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Abstract

Asthma is a chronic inflammatory disease. Despite the fact that current therapies, such as the 

combination of inhaled corticosteroids and β2-agonists, can control the symptoms of asthma in 

most patients, there is still an urgent need for an alternative anti-inflammatory therapy for patients 

who suffer from severe asthma but lack acceptable response to conventional therapies. Many 

molecular factors are involved in the inflammatory process in asthma, and thus blocking the 

function of these factors could efficiently alleviate airway inflammation. RNA interference (RNAi) 

is often thought to be the answer in the search for more efficient and biocompatible treatments. 

However, difficulties of efficient delivery of small interference RNA (siRNA), the key factor in 

RNAi, to target cells and tissues has limited its clinical application. In this review, we summarize 

cytokines and chemokines, transcription factors, tyrosine kinases and costimulatory factors that 

have been reported as targets of siRNA mediated treatment in experimental asthma. Additionally, 

we conclude several targeted delivery systems of siRNA to specific cells such as T cells, 

macrophages and dendritic cells, which could potentially be applied in asthma therapy.

Keywords

Small interfering RNA (siRNA); asthma; targeted delivery; polymer

1. Introduction

Asthma is one of the major worldwide public health problems affecting 334 million people 

[1] and accounting for 250,000 annual deaths [2]. It is estimated that there would be 

additional 70 million asthmatic patients in 2025 [1] and that the global market for asthma 

and chronic obstructive pulmonary disease (COPD) drugs would increase to $47.1 billion in 

2017 [3]. Asthma can be effectively controlled in most patients by current therapies 

including inhaled β2-adrenergic receptor agonists, inhaled corticosteroids and injected 

immunoglobulin E (IgE) antibodies [4]. Nevertheless, compliance of inhaled corticosteroids 

is poor due to the requirement of frequent inhalation and concerns of long-term side effect 

[5]. In contrast, common overuse of β2-adrenergic receptor agonists (CDC,2007) increases 
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the risk of systemic side effects [6]. Moreover, there are 5-10% asthmatic patients who lack 

adequate response to current therapies of asthma. The patients within that group who also 

have common asthmatic comorbidity conditions, such as rhinosinusitis and chronic 

infections, experience worse symptoms of asthma and a higher risk of morbidity [7]. Thus, it 

is necessary to develop safer and more efficient additional treatments for asthma.

Asthma is a chronic inflammatory disorder and airway disease characterized by limitation of 

airflow, airway hyperresponsiveness (AHR), mucus hypersecretion and infiltration of 

inflammatory cells. In the pathogenesis of asthma, common environmental stimuli (e.g. dust, 

pollen) are recognized inappropriately by the immune system as antigens and consequently 

induce IgE-dependent inflammatory response. Asthmatic symptoms are majorly driven by 

inflammatory cells, for example, mast cells, eosinophils, dendritic cells, lymphocytes, 

macrophages and their cytokines [8, 9]. Dendritic cells, the most efficient antigen presenting 

cells (APCs), can present allergens to naïve T helper cells (Th0) and promote the 

differentiation of T helper 2 cells (Th2). Th2 cells can orchestrate the allergic response of 

asthma via secretion of Th2 interleukins (IL-4, IL-5 and IL-13) [8]. For instance, IL- 4 can 

promote differentiation and proliferation of Th2 cells and together with IL-13 stimulates B 

cells to proliferate and produce IgE. IL-5 can recruit and activate eosinophils as well as 

maintain their proliferation and survival. IL-13 is associated not only with IgE synthesis but 

also with chemoattraction of eosinophils, AHR, airway remodeling and mucus cell 

hyperplasia [8-12]. Other than Th2 cells, mast cells also contribute to asthmatic 

inflammation by secreting histamine, tryptase and prostaglandin D2 (PGD2) which can 

induce potent bronchoconstriction, airway edema and lung fibroblast proliferation as the 

result of IgE-dependent stimulation by allergens [13]. Another essential type of 

inflammatory cells are eosinophils which can produce lipid mediators and pro-inflammatory 

cytokines to directly damage epithelial cells, induce bronchoconstriction and amplify 

inflammatory responses [14].

