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Abstract 

Nuclear factor κB (NFκB) is a unique protein complex that plays a major role in lung 

inflammation and respiratory dysfunction. The NFκB signaling pathway, therefore becomes 

an avenue for the development of potential pharmacological interventions, especially in 

situations where chronic inflammation is often constitutively active and plays a key role in 

the pathogenesis and progression of the disease. NFκB decoy oligodeoxynucleotides (ODNs) 

are double-stranded and carry NFκB binding sequences. They prevent the formation of 

NFκB-mediated inflammatory cytokines and thus have been employed in the treatment of a 

variety of chronic inflammatory diseases. However, the systemic administration of naked 

decoy ODNs restricts their therapeutic effectiveness because of their poor pharmacokinetic 

profile, instability, degradation by cellular enzymes and their low cellular uptake. Both 

structural modification and nanotechnology have shown promising results in enhancing the 

pharmacokinetic profiles of potent therapeutic substances and have also shown great potential 

in the treatment of respiratory diseases such as asthma, chronic obstructive pulmonary 

disease and cystic fibrosis. In this review, we examine the contribution of NFκB activation in 

respiratory diseases and recent advancements in the therapeutic use of decoy ODNs. In 

addition, we also highlight the limitations and challenges in use of decoy ODNs as 

therapeutic molecules, cellular uptake of decoy ODNs, and the current need for novel 

delivery systems to provide efficient delivery of decoy ODNs. Furthermore, this review 

provides a common platform for discussion on the existence of decoy ODNs, as well as 

outlining perspectives on the latest generation of delivery systems that encapsulate decoy 

ODNs and target NFκB in respiratory diseases. 

Keywords: Nuclear factor kappa B, Decoy oligodeoxynucleotide, Respiratory disorder, 

Novel delivery systems 
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1. Introduction 

There are several pulmonary diseases including asthma, Chronic Obstructive Pulmonary 

Disease (COPD), idiopathic pulmonary fibrosis, acute lung injury/acute respiratory distress 

syndrome, lung infection and lung cancer [1]. Altogether, these diseases account for 

significant morbidity and mortality worldwide and impose tremendous economic and 

healthcare burden. The pulmonary microenvironment is nonsterile as it is constantly 

bombarded with a number of environmental antigens and allergens such as dust, soot, pollen 

and dander from animals. Yet, an effective immune system can mount an immune response to 

neutralize and remove the antigens that are potentially harmful to the lungs [2]. Generally, 

when pathogens/allergens enter into the respiratory tract, specialized antigen presenting cells 

(APCs) are recruited and a complicated cascade of intercellular communication occurs 

between APCs (e.g alveolar and interstitial macrophages, and dendritic cells) and effector T 

lymphocytes [3]. Activated dendritic cells can release a range of proinflammatory mediators, 

including IL-6 and TNF-α and then move to lymphoid organs to stimulate T cells and 

generate adaptive immunity [4-6].  

The majority of respiratory diseases are characterised by chronic inflammation in the airways 

which occurs in response to toxicants (such as cigarette smoke, pollutants, carcinogens or 

chemicals), pathogens, allergens or tissue hypoxia (Figure 1). For example, ovalbumin is 

used to model allergic inflamationin the lungs of mices which results in the recruitment of 

eosinophils [7] while, tobacco cigarette smoke recruits macrophages and neutrophils in the 

lungs [8]. However, the ovalbumin-induced inflammation has a chronic inflammatory effect 

that worsens with severe airway remodelling that recruits pro-fibrotic macrophages 

characterised as M2 alveolar macrophages (CD206
+
F4/80

+
) [9]. These immune cells produce 

enormous quantities of pro-inflammatory cytokines, chemokines, enzymes, and proteins to 

facilitate the progression of airway inflammation [10].  

Lipopolysaccharide (LPS), a potent endotoxin in gram-negative bacteria, may activate 

immune cells (such as dendritic cells and alveolar macrophages) during the course of 

respiratory tract infections via a special type of receptor known as toll-like receptors (TLRs) 

[11]. Inflammation can also be induced by hypoxia, for example acute hypoxia in rats with 

endotoxemia results in alveolar macrophages releasing TNF-, IL-1, IL-6, and TLR-4 [12]. 

The critical role of macrophages in controlling lung inflammation is exemplified by 

macrophage depletion in mice exposed to cigarette smoke. This results in reduced 
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inflammatory cell infiltration, ameliorated body weight loss and decreased inflammatory 

cytokines (IL-1β, IL-6, TNF-α) and the chemokine, monocyte chemoattractant protein-1 in 

bronchoalveolar lavage fluid (BALF) and reduced matrix metalloproteinase-3 protein 

expression in lung tissue [11]. 

Likewise, recruitment of neutrophils in lungs is governed by various mediators such as IL-8, 

IL-1β, TNF-α, and leukotriene B4 [12] while activation of lung neutrophils leads to 

overproduction of human neutrophil elastase (HNE) and myeloperoxidase (MPO) [13]. HNE 

and MPO are well-known mediators of bronchial inflammation that facilitate structural 

changes in the lungs such as, peribronchiolar fibrosis (associated with airway remodelling by 

the build-up of myofibroblasts) and alveolar destruction (emphysema) (Figure 1) [14-16]. 

Eosinophils are another type of immune cell that plays a role in the pathogenesis of airway 

inflammation. When activated, eosinophils produce proinflammatory cytokines, reactive 

oxygen species (ROS), arachidonic acid-derived mediators, complement proteins, matrix 

metalloproteases (MMPs), and cationic proteins, which cause cytotoxicity, irregular vascular 

permeability, and smooth muscle cell contraction. Eosinophils also release IL-4 and IL-13, 

amplify the T-helper-2 response, and in turn are recruited and activated by IL-4, IL-5, and IL-

13 (Figure 1) [17-19]. While immune cells such as alveolar macrophages, neutrophils, and 

eosinophils play a significant role in airway inflammation, the role of bronchial epithelial 

cells on lung inflammation cannot be neglected. Broncho epithelial cells may undergo 

oxidative stress during bacterial infection and may release ROS and nitric oxide. 

Furthermore, they undergo apoptosis in response to a lipopolysaccharide (LPS) challenge 

[20] as well as an increased expression of oxidative stress genes (NOX-4, NOX2B) and 

decreased expression of antioxidant genes (Nqo1, Gclc) (Figure 1) [21]. 
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Figure 1: Involvement of various cells in the progression of chronic respiratory diseases  

Toxic insults such as air/environmental pollution, cigarette smoke exposure and allergens 

stimulate/activate various cells to release several endogenous chemokines and cytokines that 

facilitate the progression of chronic respiratory diseases. Circulating immune cells infiltrate 

into the lungs in response to these toxic insults which are responsible for airway 

inflammation mediated by the release of inflammatory mediators. Stimulation of eosinophils 

results in the release of ROS, arachidonic acid-derived mediators, complement proteins, 

metalloproteinases, IL-4, and IL-13. Macrophage activation releases TNF-α, IL-1β, and IL-6. 

Neutrophil activation releases the enzymes, HNE and MPO. Exposure of broncho-epithelial 

cells to bacterial endotoxin releases ROS and NO; induces apoptosis and upregulates NOX-4 

and NOX-2B genes while downregulating Nqo1 and Gclc. Altogether, alteration in the levels 

of these cytokines, chemokines, enzymes, and expressions of genes further lead to airway 

inflammation followed by progression to chronic respiratory disease. CS; cigarette smoke, 

ROS; reactive oxygen species, IL; interleukin, TNF-α; tumour necrosis factor-alpha, HNE: 

human neutrophil elastase, MPO; myeloperoxidase, NO; nitric oxide, Nqo1; NAD(P)H 

dehydrogenase (quinone) 1, Gclc; Glutamate-cysteine ligase catalytic subunit, NOX-4; 

NADPH oxidase 4, NOX-2B; NADPH oxidase-2B.  

 

There are many cell signaling pathways involved in airway inflammation include, for 

example TLR signaling pathways which respond to pathogens, or cytokine signaling 

pathways which are activated in response to increased inflammation [22, 23] or oxidative 

stress pathways activated by tobacco cigarette smoke [24]. The common feature of all of 

these pathways is that gene transcription occurs in response to NFκB activation and 
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translocation to the nucleus. For example, after LPS recognition by TLR-4, a TLR4/MD-2 

complex is formed which iniates the adapter protein MyD88 signaling. MyD88 activates a 

series of proteins, ultimately leading to the activation of the transcription factor NFκB. This 

leads to the production of inflammatory mediators such as interleukin IL-6, IL-1β, TNF-α and 

ROS resulting in lung injury, including pathological features of emphysema [3].  

