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Abstract: RNA interference (RNAI) is rapidly becoming an important method for analyzing
gene functions in many eukaryotes and holds promise for the development of therapeutic
gene silencing. The induction of RNAI relies on small silencing RNAs, which affect specific
messenger RNA (mRNA) degradation. Two types of small RNA molecules, ie. small
interfering RNAs (siRNAs) and microRNAs (miRNAs), are central to RNAi. Drug
discovery studies and novel treatments of siRNAs are currently targeting a wide range of
diseases, including various viral infections and cancers. Lung diseases in general are
attractive targets for siRNA therapeutics because of their lethality and prevalence. In
addition, the lung is anatomically accessible to therapeutic agents via the intrapulmonary
route. Recently, increasing evidence indicates that miRNAs play an important role in lung
abnormalities, such as inflammation and oncogenesis. Therefore, miRNAs are being
targeted for therapeutic purposes. In this review, we present strategies for RNAi delivery and
discuss the current state-of-the-art RNAi-based therapeutics for various lung diseases.

Key words: RNAI; siRNA; miRNA; drug delivery system; lung diseases; lung cancer

1. Introduction

RNA interference (RNAI) is a natural endogenous mechanism for silencing gene expression that,
recently, has been the focus of considerable attention for its potential use in new drugs [1]. The
expression of a specific gene can be regulated using different mediators, such as short hairpin RNA
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(shRNA), microRNA (miRNA), and small interfering RNA (siRNA). Gene silencing can be induced by
siRNAs through a sequence-specific cleavage of perfectly complementary messenger RNA (mRNA); in
contrast, miRNAs mediate translational repression and transcript degradation for imperfectly
complementary targets. RNAi-based therapy may provide several advantages over conventional
therapeutic approaches using small molecules, proteins, and monoclonal antibodies. Unlike traditional
drugs, RNAi-based therapeutics can inhibit all classes of gene targets with high selectivity and
potency, can provide personalized therapy, can be easily synthesized, and can be conducted through
rapid steps of lead identification and optimization [2]. Synthetic oligonucleotides have other potential
advantages, such as drug-like properties, that can often be improved through the introduction of
chemical modifications, and manufacturing processes are usually amenable to scaled-up production.
Several in vivo studies in animal models have demonstrated that RNAi-based therapeutics are effective
for the treatment of various diseases, such as viral hepatitis [3], Huntington's disease [4], and some
cancers [5]. Furthermore, there are several RNAi therapeutic agents in clinical development.
Nevertheless, previous investigations have shown that there are several obstacles that need to be
overcome before routine clinical applications are made. RNAi-based therapeutics are promptly
degraded by nucleases when they are administered systemically, and chemical modifications at
specific positions or formulation with delivery vectors have been shown to improve stability, but they
may attenuate the suppressive activity of oligonucleotides [6]. Their systemic administration may
induce undesirable off-target effects by activating the innate immune system via toll-like receptor
(TLR)-dependent or independent mechanisms, leading to an increased number of inflammatory
cytokines [7]. Success of the delivery of RNAi-based therapeutics necessitates efficiency, convenience,
and patient compliance of the delivery route. For this reason, direct administration of RNAi-based
therapeutics into the target organs is a promising approach for overcoming the problems of systemic
administration. So far, an approach for drug treatment has been developed that includes transdermal,
rectal, vaginal, and pulmonary drug delivery systems.

The lung is susceptible to many diseases because of its location and physiological function. It is
usually exposed to many environmental pollutants, including smoke and volatile organic compounds,
which lead to diseases such as asthma, emphysema, and lung cancer. Furthermore, many of the lethal
infectious diseases are airborne and use the lungs as their main entrance to the body. Therefore, lung
diseases have received particular attention as targets of direct administration of RNAi-based
therapeutics. As a direct route to the lung, pulmonary delivery has offered a new method for the
treatment of various lung diseases, such as cancer [8-12], respiratory infectious diseases [13-17],
asthma [18,19], and pulmonary fibrosis [20,21]. The approach could potentially enhance the retention
of RNAi-based therapeutics in the lungs and reduce systemic toxic effects. However, the development
- of pulmonary delivery for clinical applications remains a challenge for research of drug delivery
systems and development. This review focuses on the latest development of pulmonary delivery and
future plans for the RNAi-based treatment of various lung diseases.