New drugs for asthma in pre-clinic research or clinical trails include new bronchodilators 

and corticosteroids as well as inhibitors of novel therapeutic targets, for example, kinase 

inhibitors and cytokine/chemokine blocking agents. RNA interference (RNAi) is thought to 

be an efficient approach to block the functions of molecular targets. RNAi is an endogenous 

and sequence specific messenger RNA (mRNA) degradation process involving small 

interference RNA (siRNA). Delivery of synthetic siRNA, of 21-23 bp in length, into 

mammalian cells can induce cleavage of mRNA containing complementary sequence and 

consequently decrease the expression of the corresponding protein [15]. siRNA mediated 

therapies are post-transcriptional, transient and based on sequence-specific gene silencing, 

hence they are believed to offer a more potent and specific treatment with less side effects 

for different diseases [16, 17]. Pulmonary delivery of siRNA as non-invasive and local 

administration can reduce systemic side effects and prolong the lung retention period for the 

treatment of lung diseases like asthma [18]. Furthermore, rapid therapeutic effects and lower 

dose requirement can be achieved due to the physiological properties of the lung such as the 

large alveolar surface, absence of serum proteins and the presence of a thin epithelium [19, 

20]. Despite of the advantages of pulmonary delivery of siRNA, the biggest obstacle of 

clinical application of siRNA in asthma is the lack of biocompatible vectors to efficiently 

deliver siRNA into target cells.

Xie and Merkel Page 2

Arch Pharm (Weinheim). Author manuscript; available in PMC 2016 April 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



In this review, we will discuss the molecular targets for siRNA mediated therapies and the 

formulation of siRNA applied in experimental asthma and will summarize available siRNA 

delivery systems that are targeted to immune cells.

2. Therapeutic Molecular Targets of siRNA in Asthma

As described in the introduction, asthma is a very complex inflammatory disease implicating 

numerous cells and cellular factors. The common therapeutic molecular targets for RNAi 

therapy include cytokines/chemokines, transcription factors, tyrosine kinases/tyrosine kinase 

receptors, and costimulatory molecules. Additionally, new biological targets have been 

discovered, such as the transient receptor potential cation channel (TRPV1) [21], nerve 

growth factor [22], and the soluble membrane N-ethylmaleimide-sensitive factor attachment 

protein receptor protein (syntaxin4) [23].

2.1. Cytokines and chemokines

It is known that cytokines/chemokines, particularly Th2 cytokines, play prominent roles in 

airway inflammatory response and remodeling. Thus, blockage of cytokines/chemokines and 

their corresponding receptors by using siRNA has been reported. Examples are the 

downregulation of suppressor of cytokine signaling 3 (SOCS3) [24], IL-4 [25] and IL-5. 

Given that the presence of eosinophils is implicated in airway hyperresponsiveness and 

remodeling and IL-5 is the most important cytokine involved in eosinophil growth, 

activation as well as recruitment, siRNA against IL-5 was applied to reduce inflammatory 

response in an ovalbumin (OVA)-induced murine asthma model. Huang et al. showed that 

intratracheal (i.t.) administration of a lentivirus containing a siRNA against IL-5 expressing 

cassette (SEC4) to asthmatic mice for three consecutive days reduced the expression of IL-5 

in the lung by 50% quantified by real time PCR (RT-PCR). Reduced eosinophilia was 

observed in SEC4 treated animals confirmed by a lower percentage of eosinophils in the 

bronchoalveolar lavage fluid (BALF) cells and H&E staining slides as well as by reduced 

levels of eosinophil chemoattractive cytokine (eotaxin) in the BALF. Consequently, the AHR 

was significantly relieved according to non-invasive whole body plethysmography (PenH) 

and invasive techniques [26].

2.2. Transcription factors

Blockage of a single mediator or receptor cannot achieve great therapeutic effects due to the 

complexity of asthma. Therefore, the upstream molecules of the inflammatory process have 

become more attractive therapeutic targets. Transcription factors that control the production 

of cytokines/chemokines and are involved in the growth and differentiation of major 

inflammatory cells were reported as targets for siRNA mediated treatment, such as GATA-3, 

transducer and activator of transcription 6 (STAT6), and receptor interacting protein 2 (Rip2) 

[27]. As shown in Figure 1, GATA-3, a transcription factor highly expressed in Th2 cells, 

can determine the differentiation of Th2 cells and promote the production of Th2 

interleukins [28-30]. Antisense therapeutic intervention of GATA-3 in experimental asthma 

has been achieved not only with siRNA. Finotto et al. reported that 200 μg intranasally (i.n.) 

administrated GATA-3 antisense oligonucleotides for four continuous days to mice with 

OVA-induced inflammation can achieve local anti-inflammatory effects which were 
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comparable to the positive control group treated with the first-line drug dexamethasone [31]. 