NFκB activation plays a critical role in all lung cells, ie both inflammatory and structural 

cells. The activation of NFκB in airway epithelial cells has been shown to be sufficient to 

enhance neutrophilic airway infiltration demonstrating that these cells are capable of 

triggering gene expression to activate an inflammatory signaling cascade [25]. A growing 

body of evidence suggests that NFκB activation is a critical signal for inflammatory response 

in a variety of pulmonary diseases [29-31]. As a result, there is a growing interest in 

developing newer advanced anti-inflammatory drugs capable of interfering with the NFκB 

activation pathway. NFκB decoy oligonucleotides (ODNs) are used to specifically block 

NFκB activation and have a similar sequence to the NFκB DNA binding site [32]. NFκB 

decoy ODNs have been shown to decrease the expression of inflammatory cytokines and to 

inhibit gene transactivation in vitro [26, 27] and in vivo [28, 29]. As potential therapeutics, 

these are relatively new in the respiratory domain and most of these are still in the early 

stages of development. 

2. Biology of NFκB transcription factor and its role in the pathogenesis of 

respiratory diseases 

Nuclear factor κB (NFκB), often referred to as the master regulator of inflammatory 

processes in the lungs (and other organs), plays a central role in the pathogenesis, 

progression, and severity of chronic respiratory diseases [30]. NFκB was first described more 

than 30 years ago as a transcription protein that binds to the immunoglobulin heavy chain and 

kappa light chain enhancers [31], and is now known to be a complex family of related protein 

complexes effecting as either homo- or hetero-dimers, all derived from a pool of five 

monomeric proteins (RelA, c-Rel, RelB, p50, and p52) [32]. NFκB is now implicated in the 

regulation of hundreds of genes involved in a variety of functions but not limited to, 

modulation of genes and regulators involved in chronic inflammation, cancer, and pathology. 

The specific and yet expanding processes modulated by NFκB include immune cell 

reception, expression of chemokines and cytokines, cell surface adhesion molecules, cell 

proliferation, transformation, apoptosis, angiogenesis, oxidative stress, cellular invasion, and 
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metastases [33]. Thus, understanding the biological implications of NFκB-modulated 

inflammatory and cellular responses in chronic respiratory diseases carry immense value in 

exploring novel, more effective therapeutic targets for treating these currently non-treatable 

chronic diseases. 

Under a homeostatic environment, NFκB is rendered non-functional due to bondage with its 

natural inhibitor, I-kappa-B-alpha (IkBα) [34]. However, upon stimulation, the activation of 

NFκB could take place through two distinct pathways (Figure 2) [35]. The classical pathway 

involves TNF-α/IL-1/TLR/T-cell or B-cell binding receptor-induced phosphorylation of 

IκKB subunit of the IKK complex which in turn results in the ubiquitination and 

phosphorylation of two N-terminal serine residues of IκBα proteins [36]. The IKK complex is 

phosphorylated (at two serines in amino-terminus) Ikα and Ikβ, which are complexed with 

the IKKγ subunit, which is an NFκB essential modulator [NEMO]), a regulatory subunit of 

the NFκB complex. This is followed by the phosphorylation of IκB by the activated IKK 

complex primarily through IKKβ. This leads to polyubiquitination of lysine 48 (K48)-linked 

at adjacent lysine residues which is initiated by the ubiquitin E3 ligase complex Skp1/Cul1/F-

box protein-β-TrCp. This subsequently results in the proteolysis of NFκB-bound IκB at the 

26S proteasome. Free NFκB dimers (most commonly the p50/p65 heterodimer) then 

translocate to the nucleus, where they bind NFκB DNA sites and activate gene transcription 

(Figure 2) [37]. 

Alternative activation of NFκB involves the activation of NFκB–inducing kinase (NIK), 

which results in the processing of NFκB2 from the full-length precursor protein, p100 to the 

activated p52 monomer. This process subsequently leads to the formation of activated 

p52:RelB complexes. The latter complex is transcriptionally active and results in the 

regulation of inflammation, especially by modulating the adaptive immune system (Figure 2) 

[38]. 

One of the hallmark features of chronic, non-communicable respiratory diseases is the 

persistent and aberrant inflammation in the lungs that could become systemic if the disease 

state is prolonged [39, 40]. It is now widely accepted that NFκB indeed plays a central role in 

the modulation of inflammation in chronic respiratory diseases (CRDs), such as asthma, 

COPD and CF [41]. Thus, targeting the components of the NFκB signaling pathway could be 

a putative therapeutic approach in the management of patients with these currently non-

treatable diseases (Figure 2). 
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Figure 2: NFκB activation by classical (canonical) and alternate (non-canonical) pathways. Several receptors mediate the activation of the 

canonical pathway, including tumour necrosis factor receptor (TNFR), Toll-like receptors (TLRs), CD-40L or B-cell receptors (BCRs) when 

triggered by various stimuli, such as cigarette smoke, pollutants, or bacterial lipopolysaccharides (LPS). This pathway involves a number of 

NFκB components that act in tandem to activate the upregulation of inflammatory and other functional genes in structural and immune cells. 

Similarly, various receptors, including lymphotoxin-β receptor (LTβR) and the B-cell activating factor receptor (BAFFR) are triggered thereby 

activating a series of NFκB components that subsequently result in heightened inflammation and pathological features that are observed in 

patients with chronic respiratory diseases. The NFκB-mediated inflammation and pathology could be targeted by specific inhibitors at various 

stages of activation cascade (indicated by red block arrows).
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2.1. The role of NFκB in asthma 

The role of NFκB and its activation in asthma has been consistently studied over two 

decades. Hart et al., extracted the nuclear protein from bronchial biopsies and subsequently 

isolated the cells from induced sputum, where they reported overexpression of NFκB in 

patients with asthma when compared with healthy volunteers [42]. In addition, Gagliardo et 

al., found that peripheral eosinophils obtained from moderate and severe asthma patients 

showed significantly higher expression of granulocyte-macrophage colony-stimulating factor, 

interleukin-8 (both are regulated by NFκB), suggesting that the persistent inflammation 

especially in severe asthma may be the result of persistent NFκB activation [43]. An 

exploratory study assessing peripheral blood samples from patients with allergic asthma 

reported that NFκB was indeed associated with reduced eosinophil apoptosis [44]. This could 

result in aberrant inflammation in asthma which could result in worsening of symptoms and 

hospitalisations. Ather et al., employed a transgenic murine model of allergic asthma and 

showed the significant role that NFκB played in modifying the immune response which 

resembled allergic asthma, including airway hyperresponsiveness to methacholine, increased 

eosinophil number, mucus hypersecretion, as well as higher levels of antigen-specific IgE and 

IgG1 in serum [45]. Another study conducted in a murine model of asthma demonstrated that 

the inhibition of NFκB by pyrrolidine dithiocarbamate (via intraperitoneal injection) had 

reduced the airway constriction as measured by the Penh value, airway smooth muscle 

(ASM) area and collagen deposition, as well as a reduction in systemic inflammation [46]. 

Collectively, it may be concluded that therapeutic targeting of NFκB activation or the 

downstream signaling would benefit patients with asthma. 

2.2. The role of NFκB in COPD 

The expression of p65 protein, one of the major constituents of NFκB, has been found to be 

upregulated in smokers and patients with COPD, particularly in bronchial epithelia [47]. 

Moreover, the protein levels of p65 are found to be significantly and positively correlated 

with the airflow limitation, thus, asserting a potential key role of NFκB in the pathogenesis of 

COPD [47]. In addition, the levels of p50 and p65, the crucial subunits of activated NFκB 

signaling pathway, are usually increased in COPD and are associated with a significant 

reduction in sputum neutrophil apoptosis in COPD when compared to healthy controls [48]. 

This could lead to the dysregulated and persistent inflammation generally observed in COPD 

patients. Another study which assessed the gene expression of NFκB constituents in the 
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whole blood of patients reported an overexpression of NFκB family genes, as well as higher 

levels of inflammatory molecules (IL-1β, IL-8 and COX-2) in patients with COPD compared 

to subjects in the healthy group [49]. This underlines that regulation of inflammation 

probably occurs at a systemic level in smoking-related COPD. However, one study showed 

that cigarette smoke-induced inflammation may be independent of the NFκB pathway [50]. 