2. Delivery of RNAi-Based Therapeutics to the Lungs

The lung is emerging as an attractive target for the treatment of various pathogenic disorders using
RNAi-based therapeutics because of the increasing incidence of lung diseases with high mortality and
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morbidity. The primary obstacle to translating RNAi-based therapy from the laboratories into the
clinics is delivery. Delivery of siRNAs to the lungs is often studied and described using different routes
and delivery strategies [22]; therefore, the focus of this chapter is on the characteristics of siRNA
delivery to the lung.

In general, lung targeting can be achieved by intravenous as well as intrapulmonary administration.
Although multiple routes of administration using siRNAs have been used, ranging from direct
injection into target tissues to systemic administration, the use of siRNAs for the treatment of
respiratory diseases has tended to focus on direct intratracheal or intranasal delivery of siRNAs to the
lungs. The direct route offers several important benefits over systemic delivery, including the
requirement for lower doses of siRNAs, the reduction of undesirable systemic side effects, and
improved siRNA stability due to lower nuclease activity in the airways than in the serum. Lastly, and
most importantly, in the context of treating respiratory disease, local administration of siRNAs allows
direct access to lung epithelial cells, which are important cell types in a variety of pulmonary disorders [23].
Since the lung is accessible to therapeutic agents via multiple intrapulmonary routes, it has been a
convenient model for in vivo validation of siRNA-mediated therapeutic gene silencing.

2.1. Pulmonary Delivery Approaches

Pulmonary delivery of therapeutic molecules, such as proteins and peptides, has been investigated
for more than 30 years [23]. Pulmonary delivery can be achieved using intratracheal, intranasal, and
inhalation routes. In most of the pulmonary siRNA therapy studies in vivo, siRNAs were delivered
intratracheally or intranasally. In particular, intranasal delivery of siRNAs is widely used for
administration due to its simplicity and adaptability to the delivery of various siRNA formulations,
such as nasal spray and droplets. Although administration by inhalation is clinically the most common
and non-invasive method to deliver therapeutic agents into the lung, only a few animal studies have
been conducted on the formulation of inhalation of siRNAs [24,25].

2.1.1. Intratracheal and Intranasal Delivery

Intratracheal administration is one common method of pulmonary drug application. The pulmonary
application method can be useful for the study of drug and vaccine delivery to the airway and lungs.
Many animal studies have relied on intratracheal delivery of siRNAs to the lungs [15,26-31].
Moreover, some of them have also reported successful delivery of unmodified siRNAs without
delivery vectors. The advantages of the intratracheal route are that it ensures high delivery efficiency
with minimal loss of the drug and the application itself is quick and relatively inexpensive. The
disadvantage is that, because it requires a surgical procedure, such as a tracheotomy, it is not a
comfortable delivery method from the patient's viewpoint. With this method, the trachea is exposed
during the procedure, and an endotracheal tube or microsyringe is inserted through an incision between
the tracheal rings [Figure 1(a)]. This method is not routinely used for drug administration in humans [32].
On the other hand, Bivas-Benita et al. reported a relatively non-invasive pulmonary delivery via the
endotracheal route [33]. In this method, the formulation is sprayed under anesthesia from the mouth to
the trachea of mice using a microsyringe (Figure 1b). The main benefit of the endotracheal application
is the visualization of the trachea, which is important for reliable lung administration. Compared with
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traditional surgery, Bivas-Benita ef al. reported that no mortality occurred as a result of the use of the
endotracheal technique. Endotracheal applications are currently being used by many practitioners in
the pulmonary field [22,34]; this is useful for studying pulmonary drug delivery in mice. However, the
approach is more complex in humans because an artificial path for the delivery of drugs into the lungs
is used. Therefore, the method is being used in animal models to test and evaluate its reliability for
possible clinical applications.