This report of a therapeutic effect of blockage of GATA-3 in asthma is in line with the 

observation by Lee et al. who i.n. delivered GATA-3 small hairpin RNA with a lentiviral 

vector (2.2×106 IFU) to OVA-induced asthmatic mice [32]. The only asthma therapy study 

involving GATA-3 siRNA was published by Sel et al. To assess the efficacy of GATA-3 

specific DNAzyme (Gd21) to prevent and treat experimental allergic asthma, they i.n. 

applied 200 μg Gd21 to mice with acute experimental asthma and compared to animals that 

were i.n. treated with 200 μg siRNA against GATA-3 or GATA-3 antisense oligonucleotides. 

These treatments were alternative antisense strategies in contrast to the DNAzyme. They 

concluded that Gd21 can more effectively reduce the inflammation than GATA-3 specific 

oligonucleotides and siRNA because these alternative antisense therapies showed a less 

efficient reduction of the number of eosinophils in the BAL cells and decreased the IL-5/

IFN-γ ratio less successfully [33]. However, their results also showed that GATA-3 specific 

siRNA treatment can reduce the number of mucus-producing goblet cells and AHR 

comparably to the Gd21 treatment. In addition, the authors did not use any delivery system 

for siRNA, anti-sense nucleotides or DNAzyme administration, and “naked” nucleic acids 

were applied directly. The approach of delivering free nucleic acids has been reported to lead 

to less efficiency in silencing genes in vivo and in vitro compared with the delivery via any 

kind of vector. Therefore, the therapeutic effect of GATA-3 siRNA or even antisense 

oligonucleotides is worth to be further evaluated in vivo. The concept of therapeutically 

downregulating GATA-3, however, was recently efficiently tested in a human phase 3 

clinical trial [34]. STAT-6, another promising target, is the transcription factor that controls 

the onset and maintenance of GATA-3 expression and is involved in T cells differentiation 

and IgE production [35]. The anti-inflammatory effect of i.n. administration of 100 μg 

siRNA against STAT-6 to asthmatic mice was described by Darcan-Nicolasien et al. They 

showed a decreased amount of infiltrated leukocytes in the BALF and reduced AHR in the 

STAT-6 siRNA treatment group compared with animals treated with siRNA against green 

fluorescent protein (GFP) which served as a negative control. Additionally, decreased levels 

of IL-4, IL-5, IL-13 and less histological alterations as well as less T cells infiltration were 

observed in lung tissue from the STAT-6 siRNA treatment group. However, the 

biodistribution of nanoparticles in the central and peripheral area of the lung was majorly in 

airway epithelial cells instead of lymphocytes, where the expression of STAT-6 is most 

important in asthma. This observation may lead to higher doses being necessary to obtain 

efficient therapeutic effects [36].

2.3. Tyrosine kinase / tyrosine kinase receptor

Other upstream targets are kinases involved in the inflammatory process such as spleen 

tyrosine kinase (Syk) and the nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB) [37]. Spleen tyrosine kinase (Syk) is widely expressed in immune cells and can 

initiate or mediate various cellular signaling pathways, including the development and 

maturation of B cells, proliferation of T cells, and production of inflammatory mediators 

from macrophages and mast cells [38]. It was described by Stenton et al. that three i.n. 

aerosolized doses of Syk antisense oligodexoynucleotides (ASO)/ liposome to OVA-induced 

asthmatic rats can reduce the infiltration of leukocytes found in the BALF and inhibit the 

antigen induced up-regulation of adhesion molecules in eosinophils, neutrophils and 
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macrophages. However, there was no statistical difference of pulmonary inflammation 

between the Syk-ASO treatment and the saline treatment group according to the histological 

analysis of lung sections, and two doses of Syk-ASO treatments were not as sufficient to 

inhibit the airway inflammation as three treatments were. Therefore, Syk-ASO is not a very 

efficient anti-inflammatory therapy but Syk was proven to be a valuable target [39]. Inspired 

by this study, Huang et al. i.n. instilled different doses of siRNA against Syk (10, 1 and 0.1 

