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2.1 Pulmonary Hypertension  

Pulmonary hypertension (PH) is an uncommon lung disorder characterized by increased 

arterial pressure and vascular resistance within the pulmonary circulation. There are two types 

of PH i.e. precapillary PH and postcapillary PH which are differentiated from each other as 

depicted in Figure 2.1.  Patients of post capillary PH, experience pulmonary venous 

congestion, which can lead to increased pulmonary capillary pressure (PCP) and pulmonary 

arterial pressure (PAP).  Conversely, precapillary PH is accompanied by an isolated increase in 

PAP with normal PCP. Precapillary PH may lead to corpulmonale, right heart failure, and even 

death (1).  

 

Figure 2.1 Pathogenesis of pulmonary hypertension. 

 In pathophysiological terms, PH is defined as a condition with multiple etiologies 

resulting in altered body’s hemodynamics. As depicted in Table 2.1, a clinical condition 

wherein mean pulmonary arterial pressure (PAP) rises above 25 mmHg at rest, when measured 

by right heart catheterization (RHC), is referred to as PH (2, 3).  
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Table 2.1 Hemodynamic definitions of pulmonary hypertension 

Definition Characteristics Clinical Group(s) 

Pulmonary hypertension Mean PAP ≥25 mmHg All 

Pre-capillary PH 

Mean PAP ≥25 mmHg; 

PWP ≤15 mmHg; 

Cardiac Output (CO) 

normal or reduceda 

1. PAH 

2. PH due to lung diseases 

3. Chronic thromboembolic PH 

4. PH with unclear/ multifactorial 

mechanisms 

Post-capillary PH 

Mean PAP ≥25 mmHg; 

Pulmonary Wedge 

Pressure >15 mmHg; 

CO normal or reduceda 

PH due to left heart disease 

aHigh CO can be present in cases of hyperkinetic conditions such as systemic-to-

pulmonary shunts (only in the pulmonary circulation), anemia, hyperthyroidism, etc. 

 

2.2 Classification of Pulmonary Hypertension  

Pulmonary hypertension is classified into various types depending on the cause and 

pathophysiology of disease. Good knowledge of this classification system can give idea of 

factors involved in the development of PH which can finally assist in deciding the treatment 

option for amelioration of PAH. The first classification for PH was conscripted in 1973 and 

from that time it has undergone several changes. In 2003, a classification system was drafted at 

Venice which later came to be known as Venice classification (4). This classification system 

was revised at fourth world symposium on pulmonary hypertension held at Dana Point, Silicon 

Valley, US, by the consensus of an international group of experts (5). In Dana point 

classification, several amendments were made in order to accurately reflect the information 

published over the past five years as well as to clarify certain areas that were ambiguous in the 

previous classification.  
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Dana Point Clinical Classification 2008  

Group I - Pulmonary arterial hypertension (PAH)   

1.1. Idiopathic (IPAH)   

1.2. Heritable Familial (FPAH): BMPR II; ALK1, endoglin 

1.3. Drug and toxin induced  

1.4. Associated PAH (APAH): Collagen vascular disease (e.g. scleroderma); HIV 

infection; Portal hypertension; Congenital shunts between the systemic and 

pulmonary circulation; Schistosomiasis; Chronic hemolytic anemia  

1.5. Persistent pulmonary hypertension of new born   

Group II - Pulmonary hypertension associated with left heart disease   

1.6. Systolic dysfunction   

1.7. Diastolic dysfunction  

1.8. Valvular disease (e.g. mitral stenosis)   

Group III - Pulmonary hypertension associated with lung diseases    

1.9. Chronic obstructive pulmonary disease (COPD),   

1.10. Interstitial lung disease (ILD)   

1.11. Other pulmonary disease with mixed restrictive and obstructive pattern  

1.12. Sleep-disordered breathing 

1.13. Alveolar hypoventilation   

1.14. Chronic exposure to high altitude   

1.15. Developmental lung abnormalities   

Group IV - Pulmonary hypertension due to chronic thrombotic and/or embolic disease   

1.16. Pulmonary embolism in the proximal or distal pulmonary arteries   

1.17. Embolization of other matter, such as tumor cells or parasites   

Group V – PH with unclear and/or multifactorial mechanisms   

1.18. Hematological disorders  

1.19. Systemic disorders  

1.20. Metabolic disorders  

1.21. Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure  

(ALK-1=activin  receptor-like  kinase  1  gene;  BMPR II=bone  morphogenetic  protein  

receptor,  type  II;  HIV=human immunodeficiency virus)   
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2.3 Epidemiology of PAH 

PAH is a disease that affects about 15 to 50 subjects/ million inhabitants in the western world 

(6). A national registry in US in 1980 found about 187 patients of PAH corresponding to 

idiopathic and familial origin which was observed for five years along with their natural 

history  (7). The French PAH Registry has gathered data on PAH patients in the modern 

management era (7, 8) and studied survival during a three-year follow-up.  In  this  registry  

established  in  2002  to  2003,  674  patients  were incorporated with a strict catheter diagnosis 

of PAH in a network of about 20 university pulmonary vascular centers spread throughout the 

country (2).   

About 53% of enrolled patients presented with idiopathic (39.2%), familial (3.9%), or 

anorexigen-associated PAH (9.5%). The remaining patients had PAH associated with other 

diseases such as connective tissue disease, congenital heart diseases, portal hypertension, or 

HIV infection (Figure 2.2). Particularly of interest is the fact that 29 patients (4.3%) displayed 

HIV infection and portal hypertension which are coexisting conditions known to be associated 

with PAH (Figure 2.2). Idiopathic PAH corresponds to sporadic disease, without any previous 

familial history or any other known trigger (9). As per the French registry, women are 

commonly affected from idiopathic PAH with a female to male ratio of 1.6:1.  

 

Figure 2.2 Distribution of patients with PAH in the 2002 to 2003 French Registry. 
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In developing countries, where prevalence of diseases  such  as  chistosomiasis, sickle 

cell disease, HIV infection, liver cirrhosis, autoimmune diseases and congenital heart diseases 

is high, PH is much more prevalent than reported, as such diseases may trigger  pulmonary  

vascular  disease (6).  In  addition,  hypoxia  is  a  major  risk factor  for  pulmonary  

hypertension  affecting more  than  140  million  individuals  living above  2500  million  

worldwide,  including  80  millions  in  Asia  and  35  millions  in  South America (10). 

Particularly, inhabitants of  Andean  mountains  and  other  mountainous  regions  may show 

chronic mountain sickness which has become public health problem  in  such regions around  

the  world (6, 10). In China and Brazil, PH is now being formally studied (11, 12). WHO 

program of the Global Alliance Against Chronic Respiratory Diseases (GARD) preaches in 

order to improve the  awareness for diagnosis, prevention and treatment of pulmonary 

hypertension in developing countries (11). However, the global burden of pulmonary 

hypertension as a whole is currently unknown and largely underestimated (2, 6, 7).  

Additionally,  approximately 4%  of  patients  with  acute  pulmonary  embolism  may  

develop chronic thromboembolic disease and pulmonary hypertension (13, 14). Altogether 

pulmonary hypertension is surely underrated both in developing and in developed countries, 

and further well-designed studies are mandatory in order to cope up with spread of the disease 

in populations exposed to different risk factors.  

2.4 Pathogenesis   

PH is a multifactorial heterogeneous disease characterized by increased pulmonary vascular 

resistance (PVR) and pulmonary artery pressure (PAP) either due to cardiac and pulmonary 

diseases or pathological changes observed in pulmonary vasculature. Augmented pulmonary 

vascular resistance may be due to vasoconstriction, vascular remodeling or thrombosis.  As 

apparent from recent genetic and pathophysiological studies, PH is manifested by a 

combination of genetic factors, associated diseases and/or several other trigger mechanisms. 

During earlier stages of PAH, there are slight functional alterations of the pulmonary 

vasculature, but with progression of the disease morphological changes become apparent, 

especially vascular remodeling in small pulmonary arteries. Pulmonary vascular remodeling 

involves all layers of the vessel wall and is further complicated by cellular heterogeneity within 
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each compartment (15). The pathogenesis of PAH is outlined along with possible targets for 

treatment of such disorder in Figure 2.3. Indeed, endothelial cells, smooth muscle cells, 

fibroblasts as well as inflammatory cells and platelets play an important role in this condition. 

Endothelin-1, prostacyclin, nitric oxide-mediated signals and other such mediators play a vital 

role in the pathogenesis of PAH and such factors can be used as therapeutic targets for the 

effective management of this disease (16).  

 

Figure 2.3 Potential targets for treatment of pulmonary hypertension. 

2.5 Diagnosis  

Diagnosis of “pulmonary hypertension” poses a formidable challenge in patients with dyspnea 

which may lead to delayed diagnosis, often by several months or years (17). Hence,  the  

awareness  for  this  disease  is  required  along  with  improvements  in  its diagnosis.  There 

are no specific signs and symptoms which can surely confirm the existence of this disease. 