Figure 1. Intratracheal route of siRNA administration into the lungs in vivo studies. (a)
Intratracheal route: under anesthesia, the trachea is exposed surgically, and a tube or needle
is inserted through an incision made between the tracheal rings. Complications, such as
vascular injury and air leakage, are possible due to the tracheotomy. (b) Endotracheal
route: siRNAs are sprayed directly from the mouth into the lungs using a MicroSprayer®
aerolizer (Penn-Century, Philadelphia, PA, USA) and a laryngoscope. It is important to

maintain a clear view of the trachea during the procedure.

Intranasal delivery is another common method of pulmonary drug application in animal studies. In
many studies, in vivo success has been demonstrated in delivering siRNAs to the lungs intranasally [22,35,36].
An experimental setup of intranasal delivery by spray or droplet is simple and painless for the animal.
Although the success in delivering siRNAs intranasally in rodents cannot be completely extrapolated
to human use because of the significant differences in lung anatomy [37], this approach has potential
for the clinical application of siRNAs. Phase II clinical trials have been initiated for the treatment of
respiratory syncytial virus (RSV) infection, making use of intranasal application of naked chemically
modified siRNA molecules that target viral gene products [17,38] (see Section 3.1.1. for details).

Intranasal entry has long been used to administer small molecules, such as proteins, for systemic
delivery. Because the nasal mucosa is highly vascularized, delivery of a thin epithelium of medication
across the surface area can result in rapid absorption of the medication into the blood. Therefore,
siRNAs administered intranasally might be deposited in the nose, and some of them may be unable to
reach the lower respiratory tract. In fact, it has been reported that intranasal application of
unformulated siRNAs resulted in lower delivery efficiency and homogeneous pulmonary distribution
than that achieved with intratracheal application [31]. The intranasal method is suitable for some lung
diseases, such as upper respiratory infection by RSV, and it also has potential for systemic delivery
rather than pulmonary delivery of siRNAs. Therefore, it is important to consider the route of
administration in animal studies when assessing the delivery and therapeutic efficacy of a formulation
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for pulmonary delivery. Careful choice of efficient delivery in response to the condition of lung
diseases is necessary.

2.1.2. Inhalation Delivery

The use of aerosols to deliver medication to the lungs has a long history. Administration by
inhalation is a popular and non-invasive method of delivering agents into the lungs. There are several
inhalation devices available for the delivery of drugs into the lungs. Metered dose inhalers (MDIs) and
dry powder inhalers (DPIs) are the most common modes of inhaled delivery. MDIs are the most
commonly used inhalers for several lung diseases, such as asthma, bronchitis, and chronic obstructive
pulmonary disease (COPD), and a spacer is an external device that is attached to an MDI to allow for
better drug delivery by enhanced actuation and inhalation coordination. For most MDIs, the propellant is
one or more gases called chlorofluorocarbons (CFCs). Although CFCs in drugs are safe for patients to
inhale, they are harmful to the environment. Therefore, further development of inhalable siRNAs may
not be the best way forward. DPIs are devices that deliver medication to the lungs in the form of dry
powder. The use of DPIs has already shown promise for the in vivo delivery of therapeutic
macromolecules such as insulin [39] and low-molecular-weight heparin [40]; thus, it could be a better
device for delivering siRNAs to the lungs. The advantages of DPIs are improved stability and sterility
of biomolecules over liquid aerosols and propellant-free formation.

Although drugs are commonly delivered to the lungs by inhalation, most ir vivo studies using
siRNAs have relied on intratracheal or intranasal delivery. The reason could be the difficulty in
formulating inhalable siRNAs and maintaining the stability during the delivery process. A suitable
carrier is also needed to protect nucleic acids from degradation due to shear force and increased
temperature during the drying process. The use of spray-drying as a technique for engineering dry
powder formulations of siRNA nanoparticles, which might enable the local delivery of biologically
active siRNA directly to the lung tissue, has been demonstrated [24,25]. In the future, the technique is
desirable to estimate the in vivo study on siRNA therapy for inhalation. In the long term, we anticipate
that there will be more sophisticated devices for clinical use and that those currently being developed
will be more suitable.