μg) on three consecutive days before the induction of acute lung inflammation. They 

observed less infiltration of inflammatory cells in animals treated with 10 μg siRNA and 1 

μg siRNA but not in the group treated with 0.1 μg siRNA, indicating Syk siRNA can 

effectively reduce the recruitment of inflammatory cells in experimental lung inflammation, 

and this effect was dose dependent [40]. Moreover, Excellair™ (ZaBeCor, Bala Cynwyd, PA, 

USA), a therapeutic siRNA against Syk, moved to Phase II clinical trails as a new drug for 

asthma in 2009 and confirmed the potential of Syk as a therapeutic target in asthma. A 

different potential target is the tyrosine kinase receptor C-kit of which the ligand is stem cell 

factor (SCF). Wu et al. reported that i.n. administration of methylation modified siRNA 

against C-kit (35 μg/day) for three days to mice with experimental allergic asthma can 

significantly reduce the levels of IL-4, IL-5 and SCF in the BALF. In addition, the treatment 

can inhibit the infiltration of inflammatory cells including eosinophils and the secretion of 

mucus. Significantly reduced expression of C-kit in lung tissue of C-kit siRNA treated 

animals was confirmed by PCR and Western blot compared with a scrambled siRNA treated 

group. Nevertheless, the therapeutic effect of C-kit siRNA needs further verification 

considering that a healthy control group was missing in this study. [41].

2.4. Costimulatory molecules

APCs can initiate and maintain the airway inflammatory response, particularly a Th2-

mediated response. The interaction between APCs and T cells requires the facilitation by 

costimulatory molecules such as CD86 and CD40 [42]. Asai-Tajiri et al. reported that bone 

marrow derived dendritic cells (DCs) in vitro transfected with siRNA against CD86 can lose 

their ability to activate Th2 cells. In an OVA-induced murine asthma model, after i.n. 

administration of Texas Red labeled CD86 siRNA (12.5 μg), it was observed that Texas Red-

siRNA was able to pass through the epithelial barrier and co-localized with DCs. With this 

biodistribution result in mind, they i.n. applied siRNA against CD86 (12.5 μg/ day) for three 

days and achieved reduction of Th2 interleukin levels, decreased eosinophil infiltration and 

reduced AHR. However, treatment of CD86 specific siRNA did not reduce the goblet cell-

mediated hyperplasia, indicating that higher doses of CD86 specific siRNA may be required 

to sufficiently alleviate the symptoms of asthma [43].

3. Targeted Polymeric Delivery of siRNA for asthma therapy

As summarized in Table 1, pulmonary delivery of siRNA is the most common 

administration approach for the treatment of experimental asthma, and the majority of the 

formulations are either naked/modified siRNAs or use lentiviral vectors.

Considering the large size, instability and negative surface charge, siRNA is easily 

enzymatically degraded, phagocytically cleared, aggregates with serum proteins, and does 
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not readily cross physiological membranes [23, 44]. Hence, viral or non-viral carriers are 

needed, even though there are many reports in the literature of pulmonary delivery of high 

doses of naked/modified siRNA [45]. Due to the safety issues of viral vectors such as 

immunogenesis and insertional mutagenesis, non-viral delivery vectors, particularly 

polymeric carriers, are more attractive and favorable approaches to deliver siRNA. With the 

flexible and modifiable chemical structure, polymeric carriers have the potential to 

overcome extracellular barriers including instability in the blood stream, cell/tissue targeted 

delivery and crossing biological membranes, as well as intracellular barriers like endosomal 

escape and cytoplasmic siRNA release. Additionally, polymeric vectors can maintain a high 

capacity of siRNA loading, biocompatibility and the ability to co-deliver small molecule 

drugs [46, 47].