Several non-specific symptoms like exertional dyspnea, decline of physical performance, 

fatigue, weakness, angina, syncope, peripheral edema, and abdominal distension may be used 
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as a marker for this disease.  During diagnosis of patients, physical examination should focus 

on further signs and symptoms, because this may be the clue to possible linked diseases that 

represent the underlying cause of pulmonary hypertension. If physical examination (e.g.,  

accentuated  pulmonary  component  of  S2,  pansystolic murmur  of  tricuspid  regurgitation,  

jugular  vein  distension,  peripheral  edema, hepatomegaly,  ascites),  clinical  presentation  

(dyspnea  on  exertion/at  rest,  fatigue, weakness), and non-specific tests such as ECG (e.g., 

right ventricular hypertrophy and strain)  or  chest  X-ray  (e.g.,  central  pulmonary  arterial  

and/or  right ventricular enlargement) indicates pulmonary hypertension, both non-invasive and 

invasive tests may be applied to confirm the diagnosis.  

2.6 Current Therapy for Treatment of PAH 

Many patients with PAH receive background or conventional therapy of warfarin, diuretics, 

digoxin and oxygen. Diuretics and digoxin provide symptomatic relief but are not thought to 

affect the course of the disease. Warfarin might provide a survival advantage but its 

contribution is difficult to estimate and its use is based on retrospective analysis (18). Calcium 

channel blockers, such as nifedipine, offer considerable benefit to the small number of patients 

that respond to them, although these account for only around 6% of patients (19).  

Currently there are three main classes of drugs in use for the treatment of this disease; 

prostanoids, endothelin-1 receptor antagonists, and phosphodiesterase-type V (PDE V) 

inhibitors.  Unfortunately there remains no cure for PAH and clinical worsening is unavoidable 

(20). L-type calcium channel blockers (eg. nifedipine) can be effective but are only safe for use 

in patients who respond to a one time vasodilator challenge with a 20% fall in mean PAP and 

no decline in cardiac output (21).  

In last 25 years, numbers of treatments have been introduced in market to directly target 

at the pathology of PAH. Epoprostenol was the first of these to be studied, and in addition to 

symptomatic improvement, it is the only treatment that has been shown to offer a survival 

advantage (22). However, its administration (intravenous, via an indwelling catheter) is 

complex and it causes adverse effects such as headache, nausea and diarrhoea caused by 

systemic vasodilation and carries the risk of line sepsis and rebound PAH from inadvertent 
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interruption of infusion (23). Other prostanoid analogues such as iloprost (inhalation), 

treprostinil (subcutaneous) and beraprost (oral) can provide only short-term benefits which was 

confirmed from clinical trials (24). 

A recent meta-analysis (25) investigated the efficacy of pharmacological treatments for 

PAH which created doubt regarding the true benefit of the current treatments. Although current 

therapies can offer some hope for PAH patients, they are accompanied with several adverse 

effects and still do not provide complete cure. Whereas the time to clinical worsening of 

symptoms is increased, the progression of the disease is inevitable and improved treatments 

must be developed. Definitely, in clinical practice, combination therapy has become the default 

position even though evidence to support this strategy is limited. Small scale clinical 

evaluation of combinations of prostanoids, Endothelin-1 receptor antagonists and PDE-V 

inhibitors have been tried with some success (26), with additional studies currently recruiting 

[eg. COMPASS-2 (sildenafil plus bosentan), STEP (iloprost plus bosentan)]; however, 

validation of these combination therapies will require further larger scale trials. 

The advances in understanding of PAH pathophysiology has dramatically changed 

current approaches to experimental therapies of PAH. Better knowledge of role of endothelial 

pulmonary cells and pulmonary arterial smooth muscle cells in repair of damaged vessels can 

help to design novel and cell based therapies for treatment of PAH. Recent, data suggest that 

PECs may modulate immune functions in experimental models of PAH. Over expression of 

anti-inflammatory cytokine with vasculo-protective properties prevented MCT-induced PAH. 

Hence, future cell-based therapies will likely be triple-targeted to positively affect pulmonary 

vascular hemodynamics, vascular apoptosis/proliferation, and inflammation in treatment of 

PAH.  

As we have gone through all research work and review articles, the current treatment 

available in market for PAH is expensive and/or difficult to deliver and are more palliative than 

curative. These treatments may slow the progression of the disease but do not afford a cure. In 

this regard, the treatment with cell based therapy (i.e. therapeutic genomics) may target more 

directly the vascular changes like proliferation, apoptosis process, immune mechanism and 
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pulmonary blood flow impairing inflammation would treat pulmonary arterial hypertension in a 

very significant way. 

2.7 Gene Therapies for Pulmonary Hypertension 

Pulmonary hypertension (PH) is a disease characterized by a marked and sustained elevation of 

pulmonary vascular resistance (PVR) with consequent progressive right ventricular failure and 

death (9). Endothelial dysfunction characterized by altered homeostasis between 

vasoconstrictors and vasodilators, i.e. reduced production of vasodilators like prostacyclin and 

nitric oxide and augmented production of vasoconstrictors like thromboxane and endothelin-1,  

mark the onset of this disease (27). Thus, the main objective for the development of therapeutic 

agents used in this disease is to restore the homeostasis between pulmonary endothelium-

derived vasodilators and vasoconstrictors and this was the main stimulus for the development 

of prostacyclin and endothelin receptor antagonists. But the patients refractory to this agents 

have to undergo heart—lung or lung transplantation. Furthermore, systemic side effects and 

inconvenient drug administration routes may restrict the widespread use of vasodilator agents 

in the clinical management of PH (28). There is now a shift in the interest of the scientific 

community, focusing on therapies aiming to reverse the proliferative remodeling in PH (29). 

A group of susceptible genes, including bone morphogenic protein receptor type II 

(BMPR-II) (30) and vasoactive intestinal peptide (VIP) (31) were found to be involved in the 

pathogenesis of primary pulmonary hypertension (PPH). Furthermore, a signature set of 106 

genes discriminating patients with PH and normal individuals with high certainty, was 

identified. All this findings confirmed the importance of genetic predisposition in the 

development of PH. Simultaneously, literature indicates that gene transfer into lungs, aiming at 

correcting the deficiency or mutation of these genes, opens a new window for the treatment of 

this devastating disease. Number of genes have been involved in the development of 

pulmonary hypertension and are discussed in brief in Table 2.2. 
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Table 2.2 Involvement of different genes in pulmonary hypertension 

Gene Comment 

eNOS Endothelial nitric oxide synthase (eNOS)-derived nitric oxide (NO) is believed 

to play an important role in maintaining physiological levels of  PAP and PVR 

by inhibiting platelet aggregation and proliferation of vascular smooth muscle 

cells (VSMCs) (28, 32, 33). 

CGRP Calcitonin-gene-related peptide (CGRP) is a 37-amino acid endogenous peptide, 

formed as an alternative splice product of the calcitonin gene (34), with potent 

vasodilating effect and anti-proliferative effects on VSMCs (35, 36). 

VEGF Vascular endothelial growth factor (VEGF) is a mitogen specific peptide for ECs 

which fulfills its function by binding to two highly specific tyrosine kinase 

receptors (flt-1 and KDR/flk-1) expressed almost exclusively on ECs (34, 37, 

38).  

PGIS Prostacyclin is a major arachidonic acid metabolite synthesized by prostaglandin 

I2 synthase (PGIS) in the vascular wall having several vasoprotective effects like 

vasodilation, anti-platelet aggregation and inhibition of PASMCs proliferation in 

vitro (29, 39, 40). 

AM Adrenomedullin (AM), a potent long-lasting vasodilator peptide originally 

isolated from human pheochromocytoma (41) has the ability to induce tube 

formation in human umbilical vein endothelial cells-HUVECs, drive sprouting in 

porcine pulmonary arterial endothelial cells and promote new vessel formation 

in a mouse Matrigel plug assay (42). 

BMPR-II Many cases of familial and sporadic PPH are associated with heterozygous 

mutations in BMPR-II, a member of the transforming growth factor superfamily 

of receptors (43). In addition to these mutations, marked reduction of BMPR-II 

expression in the lung was also observed in patients with PPH in whom no 

mutation was identified in the BMPR-II gene and also among patients with 

secondary PH (44).  
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HGF Hepatocyte growth factor (HGF) was originally purified and cloned as a potent 

mitogen for hepatocytes. HGF has a pulmotrophic effect on the regeneration and 

protection of the lungs besides having mitogenic, mutogenic and morphogenic 

activities in various cell types (43, 45, 46).  

Kv There is monopoly on expression of O2 -sensitive Kv channels, especially K v1.5 

and Kv 2.1 to some lesser extent in resistance pulmonary arteries, which is 

responsible for the heterogeneity of Hypoxic pulmonary vasoconstriction (HPV) 

localization in pulmonary circulation (47, 48).  