2.2. Extracellular and Intracellular Barriers to siRNA Delivery

There are two main barriers to efficient pulmonary siRNA delivery to the cells of the lung. The first is
the complex, branched anatomy of the lungs and biomechanical barriers, such as the mucus layer
covering the airway cells [41,42] (Figure 2). A remarkable feature of the respiratory tract is its high
degree of branching. Airway consists of respiratory bronchioles, alveolar ducts, and alveolar sacs. All of
these structures bear alveoli, the tiny air sacs in which the gas exchange takes place. It is generally
acknowledged that the critical factor for efficient siRNA delivery depends on the properties of RNAi
drug particles in terms of size, charge, shape, velocity and density. For efficient pulmonary siRNA
delivery, the particles must be deposited in the lower respiratory tract. Deposition in the airway is
affected by the particle size and patient's pulmonary function. A particle size between 1-5 um is found
to be the most appropriate for deposition at the lower respiratory tract [23]. In addition, the presence of
mucus and surfactant proteins, the mucociliary clearance actions, and phagocytosis by macrophages
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present major barriers to targeted pulmonary delivery. Therefore, delivery systems usually require
delivery vectors, and these vectors need to be designed in order to maximize the siRNA deposition to
the diseased area of the respiratory tract. Besides, the extracellular barriers to siRNA delivery also
depend on physiological features of the respiratory tract, which may change with the disease stage and
characteristics of the patient. At the active stage of lung disease, the physiological conditions of the
airways might change and have significant impact on the efficiency of the pulmonary delivery system.
During infection, inflammation, and allergic reaction, there is an increase in mucus secretion along
with the impaired mucociliary clearance [43]. Moreover, asthma and COPD are both chronic
inflammatory conditions of the lung associated with structural “remodeling” that is inappropriate to the
maintenance of normal lung function [44]. The airway wall thickness, the high viscosity, and the
composition of the mucus layer might be altered in patients who have inflammatory lung diseases.

Figure 2. Extracellular barriers to pulmonary siRNA delivery. The anatomical feature of
the respiratory tract is its high degree of branching. The mucus lines the respiratory
epithelium from the nasal cavity to the terminal bronchioles. The deposited particles on the
ciliated epithelial cells are rapidly cleared by the mucociliary clearance actions. Mucus and
mucociliary clearance of mucus-trapped particles is a pulmonary defense mechanism as a
physiological barrier. In the alveolar, clara cells and type II alveolar cells secrete on the
surface of the alveolar epithelium, forming a thin layer of pulmonary surfactants. The
surfactants act as the main barrier for siRNA delivery because they reduce the transfection
efficiency. In addition, the macrophages located in the alveoli rapidly engulf the foreign
particles by phagocytosis. The particles taken up into the macrophages are subsequently
degraded inside the cells. These factors present major barriers to targeted pulmonary delivery.
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The second is the airway cell membrance and its intracellular barriers (Figure 3). For efficient gene
silencing in the lungs, siRNAs must be delivered to their site of action, be stable, enter the target cells,
and be present in the cytoplasm at sufficient concentration. Once the siRNAs reach the target cells,
they must be trafficked into the cytoplasm and taken up by Argonaute (Ago)2/RNA-induced silencing
complex (RISC), which degrades mRNAs and, subsequently, suppresses the sequence-specific gene
expression. For efficient endocytosis to occur, particles should be under 150 nm in size. Particles
within this size range could also avoid macrophage uptake and delayed lung clearance [45]. The
physicochemical properties of siRNAs also play a significant role in crossing the biological membrane.
Despite their small size, the negative charge and chemical degradability of siRNA molecules prevent
them from readily crossing biological membranes. Therefore, efficient siRNA delivery approaches
need to overcome this limitation by facilitating cellular uptake. One of the main functions of a delivery
vector is to facilitate the cellular uptake of siRNAs [46]. The electrostatic complexation of siRNA
* molecules with cationic lipids and polymers helps to mask their net negative charge. The positively
charged siRNA carrier complex interacts with anionic proteoglycans on the cell membrance, forms an
endocytic vesicle, and enters the cells by endocytosis [47]. After cellular internalization, the siRNA
carrier complex in endocytic vesicles is transported along microtubules to lysosomes that are
co-localized with the microtubule-organizing center. To avoid lysosomal degradation, siRNAs must
escape from the endosome into the cytoplasm, where they can associate with the RNAi machinery.
Endosomal escape is a major barrier for efficient siRNA delivery [48,49]. The endosomal entrapment
and lysosomal degradation of siRNA and carriers contribute to the low transfection efficiency and is a
major difficulty for delivery vectors. An ideal delivery agent should protect siRNAs from enzymatic
degradation, facilitate cellular uptake, and promote endosomal escape inside the cells with negligible toxicity.