There are many polymeric delivery carriers that have been prepared and optimized for 

pulmonary delivery of siRNA, such as polyethylenimine (PEI) and chitosan [45]. However, 

administration of polymeric nanoparticles encapsulating siRNA is limited in asthma therapy 

due to the potential side effects induced by non-specific cellular uptake and the difficulty to 

transfect differentiated immune cells like lymphocytes in vivo. Receptor-ligand mediated 

targeted delivery of siRNA could be a solution.

3.1. T cell targeted delivery systems

It is believed that Th2 cells can initiate and aggravate symptoms of asthma via the 

production of Th2 interleukins. For this reason, there are many studies that aim to block the 

effects of Th2 responses via RNAi. Currently, the most popular lymphocyte transfection 

method is electroporation/nucleofection which, however, is not suitable for in vivo 

application [48, 49]. Moreover, T cells generally resist the transfection of conventional 

polymeric or lipid-based vectors (e.g. lipofectamine). Therefore, the difficulty to efficiently 

transfect T lymphocytes hinders the clinical application of RNAi in asthma. Recently, a few 

polymeric siRNA delivery systems specific for T lymphocytes have been discovered. CD7 is 

a surface antigen of human T cells which rapidly internalizes upon binding of an antibody. 

To target and deliver nanoparticles encapsulating siRNA to T cells for the therapy of HIV 

infection, Kumar et al. conjugated a CD7 specific single-chain variable fragment with 

oligo-9-arginine peptide (scFvCD7-9R). Oligo-arginine is a positively charged cell-

penetrating short peptide which has been reported to efficiently encapsulate siRNA and 

enhance the membrane permeability of nanoparticles [50]. scFvCD7-9R was accordingly 

able to transduce FITC-labeled siRNA selectively to primary human CD3+ T cells but not 

macrophages or B cells in vitro. The in vivo specificity of nanoparticles was tested in two 

kinds of humanized mouse models implanted with human peripheral mononuclear cells (Hu-

PBL and Hu-HSC). The i.v. injection of 50 μg siRNA against CD4 with scFvCD7-9R on 

two consecutive days significantly reduced the expression of CD4 on activated CD3+ T cells 

in Hu-PBL mice as well as on the resting/naïve CD3+ T cells in Hu-HSC mice. 

Additionally, to test the therapeutic effect, the authors systemically administrated 

scFvCD7-9R encapsulating a mixture of anti-viral siRNAs including CCR5, Vif and Tat to 

Hu-PBL mice. Nanoparticles were shown to protect Hu-PBL mice implanted mit HIV-

seronegative donor’s PBMCs from HIV-1 challenge and significantly inhibited the viral 

replication. Furthermore, treatment with antiviral-nanoparticles of the Hu-PBL mice 
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implanted with HIV-seropositive donor’s PBMCs was able to protect the CD4+ cell loss 

compared with the animals treated with nanoparticles encapsulating siRNA against 

luciferase, which served as a negative control. When PBMCs were exposed to nanoparticles 

in vitro, negligible toxicity was confirmed by the percentage of Annexin V positive cells and 

production of IFN-γ. However, this scFvCD7-9R conjugate was optimized for i.v. 

administration for the therapy and prevention of HIV infection. It remains to be answered 

whether this conjugate can also efficiently and selectively deliver siRNA to T lymphocytes 

through pulmonary administration. This study should be highlighted, however, because it 

demonstrates the feasibility to selectively deliver siRNA to T lymphocytes in vitro and in 

vivo which could be potentially applied in different inflammatory diseases like asthma and 

arthritis [51]. Another scFvCD7 conjugate was described by Lee et al. who conjugated 

scFvCD7 with chitosan and measured the in vitro transfection efficiency in T cell lines 

(Jurkat and A3.01 cells). Chitosan is a biocompatible and biodegradable polymeric vector, 

and chitosan/modified chitosan have been widely studied for pulmonary delivery of siRNA. 