Survivin Recently, various studies reported that imbalance in the level of mediators 

regulating the proliferation and apoptosis of the cells within vascular walls might 

result in pulmonary arteries remodeling (49). 

FGF2 It was found that FGF2 was released excessively by PECs of patients with IPH 

compared to other factors like PDGF, TGF-β, and EGF etc. FGF2 is a member 

of heparin-binding growth factors’ family (50) and is synthesized by tumor cells, 

fibroblasts, ECs, and macrophages (51). 

2.8 Fibroblast Growth Factor 2 (FGF2) 

We focused on FGF2 because, among the main growth factors expressed by ECs, FGF2 is 

released in excessive amounts by P-ECs of patients with PAH. FGF2, a member of a large 

family of heparin-binding growth factors, is synthesized by several cell types including tumor 

cells, fibroblasts, ECs, and macrophages. Also, it was found that FGF2 can be sequestered and 

stored as a complex in the extracellular matrix and then released by proteolytic processes to 

bind and activate cell targets promoting mitogenesis (52). FGF2 binds to high affinity tyrosine 

kinase FGF receptors (FGFRs) expressed on the surface of vascular cells and thus exerts its 

biological activity (53). Increased levels of lung and circulating FGF2 have been reported in 

both experimental and human PH. In IPH approximately 51% of patients showed higher levels 

of FGF2 in blood, while 21% patients had increased FGF2 levels in urine. A lamb model of PH 

developed by inserting an aorto-pulmonary vascular bypass graft and the rat model of 

monocrotaline-induced (MCT-induced) PH also showed overexpression of FGF2 (54).  
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FGF2 has some unique features which can be consider during development of siRNA 

targeted to FGF2. Four cysteine residues at amino acids 26, 70, 88 and 93 are present in FGF2. 

While the cysteines at 26 and 93 are conserved, those at 70 and 88 are absent or located 

elsewhere in other type of fibroblast growth factor (55). Mutation of all four cysteines to 

serines results in a protein with the same secondary structure and equally mitogenic for 3T3 

cells as the wild-type FGF-2 (56), suggesting that the formation of disulfide bridges is not 

important for the secondary structure and mitogenic activity of FGF-2 (55). It has also been 

observed that FGF-2 is a substrate for phosphorylation by protein kinase C (PKC) and protein 

kinase A (PKA). PKC phosphorylates FGF-2 at Ser64; however this has no effect on biological 

activity, heparin-binding capacity or receptor-binding capacity. On the other hand, PKA 

phosphorylates FGF-2 at Thr112 in the FGF receptor binding domain, resulting in 3- to 8-fold 

better binding (57).  

The role of FGF2 in MCT induced PH rat models was evaluated to find out the in vivo 

effect of FGF2 on the development of PH. Subcutaneously administered MCT is converted to 

its pneumotoxic metabolites in the liver, which are transported to the lungs, causing early 

injury to the pulmonary arterial endothelium and an inflammatory response before the onset of 

PA-SMC proliferation and the development of PH (58). Alterations in the structure of the 

pulmonary vessel walls (pulmonary vascular remodeling) include thickening of the medial 

layer of the SMCs, increased extracellular matrix synthesis and deposition, and mononuclear 

inflammatory cell infiltration resulting in increased thickness of the adventitial layer which 

ultimately leads to right ventricle (RV) hypertrophy. Accentuated expression of FGF2 has been 

documented in malignancies, whereby FGF2 acts on tumor cells via autocrine or paracrine 

mechanisms (59). Moreover, FGF2 binds heparin sulfate, proteoglycans and heparin, thereby 

establishing a biological reservoir that can be released locally in a regulated manner. This 

suggests that, in addition to the paracrine effect recently demonstrated in the PA-SMCs, the 

excess FGF2 observed in PAH might modulate the P-EC phenotype via separate autocrine 

effects. 

Vascular disease in MCT-treated rats may cause morbidity and mortality (60). From 

studies, the role of FGF2 as a link between altered EC signaling and pulmonary vascular 

remodeling was confirmed.  Additionally, elevation in FGF2 expression was found during the 
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development of MCT-induced PH within 12 hours after injection even when PA-SMC 

proliferation was not detectable. It was also reported that administration of FGFR inhibitor 

SU5402 resulted in considerable attenuation of PH development, as determined on 21st day 

based on the basis of reduction in PAP, RV hypertrophy, and distal pulmonary artery 

muscularization, compared with control rats. siRNA delivery targeted to FGF2 gene can be a 

good genomic approach in treatment of PAH. 

2.9 RNA Interference 

In the last decade, ‘RNA Interference’ (RNAi) was considered as one of the most important 

innovations in biology which is used to control gene expression within cells for the 

management of various diseases and also useful in study of gene function. In 1998, researchers 

innovated a new concept of RNAi for target-specific gene silencing in Caenorhabditis elegans 

(61). Additionally, small RNAs regulating genetic expression and controlling cellular function 

were discovered in the last decade. Various types of RNA like microRNAs (miRNA) 

(endogenous), short interfering RNAs (siRNAs, endo-siRNAs) and piwi interacting RNAs 

(piRNAs) were found to be the basic controllers of endogenous processes like apoptosis, stem 

cell self-renewal, differentiation and maintenance of cell integrity (62, 63). In recent times, 

microRNA (miRNA) therapy by administering synthetic version of exhausted miRNA has 

evolved as an innovative approach for  cancer and neurodegenerative disease therapy (64). For 

effective silencing of gene responsible for disease, knowledge of target mRNA sequence and 

designing its complementary anti-sense sequence is essential which may be applied for 

personalized treatment of cancer, HIV and other viral diseases. This technique can also be 

applied to overcome the resistance of chemotherapeutic agents (65). In contrast to other 

available gene therapies, miRNA technique down-regulates disease specific protein or gene 

rather than acting on faulty gene and thus help in cure of the disorder. Diverse information is 

available on genes from the massive human genome projects which can be applied for 

development of antisense drugs. Various therapeutics based on this approach used for therapy 

of various disorders like cancer, HIV, age-related macular degeneration, respiratory syncytial 

virus infection as well as rare diseases like pachyonychia congenital is under clinical trials, 

while some are in queue to enter clinical trials. Unfortunately, Phase II trial of Sirna-027 from 

Sirna Therapeutics has been terminated.   
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2.9.1 Targets of RNAi 

Gene silencing can be achieved by various approaches as follows: 

1) Blocking synthesis of complementary mRNA from the targeted DNA molecule 

(transcription) which can be achieved by two different strategies - strand invasion and 

triple-strand formation. Amongst these strategies, triple-strand formation which 

includes formation hydrogen bonds between the third strand and the complementary 

strand of dsDNA molecule is most commonly used e.g. Homopyrimidine 

oligonucleotides (66). 

2) Blocking of post transcriptional gene silencing (PTGS) phenomenon that includes 

inhibition of protein synthesis by the knock down or knock out of transcribed target 

mRNA. 

Basis for gene therapy deals with targeting a particular gene which either gets knocked out or 

knocked down by antisense molecules such as RNAi therapeutics but there is a huge challenge 

in developing RNAi therapeutics to achieve effective knock-down or knock-out. More depth in 

this field and better knowledge and understanding can give more pronounced results by RNAi 

therapy. 

2.9.2 Cellular Mechanisms of RNAi 

RNAi therapy causes knock down of target gene or mRNA and thus give pharmacological 

effect serving the primary objective of the therapy. RNAi molecules exert their therapeutic 

effect by acting on mRNA molecules produced from DNA, which finally guides protein 

synthesis by translation process (Figure 2.4). 
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Figure 2.4 Cellular mechanism of RNAi. 

RNAi, monitoring the activity and potency of genes within mortal cells, was also 

referred to as co-suppression, post transcriptional gene silencing (PTGS) or quelling. The 

RNAi pathway is divided into two phases such as initiation phase and execution phase. 

Presence of dsDNA precursor triggers the initiation phase which results in formation of short 

fragments of 20-23 nucleotides with over-hanging 3’ ends known as siRNA (67). Enzyme 

dicer, having C-terminal dsRNA binding domain, an N-terminal RNA helicase as well as two 

RNaseIII like domains cleaves the dsDNA and forms siRNA (68). siRNA so formed is 

uncoiled into two single strands i.e. passenger strand and guide strand in execution phase. 

Amongst the two strands, the passenger strand gets degraded while guide strand couples with 

RNA induced silencing complex (RISC) leading to formation of a large multiprotein complex 

which brings out the post transcriptional gene silencing (PTGS). PTGS refers to a sequence 

specific base coupling between the guide strand of the siRNA and the target mRNA resulting 

in endonucleolytic cleavage of the mRNA strand across the middle of the siRNA strand (69, 

70) and later degradation of the targeted unprotected mRNA. Due to the potency, maximal 

effectiveness, duration of action, and sequence specificity of small interfering RNA (siRNA), it 

has become an important tool of RNAi therapy both in vitro and in vivo (71-73). 