This could be attributed to the cigarette-smoke related induction of cellular or tissue hypoxia, 

which in turn affects NFκB activation [51]. In an experimental murine model of cigarette 

smoke-induced COPD, Yu et al., assessed the effects of orally administered (twice daily, 1 

hour prior to cigarette smoke exposure) isoliquiritigenin (a flavonoid derived from the root of 

liquorice), and found that isoliquiritigenin significantly down-regulated the expression of the 

NFκB signaling pathway constituents induced by cigarette smoke [52]. Similarly, in a mouse 

model of cigarette smoke extract induced emphysema, the protein arginine methyltransferase 

6 suppressed NFκB activation and inflammation, as well as improved the lung morphometry 

[53]. Notably, the persistently activated state of NFκB in smoking-related COPD could lead 

to the development of lung cancer by providing a pro-tumourigenic microenvironment 

through regulation of alternatively activated macrophages and/or through regulatory T-cells 

[54]. Taken together, the exact role and utility of NFκB as a therapeutic target in smoking-

related COPD should be further investigated in both experimental in vitro cell line models 

and experimental in vivo models for in depth details and clarity. 

2.3. The role of NFκB in cystic fibrosis (CF) 

In individuals with CF, the mutation in cystic fibrosis transmembrane conductance regulator 

(CFTR) genes results in persistent stimulation of NFκB, thereby maintaining chronic 

inflammation and further aggravating lung pathology [33]. Utilising transfected cell lines, 

Weber et al., reported that mutant DeltaF508 CFTR resulted in a multi-fold increase in the 

activation of NFκB, which in turn, had increased the expression of pro-inflammatory IL-8 

[55]. IL-8 is a chemoattractant and results in airway neutrophilia, thus, further aggravating 

the disease pathology/symptoms [56]. Another seminal study investigated the interaction of 

Pseudomonas aeruginosa (a major bacterial pathogen in CF) and various respiratory 

epithelial cells. The findings suggested that bacterial pili act as primary stimulants for the 

activation of NFκB and subsequent expression of IL-8 [57]. This seems logical as the bacteria 

in the airways persistently release lipopolysaccharides which then interact with TLRs, 

thereby activating NFκB, subsequently leading to a perpetual cycle of increased but 

dysregulated inflammation, infection, and lung damage [58].  
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2.4. The role of NFκB in pulmonary arterial hypertension (PAH) 

Pulmonary arterial hypertension (PAH) is a progressive and life-threatening disease resulting 

from the restricted flow of blood through the pulmonary arterial circulation. During PAH, the 

blood vessels in the lungs are narrowed, blocked, or even destroyed, resulting in restricted 

blood flow through the lungs, which causes increased blood pressure in the lung arteries. The 

increased circulatory resistance results in an overload in the right ventricle (RV) and may 

lead to hyperplasia, hypertrophy, and fibrosis [59, 60]. These conditions may eventually lead 

to heart failure and death in PAH patients [59, 60]. Hemodynamically, PAH is characterized 

by an increased pulmonary artery capillary wedge pressure of < 15 mmHg, mean pulmonary 

arterial pressure > 20 mmHg, and pulmonary vascular resistance of ≥ 3 Wood Units [61]. 

Pathophysiologically, the key manifestations of PAH include pulmonary vascular 

remodelling (neointima formation, medial hypertrophy/hyperplasia, plexiform lesions), 

endothelial dysfunction, vasoconstriction, metabolic dysfunction, perivascular inflammation, 

and adventitial and intimal fibrosis [62]. Several reports indicate the role of NFκB in the 

pathogenesis of PAH [63-66]. PAH is generally characterized by an excessive proliferation of 

vascular cells leading to pulmonary vascular remodelling. Inflammatory responses are known 

to play an important role in the pathophysiology of this disease [67]. The transcription factor 

of NFκB is known to regulate a wide array of inflammatory cytokines including TNF-α, IL-

1β, IL-6, and cyclooxygenase-2 to name a few, which may act as a stimulus for vascular 

remodelling [38]. NFκB has been known to be activated in the monocrotaline (MCT)-induced 

pulmonary hypertension. Inhibition with either club (clara) cell-10 promoter driving IκBα 

mutant plasmid or nanoparticle-mediated delivery of nuclear factor NFκB decoy has resulted 

in the significant amelioration of the PAH features [65, 68]. In a recently published report, 

Liu et al., have shown that mesenchymal stem cell therapy may ameliorate hypoxia-induced 

PAH by activating P53 and NFκB signaling via TNF-α secretion [66]. HIF-1α acts as a key 

regulator of oxygen homeostasis and hypoxia in the lung. Aberrant HIF-1α activation was 

reported in PAH leading to the proliferation of pulmonary arterial smooth muscle cells 

(PASMCs) and vascular remodelling [69]. Furthermore, HIF1α heterozygous mice with 

inactivated HIF1α or PASMCs depleted for HIF1α, exhibited reduced pulmonary vascular 

remodelling and PAH under hypoxic condition [70, 71]. Interestingly, BelAiba et al., showed 

that the transcription factor, NFκB binds directly to the promoter region of HIF-1α resulting 

in its transcriptional activation in hypoxia-exposed PASMCs [72]. Thus, it could be 
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concluded that NFκB may regulate several signaling cascades such as cytokine induction or 

activation of HIF-1α in the pathogenesis of PAH. 

3. Decoy Oligonucleotides 

Oligonucleotides are characterized as polynucleic acid chains which depending upon their 

application and source consist of different functional groups [73]. Oligonucleotide therapy 

comprises antisense, RNAi (siRNA and miRNA), immunomodulatory, aptamers and decoy 

approaches [74]. In 1978, Zamecnik and Stephenson first suggested the use of DNA antisense 

oligonucleotide (AON), which modulated the expression of a target gene by binding to 

mRNA and inhibiting translation [75]. From this initial concept, a variety of RNA-targeting 

techniques in mammalian cells have emerged, including siRNA [76] and miRNA [77]. Apart 

from targeting RNA, another technique through which oligonucleotides can be employed as 

therapeutics is via protein binding. Oligonucleotides with nonmethylated cytosine phosphate 

Guanosine (CpG) motifs (CpG DNA) bind to toll-like receptor 9 (TLR9), which causes 

activation of intracellular signaling, leading to an immunological response [78, 79]. Aptamers 

are short DNA or RNA oligonucleotides or peptides that acquire a particular and persistent 

3D structure in vivo, providing a precise tight binding to secreted protein targets to limit its 

activity [80]. 

Decoy ODNs are recently discovered promising therapeutic agents that are double stranded 

synthetic oligonucleotide molecules. They contain a specific binding sequence which can 

attach to a specific transcription factor and thereby alter their activity, leading to variations in 

gene expression [81]. They have shown exceptional efficacy in the management of various 

pathological conditions. The reason behind their potent pharmacological activity is their 

ability to modulate the expressions of various genes in such diseases [82].  

Gene therapy based on the applications of ODNs provides an alternative to existing 

therapeutic approaches for the prevention/treatment of various pathological conditions 

namely, renal diseases [83], cancers [84, 85], cystic fibrosis (CF) [86], asthma and COPD 

[87]. Recent advances in the fields of molecular and cellular biology have made it possible to 

transfer target genes of interest into somatic cells. The technology that involves transferring 

genes of interest through several viral vectors has progressed significantly in recent decades. 

In addition, the advances in molecular biology have also established accurate methods to 

inhibit target gene expression. The transfer of cis-element double-stranded ODNs (= decoy) 

is now considered as a promising tool for gene therapy [83].  
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The administration of decoy ODNs offers several advantages over gene transfer strategies 

and traditional therapeutic approaches. For example, the administration of decoy ODN’s 

overcomes technical problems linked with procuring and altering transfected genetic 

construct’s expression. Moreover, for an efficient decoy therapy, ascertainment of the 

consensus sequences recognized by transcription factors within the promoter region of the 

gene alone is sufficient. Once the sequences are established, it is possible to investigate the 

efficacy of these ODNs in a short period of time (a couple of weeks), compared to the longer 

period (years) which is required for the development of small lead therapeutic candidates or 

anti-sense agents [82, 88]. At present, small interfering RNAs and short hairpin RNAs are the 

widely applied constructs for gene therapy, and they are effective in downregulating the 

activity of transcription factors [89]. However, decoy ODNs have their own constraints. For 

example Griesenbach et al., have shown that cytoplasmic deposition of NFκB decoy 

oligonucleotides is insufficient to inhibit bleomycin-induced pulmonary inflammation [90]. 

This becomes apparent when the decoy ODNs are involved in the modulation of extensive 

cellular restrictions that result in adverse effects/toxicities. Moreover, these limitations are 

alike with non-selective drugs used in the treatment of chronic inflammatory diseases. 

Therefore, the most effective method to solve such limitations is to specifically target 

selective transcription factors that are comparatively specific in regulating cellular signaling 

pathway, for example, STAT3 in cancer and NFκB in inflammation [91, 92].  

In addition, the use of drug delivery systems targeting tissues has recently become possible 

by the expeditiously growing field of nanotechnology and thus could be a potential solution 

to overcome the associated limitations. Another limitation of ODNs is their decreased uptake 

by cells due to their negative charges and larger sizes [93]. Therefore, in vivo administration 

of these ODNs is another potential challenge to overcome before considering them for 

clinical use. 

