, some sugars (e.g., su-
crose (Suc), lactose (Lac), and trehalose (Tre)), polyols (e.g.,
mannitol (Man)), and amino acids are useful as excipients to
stabilize the structure of macromolecules and nanoparticles in
powders, possibly through water replacement and amorphous
matrix creation (or vitrification)."'> However, amorphousiza-
tion in powders generally lowers their physical stability, which
can promote moisture absorption and reduce aerosol perfor-
mance. In contrast, the addition of leucine (Leu, a hydropho-
bic amino acid) as a component of the powders has been dem-
onstrated greatly to improve their aerosol performance and
anti-hygroscopicity."'"® In two reports about comparison
between nanoparticle-embedded SD and SFD powders with
Man as an excipient, D’Addio ez al.'"® found that SFD powder
showed higher nanoparticle reconstitution efficiency than SD
powder, whereas Yu et al.'?® demonstrated an opposite trend
in the case of other nanoparticles. For clinical application of
macromolecule- and nanoparticle-embedded DPI formula-
tions, furthermore, their high-dose administration as powders
may be demanded, because large amounts of excipients are
necessary to stabilize the structure of macromolecules and
nanoparticles, consequently leading to low occupation ratio
of the main drugs (i.e., drugs conjugated with polymers or
encapsulated into nanoparticles) in the powders.

As DPI formulations for lung cancer therapy, Levet
et al.®"'?? developed dry CDDP powders with sustained re-
lease ability by SD of CDDP microcrystalline suspensions.
The addition of tristearin and PEG derivatives as excipients
greatly improved the aerosol performance of the powders.!?"
In particular, powder with PEG2000-distearoyl phosphoetha-
nolamine (DSPE) showed the most prolonged retention and
sustained absorption of CDDP in the lungs after pulmonary
administration into mice.'”? Furthermore, Meenach et al.'**>!?%
successfully produced dry PTX powders with sustained re-
lease ability and high aerosol performance by SD of compo-
nent solutions with several lipids and PEG-lipids as excipients.
Moreover, Kim et al'?® and Feng et al.'*® prepared highly
porous PLGA microspheres loaded with DOX and PTX by
a w/o/w emulsion method with ammonium bicarbonate as a
pore-forming reagent, followed by FD for their powderization.
The dried DOX-loaded microspheres showed prolonged reten-
tion of DOX in the lungs over 14d after pulmonary adminis-
tration into mice.'*” In addition, the dried DOX-PTX-coloaded
microspheres exhibited synergistically higher anticancer effi-
cacy in lung metastasis-bearing mice after pulmonary admin-
istration compared with the dried DOX-loaded or PTX-loaded
microspheres.'?®

As for nanoparticle-embedded DPI formulations for lung
cancer therapy, Gandhi et al.'*” successfully produced GEM-
loaded liposomal dry powders with high aerosol performance
by FD of liposomal suspensions with Suc, Lac, and Tre as
cryoprotectants and Leu as a dispersion enhancer. The recon-
stituted liposomes from the powders had almost the same par-
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ticles size as the original particles (approximately 300nm) and
high entrapment efficiency of GEM (>90%). After pulmonary
administration into rats, the liposomal powders prolonged
retention of GEM in BALF and lung tissue with attenuated
pulmonary toxicity. Furthermore, Rosiére et al'®® developed
inhaled dry powders embedded with PTX-loaded folate-PEG-
hydrophobically modified dextran micelles by SD of their
suspensions with Man and Leu as an excipient and a disper-
sion enhancer, respectively. The polymeric micellar powders
showed high aerosol performance, although their reconstituted
polymeric micelles had larger particle size than the originals.
Moreover, Roa et al.'®® produced inhaled dry powders em-
bedded with DOX-loaded polybutyl cyanoacrylate nanopar-
ticles by SFD of their suspensions with Lac as an excipient.
Citric acid, sodium carbonate, and ammonium hydroxide
were further added in the suspension to produce effervescent
nanoparticle-embedded powder. Interestingly, the effervescent
nanoparticle-embedded powder had higher nanoparticle recon-
stitution efficiency and exhibited higher anticancer efficacy in
lung metastasis-bearing mice after pulmonary administration
than the non-effervescent powder. The authors speculated that
the higher anticancer efficacy of the effervescent nanoparticle-
embedded powder might be because it actively released
nanoparticles in the lungs, leading to their prevented aggre-
gation and enhanced dispersion. For inhaled gene therapy,
our group developed various dry powders embedded with
nanocomplexes formed between nucleic acids (pDNAs and
siRNAs) and cationic polymers (PEI, chitosan, and biode-
gradable polycations) by scCO, precipitation or SFD of their
suspensions with Man as an excipient."”*® The nanocom-
plex-embedded powders had high nanocomplex reconstitution
efficiency with maintained integrity of nucleic acids. Further-
more, they exhibited higher gene transfection efficiency in
both normal and tumor tissue within the lungs after pulmo-
nary administration into normal and lung metastasis-bearing
mice than the original nanocomplex suspensions.'?*!30:132-139)
The reason may be due to local, highly concentrated exposure
to the nanocomplexes reconstituted after direct attachment
of the powders on the respiratory epithelium. Moreover, the
anticancer nanocomplex-embedded powders with a pDNA
encoding IFN-£ and a siRNA specific to VEGF showed potent
anticancer efficacy in lung metastasis-bearing mice after pul-
monary administration.'323¢