2.10 Small Interfering RNA (siRNA) 

Gene silencing by siRNA includes its binding to corresponding mRNA and degradation of 

target mRNA. Small interfering RNA (siRNA) belonging to a class of double stranded RNA 
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can be used for knockdown or silencing of targeted genes in most of the cells. siRNA is 19–23 

base pair (bp) in length with molecular weight of about 13 to 15 kDa and negative charge of 

about 38 to 46 mV. The structure of siRNA  consist of a two-nucleotide overhang and a 

hydroxyl group on the 3′ end of both strands and a phosphate group on the 5′ end (Figure 2.5) 

(69). Before getting assembled into a RISC, siRNAs must unwind and form single stranded 

structures. RISC is guided to the appropriate target mRNA molecule by the sense strand of 

siRNA where it destroys the complementary mRNA. The broken mRNA is rapidly degraded 

and protein expression is reduced or abolished (Figure 2.6) (69, 74).  

siRNAs are divided into two classes depending on the thermodynamic stabilities at the 

two ends-symmetric siRNAs and asymmetric siRNAs. A symmetric siRNA consists of two 

equally stable ends and thus both the strands of the siRNA are assembled into the RISC with 

equivalent efficiency. An asymmetric siRNA contains one end with less stability than the other 

and after unwinding from the less stable end one strand of the siRNA can show the asymmetric 

assembly of RISCs (75). In mammalian cells, synthetic siRNA duplexes can activate RNAi 

which can cause knock-down of target mRNA sequence and hence can halt corresponding 

protein production. Bioinformatics can be applied to predict specific siRNA sequences for 

many target mRNAs. These artificial siRNAs are capable of silencing their complementary 

mRNAs by mechanisms similar to those of endogenous siRNA. siRNA can either be 

synthesized chemically as oligos (siRNAs) or cloned into a plasmid or virus vectors like 

adenovirus, retrovirus or lentivirus as short hairpin RNAs (shRNAs).  

 

Figure 2.5 Basic structure of siRNA. 
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Figure 2.6 Mechanism of siRNA. 

siRNA therapy is favorable over other methods like chemical inhibitors and dominant 

negative mutants as it has several advantages like specificity, reduced toxicity, ease of 

synthesis and cloning into expression vectors. Additionally, a number of chemical inhibitors 

are limited and most of them are non-specific and thus siRNA therapy is excellent treatment 

option for gene silencing. Even the effectiveness of siRNA therapy in genetic disease is 

demonstrated through preclinical studies. Additionally, carrier system protects siRNA from 

degradation by serum nucleases. Although siRNAs are exposed on the surface of recombinant 

Ab-fusion molecules, such complexes can be used to target specific cells as they also protect 

siRNA from nuclease degradation (76, 77). siRNA can be targeted to specific target site by 

conjugating them electrostatically with Abs, ligands or aptamers which can reduce its dose, 

achieve effective gene silencing and avoid off-targeting. Various non-viral delivery vectors 

like nanoparticles or liposomes can increase the quantity of siRNA delivered and thus improve 

its efficacy (77). There are various regulatory constraints in approval of such therapeutics 

which can be overcome by designing the delivery systems involving either chemical 

modifications like structural changes or using nanocarriers or surface modification by specific 

ligand attachment targeting at particular receptors. But still, there is a long way to travel before 

the application of RNAi therapy in the clinics.  
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2.11 Challenges to RNAi Delivery 

Attaining the concentration above minimum effective concentration at target site is the main 

objective of RNAi therapy. There is a huge barrier of large size and ionic charge of RNAi 

therapeutics that may affect effective transfection of such carriers in the target site (78). Also 

various other factors including physiological, cellular and immunological factors (Figure 2.7) 

may become obstacles in the path from the administration site to the target site which is 

discussed in detail in later section.  

 

Figure 2.7 Various extracellular and intracellular barriers for siRNA. 

2.11.1 Physiological Barriers  

This is first and foremost barrier restricting the effective delivery of RNAi molecules. It 

consists of many check points like glomerular filtration, hepatic metabolism, RES uptake, 

endothelial barrier and degradation by nucleases. RNAi molecules are degraded by  nucleases 

within a minute after their administration and thus making the therapy ineffective by 

approximately 70% (79). siRNA duplex have average size below 10 nm so naked siRNA when 

administered systemically will cause excretion through renal filtration (80). Some diseases 

require systemic administration of siRNA which results in higher therapeutic dose ultimately 
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leading to higher costs and side effects like activation of innate immunity and off-targeting 

ultimately leading to silencing of transcripts other than target site. Such process can lead to 

toxicity which can restrict the clinical development of siRNAs. Local alignment algorithms 

like BLAST and Smith-Waterman should be used for siRNA designing to minimize its off-

targeting potential. Additionally, higher dosing of siRNAs may negatively affect endogenous 

miRNA function due to competition for the RNAi machinery. Furthermore, naked siRNA 

poses several difficulties to overcome multiple tissue barriers including liver, kidney and 

lymphoid organs when injected systemically (81, 82). Endothelial cells that form blood vessel 

lining regulate exchanges between the blood stream and the surrounding tissues by serving as 

semi-selective barrier and also control blood supply to various tissues. Such barriers and filters 

restricts cellular uptake of negatively charged nucleic acids. 

Approaches like chemical modification or use of non-viral carriers can be employed to 

overcome this barrier and to prevent the cleavage of the RNAi agents. The approaches that can 

improve the RNAi agents’ stability against nucleases (83) are stated below: 

1) Alteration in pentose sugars at the 2’-OH position and 3’ half of the siRNA molecule. 

2) Formation of phosphorothioate oligonucleotides by replacing the oxygen with sulphur.  

3) Modification of Hexitol nucleic acids (HNAs), morpholino compounds, locked nucleic 

acids (LNAs) and peptide nucleic acids (PNAs) at 2’-OH position.  

4) Substituting 6-carbon sugar for ribose, 2’-F and 2’-OMe group along with the gapmers 

sustain the therapeutic activity of these molecules.  

5) Formulating the anionic molecules into cationic nanoparticles, liposomes, lipoplex or 

polyplex prevents the cleavage from nucleases by virtue of the electrostatic interaction 

(84, 85). 

The rate and extent of clearance of RNAi nanoconstructs from the systemic circulation 

depends on size and charge of the complex formed between RNAi nanoconstructs and serum 

proteins. RNAi therapeutic delivery using carriers like nanoparticles, liposomes, lipoplex or 

polyplex having particle size more than 200 nm are susceptible to  phagocytosis by the 

reticuloendothelial system (RES) (86) while, carriers having particle size less than 100 nm get 

entrapped in the hepatic Kupffer cells.  This clearance of nanocarriers can be lowered by 

coating nanoconstructs with hydrophilic agents like polyethylene glycol (PEG), polyvinyl 
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alcohol (PVA), polyvinyl pyrollidone (PVP) etc. which mask the surface charge and make 

them long circulating (87, 88). Hence, improvement of RNAi therapeutics may be obtained by 

controlling particle size and surface charge of the final formulation. Also opsonization of 

RNAi nanoconstructs favors its targeted delivery to liver and spleen (81).  

Antisense molecules stimulate the pharmacological action after breaching the 

endothelial cell layer. Various adhering molecules like integrins are associated with these 

endothelial cells in the extracellular matrix and thus only small molecules can get through this 

paracellular route (89). The space at the junction in certain organs like liver and spleen allows 

the larger molecule to travel across the barrier. Additionally, caveolae mediated transcytosis 

also facilitate transport of RNAi molecules to the target site (90).  

2.11.2 Cellular Barriers  

It comprises of different check points like cell entry, endosomal escape and knock-down of 

protein expression. Some non-viral carriers are nonspecific in their targeting and thus can enter 

non-target cells resulting in toxicity. Cationic carriers interact with negatively charged cell 

membranes and thus results in non-specific uptake (91) which can be minimized either by 

coating with hydrophilic molecules like polyethylene glycol or conjugating with ligand motifs 

such as transferrin, folate, surface receptor-specific antibodies etc. resulting in their specific 

cellular entry.  

Rate of cellular internalization and endosomal escape are the two main determinant 

factors that determine the transfection efficacy of carrier system (92, 93). Efficient RNAi 

activity of siRNA formulations can be achieved by their endosomal release of the internalized 

molecules. And in order to achieve this, several strategies have been designed. For example, 

use of cationic polymers (PEI) or polycationic dendrimer can improve transfection efficiency 

of siRNAs as per the principle of “proton-sponge” effect. Basically, the “proton-sponge” effect 

leads to high protonation of amine groups in the PEI or dendrimer vehicles, which causes 

osmotic swelling and vacuole disruption along with cytoplasmic release of the entrapped 

molecules. Additionally, acid-sensitive components (e.g. endosome-disruptive fusogenic 
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peptides and acid-responsive disulfide bonds) or osmotic agents like glycerol, sucrose, PVP 

etc. can also be used to facilitate endosomal escape of siRNA and to avoid this barrier. 