In comparison to nude plasmid DNA, ODNs are smaller in size. However, ODNs cannot 

boast of the benefits provided by viral delivery systems, both for cellular uptake and for 

cytoplasmic to nuclear translocation to exert their biological activities. Although few of these 

ODNs are internalized by cells through endocytosis, the majority of them may degrade due to 

lysosomal activity [94]. Considering their positive aspects, various other approaches have 

been established to improve the uptake of ODNs and to bypass the endosome-lysosome 

degradation pathway [94, 95]. Among these approaches, cationic liposomes [96], covalent 

linkers [97], lipid-viral particle complexes [98], and non-covalent carriers have shown 
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promising results [94]. Additionally, the revolution of advanced nano-drug delivery methods 

has introduced multiple advantages in solving these limitations. In our review, we will 

particularly highlight NFκB decoy ODNs targeting various respiratory diseases/airway 

inflammation (Table 1). Researchers have reported the successful use of NFκB decoy ODNs 

to suppress expression of inflammatory cytokines such as IL-6 & IL-8 in bronchial cells [99, 

100]. Luhrmann and his team investigated the effectiveness of decoy ODNs against STAT 

transcription factors and reported remarkable reduction of eosinophils and T lymphocytes in 

the BALF. Moreover, they had also reported reduction in the CD4+ and CD8+ lymphocyte 

number in the lung tissue along with reduced CD40 protein expression in the lung tissue 

[101]. Yu et al., reported that intratracheal administration of NFκB ODNs decreased 

macrophage infiltration in airways. Furthermore, macrophage inflammatory protein 1-α and 

monocyte chemoattractant protein-1 (MCP-1) were also inhibited in lung homogenates. In 

contrast, there was a drastic increase in TNF-α and pro-MMP-9 levels in BALF of mice 

administered with NFκB ODNs [102].  

A novel therapeutic approach was reported in another study which prevented the 

development of septic lung failure by transfecting decoy NFκB ODNs, thereby inhibiting 

gene expression of the major molecules necessary to enhance pulmonary permeability [103]. 

Matsuda et al., explored the possibility of preventing acute lung damage by introducing 

synthetic double stranded oligodeoxynucleotides with the suppression of pulmonary 

expression of multiple genes in the cecal ligation and puncture septic mouse model. Their 

findings have revealed notable reduction of sepsis-induced gene overexpression involving 

iNOS, COX-2, platelet-activating factor receptor, histamine H1-receptor, and bradykinin B1 

and B2 receptors in lung tissues [104]. Decoy NFκB ODNs reduce NFκB reverse the 

suppression of serum IL-10 and IL-13 in the early stage severe lung injury in experimental 

rabbits [105]. In addition, NFκB ODNs transfection have shown efficacy in inhibiting lung 

injury during allograft rejection [106]. 
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Table 1: Decoy ODNs in respiratory diseases 

Decoy 

ODNs 

Experimental model  Findings Reference 

NFκB 

 

 

LPS induced rat model of airway 

inflammation 

Prevented infiltration of neutrophils and inhibited the expression of NFκB 

related genes 

[107] 

LPS-stimulated airway epithelial cells Inhibited IL-8 and MUC2 expressions  [108] 

Bleomycin-induced mice model of 

pulmonary inflammation 

No changes in IL-6 secretion in BALF  [90] 

Mice model of acute lung injury 

induced by cecal ligation and 

puncture-induced sepsis 

Notably reduced the sepsis-induced gene overexpression involving iNOS, 

COX-2, platelet-activating factor receptor, histamine H1-receptor, and 

bradykinin B1 and B2 receptors in lung tissues 

 

Rabbits with severe lung contusion Decreased the expression of NFκB, IL-10 and IL-13 [105] 

Lung transplantation carried in pairs 

of Brown Norway and Lewis rats 

In the donor's lung, the decoy ODNs transfection inhibited the activation of 

NFκB in the allograft and resulted in the amelioration of lung injury during 

allograft rejection.  

[106] 

Chronic cigarette smoke-exposed mice 

model of lung inflammation 

Intratracheal administration of NFκB ODNs decreased macrophage 

infiltration in airways, inhibited macrophage inflammatory protein 1-α and 

MCP-1 in lung homogenates 

In contrast, there was a drastic increase in TNF-α and pro-MMP-9 levels in 

BALF of mice administered with NFκB ODNs 

 

Mice model of septic lungs induced by 

intravenous injection of 10 mg/kg 

Escherichia coli endotoxin  

NFκB ODNs induced decreased levels of plasma histamine, whereas, in the 

lung tissue ODNs inhibited gene and protein expressions of histidine 

decarboxylase, histamine H (1) receptors, and iNOS 

[103] 

LPS-stimulated cystic fibrosis 

bronchial cells 

NFκB Decoy ODNs inhibited the expression of IL-6 and IL-8  [99] 

IB3-1 (cystic fibrosis bronchial cells) NFκB Decoy ODNs inhibited transcription of IL-8 in cells [100] 

STAT-1 

and 

STAT-3 

Ovalbumin induced Brown Norway 

rat model of allergic asthma 

Single-dose administration of the STAT decoy ODNs resulted in a 

remarkable reduction of eosinophils and T lymphocytes in the BALF, CD4+ 

and CD8+ lymphocytes number in the lung tissue and CD40 protein 

expression in the lung tissue  

[101] 

LPS: lipopolysaccharide, BALF: broncho alveolar lavage fluid, MS ODNs: microsatellite DNA mimicking oligodeoxynucleotides, MUC: 

mucin, STAT: Signal transducer and activator of transcription, iNOS: inducible nitric oxide synthase, COX-2: cyclooxygenase-2, MCP-1: 

monocyte chemoattractant protein-1 
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4. Limitations and challenges of using decoy ODNs as therapeutic 

molecules 

Although, decoy ODNs therapy is a versatile therapeutic tool for researchers when compared 

to other gene therapy strategies, certain challenges limit its therapeutic efficiency. The 

limitations are majorly attributed to both pharmacokinetic and pharmacodynamic properties. 

One of the key pharmacological limitations which hampers the therapeutic use of decoy 

ODNs is the targeting of multi-functional transcription factor which is involved in the 

transcription of various genes that may further intricate various cellular homeostatic activities 

[109, 110]. Thus, altering the function of the transcription factor using ODNs therapy may 

result in severe toxic effects [88].  

The involvement of various transcription factors like NFκB, activator protein (AP)-1, 

CCAAT/enhancer-binding protein (C/EBP), and cAMP response element-binding protein 

(CREB) that are involved in the transcription of the IL-6 gene for the production of IL-6, that 

activates a single gene has also proved to be a limitation for decoy ODN therapy [111, 112]. 

Another major challenge in implementing the use of decoy ODNs clinically is its delivery to 

local and specific tissues/organs, as most of the decoy ODNs are delivered via the systemic 

route and it is difficult to construct the sequence of the decoy ODNs that are tissue-specific to 

enhance the biological effect [113]. 

Poor pharmacokinetic properties of naked decoy ODNs are considered as major hurdles for 

their use in clinical settings, as decoy ODNs are highly susceptible to intracellular nucleases, 

both exonuclease and endonuclease enzymes that exist in the biological fluids. These 

nucleases involve in the rapid degradation of ODNs to further reduce their stability and half-

life. Another problem that persists with naked decoy ODNs is their degradation by 

endocytosis, a cellular uptake mechanism involved in the transfer of these molecules into the 

cells. The ingested active decoy ODNs via endocytosis into the cells are sequestered in the 

lysosomes where they undergo rapid degradation in the presence of lysosomal enzymes 

which make them less available to reach the nucleus to produce their effects (Figure 3) [88, 

114]. Furthermore, the large molecular size, hydrophilic nature with high negative charges 

are other barriers of using the decoy ODNs that limit their cellular uptake and reduce their 

therapeutic efficacy [88, 114].  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



19 
 

5. Current need of novel delivery systems for efficient delivery of decoy 

ODNs 

Various strategies have been explored to enhance the cellular uptake of decoy ODNs and to 

prevent their degradation by various cellular enzymes. Different structural modifications in 

the native decoy ODNs have been implemented to increase the resistance of ODNs against 

degradation by various nucleases and to enhance their stability and bioavailability. One such 

structural modification includes the replacement of the phosphodiester backbone with a 

phosphorothioate group in the native decoy ODNs. This may enhance their stability by 

preventing its degradation by different intracellular and extracellular nucleases [115, 116]. 