6. Conclusion and Perspectives

Over the last five decades, preclinical and clinical studies
for inhaled lung cancer therapy with chemotherapeutic drugs
have been performed, demonstrating their limited pulmonary
absorption and relatively mild systemic toxicity. To the best
of our knowledge, however, there are still no inhaled chemo-
therapeutic drugs that have progressed to phase III clinical
trials due to their insignificant anticancer efficacy even at the
maximum doses (predominantly limited by pulmonary toxici-
ty). Thus both higher anticancer efficacy and lower pulmonary
toxicity are strongly desired in inhaled formulations for lung
cancer therapy, which may be achieved by adding drug deliv-
ery functions including sustained release, prolonged retention,
and targeting in the lungs. On the other hand, recent pre-
clinical and clinical achievements with novel anticancer drugs
including molecular-targeted drugs, immune modulators, and
gene medicines strongly indicate that these may be successful-
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ly applied as inhaled lung cancer therapies in future. However,
the addition of drug delivery functions should be essential
even in these new applications. Moreover, combinations of
various anticancer drugs by codelivery through inhalation or
by separate delivery through inhalation and systemic admin-
istration may achieve comprehensive, additive, and synergistic
anticancer actions against lung cancer.

On the basis of drug delivery strategies including con-
jugation with polymers, encapsulation into nanoparticles/
microparticles, and modification with targeting moieties, the
development of innovative inhaled drugs or formulations
has been actively progressed in recent preclinical studies to
achieve superiority in pharmacokinetics and anticancer effi-
cacy. From the viewpoint of widely acceptable final products,
furthermore, the interest of researchers is steadily shifting
from nebulizer systems to DPI systems, although information
about the development of DPI formulations for lung cancer
therapy has been extremely limited so far. On the other hand,
it can be speculated that inspiratory flow rates through DPI
devices achievable in lung cancer patients are generally lower
than those in healthy persons, because patients may have
reduced pulmonary function via not only cancer progression
but also treatment including lung resection surgery, thoracic
radiotherapy, and chemotherapy. Therefore the development of
formulations and devices for DPI systems that can guarantee
high pulmonary drug delivery efficiency even at low inspira-
tory flow rates in lung cancer patients is crucial for the clini-
cal application of inhaled lung cancer therapy.

In summary, it is no doubt that inhaled lung cancer therapy
will be certainly progressed in the future by comprehensively
integrating innovative drugs and technologies, although there
are still many issues to be discussed, including the validity of
small animal models for human primary and metastatic cancer
in the lungs, pharmacokinetic/pharmacodynamic relation of
inhaled drugs, delivery efficiency of inhaled drugs to primary
and metastatic cancer cells in the lungs, acceptability of inha-
lation devices in lung cancer patients, and so on. For success-
ful introduction of inhaled lung cancer therapy in clinic, not
only demonstrating its superiority over conventional systemic
therapy in clinical trials is extremely important, but also its
cost performance and patient satisfaction/preference should be
closely discussed: the importance of these viewpoints can be
understood from the failure of inhaled insulin products (Exu-
bera® and Afrezza®) in the market."*”
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