Alternatively, endosomal escape is achieved using several approaches like rupturing 

lysosomal membranes by the use of fusogenic lipids or peptides and by forming pores in 

membranes (94, 95). Literature review suggests that the formulation of pH-sensitive liposomes 

encapsulating antisense agent consist of lipofectin and DOPE (1, 2-dioleoyl-sn-glycero-3-

phosphoethanolamine) (96). DOPE present in the liposomes forms pores inside the endosomal 

membrane resulting in its destabilization (97, 98).  

Protein synthesis can be knocked down by nuclear localization of RNAi molecules 

which can be enhanced by conjugating them with cationic polymers like polyethylenimine or 

poly-l-lysine. Conversely, the anionic lipid competes with anionic RNAi molecules and 

displaces it from the complex of cationic lipid/polymer-antisense molecules (99, 100). Strength 

of interaction between RNAi agent and its complementary mRNA governs transfection 

efficiency of antisense carrier resulting in inhibition or down regulation of the protein or gene 

expression. Transfection efficiency is mainly dependent on the lipid/polymer to 

oligonucleotide ratio (92). Thus, knowledge and conceptual understanding of these barriers and 

carriers and proper understanding of bio-distribution and physiochemical properties of RNAi 

molecules lead to the efficient delivery of RNAi molecules to the target site and thus improve 

the success of therapy.  

2.12 Potential of RNAi as Therapeutics 

RNAi technology is currently being estimated as a potentially beneficial method to develop 

highly specific RNA-based gene-silencing therapeutics. RNAi is specific enough to allow the 

use of multiple RNAi targets at the same time, without any toxic effects that are frequent 

during chemotherapy or the sequence-independent toxic effects of antisense therapy. 

Overexpression of pathological proteins and genes is silenced by enzymatic cleavage of target 

which is modulated by RNAi and is applicable to all classes of molecular targets including the 

ones difficult to modulate selectively with traditional pharmaceutical approaches. RNAi 

therapeutics can exert potential transformational effect on modern medicine (101). RNAi is 
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also used to analyze biological function genes associated with diseases (102). RNAi is 

currently considered as a developing field for basic and biomedical research that may lead to a 

number of clinical applications. Various studies demonstrated the efficacy of RNAi therapy in 

silencing of genes involved in various disease like viral infection (respiratory and vaginal), 

ocular disease, disorders of the nervous system, cancer and inflammatory bowel disease in 

animal models. Both exogenous and endogenous genes have been silenced, and promising in 

vivo results have been obtained across multiple organs and tissues. Various potential targets, 

therapeutic intervention for siRNA have been summarized in Table 2.3 and Table 2.4 

respectively. 

Table 2.3 Modes of RNAi delivery and potential targets in various diseases 

Sr. 
No. 

Route of 
Administration 

Potential organ 
target 

Disease Target 

1.  Local/Direct 

Eye Macular degeneration, Diabetic macular 
oedema 

Skin Atopic dermatitis 

Vagina Herpes simplex virus 

Rectum Inflammatory Bowel disease 

Lung SARS, RSV, Flu 

Brain 
Huntington’s disease, Depression, 
Alzheimer’s disease, Spinocerebral 
ataxia, Encephalitis, Neuropathic pain 

Spinal cord Chronic pain 

Vagina HSV 

Isolated tumour Glioblastoma multiforme, Prostate, 
Adenocarcinoma, Human papillomavirus 

Digestive system Irritable Bowel disease 

2.  Systemic 

Liver Hypercholesterolemia, HBV 

Heart Myocardial infarction 

Kidney Acute kidney injury 

Metastasized 
tumors 

Ewing’s sarcoma 

Joints Rheumatoid arthritis 
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Table 2.4 Therapeutic intervention using siRNA 

Sr. No. Disease Type Target 

1.  Viral 

HIV-1 
LTR, vif, nef, Tat, Rev, Gag, 
CD4, CCR5, p24, Pol 

Poliovirus Capsid, viral polymerase 

Hepatitis B 
Core region (3.5 kb RNA), 
Pregenomic RNA 

Rous sarcoma virus Gag 

Hepatitis C 
EMCV-IRE5, NS3, NS5B, 
NA, Core, NS4B, 5' UTR, 
NS5A 

Respiratory Syncytial 
Virus 

Phosphoprotein (P), Fusion 
protein (F) 

Influenza A NP, PA, PB1, PB2, M, NS 

Rotavirus VP4 

Adenovirus (group B) CD46 (cellular coreceptor) 

γ herpes virus Rta, ORF45 

2.  Cancer 

Leukemia c-raf, bcl-2 
Cervical carcinoma E6, E7 (HPV) 
Pancreatic carcinoma K-RASV112 
Melanoma ATF2, BRAFV599E 
Ovarian carcinoma H-Ras, mVEGF, COX-2 
Prostate cancer P110a, p110B of PI 3 kinase 
Wilms' tumor Wt1, Pax2, Wnt4 

3.  Angiogenesis 

Tumor angiogenesis VEGF 
Ocular 
neovascularization 

VEGF, VEGFR1 and VEGFR2 

Rheumatoid arthrirtis Akt, GG2-1, ASC 

4.  
Neurological 
Disorders 

Alzheimer’s disease 
β -, γ –Secretase, Protein 
kinases (GSK-3, Cdk-5) 

Parkinson ’s disease α –Synuclein, LRRK2 
Huntington ’s disease Huntington 
Familiala amyotrophic 
lateral sclerosis 

SOD-1 

Spinocerebral ataxia SCA-1, SCA-2 

DYT1 dystonia TOR 1A 
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2.13 siRNA Delivery: Role of Vectors 

Gene therapy utilizes the delivery of DNA into cells, which can be accomplished by several 

methods. The two major classes of methods are those that use recombinant viruses (sometimes 

called biological nanoparticles or viral vectors) and those that use naked DNA or DNA 

complexes (non-viral methods). All viruses bind to their hosts and introduce their genetic 

material into the host cell as part of their replication cycle. This genetic material contains basic 

'instructions' of how to produce more copies of these viruses, hacking the body's normal 

production machinery to serve the needs of the virus. The host cell will carry out these 

instructions and produce additional copies of the virus, leading to more and more cells 

becoming infected. Some types of viruses insert their genome into the host's cytoplasm, but do 

not actually enter the cell. Others penetrate the cell membrane disguised as protein molecules 

and enter the cell. There are two main types of virus infection: lytic and lysogenic. Shortly after 

inserting its DNA, viruses of the lytic cycle quickly produce more viruses, burst from the cell 

and infect more cells. Lysogenic viruses integrate their DNA into the DNA of the host cell and 

may live in the body for many years before responding to a trigger. The virus reproduces as the 

cell does and does not inflict bodily harm until it is triggered. The trigger releases the DNA 

from that of the host and employs it to create new viruses.  

But, on other hand, transient expression (not good for genetic diseases), high 

immunogenicity, high titers of virus can be toxic, gene transcription with E1-negative virus is 

“leaky”: many genes expressed at low level are the disadvantages related with these viral 

vectors which limits their use. Therefore, non-viral methods present certain advantages over 

viral methods, with simple large scale production and low host immunogenicity being just two.  

Commonly used non-viral siRNA delivery vectors include lipids, polymers and peptides. 

Various lipids like N-(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethyl ammonium chloride 

(DOTAP); 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE); 2′-(1″,2″-

dioleoyloxypropyl dimethyl-ammonium bromide)-N-ethyl-6-amidospermine tetratrifluoro acetic 

acid salt (DOSPA); 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC); lipofectamine, 

and biodegradable polymers like chitosan, polyethylenimine (PEI), poly(D,L-lactide-co-

glycolide) (PLGA), poly-L-lysine (PLL) are proved to a useful carrier for delivery of siRNA 

(103). Previously, low levels of transfection and expression of the gene held non-viral methods 



Literature Review 

 

Development of Delivery System of Therapeutic Genomics in Treatment of Pulmonary Arterial Hypertension 41 

 

are at a disadvantage; however, recent advances in vector technology are being developing 

molecules and techniques with good transfection efficiencies and low cytotoxicity.   