However, the major concerns associated with the use of phosphorothioate-substituted ODNs 

are non-specificity and immune activation which may further induce toxicity and side effects 

in vivo [113]. Similarly, structural modifications of decoy ODNs with the addition of peptide 

nucleic acid, a non-charged achiral oligonucleotide mimic has also been investigated [117] to 

enhance the stability against various proteases and DNAases [118]. However, these structural 

modifications have exhibited poor binding efficacy to the DNA binding proteins [119]. The 

addition of the locked nucleic acids (LNAs) to the naïve decoy ODNs is another strategy to 

prevent their degradation as LNAs contain a methylene bridge connecting the 2′-oxygen with 

the 4′-carbon of the ribose ring that enhances thermal stability and increases resistance 

against the exonuclease of the ODNs [114, 119]. However, the reduced affinity of NF‐κB for 

its target sequence has been observed when the nucleotides are been replaced with the LNAs 

[120]. Another approach contributing towards structural modification is the use of dumbbell-

shaped or ribbon-shaped or hairpin shaped decoy ODNs as these possess both thermal 

stability as well as exonuclease resistance (Figure 3) [115].  

Although, structural modifications of the decoy ODNs have shown promising results in 

increasing the stability and bioavailability, the concerns with respect to non-specificity and 

reduced affinity against the target sequences further render them unsuccessful to be 

implemented as a therapeutic strategy for the treatment of various diseases. Therefore, to 

advance the therapeutic efficacy of the decoy ODNs, alternative or additional structural 

modifications are highly needed. Combining novel drug delivery systems with structural 

modifications could be an efficient strategy to deliver the decoy ODNs effectively with 

improved cellular uptake and increased stability [82].  
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Various novel drug delivery approaches have been currently used to envelope these decoy 

ODNs. Based on their diversity, these are further characterized into viral and non-viral 

delivery systems [115]. Viral delivery systems, for instance, decoy ODNs encapsulated in 

plasmids or adenovirus vectors are commonly used as carriers in gene therapy. However, 

limitations like immunogenicity, poor selectivity, poor efficacy and intestinal mutagenesis 

have further led to the emergence of newer approaches to develop various non-viral drug 

delivery systems [121]. Non-viral delivery systems include microspheres [122], microbubbles 

[123], cationic liposomes [124, 125], nanospheres and nanoparticles [126] which provide an 

effective delivery platform for transferring the decoy ODNs into the cells and tissues. 

Cellular uptake mechanisms of decoy ODNs 

Endocytosis 

Naked ODNs enter into the cell via endocytosis which results in the formation of early 

endosomes. These endosomes fused with lysosomes to become late endosomes. The naked 

ODNs mostly degrade in the presence of lysosomal enzymes that cause the release of reduced 

concentrations of ODNs into the cytoplasm. The cytoplasmic naked ODNs further undergo 

rapid degradation in the presence of 3’exonucleases which prevents the entry of ODNs into 

the nucleus. Structurally modified ODNs enter into the cell via endocytosis as similar to 

naked ODNs. However, they become resistant to the exo- and endo-nucleases which further 

enter the nucleus and inhibit the transcription of different inflammatory genes. 

Membrane fusion 

The majority of the decoy ODNs carriers have cellular uptake via membrane fusion [127] 

and/or receptor-mediated endocytosis [128]. Membrane fusion uptake of the carriers 

primarily comprises of the nanocarrier with the inactivated Sendai virus containing two 

fusogenic proteins on its viral coat or the recombinant fusogenic proteins. They can facilitate 

the internalization of the targeted decoy ODNs via enabling the fusion process through the 

cell membrane which bypasses endocytosis and endo-lysosomal degradation (Figure 3) [127, 

129].  

Receptor mediated endocytosis 

Receptor-mediated endocytosis is the most common cellular uptake mechanistic pathway 

mediated by various decoy ODNs delivering carriers. Internalization of the decoy ODNs via 

endocytosis occurs through different endocytic pathways including clathrin, caveolin or 
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dynamin mediated pathways [130]. After internalization via endocytosis, the carriers loaded 

with the decoy ODNs immediately escape from the endosomes to prevent them from 

degradation. The first mechanism is via membrane destabilization through direct contact of 

the lipid layers of the carriers with the endosomal membrane (Figure 3) [131]. The alternate 

mechanism is through proton sponge, for example, cationic polymer-based carrier systems 

such as, polyethyleneimine or poly(amidoamine). These promote the swelling of the 

endosome via increasing their osmotic pressure during the acidification process which 

eventually results in the release of these carries into the cytoplasm (Figure 3) [88, 121]. 

Photochemical internalization is another endosomal escape pathway in which carriers are 

loaded with the photosensitizers that are activated in the presence of light to generate the 

reactive oxygen species. The generated ROS disrupt the endosomal membrane to release the 

decoy ODNs loaded carriers into the cytosol (Figure 3) [132] and inhibits the transcription 

process of various inflammatory components by binding to the transcription protein.
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Figure 3: Mechanisms involved in the cellular uptake of the naked ODNs, structural modified ODNs and carrier loaded ODNs. 

Naked ODNs enter into the cell via endocytosis which results in the formation of the early endosomes. These endosomes undergo various steps 

and are finally fused with the lysosomes to become late endosomes. The naked ODNs mostly degrade in the presence of lysosomal enzymes that 

result in the release of reduced concentrations of ODNs into the cytoplasm. The cytoplasmic naked ODNs further undergo rapid degradation in 

the presence of the 3’exonucleases and prevent the entry of the ODNs into the nucleus. Structurally modified ODNs enter into the cell via 

endocytosis as similar to naked ODNs. However, they become resistant to the exo- and endo-nucleases which further enter the nucleus and 

inhibit the transcription of different inflammatory genes. Fusigenic carriers loaded with the ODNs directly enter into the cells via a fusion 

process by bypassing endocytosis and thus release the structurally modified ODNs into the cytoplasm and nucleus which are again resistant to 

the exo- and endo-nucleases to inhibit the transcription of inflammatory genes. Nanocarriers loaded with the ODNs enter the cell via receptor-

mediated endocytosis through the formation of the endosomes around the carriers. However, due to the physical and chemical characteristics of 

the nanocarriers, they undergo endosomal escape via different mechanisms which involve chemical destabilization, proton sponge and 

photochemical internalization which inhibits the formation of the late endosomes. This helps in preventing the degradation of the ODNs which 

are further released into the cytoplasm and then enter the nucleus to be involved in the inhibition of the gene transcription.
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6. Novel carriers used for NFκB decoy ODNs  

Rapid advancements in the field of nanomedicine have provided new insights to improve the 

effectiveness of inhalation therapy in pulmonary diseases [133]. Generally, integrating 

nanotechnology with the development of drug delivery systems enables the effective delivery 

of the active drug to the target tissue and thus prevents any adverse effects on normal tissues 

and cells [134, 135]. These systems can encapsulate hydrophobic drugs while protecting them 

from degradation, leading to improved clinical outcomes with lower drug concentrations 

[136]. A variety of nanocarriers, both natural and synthetic, have recently been developed for 

successful decoy ODNs delivery, such as polymeric nanoparticles, lipid-based nanoparticles, 

and liposomes to name a few. Several of them have shown impressive outcomes both in vivo 

and in vitro models (Table 2) [68, 99, 131].  

6.1 Novel carriers used for NFκB decoy ODNs in different inflammatory diseases 

Poly (D,L-lactide-co-glycolide) (PLGA) microspheres have been shown to prolong 

encapsulated drug release and improve the stability of ODNs in biological systems [137]. On 

the other hand, it has been proven that chitosan based nanoparticles are rapidly absorbed by 

cells. As a result, these two polymers or their mixtures have therefore been widely employed 

to deliver different ODNs decoys [138]. Wardwell et al., used in-vitro models to assess the 

anti-inflammatory efficacy of NFκB decoy ODNs coated chitosan-based nanoparticles in 

rheumatoid arthritis. These nanoparticles showed enhanced cellular uptake and significantly 

reduced the expression of pro-inflammatory cytokines such as, IL-6 and IL-8 [126]. 

Hattor et al., and their colleagues developed folate linked lipid nanoparticles for the delivery 

of NFκB decoy ODNs in murine macrophages for the selective targeting of NFκB pathway. 

As the RAW264.7 macrophages have LPS-induced expression of folic acid receptors, 

incorporating folic acid into nanoparticles is a good effort to improve cell selectivity of 

nanoparticles. Findings revealed selective cellular uptake of NFκB decoy ODNs by murine 

macrophages and they suppressed inflammatory processes in rheumatoid arthritis at lower 

doses [139]. Another study showed the effect of NFκB pathway inactivation particularly in 

Kupffer cells using gelatin nanoparticles. These nanoparticles have shown selective uptake by 

Kupffer cells and suppression of NFκB pathway improved survival and effective reduction in 

liver injury [140]. Sugar-containing cationic liposomes were also used to deliver NFκB 

decoys [141] to splenic macrophages and Kupffer cells. The primary goal of these targeted 
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therapies was to suppress immunological responses while also decreasing adeno-virus-

induced hepatotoxicity [142]. 