2.3. Delivery Method of siRNA to the Lungs

Multiple approaches for the delivery of siRNAs have been reported, ranging from the relatively
simple direct administration of saline-formulated siRNAs to lipid-based and polymer-based
nanoparticle approaches and siRNA conjugation and complexation approaches [50]. The negative
charge and chemical degradability of siRNAs under physiologically relevant conditions make its
delivery a major challenge. Accordingly, the delivery of siRNAs usually requires a vector or carriers
for their transfection into the target cells. In general, both viral and non-viral vectors are being assessed
for siRNA delivery to lung cells. Some viral vectors, such as retroviruses and adenoviruses, have been
demonstrated to mediate gene silencing in an iz vitro lung model [51] and to induce RNAI in a range
of animal tissues [52]. Recently, Guo er al. showed that lentivirus-mediated siRNA was used to
specifically knock down the expression of nuclear protein 1 (NUPR1) in vivo, which resulted in
inhibited tumor growth [53]. However, viral-based delivery has several disadvantages. The immune
response to viruses not only impedes gene delivery but also has the potential to cause severe
complications [54]. Recent well-documented cases, such as the death of Jesse Gelsinger due to
complications related with an adenoviral delivery vector, highlight this problem [55]. In addition, some
viral vectors may insert their genome at random positions in the host chromosome, which eventually
restrict the gene function [56].
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Figure 3. Intracellular barriers to pulmonary siRNA delivery. Barriers to cellular
internalization are dependent on the surface properties of siRNA and carriers (e.g., charge
and size). After siRNAs are successfully taken into the target cells by endocytosis, the
main barriers for delivering siRNAs to its site of action are the endosomal entrapment and
lysosomal degradation of siRNA and carriers. To direct target-gene silencing, the siRNAs
need to escape from the endosome into the cytoplasm, where they associate with the
Ago2/RNA-induced silencing complex (RISC) to direct the cleavage of mRNAs bearing
complementary binding sites.
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As an alternative to viral vectors, non-viral vectors, including lipid and polymer-based vectors, have
been generally used for the delivery of siRNAs to the lungs due to their reduced toxicity [57]. Ongoing
research into the transfection of primary cells and whole organisms with siRNA using non-viral
transfection agents has produced some promising results. Lipid-based delivery vectors are successfully
used to deliver siRNA ir vitro and in vivo [58]. Cationic lipids are composed of positively charged
head, a linker and hydrophobic. In general, lipid-based complexes are easy to formulate and good
transfection efficacy is achieved due to interaction with negative charged cell membrance. Many
commercial siRNA transfection agents are lipid-based delivery system, some of which are also
employed for pulmonary delivery—DharmFECT [30], Oligofectamine [59], Lipofectamine [60] and
TransIT-TKO [35]. Similarly, cationic polymers have also been assessed for siRNA delivery to lung
cells. Cationic polymer polyethylenimine (PEI) is widely used for siRNA delivery [13,61]. PEI is
considered as the gold standard for in vitro gene delivery and its transfection efficiency depends on the
molecular weight and degree of branching.