2.14 Polyethylenimine 

PEI exists in two forms, either as a branched polymer, or in linear form with molecular weight 

ranging from <1000 Da to 1600 kDa. The molecular weight of PEI most suitable for gene 

transfer ranges between 5 and 25 kDa. Chemical structure of PEIs is differ from other polymers, 

such as polylysine, in that only a fraction of the amino groups are protonated at physiological 

pH. When the pH of the endosomal compartment becomes acidic, the capacity of PEIs to 

capture protons causes osmotic swelling and subsequent endosome disruption. This leads to the 

release of endocytosed DNA into the cytosol. Some polycations can show high transfection 

efficiency without guidance of endosomolytic agents. Polyamidoamine (PAMAM) cascade 

polymer or Starburst dendrimer was first such molecule. Strong buffer capacity of PEI results in 

highest charge density and a high intrinsic endosomolytic activity. At physiological pH, PEI is 

partially protonated but when it is exposed to acidic conditions within endosomes or 

endolysosomes, it triggers passive chloride ion influx by proton sponge effect which finally 

leads to endosome rupture and escape.  Additionally, structural flexibility and the molecular 

weight of PEI are important for efficient DNA delivery. From several studies it was found that 

although low molecular weight PEIs (800 Da, 2 kDa) have capacity to condense DNA they 

were not able to show efficient transfection; while PEIs with above 10 kDa molecular weight 

showed high transfection efficiency. Additionally, 800 kDa PEI shows high toxicity and 

erythrocyte aggregation after systemic application in vivo as compared to lower molecular 

weight PEIs and thus 20–25 kDa PEIs are favored for in vivo applications.  

The positive surface charge of polycation/DNA complexes usually also serves to bind 

cells via electrostatic interactions with the negatively charged cell membrane followed by 

pinocytosis or endocytosis. This process is also referred to as non-specific adsorptive 

endocytosis. The binding of positively charged DNA complexes to sulfated proteoglycans on 

the cell membrane has been demonstrated. However, since the exact mechanism of PEI-

mediated transfection remains to be elucidated, it is possible that additional properties are 

required to obtain high transfection efficiencies. Figure 2.8 demonstrates the synthesis 
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pathways of linear and branched PEI. As proposed by Dick and Ham, based on the acid-

catalyzed polymerization mechanism of aziridine, theoretical ratio of primary, secondary and 

tertiary nitrogen atoms in branched PEI was about  1 : 2 : 1 (104). The need for an excess 

positive charge for efficient DNA complexation and cell binding can, however, pose major 

problems, particularly for many in vivo applications, as discussed below.  High molecular 

weight PEI can cause aggregation of huge clusters of the cationic polymer inducing necrosis 

(105) and thereby cause cytotoxicity (106). Contrastingly, low molecular weight PEI has 

demonstrated low cytotoxicity in cell culture study (107, 108).  Linear PEI based transfection 

reagents are already commercially available (e.g. ExGen500, jetPEI) (109). Therefore, the 

current research is focused on furnishing safe and biocompatible derivatives of PEI while 

retaining the transfection efficacy.  

PEIs exist in a linear and branched topology and are available in a wide range of 

molecular weights. The reason for synthesizing new derivatives may be considered as:  Firstly 

because the efficiency of PEIs has still to be improved in order to become an alternative to viral 

vectors. Secondly, the solubility, biodegradability, toxicity and chemical homogeneity of these 

polymers are not satisfying. Finally, because the synthesis of PEI derivatives allows one to gain 

better insights on which properties of the polymers are essential for efficient gene transfer, this 

in turn should allow an improved vector designing.  

Various chemical modifications to the basic PEI can be made in order to get various 

physicochemical properties and subsequent alteration of safety profile. Forrest et al. have made 

conjugates of 14–30 kDa by coupling low molecular weight 800 Da PEIs through short 

diacrylate linkages which resulted in the favorable properties like low toxicity, higher 

transfection efficiency in the developed formulation. In vitro cytotoxicity and ester bond 

hydrolysis could be correlated to the degradation behavior and it was found that the polymer 

having the smallest degradation half-life showed lowest toxicity and also the degradation 

products did not possess any cytotoxic effects (110). According to Kramer et al. PEI showed 

lowest cytotoxicity at degree of branching of about 60% (111) while further increase in degree 

of branching increases the in vitro cytotoxic effects, as well as the haemolysis of erythrocytes 

(112). Thus, for establishing structure-function relationships, nullifying cytotoxicity and 

improving biocompatibility, detailed knowledge of the polymer structure is required.  
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Figure 2.8 Acid-catalyzed polymerization of aziridine leads to branched PEI, whereas ring 

opening polymerization of 2-ethyl-2-oxazoline leads to the N -substituted polymer, which can 

be transformed via hydrolysis into linear PEI.  

The most characteristic notable feature of PEI is its capacity to generate high cationic 

charge density of 20–25 micro-equivalents per gram as the nitrogen atoms which are found in 

high number in PEI are capable of protonation. Such creation of cationic charge is dependent on 

environmental pH due to absence of quaternary amines. For e.g. protonation of PEI at pH 7.4 is 

about 20% while at pH 5 it is  about 45% (113).  PEI can show highest buffer capacity between 

pH 8 and 10 due to presence of secondary amines (114), typical for polyamines (115)), which 

along with its  charge density can affect cytotoxicity  and endosomal release (112). Molecular 

weight and degree of branching of PEI can have an impact on basicity and protonation. Various 

studies proved that higher pKa values corresponds to higher protonation of the primary and 

secondary amines present, thus producing a higher number and density of charges (112). PEIs 

can also show buffer capacity in the pKa range between 4 and 6 by which it can buffer the 

interior of endosomes resulting in their osmotic swelling and rupture of the endosomal 

membrane (116). In recent years ‘proton sponge’ hypothesis has gained widespread approval 

(107). Funhoff et al. suggested that for polymers having buffer capacity at low pH values of 
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approximately 5, the proton sponge hypothesis may not be applicable (108). Still various 

evidences like living cell confocal microscopy  are available to validate the proton sponge 

hypothesis (117). Additionally, decelerated acidification, elevated chloride accumulation, 140% 

increase in the relative volume of PEI-containing endosomes  and the concept of reduction in 

transfection efficiency by removal of protonable amine groups by quarternization, supports the 

proton sponge hypothesis(118, 119) 

2.14.1 PEI Complexes 

For the efficient delivery of nucleic acids into cells, it is prerequisite to condense nucleic acid 

into small particles. Along with efficient endocytosis with particles <150–200 nm, the velocity 

of cytoplasmic movement was also found to be related to the particle size. Nucleic acid 

complexation with PEI can protect them against cleavage by nucleases as PEI can form stable 

complexes by condensation of plasmid DNA and RNA via electrostatic interaction which is 

dependent on polymer characteristics such as molecular weight, number and the density of 

charges and composition of the complexes. It was found that lower charge density or lower 

molecular weight can worsen the condensation capability (120). DNA-PEI condensates belong 

to the class of polyelectrolyte interpenetration complexes which can form under the influence of 

polycations resulting in formation of spherical, globular or rod-like structures (121). 

Electrostatic interactions can markedly influence this process  as the binding ratio of DNA to 

cationic polymer was approximately 1:1 (122). The electrostatic interaction between plasmid 

DNA and PEI like polymers can be confirmed by observing the FTIR spectra of DNA in which 

there is marked reduction in frequency of the asymmetric phosphate stretching vibration (106). 

Additional evidence can be obtained by micro-calorimetric measurements (123). Various 

studies found that by increasing the salt concentration, there is a marked reduction in the 

binding affinity  which indicates the presence of charge shielding effect at  higher salt 

concentration (124). Polyelectrolyte complexes of PEI-DNA/RNA may experience polyion 

exchange and substitution reactions after formation which may be driven by entropic forces 

developing from the release of counter ions, forming more stable complexes (123). But still 

other interactions including hydrogen bonds, Van der Waals’ forces or the removal of hydrating 

water molecules, may also contribute to complex formation. DNA-polycations complexation 

was found to be dependent on tertiary structure of DNA as the polymer especially complexed 
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with supercoiled DNA, at the pH value of around 5 (123). Independent of the molecular weight 

and N/P ratio (ratio of nitrogen-containing groups of the polymer to phosphate groups of the 

nucleic acid), pDNA remained in its β-form even after complexation suggesting that it has no 

effect on the overall helical form of the DNA (114). 

 DNA vector characterization can be used to propose its biological state  as it is the main 

determinant governing the effectiveness of the DNA transported by the carrier molecule which 

in turn decides its therapeutic application (125). Still, there is no non-destructive method for the 

characterization of the PEI-DNA complexes and thus, there is limited information regarding this 

subject. Spectroscopic techniques can be utilized to estimate the amount of PEI in the presence 

of DNA (126); yet it cannot distinguish the fraction of bound polymer from the free polymer. 

Recent investigations by fluorescence correlation spectroscopy showed presence of 3.5 plasmid 

(5800 base pairs) and 30 PEI (25 kDa) molecules  when prepared at N/P ratios of 6 and 10 in 

the polyplexes assuming that the DNA showed complete complexation (127). After DNA 

complexation, approximately 86% of the PEI was found in free form (127) which may be the 

main reason for the cytotoxic effect of the formulation (105). The resulting cytotoxicity was 

reduced by purification of PEI complexes, resulting in removal of excess PEI but such purified 

formulation was faced with another problem of reduced transfection efficiency because free 

polymer helps to propagate endosomal release. This assumption was approved when externally 

added free PEI restored the transfection efficiency (128). Additionally, free PEI is in 

equilibrium with complex and it generates a hydrophilic cationic corona around the complex for 

its sufficient solubilization, so its removal might create stability issues (129).  