Buchnan and his team developed unique liposomes named as echogenic liposomes for the 

delivery of NFκB decoy ODNs, which encapsulated gas and drug together and are capable of 

releasing payload using ultrasounds. Three important advantages were achieved by applying 

this strategy. Firstly, the liposomal packaging substantially protected the ODNs against 

degradation. Secondly, while using ultrasound, drug cargos can be released conveniently and 

in a desired way. Thirdly, the ultrasonic gas bubble cavitation dramatically enhances the 

transfer of genes and medicines into the walls of the arteries [143]. 
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Table 2: NFκB decoy ODN-loaded novel drug delivery systems in different inflammatory diseases 

S. 

No. 

Nanocarrier used Target disease Outcomes of the study Reference 

1. Poly(D,L-lactide-co-

glycolide) (PLGA) 

microspheres 

Chronic inflammation  Prolonged the release profile and increased the cellular uptake 

 Inhibited the activation of NFκB at a dose 80 times lower than 

naked DNA 

 Increased the stability in biological fluids  

[137] 

2.  Chitosan modified 

PLGA nanospheres 

Inflammatory bowel 

disease 
 Enhanced the oral bioavailability  

 Improved the mucoadhesiveness 

 Enhanced the cellular uptake 

 Protected NFκB ODNs against acidic medium 

[138] 

3.  Chitosan modified 

nanoparticles 

Rheumatoid arthritis  Significantly reduced the expression of proinflammatory 

cytokines such as, IL-6 & IL-8 

 Enhanced the cellular uptake 

 Easily evaded reticuloendothelial system and showed decreased 

immunogenicity 

 

4. Echogenic liposomes Cardiovascular disorders  Liposomal bilayer protected the ODNs from degradation 

 Drug cargo release was controlled through ultrasound exposure 

such as higher release of ODNs from the bolus of high 

amplitude pulses, while low amplitudes were applied for 

sustained release 

[143] 

5. Folate linked lipid-

based nanoparticles 

Rheumatoid arthritis  Showed selective cellular uptake of NFκB decoy ODN by 

murine macrophages 

 Suppressed inflammatory processes in rheumatoid arthritis at 

lower doses 

 

6. Dendrimers Hepatitis  Showed higher stability 

 Significantly reduced serum concentration of inflammation-

related protein and cytokines 

[144] 

7. Gelatin nanoparticles Fulminant hepatitis 

and ischaemia–
 Caused selective uptake by Kupffer cells and suppressed NFκB 

pathway 

[140] 

Jo
urnal P

re-proof

Journal Pre-proof



27 
 

reperfusion  Improved survival and effective reduction in liver injury 

8. Sugar modified cationic 

liposomes 

Adenovirus vector-

induced innate immune 

responses 

 Reduced the serum levels of interleukin (IL)-12 (main 

inflammatory cytokine-induced by adenovirus vectors 

 Reduced the hepatotoxicity 

[142] 

9. Cationic liposomes Liver failure  Significantly suppressed the TNF-α production 

 

[141] 
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6.2 Novel carriers used for NFκB decoy ODNs in respiratory diseases 

Nanoparticles 

Nanoparticles, a form of colloidal drug delivery system, consists of particles ranging from 

10-1000nm [145]. The small size of the nanoparticles enables them to act as drug delivery 

vehicles, rendering them capable to reach any part of the human body [74]. A study by 

Kimura et al., has showed that nanoparticle-mediated delivery of nuclear factor kappa B 

(NFκB) decoy ODNs prevented NFκB activation, hence reduced inflammation, proliferation 

and airway remodelling in a rat model of monocrotaline-induced pulmonary hypertension. 

They demonstrated that these nanoparticles reach the distal regions of the lung and were 

found in alveolar macrophages and small pulmonary arteries for about 14 days after single 

instillation. In this study, the authors hypothesised that the cellular absorption of the 

nanoparticles may result in the slow release of encapsulated NFκB decoy ODNs into the 

cytoplasm by hydrolysing the polymeric structure of the nanoparticles. This would protect the 

encapsulated decoys from intracellular degradation before reaching the nuclear target and 

may optimise the decoy's inhibitory function [68]. 

Polymeric nanoparticles 

Polymeric nanoparticles have received much attention among other types of nanocarriers due 

to their biodegradability and superior biocompatibility [146]. Moreover, ODNs encapsulated 

within these nanoparticles could be considered as a powerful approach for enhancing the 

ODNs long-term release by protecting against in vivo degradation after administration [147].  

Wardwell et al., used an in vitro model of cystic fibrosis based on the IB3-1 cell line which 

has a CFTR gene mutation to demonstrate the anti-inflammatory activity of chitosan 

modified NFκB decoy ODN nanoparticles. Although, there have been no significant changes 

in the secretion of pro-inflammatory mediators for cystic fibrosis when treated with naked 

decoy ODNs and scrambled ODN-coated nanoparticles, NFκB decoy ODN nanoparticles 

significantly reduced the secretion of IL-6 and IL-8 from epithelial cells, especially when the 

time period of treatment was increased [148]. Furthermore, large porous PLGA particles have 

been developed as an inhalable dry powder in order to measure the inhalable efficacy of 

NFκB decoy ODNs in cystic fibrosis in vivo treatment. Results showed that these particles 

prevented NFκB transcriptions and associated gene expression. Consequently, they reduced 

chronic inflammation in the lungs of patients with cystic fibrosis [99].  
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Stefano and co-workers prepared poly (lactic-co-glycolic) acid encapsulated NFκB decoy 

ODNs with large porous particles to enhance the delivery in pulmonary systems. These 

porous particles containing decoy ODNs were designed to meet the aerodynamic 

requirements necessary for pulmonary delivery, including the achievement of efficient 

loading of decoy ODNs, maintenance of their release and structural integrity in pulmonary 

fluids. The findings have shown that the broncho alveolar neutrophil infiltration caused by 

lipopolysaccharides decreased for up to 72 hours by a single intratracheal infiltration of 

decoy ODN large porous particles, whereas the naked decoy ODNs were only able to inhibit 

it for 6 hours. The inhibition of neutrophil infiltrate was associated with decreased binding 

activity of NFκB/DNA and decreased expression of IL-6, IL-8, and mRNA mucin-2 in 

pulmonary homogenates [107].  

Angela et al., hypothesised that developed PLGA-based large porous particles with branched 

poly-(ethylenimine) (PEI) could enhance decoy ODN delivery to the lungs, particularly for 

the treatment of Pseudomonas aeruginosa infections in the lungs [108]. The synergistic effect 

of free PEI or PEI released from large porous particles showed in vitro antimicrobial activity 

of tobramycin and aztreonam against Pseudomonas aeruginosa which was discovered after 

understanding the role of PEI on the technical properties of PLGA-based particles for 

delivery of decoy ODNs [108]. Cytotoxicity studies were conducted on A549 cells and 

findings clearly demonstrated that aerosolization properties of the dry powders were 

promising and enabled both decoy ODNs and PEI to be released in vitro for a longer duration 

of time. Encapsulation of PEI leads to a two-fold reduction in the minimum inhibitory 

concentration of aztreonam, with a reduction in the cytotoxicity of PEI. The formed particles 

remained in the lung for about 14 days following intratracheal administration in rats. This 

provided a long and simultaneous release of decoy ODNs and PEI. PEI was necessary for the 

development of a decoy ODNs delivery system which could act in the mucoepidermoid lung 

epithelial cells. In addition, it controlled lung inflammation and mucin production [108]. The 

study concluded that decoy ODNs may serve as anti-inflammatory agents, where PEI can 

improve the therapeutic efficacy of inhaled antibiotics that are widely used to treat concurrent 

respiratory infections [149].  

Lipid based drug delivery systems 

Lipid-based delivery systems are widely used to deliver various types of proteins, drugs and 

DNA. Among them liposomes are increasingly being employed to deliver ODNs due to their 

capability to improve the resistance of ODNs to nucleases, increase the circulation half-life of 
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ODNs, and therefore improve the absorption and efficiency of ODNs in target cells [143, 

150]. The selective alveolar macrophage targeting by the use of nanoparticles modified with 

sugar is of interest since the mannose receptor on cell surface can identify the mannose and 

fucose moieties. Wijagkanalan et al., evaluated the impact of mannosylated cationic 

liposomes on the alveolar macrophage-targeted NFκB decoy in a LPS induced lung 

inflammation model after intratracheal administration. When compared with naked NFκB 

decoy, the cationic liposome containing NFκB decoy complex was predominantly delivered 

to alveolar macrophages for its respective migration of NFκB decoy in the cytoplasm. This 

showed significant suppression of TNF- α, IL-1β, CINC-1 release, neutrophil infiltration and 

NFκB activation .  