It is thus a promising candidate for delivering siRNA as asthma therapy. The scFvCD7-

chitosan/siRNA nanoparticles were around 300 nm in size and had a slightly positive zeta-

potential of +17 mV. There was significantly higher uptake of FITC-siRNA when it was 

encapsulated by scFvCD7-chitosan compared with unmodified chitosan in T cell lines and 

increased uptake was observed as the molar ratio of scFvCD7 per total chitosan increased. 

scFvCD7-chitosan nanoparticles prepared with siRNA against CD4 were tested for in vitro 

gene silencing, and the CD4 gene knockdown efficiency was similar to that of 

Lipofectamine 2000 but significantly higher than that of chitosan as measured by flow 

cytometry and RT-PCR. However, scFvCD7-chitosan condensed CD4 siRNA at a weight 

ratio of chitosan to siRNA of 40:1, indicating that the siRNA encapsulation efficiency of the 

conjugate was fairly low. Additionally, scFvCD7-chitosan did not show better transfection 

efficiency in T cells lines than Lipofectamine 2000, thus high doses of nanoparticles may be 

required to achieve efficient gene silencing. Furthermore, the authors did not perform any in 

vivo studies, and the pulmonary delivery efficiency of siRNA via scFvCD7-chitosan remains 

to be tested [52].

In asthma pathogenesis, activated T cells, particularly Th2 cells, play an essential role but 

not naïve T cells. However, CD7 is expressed on the majority of mature T cells resulting in 

the fact that a CD7 targeted siRNA delivery system will non-selectively deliver siRNA to 

both naïve and activated T cells. Therefore, a pulmonary siRNA delivery system that can 

selectively transport siRNA to activated T cells but not naïve T cells could achieve more 

efficient anti-inflammatory effect and reduce potential side effects. In 2013, our group 

described a more selective delivery system of siRNA for activated T cells in which the 

transferrin receptor (TfR) was targeted instead of CD7. TfR is an iron uptake membrane 

receptor universally expressed at low level on most cells/tissues. In contrast, it is 

overexpressed on highly proliferating and differentiating cells. It was reported that activated 

T lymphocytes highly express TfR to meet the iron requirement for further differentiation 

and growth while naïve T lymphocytes do not. For this reason, we linked transferrin (Tf), the 

native ligand which can trigger TfR internalization, with low molecular weight PEI (LMW-

PEI). PEI is the most popular polycation for pulmonary delivery of siRNA, and applying low 

molecular weight PEI can dramatically reduce the toxicity induced by the high density of 
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cations, which is the biggest obstacle limiting the clinical application of PEI. To determine 

the selective delivery efficiency of Tf-LMW-PEI in vitro, primary human activated T cells 

(ATC) or naïve T cells were transfected by Tf-LMW-PEI encapsulating Alexa Fluor488-

labeled siRNA. Flow cytometry quantified cellular uptake of Tf-LMW-PEI/siRNA in ATCs 

was significantly higher than that of non-modified LMW-PEI as well as Lipofectamine 

2000. Additionally, the uptake of Tf-LMW-PEI and LMW-PEI was minimal on naïve T cells 

compared with that on ATCs indicating that the conjugate can distinguish ATCs from naïve 

T cells [53]. In the meantime, our group also determined the biodistribution of Tf-LMW-PEI 

formulated with Alexa Fluor 647 labeled siRNA in OVA-induced asthmatic mice [54]. 

Significantly higher cellular uptake of Tf-LMW-PEI nanoparticles in CD4+ cells in 

asthmatic mice compared with that of LMW-PEI was observed as shown in Figure 2. In 

vitro and in vivo studies proved that Tf-LMW-PEI is another promising candidate for 

pulmonary delivery of siRNA for asthma treatment (data not shown).

3.2. Macrophage targeted delivery systems

Macrophages are the most abundant inflammatory cells in the lung and are potentially 

involved in airway remodeling and eosinophilic inflammation in asthma. However, 

macrophages can perform anti-inflammatory as well as pro-inflammatory effects, so the role 

of macrophage in asthma is not yet clear [55]. A delivery system of siRNA that targets 

macrophages can be not only a therapeutic delivery vector but also a tool to facilitate the 

understanding of the role of macrophages in asthma. Kim et al. described a siRNA delivery 

system targeting macrophages through a macrophage expressing nicotinic acetycholine 

receptor (AchR) that binds the peptide rabies virus glycoprotein (RVG). To target and 

deliver siRNA to macrophages in the central nervous system for the treatment of 

neuroinflammatory diseases, RVG was linked with nona-D-arginine residues (RVG-9R). The 

authors first confirmed that RVG-9R can selectively deliver FITC-labeled siRNA to primary 

splenic murine macrophages (CD11b+) in vitro. AchR mediated in vivo targeted delivery of 

RVG-9R/FITC-siRNA to peripheral macrophages, microglia, and resident macrophages in 

the central nervous system, was confirmed by the significantly higher median fluorescent 

intensity of CD11b+ macrophages from wild type mice compared to AchR knockout mice. 