 Along with solubility enhancement, the cationic surface charge is also essential for 

efficient cell transfection (130) which occurs only after interaction with anionic cell-surface 

proteoglycans (131) especially with transmembrane protein syndecan (132). Primarily, 

positively charged polyplexes (N/P ratios of approximately 5) are used in transfection 

experiments (133, 134), . Such contradiction concludes that still there is a long way to travel 

before complete and in-depth understanding of PEI/DNA polyplex structures, even though if the 

primary aim of such complexes i.e. cell surface binding is served (135). Compared to naked 

DNA (136) or other cationic polymers such as PLL (poly-L-lysine) (137), PEI was found to be 

highly effective in preventing RNA and DNA degradation by enzymes (138). For example, 
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naked DNA is degraded within 2 min on DNase I exposure, while DNA complexed to PEI 25 

kDa was only marginally degraded after 15 and 30 min incubation (139), or after exposure to 25 

units of DNase I for 24 h (107). Godbey et al. suggested that such protection was mainly due to 

physical or electrostatic barrier to enzymatic degradation or by inactivation of the enzymes 

(107). 

2.14.2 Polymer Structure Influences Polyplex Characteristics  

Condensation behavior and complex size were found to be dependent on the molecular weight 

of PEI in the case branched, as well as linear PEIs (140). Generally, there is inverse correlation 

between molecular weight of the PEI and complex size upto 25 kDa beyond which there was no 

increase in the size while the lower limit for such correlation was found out to about 2 kDa 

(141). It was estimated that PEI with molecular weight of 800 Da or lower gave huge 

aggregates of about 900 nm (142) indicating low condensation capacity of lower molecular 

weight PEIs (142). This was confirmed by observing the effect of covalently coupled low 

molecular weight substructures forming higher molecular weight conjugates on condensation 

capacity and complexation efficiency and it led to increase in both condensation and 

conjugation efficiency (110). Primary amines can cause effective condensation of DNA as 

compared to other amines due to their higher protonation at a given pH (143) which can 

improve the complex stability and thus give higher transfection efficiency (144). Not only the 

PEI’s molecular weight, but also the degree of branching plays an important role in biological 

properties of complexes with nucleic acids. Furthermore, the increase in number of primary 

amines in the structure can improve binding capability (145). In another study, the content of 

primary amines exhibiting degrees of branching between 0 and 23% in 2000 Da PEI-N-(2-

hydroxyethylethyleneimine)-copolymers was reduced to one half concluding that twice the N/P 

ratio was needed to form small condensates (112). Less branched PEI compared to highly 

branched derivatives require higher N/P ratios for a complete DNA condensation (105). Also by 

reducing the proportion of tertiary amines indirectly by increasing secondary amine fraction 

gave higher complexation efficiency (140).   

 Similarly degree of branching can have effect on gene transfer efficiency and in vitro 

toxicity i.e. highly branched PEIs achieve higher transfection efficiencies yet they possess 
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higher toxicity. According to a study carried out by Michelakis et al., it was found that flexible 

hyper branched PEI derivatives with additional secondary and tertiary amine groups showed 

enhanced transfection efficiency along with lower toxicity (146). Linear PEI also possesses a 

lower condensation capacity, as compared to the branched forms (121). The branched PEI (25 

kDa) is able to retain pDNA up to 24 h in the condensed state in cytoplasm as compared to 4 h 

for linear PEI (22 kDa) (147).  

 Physicochemical properties of the polymer such as the molecular weight and branching 

ratio can significantly affect both the transfection efficiency and cytotoxicity which concludes 

that, polymer structure significantly influences the efficacy of PEI-based vectors (148). 

Therefore, proper selection of polymer based on the carrier systems like plasmids, 

oligonucleotides or siRNA is a very sophisticated task. Finally with application of all the 

available knowledge proper system must be designed which possess all the desired properties.  

2.14.3 Modification to Achieve Tissue Specificity and Enhance Cellular Uptake 

Along with intact delivery of the nucleic acid and reduction of side effects, ideal gene delivery 

system should also have capability for cell or tissue-specific targeting. Passive targeting of 

specific PEI or its modifications is one of the simplest approaches to achieve this purpose. This 

passive targeting approach was applied in the development of JetPEI to achieve tumor targeting 

based upon the EPR (enhanced vascular permeability and retention) effect (149). PEI grafted 

with Pluronic 123 or Pluronic 85 targeted hepatocytes while eight PEG chains grafted onto 2 

kDa PEI targeted the kidneys (150). Active targeting is another approach which relies on 

receptor-mediated uptake of modified polyplexes to specific target tissues, such as hepatocytes 

and dendritic cells via carbohydrates; tumor tissue via folate receptor, integrin or transferrin 

targeting; and to tissues expressing specific receptors with antibodies or their fragments.  For 

example, the conjugation of galactose to PEI is used for liver-specific targeting which acts on 

asialoglycoprotein receptor expressed on hepatocytes. The transfection efficiencies of such 

galactose-modified PEI increase with increase in grafting ratio upto 5% but further increase 

upto 31% lead to reduction in the transfection efficiency which may be due to steric shielding 

effect impairing complete DNA condensation (151, 152). Low extent of galactose grafting on 

PEI of about upto 1.7% resulted in only partially compacted structures with no hepatocyte 
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targeting effect, (133). Sagara et al. reported less improvement in transfection efficiency 

comparable to PEI-gal conjugates, depending on the grafting ratio (153).  

 It has recently been demonstrated that some peptide sequences known as transduction 

domains or membrane translocation signals contain positively charged amino acid residues such 

as arginine and lysine, which have been reported to have a high cell-penetrating ability (154-

156). Arginine (Arg) conjugated polyamidoamine (PAMAM), poly-propylenimine, and poly(l-

lysine) polymers improves the transfection efficiency compared to native polymers in vitro. 

Positively charged amino acids like Arg and lysine (Lys) have been reported to have enhanced 

transfection ability; however, this also appeared to be the case for hydrophobic moieties such as 

leucine (Leu). Kono et al. demonstrated that PAMAM dendrimers conjugated with 

phenylalanine (Phe) or Leu residues achieved efficient gene transfection of cells (157). They 

also demonstrated that dendrons with hydrophobic moieties led to a much increased transfection 

activity compared to PAMAM dendrimers of the same generation. Moreover, buffer capacity of 

the polymers with free amino groups in the side chain is much lower than that of the polymers 

with the Boc-protected amino groups, reflecting the higher degree of protonation of the former 

polymers at physiological pH. For example, comparing the polymers containing 10% of 

nicotinamide moieties, the buffer capacity decreases from 70% for p(Nic10-NHBoc) with Boc 

protected amino groups to 33% for p(Nic10-NH2) – for no Boc protection. Acetylation of the 

free amino groups results in a decreased amount of protonated amino groups at pH 7.4, similar 

to the Boc-protected polymers, and therefore an increase of the buffer capacity in the pH range 

7.4–5.1 is observed. Polymer p(Nic10-NHAc) shows a buffer capacity of 57%, which is much 

higher than that of p(Nic10-NH2), but lower than that of p(Nic10-NHBoc). As p(Nic10-NHAc)-

acetylated nocotanamide modified PEI and p(Nic10-NHBoc)- Boc protected niotinamide 

modified PEI have the same amount of basic nitrogens, the difference may be explained by the 

stronger hydrophobic environment of p(Nic10-NHBoc), giving rise to a lower degree of 

protonation of this polymer at pH 7.4 (158).  

 The use of antibodies or their fragments to target tissues expressing specific receptors 

has led to similarly inconsistent results. Chimeric antiGD2 antibody when coupled to PEI gave 

complexes with sizes of approximately 50–100 nm, but these complexes did not match the 

transfection capacity of unmodified PEI (133). Anti-CD3 antibody fragments improved 
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receptor-mediated uptake in human peripheral blood mononuclear cells (159). Recently, PEI 

conjugates coupled to OV-TL16 Fab fragment were formulated having complex size <200 nm 

and zeta potential approximately 0 mV which showed negligible hindrance to complex 

formation by antibody conjugation and also transfection efficiency was greatly improved 

compared to PEG-PEI (160).  