De Rosa et al., evaluated the potential of a liposomal formulation containing cationic lipid 

(2,3-didodecyloxypropyl) (2-hydroxyethyl) dimethylammonium bromide (DE) in terms of 

their delivery of double-stranded anti-NFκB decoys to LPS-stimulated RAW 264.7 

macrophages and their potency in suppressing NFκB activation. Cholesterol was used as 

helper lipids in the liposome formulation. Liposomes were conjugated with ODNs at various 

charge ratios, either alone or in combination with helpers. DE/cholesterol mixed liposomes 

complexed with ODNs at charge ratios of 8 showed the highest inhibition rate of NO 

development, the highest suppression of iNO protein expression, and the lowest binding of 

NFκB to DNA. Furthermore, when DE/cholesterol liposomes were applied at maximum 

charge ratios, confocal microscopy showed a high cellular uptake of ODNs . 

Another approach for further enhancing the pulmonary delivery of NFκB decoy ODNs after 

systemic administration was to deliver them via a group of nano-vectors formed by mixing 

protamines, cationic liposomes and DNA under optimised conditions. This study found that 

NFκB decoy ODNs, especially single-stranded ODNs, significantly increased transgenic 

expression and inhibited TNF-α induction in cationic vector-mediated systemic gene 

transmission when co-delivered with a plasmid DNA . 

Table 3: NFκB decoy ODN-loaded novel drug delivery systems in respiratory diseases 

S. 

No. 

Nanocarrier 

used 

Advantages Disadvantages Reference 

1. Nanoparticles  Sustained release of 

encapsulated decoy 

ODNs 

 Enhanced cellular 

uptake 

- [68] 
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 Increase stability in 

biological fluids 

2. PLGA based 

large porous 

particles 

 Sustained release 

 Larger size and a 

porous structure (i.e. 

low density) were 

expected to facilitate 

deposition of drug to 

the lung in the deep 

airways 

- [107] 

3.  PLGA-based 

large porous 

particles with 

PEI 

 Sustain the drug 

release profile, 

 Improve localisation in 

specific areas of the 

lungs,  

 Facilitate transport 

over the mucus layer 

and improve uptake by 

epithelial cells 

 In case of DNA 

PLGA has slow 

release rate 

 Low 

encapsulation 

efficiency 

[108, 149] 

4. Cationic 

liposomes 
 Biodegradable, 

 Biocompatibile,  

 Low immunogenicity, 

 Easy to prepare 

 High ODN cellular 

uptake 

 To achieve 

transfection, 

large volumes of 

cationic lipids 

must be used, 

which may have 

toxic and 

adverse 

consequences. 

[151] 

5. Mannosylated 

cationic 

liposome 

 Physically stable 

 Selectively delivered 

to alveolar 

macrophages 

 Low toxicity 

- [152] 

6. Cationic 

liposomes 
 Improve cellular 

uptake 

 Higher transfection 

efficiency 

 Lower toxicity 

 Increased physical 

stability 

 Tendency of 

cationic lipids 

complex to 

aggregate in the 

presence of 

serum 

recommends 

their application 

for local delivery 

only 

[124] 

 

7. Clinical studies of oligonucleotides on respiratory diseases 
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Several clinical trials involving oligonucleotides have been completed successfully to assess 

their potential in the treatment of respiratory diseases. These trials included preclinical, Phase 

I, and Phase II trials. These trials used CpG, antisense, decoy, and siRNA-based therapeutics 

to target various receptors, protein signaling pathways, and receptors involved in the 

pathophysiology of respiratory diseases such as asthma, COPD, cystic fibrosis, and lung 

cancer (table 4). Some of these trials found no additional benefits, while others found 

promising results when compared to the placebo control. A phase I trial (first-in-human 

study) found AZD1419 [an inhaled toll like receptor (TLR)-9 agonist] to be safe and tolerable 

in healthy subjects. Target engagement in the lung was achieved at all dose levels tested and 

the maximum tolerated dose was found to be 15.4 mg suggesting it was suitable for further 

therapeutic development for the treatment of asthma [153], resulting in a phase IIa clinical 

trial of AZD1419 in adults with eosinophilic asthma. Thirteen weeks of daily single dose of 

AZD1419 followed by a 40 weeks observation period showed that AZD1419 induced a T-

helper cell type-1 kind of interferon response with a sustained reduction in markers of type 2 

inflammation. However, no notable changes were observed in terms asthma control as 

compared to the placebo treated group. AZD1419 was safe and tolerable even when there 

was no improvement in asthma control, although there was a reduction in type 2 

inflammation markers [154]. Another CpG type drugs are CYT003 and QbG10 (a TLR-9 

agonist). An interesting approach to immunostimulation uses encapsulated CpG ODN within 

virus-like particles [155]. This technology uses the virus-like particle Qb, a recombinantly 

produced empty virus shell to deliver an A-class CpG ODN termed CYT003-QbG10 (Cytos 

Biotechnology). CpGs packaged into virus-like particles were shown to have increased 

stability. In contrast to free CpGs, packaged CpGs prevented splenomegaly, normally 

associated with immunostimulation in mice, but no effect was observed in their 

immunostimulatory capacity. Early Phase I/II clinical trial results in allergic patients with 

mild asthma showed that CYT003-QbG10 administered subcutaneously was well tolerated. 

The findings revealed almost complete tolerance to the allergen with symptoms of rhinitis 

and allergic asthma significantly reduced [156].  

A double-blind phase IIa trail studied the safety and efficacy of subcutaneous CYT003 

therapy (0.3, 1, or 2 mg) in 365 subjects with persistent moderate-to-severe asthma. Although 

CTY003 was well tolerated there was treatment related injection site reaction as an adverse 

side effect. However, there was no remarkable difference between the CYT003 and placebo 

groups at week 12 suggesting no additional benefit with CYT003 in patients with asthma 
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[157]. Bacteriophage Qbeta-derived virus-like particles with CpG-motif G10 inside (QbG10) 

is another CpG based oligonucleotide and TLR9 agonist tested for its tolerability, safety and 

efficacy in 63 mild-to-moderate persistent allergic asthma patients in a phase II trial. The 

QbG10 group (n=33) and placebo group (n=30) received 7 separate injections and clinical 

parameters such as fraction of exhaled nitric oxide, forced expiratory volume (FEV)-1, and 

blood eosinophils were examined over a period of 12 weeks. Two thirds of the patients 

treated with QbG10 has stable asthma e compared with placebo at 12 weeks. FEV1 was 

significantly worsened in the placebo group, while it was stable in the QbG10 group. 

Treatment related adverse effects were observed as reactions at injection site post-

administration of QbG10 [158]. TPI ASM8 is another antisense oligonucleotide containing 

two modified phosphorothioate. One targets the common beta chain (βc) of the IL-3/IL-

5/GM-CSF receptors while the other targets the chemokine receptor (CCR)-3. An open-label 

phase II study was performed in 14 stable, allergic mild asthmatic subjects. After 4 days of 

treatment with TPI ASM8 (4mg twice a day or 8mg once a day) and placebo, subjects 

underwent allergen challenges. TPI ASM8 was found to be well tolerated and was safe in 

asthma patients. The findings revealed that TPI ASF8 blocked CCR3 and βc expression and 

notably reduced airway eosinophilia after allergen challenge [159]. TPI ASM8 also 

downregulates the allergen-induced increase in beta(c) mRNA and CCR3 mRNA in cells 

derived from sputum as well as airway responses in patients with mild asthma [160]. A 

preclinical study suggested that 2'-deoxy-2'-Fluoro-β-D-Arabinonucleic acid (FANA), a 

phosphodiesterase type IV (PDE4) inhibitor containing antisense oligonucleotide can be a 

potential therapy for COPD. Treatment of FANA to mice that were exposed to 1 week of 

cigarette smoke resulted in remarkable reduction of neutrophil count, KC and pro-MMP-9 

enzymatic level in bronchoalveolar lavage fluid. Furthermore, the reduction of neutrophil 

count was found to be correlated with reduction in mRNA expression of PDE4B, PDE4D, 

and PDE7A [161]. EPI-2010 formulated by Epigenesis Pharmaceuticals is an inhaled 

antisense oligonucleotide that targeted the mRNA of adenosine A1 receptors. Adenosine 

regulates tissue function by activating four G-protein Coupled Receptors (GPCRs): A1, A2A, 

A2B and A3 [162]. In clinical studies, EPI-2010 was shown to be well tolerable in healthy 

subjects and in mild asthmatic subjects. In mild asthmatics, a single nebulized dose of EPI-