The therapeutic effect of RVG-9R prepared with siRNA against TNF-α was tested in a 

lipopolysaccharide (LPS)-induced murine inflammatory model. I.v. administration of 

RVG-9R/ siTNF-α was reported to significantly inhibit the increased secretion of TNF-α in 

blood and brain compared with RVG-9R/luciferase siRNA and was shown to protect the 

neurons from LPS-induced apoptosis [56]. Another macrophage targeting system is 

mediated by folic acid as it has been discovered recently that folate receptors are upregulated 

on activated macrophage during the inflammatory process [57]. Inspired by this property, 

Yang et al. linked folic acid with chitosan (FA-chitosan) to target macrophages for anti-

inflammatory effects. Up to 62% in vitro gene silencing was achieved with FA-chitosan 

nanoparticles prepared with siRNA against GAPDH on LPS activated RAW 264.7 cells. The 

biodistribution of i.v. injection of FA-chitosan encapsulating Cy5 labeled siRNA was 

monitored in a murine subcutaneous inflammation model using an IVIS® 200 imagine 

system. Accumulation of Cy5-siRNA/FA-chitosan nanoparticles was observed in the LPS 

induced lesion site while no clear fluorescent signal was detected in the Cy-5siRNA/chitosan 

group [58].
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3.3. Targeted delivery systems for other cell types

Dendritic cells (DCs), the most efficient antigen presenting cells (APCs), can initiate and 

maintain the inflammatory response; hence they are another popular target cell type for 

asthma therapy. A strategy to target DCs was described by Zheng et al. who encapsulated 

siRNA in liposomes decorated with DC-specific antibody DEC-205 which are so-called 

immunoliposomes (siILs). The siILs prepared with siRNA against CD40 were shown to 

more efficiently silence the expression of CD40 in DCs derived from bone marrow 

(BMDCs) compared with commercially available GenePORTER® in vitro. The 

biodistribution of siILs encapsulating Cy3-labeled siRNA after i.v. injection was observed in 

tissue sections of liver, spleen and kidney. Accumulation of siILs/Cy3-siRNA in the spleen 

at 4 hours and even stronger accumulation at 8 hours after injection was described, but no 

detectable siILs were found in the kidney at any time point. In contrast, naked Cy3-siRNA 

was cleared through the kidneys soon after injection, suggesting siILs nanoparticles may 

selectively accumulate in the DCs-rich tissues like the spleen and have a long circulation 

time with slower clearance via the kidneys. The in vivo gene silencing of siILs prepared with 

CD40 siRNA was determined in mice with inflammation induced by keyhole limpet 

hemocyanin/complete Freund’s adjuvant. Significant CD40 knockdown in DCs was 

achieved in animals treated with siILs/CD40 siRNA or naked CD40 siRNA compared to 

mice administered with siILs/ negative control siRNA, IgG coupled non-targeted liposomes 

and PBS. However, silencing of CD40 expression induced by siILs/CD40 siRNA can last at 

least 12 days while that induced by naked CD40 siRNA did not last this long. Meanwhile, 

the authors also measured the expression of CD40 in B cells and concluded that the CD40 

silencing of siILs nanoparticles selectively happened in DCs [59]. In contrast, another APC-

targeted delivery system can transport siRNA to more than just DCs. TLR9 is an endosomal 

location toll like receptor (TLRs) which can bind with CpG oligonucleotides and facilitate 

the uptake of siRNA to the cytosol. This receptor is as well expressed on various APCs 

including DCs, B cells and macrophages. Uncontrollable growth of immune cells can result 

in blood cancer, for example, B cells lymphoma. Immunosuppression is a common obstacle 

in cancer therapy, and therefore, immune cells are important therapeutic targets in anti-

cancer treatment. To target and deliver siRNA to human hematopoietic cells for anti-tumor 

therapy, siRNA against STAT3 was covalently linked to CpG oligonucleotides by Zhang et 

al. The selective cellular uptake of CpG-Cy3-siRNA in primary human DCs, monocytes and 

B cells but not in T cells and natural killer cells was observed via flow cytometry. After 

intratumoral injection of the CpG-siSTAT3 in murine subcutaneous tumor models 

(established by KMS-11, MonoMac6, MV4-11 or A20 tumor cells), the in vivo gene 

silencing in tumor cells and the inhibition of tumor growth were significantly higher than 

with the control CpG- luciferase specific siRNA [60].

Except inflammatory cells, lung structure cells are thought to be therapeutic targets for 

asthma therapy. Beta2-adrenergic receptor (β2-AR) is abundant on bronchial smooth muscle 

cells and is the target for β2-AR agonist bronchodilators. Therefore, Luo et al. conjugated β2-

AR agonist salbutamol to guanidinylated chitosan (SGCS) as a pulmonary delivery carrier of 

siRNA to improve the efficacy of gene silence. SGCS formulated with siRNA against EGFP 

yielded nanoparticles with sizes of around 100 nm and zeta-potentials of 2-4 mV. 

Nanoparticles were nebulized and the aerosol was collected and was i.t. sprayed into the 
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lung of EGFP transgenic mice on three consecutive days. The in vivo EGFP gene silencing 

of SGCS was significantly better than that of non-targeted GCS determined by confocal 

microscope and western blot [61].

4. Conclusion

In the last decades, many groups have tried to translate siRNA mediated RNAi into a 

biocompatible, efficient and long term therapy to treat airway inflammation in asthma. Lots 

of novel therapeutic targets have been discovered and numerous studies have been 

performed with the results of significant anti-inflammatory effects. However, asthma is such 

a complex inflammatory disorder which involves various factors, thus blockage of a single 

mediator or receptor cannot efficiently relieve the symptoms. Accordingly, the delivery of 

siRNA mixtures against multiple genes or against the upstream factors in the inflammatory 

process such as transcription factors, kinases or costimulatory molecules may be more 

effective. Furthermore, the lack of efficient and specific siRNA delivery systems results in 

low therapeutic efficiency and high potential of side effects. Although, there are several 

ligand-receptor mediated targeted delivery systems of siRNA that could potentially be 

applied in asthma, none of the current immune cell targeted delivery systems has been 

optimized for asthma disease except the Tf-LMW-PEI conjugate reported by our group. 

Therefore, further studies and tests are required to develop an efficient siRNA delivery 

system for asthma therapy.
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Figure 1. 
T helper 2 cells (Th2) orchestrate the pathogenesis of asthma. Antigen presenting cells 

(APC) present allergens to naïve T helper cells (Th0). Th0 will be activated and GATA-3 

expression will be up-regulated which determines differentiation of Th2 and promotes 

production of Th2 interleukins. IL-13 can stimulate mucus production in goblet cells. IL-4 

can switch B cells to produce IgE which can bind on the surface of mast cells and can 

directly interact with allergens to induce mast cell response. IL-5 can recruit eosinophils. 

Both eosinophils and mast cells response can affect epithelium and airway smooth muscle to 

induce airway hyperresponsiveness, bronchioconstriction and airway remodeling.
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Figure 2. 
Flow cytometry results of Alexa647-labeled siRNA uptake in CD4+ cells in the lung 

mediated by PEI, Tf-PEI or after administration as free siRNA. (*** indicates P < 0.001 

compared to free siRNA). Reproduced, by permission, from Xie et al. 2014 [54]. Copyright 

2014 The Controlled Release Society.
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Table 1
Summary of biological molecular targets for siRNA mediated asthma therapies

Administration Formulation/vector Target Molecule Ref

Intratracheal Naked/Modified siRNA CD86 [43]

Rip2 [27]

Lentivirus IL-5 [26]

Nerve growth factor [22]

Atelocollagen Syntaxin4 [23]

Intranasal Lentivirus GATA-3 [32]

Naked/Modified siRNA GATA-3 [33]

STAT-6 [36]

Syk [40]

c-kit [41]

SOCS-3 [24]

IL-4 [25]

Intravenously Plasmid CD40 [42]
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