2010 (50 μg/kg) resulted in a drastic reduction of need-for-rescue bronchodilator and reduced 

asthma symptom scores [163]. AIR645 is a second-generation antisense oligonucleotide that 

targets the common α chain of IL-4 and IL-13 receptors. Administration of AIR645 by 

nebulization in a murine model of asthma attenuated antigen-induced increased airway 
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eosinophil and neutrophil, mucus overproduction, airway hyperresponsiveness (AHR), and 

reduced target protein expression on epithelial cells and pulmonary antigen presenting cells 

[164]. A phase I trial of AIR645 in 72 healthy subjects and 8 patients with controlled asthma 

showed that nebulized AIR645 was well tolerated and confirmed the low systemic exposure 

of AON following delivery to the lung as plasma levels were only detected after the 30 mg 

dose. AIR645 was calculated to have a half-life in sputum of ∼ 5 days independent of dose 

level, reaffirming the possibility of a once weekly treatment for asthma [165]. ATL1102 is 

another second-generation antisense oligonucleotide that targets CD49d, a subunit of the 

adhesion molecule VLA-4 (very late antigen-4). Adhesion molecules are implicated in 

several facets of asthma, from leukocyte migration, exocytosis, cytokine production and 

respiratory burst. VLA-4 is involved in the recruitment of eosinophils and T cells [166]. 

Preclinical studies in an asthma model in mice demonstrated that VLA-4 knock down 

reduced AHR, eosinophil recruitment, inflammation and mucus production [167]. 

Antisense oligonucleotides have also been tested in cystic fibrosis (CF) and lung cancer. 

Eluforsen is designed to restore the function of cystic fibrosis transmembrane conductance 

regulator (CFTR) protein in the lung epithelium. A phase 1b dose escalation study evaluated 

the safety, tolerability and efficacy of nebulized eluforsen in CF patients. It was observed that 

nebulized eluforsen (50 mg, 3 times/week for 4 weeks) was safe, tolebrable and showed 

improvement in CF questionnaire-revised respiratory symptom score [168]. AZD9150 is an 

antisense oligonucleotide that inhibits the signal transducer and activator of transcription 

(STAT)-3. AZD9150 reduced STAT3 expression in a wide range of preclinical models to 

exhibit antitumor potential in lung cancer models. The preclinical antitumor activity of 

AZD9150 was translated into patients with highly treatment-refractory lymphoma and non-

small cell lung cancer (NCSLC) in a phase 1 study [169]. Another antisense oligonucleotide 

tested against lung cancer was apatorsen which targets the heat shock protein (HSP) 27 

mRNA. A phase II trial evaluated the efficacy of carboplatin and pemetrexed combined with 

apatorsen or placebo in metastatic NSCLC patients. Although, patients showed good 

tolerability with the combination therapy, it failed to improve clinical outcomes [170]. Lung 

tumour cells exhibit chemoresistance mediated by the inhibition of tumour cell apoptosis. 

Survivin is a candidate for antiapoptotic protein that inhibits chemotherapy-induced 

apoptosis. LY2181308 is an antisense oligonucleotide that inhibits survivin. A phase 2 study 

of LY2181308 investigated if blocking survivin expression increased docetaxel-mediated 

apoptosis in NSCLC patients. This was done by comparing the activity of the LY2181308 
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and docetaxel combination with only docetaxel. Patients (N = 162) at stage IIIB/IV of 

NSCLC were intravenously administered LY2181308 (750 mg, weekly) and docetaxel (75 

mg/m
2
, day 1) or docetaxel alone every 3 weeks. However, there was significant 

improvement in antitumor activity (measured as change in tumour size) between two groups. 

Since there were no remarkable changes among two groups for progression-free survival 

(PFS), both groups were combined. Using the combined groups, change in tumour size was 

correlated with PFS, suggesting its use in early decision-making in phase II studies [171].  

AVT-01 (Avontec), is a short double-stranded ODN that targets STAT-1, a transcription 

factor to control inflammation. In a preclinical model of asthma induced by ovalbumin-

sensitization and challenge showed that intra-nasally administered AVT-01 resulted in 

significant decrease of BALF eosinophil and lymphocyte counts, and IL-5 level as compared 

to controls [172]. In the AVT-01 treatment group, there was also a decrease in CD40 

expression in peri-bronchial infiltrates and in vascular cell adhesion molecule 1 on vascular 

endothelial cells. Moreover, the progression of AHR after ovalbumin challenge was also 

reduced by AVT-01. In the clinical trial, AVT-01 was found to be safe and tolerable when 

administered as single nebulized dose of 3 and 10 mg in healthy subjects. A single dose of 

AVT-01 administered to asthma patients reduced AHR following AMP challenge [173]. In 

the Phase IIa follow-up clinical study, AVT-01 was administered once a day for a week and it 

was found to be safe and tolerable but did not show statistically significant effect on AHR. 

Excellair™ (ZaBeCor, Bala Cynwyd, PA, USA) is an inhaled siRNA-based oligonucleotide 

designed to silence spleen tyrosine kinase (Syk). In a preclinical model (using rats), 

aerosolized Syk antisense was able to significantly suppress Syk expression, inflammation 

mediator (nitric oxide, TNF-a, IL-1b) release from alveolar macrophages, and pulmonary 

inflammation which was measured by counting BALF cells [174]. Excellair has received 

approval to initiate Phase I clinical trials in humans, but its current status is unknown.  

Table 4. Clinical studies of oligonucleotide therapeutics on respiratory diseases. 

Drug Type Target Disease Clinical 

trial phase  

AZD1419 CpG TLR9 Asthma Phase I, 

Phase II 

CYT003 CpG TLR9 Asthma Phase IIb 

QbG10 CpG TLR9 Asthma Phase II 
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TPI ASM8 Antisense CCR3 receptor, b-chain of IL-3, 

IL-5 and GM-CSF receptors 

Asthma Phase II 

FANA Antisense PDE4D, 4B and 7A COPD Preclinical 

EPI 2010 Antisense Adenosine A1R  Asthma Phase II 

AIR645 Antisense IL-4Rα Asthma Phase I 

ALT1102 Antisense VLA-4 Asthma Preclinical 

Eluforsen Antisense CFTR Cystic fibrosis Phase Ib 

AZD9150 Antisense STAT-3 Lung cancer Preclinical 

Apatorsen Antisense HSP 27 mRNA Lung cancer Phase II 

LY2181308 Antisense Survivin Lung cancer Phase II 

AVT-01 Decoy STAT-1 Asthma Phase II 

Excellair siRNA Syk kinase Asthma Phase I 

 

CpG: Cytosine-phosphate-guanosine; TLR: Toll-like receptor, COPD: Chronic obstructive 

pulmonary disease; FANA: 2'-deoxy-2'-Fluoro-β-D-Arabinonucleic Acid CCR3: chemokine 

receptor 3, IL: interleukin, GM-CSF: granulocyte-macrophage colony-stimulating factor, 

PDE4D: Phosphodiesterase 4D, VLA-4: Integrin α4β1 (very late antigen-4), CFTR: cystic 

fibrosis transmembrane conductance regulator, STAT: signal transducer and activator of 

transcription, HSP: heat shock protein, siRNA: small interfering RNA, Syk: spleen tyrosine 

kinase. 

8. Future prospects and conclusion 

A promising breakthrough in ODN-based research was achieved in 1978 with the discovery 

of 13-mer DNA-based ODNs that could inhibit protein expression in vitro [175]. Twenty 

years later, fomiversen became the first approved ODN-based therapeutic drug followed by 

the approval of pegaptanib and mipomersen in 2016 [176]. Currently, there is an upward 

trend in terms of research progress with ODN-based drugs, with 11 ODN-based drugs being 

approved [177]. There are various “drug-like” potential applications of ODN transcription 

factors including NFκB decoy ODNs targeting different diseases. Utilising advanced drug 

delivery systems for the delivery of decoy ODNs nanotherapeutics can entirely change the 

perspective of therapies targeting respiratory diseases. In this aspect, the strategies to prevent 

NFκB signal transduction by the application of NFκB decoy ODNs could be a promising tool 

to combat chronic inflammation more effectively in respiratory diseases. Nanomedicine 
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offers an exceptional opportunity to improve existing treatments and create new therapeutic 

solutions for previously deemed difficult or impossible to treat respiratory diseases. Targeted 

delivery systems are mainly limited to optimizing activity only in specifically targeted cells. 

On the other hand, the applications of various methods to increase the efficacy and 

prolongation of the half-life of decoy ODNs seem critical in approaching clinical application. 

In addition, the lack of in vivo toxicity assessments and the selective distribution of these 

particles in the body appears to be a key question that needs to be addressed in future studies. 
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