 The coupling strategies which contain a linker between the polyplex core and the ligand 

provide better effectiveness in contrast to ligands directly coupled to the polyplex core, as it 

provides better accessibility of the grafted ligand to its receptor. Presently very few work is 

done on the site-specific coupling of targeting moieties to PEI-based vectors but there are proof 

for such possible effect for polyplexes (161) and thus active targeting seems to be possible in 

principle but huge amount of research has to be carried out to optimize the targeted vector 

systems. Protein transduction domains (PTDs) are composed of a high number of basic amino 

acids which are suggested to interact non-specifically with negative cell-surface constituents  

due to arginine-rich motifs (162, 163). But belief that PTDs facilitate an endocytosis-

independent means of cell entry was lately challenged (164). Later, macropinocytosis has been 

suggested to be possible entry mechanism for PTDs but still the complete mechanism regarding 

PTD translocation remains to be determined (165). However, PTDs can provide promising 

technique for cellular entry and may even circumvent endosomal release problems. Recently, 

successful application of PTDs in PEI-based gene delivery was witnessed. Another approach to 

improve transfection efficiency deals with pre-compaction of plasmid DNA using oligomers of 

the HIV-1 TAT peptide which was further complexed with transfection agents like PEI 

resulting in a 3-fold higher transfection in non-proliferating cells compared to PEI transfection 

in proliferating cells (166). Further improvement of the natural PTD sequences may expand this 

approach. 

2.14.4 Linking Physico-chemistry to Biology 

Detailed knowledge of physicochemical data helps to formulate gene delivery systems that can 

surpass various barriers for in vivo application of polyplexes which are challenged in various 

ways. In order to overcome these challenges several factors including stability in the 

extracellular environment, interaction with target cell surfaces, cell uptake, release from 
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endolysosomal vesicles, nuclear uptake as well as vector unpacking should be considered in 

detail (Table 2.5). The knowledge regarding these processes is still limited but PEI polyplexes 

offer upper edge that can subside such problems. 

 The complexation of nucleic acids and PEI provides several advantages that include 

enhanced stability against degradation in extracellular environment, improved cellular uptake by 

electrostatic interactions of the polycations with the negatively charged cell surface, and 

augmented endosomal release according to the proton sponge hypothesis.  

Table 2.5 Strategies to overcome barriers with PEI-based gene delivery 

Barrier Strategies 

Extracellular Stability  Complexation with PEI homopolymer 

 Steric shielding by copolymerization 

 Crosslinking polyplex surface 

Cell surface interaction and 

cell uptake 

 Complexation with PEI homopolymer 

 Active or passive targeting  

 Protein transduction domains 

Endo/lysozomal release  Complexation with PEI homopolymer 

Unpacking and nuclear 

uptake 

 Physicochemical characteristic of PEI and PEI 

copolymers 

 Controlled degradation by environmental stimuli 

 Nuclear localization sequences 

Polyplexes formulated by copolymerization have reduced interactions with blood components 

because of reduced surface charge and steric shielding capabilities, and also improved stability 

against shear stress by cross-linking of polyplex surface. Even using certain copolymers, 

directed biodistribution can be achieved. But still PEI-copolymers show reduced cell-surface 

interaction and thus thereby limits cellular uptake. The effect of copolymerization on vesicular 

release and degree of protection from degradation in the cytoplasm still remains mysterious. 

Generally unpacking of the vector occurs as a result of reduction in complexation ability of 

most copolymers yet the site where unpacking of the nucleic acid from the polyplex occurs is 
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not clear so release is controlled by physical and/or chemical characteristics of the polymer or 

by environmentally controlled degradation.  

Recently targeted polyplexes are formulated that promote their biodistribution to 

specific tissues and cells via cell-surface interaction and cellular uptake and thus overcome 

barriers of cellular uptake due to steric shielding. Also targeting moieties have negligible 

influence on intracellular processing, but when it consist of nuclear localization sequences 

(NLS) it may break the nuclear envelope and stimulate nuclear entry (167). Conclusively 

recent works has suggested that direct membrane transduction can be used as an alternative 

approach to endocytic uptake which, if possible, would help to surpass barriers in endosomal 

release.  

2.15 Pulmonary Drug Delivery  

Numerous drugs are being administered via injection or other routes to treat PAH, but these 

deliveries can attain high systemic drug concentration instead of localization into the lung. 

Elevation in dose-related side effects is the result of administration of high doses of drug via 

oral or parenteral routes with only a small percentage of drugs actually reaching the affected 

pulmonary region. Pulmonary delivery of the drugs to the lung airway; primarily provides the 

local effect with negligible side effects as compared with the other routes. To date, enormous 

efforts have been invested to obtain effective treatment for pulmonary hypertension (PH). Local 

delivery of drugs has advantage over systemic delivery for the reason of site specificity and 

prevention of side effects. For the treatment of PAH, direct delivery to the lungs through 

inhalation therapy may prove to be very effective and useful and needs attention of the 

researchers for their useful contribution. 

 The delivery of siRNA through inhalation route can offer several advantaged including 

bypassing of systemic physiologic barrier, local targeting, immediate availability, decreased 

systemic side effects, and noninvasive application. Moreover, due to local targeting the 

efficacious dose of siRNA can be reduced considerably. Finally lung epithelial cells, which are 

considered to be the most affected region in lung diseases, can be efficiently targeted by 

pulmonary delivery of siRNA.   
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2.15.1 Human Pulmonary System  

Human  respiratory/pulmonary  system  is  a  complex  organ  system  consisting  mainly   of  

(i) the conducting airway region consisting of nasal cavity, pharynx, trachea, bronchi and 

bronchioles; and (ii) the respiratory region which consists of the respiratory bronchioles and 

alveoli (where gas exchange occurs) across thin walls (Figure 2.9). High degree of branching is 

one of the most prominent features of the respiratory tract. The trachea is a flexible tube 

extending from the larynx which later on bifurcates into the left and right bronchi which further 

subdivides into the bronchioles. The tissue walls of the bronchi and the bronchioles are similar 

to that of the trachea and the presence of alveoli marks the respiratory zone. The respiratory 

zone consists of 300 million alveoli which provide a huge surface area for gaseous exchange. 

Such a large surface area of approximately about 100 m2 is mainly due to bifurcation of airways 

more than 17 times (168). About 93% of the alveolar surface consists of epithelial type I cells 

which are basically involved in gas exchange functions and serve as a permeability barrier. 

Alveolar epithelial type II cells represent about 16% of the total cells in the lung and play basic 

role in synthesis, secretion and recycling of lung surfactant.  The averages lung capacities in 

men and women are 6.7 and 4.9 L, respectively (169).  

 

Figure 2.9 Anatomy and physiology of pulmonary system. 
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 The  alveolar  blood  barrier  consists  mainly of  a  single  epithelial  cell layer,  a  

basement  membrane, and a single endothelial cell layer.  Such an arrangement can offer a 

major obstacle to larger molecules. Solutes must traverse a thin layer of the epithelial lining 

fluid before entering the systemic circulation,   which gets  collected  at  the  corners  of alveoli  

and  is  surrounded  by an attenuated layer of lung surfactant consisting of phospholipids 

(mainly phosphatidylcholine and phosphatidylglycerol) and several key apoproteins. Recent 

studies indicate that the rate of diffusion out of the alveoli may be slowed down in presence of 

surfactants. 

 The  respiratory  airways,  from  the  upper  airways  to  the  terminal  bronchioles, are 

lined with 0.5–5.0 mm thick viscoelastic, gel-like mucus layer. The secretion lining consists of 

two layers: a low viscosity fluid layer  surrounding the  cilia  (periciliary  fluid  layer),  and  a  

more  viscous  layer of mucus  on  top.  The mucus  is  a  protective  layer  comprising  of  

glycoprotein mixture released  primarily  by  the  goblet  cells  and  local  glands and helps in 

removing the inhaled particles.  The rate of mucociliary transport mainly depends on viscosity 

and elasticity.  The main factor limiting pulmonary targeting is high vascularization of lung 

tissue, because it causes fast absorption of most drugs.  

2.15.2 Challenges in Pulmonary Delivery of siRNA 

Pulmonary drug delivery systems presents barrier to large, hydrophilic molecules like nucleic 

acids. Even though siRNA is comparatively smaller than plasmid DNA, it is still 50 times larger 

than typical small-molecule drugs (170). This is accompanied by strong negative charge which 

impedes its cellular uptake and thus limits its use. Other barriers like active clearance through 

cilia or cough, immune response due macrophages and polymorphonuclear cells (PMNs) limits 

the efficiency of siRNA therapy (171). Furthermore, mucus and other respiratory fluid can trap 

siRNA loaded carriers and reduce their velocity (172). Thus efficacious carrier system that can 

direct siRNA to target site should be developed to improve cellular uptake and overcome other 

limitations in siRNA therapy.  
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2.15.3 Delivery Strategies for Pulmonary Delivery of siRNA 

Instabilities such as aggregation tendency  and loss of transfection efficiency of aqueous 

suspensions of non-viral vector complexes is major barrier restricting clinical application of 

non-viral vectors (173).  Thus to overcome these barriers DPIs were developed for gene therapy 

which may provide several advantages like increased stability, reduced drug loss during 

administration, improved portability and efficient delivery to the pulmonary targeted region 

(174).  

 siRNA formulation would be effective only after reaching the target site in adequate 

dose. Thus the efficiency of siRNA formulation depends on the device used along with the 

formulation and transfection agents. Several limitation encountered during systemic delivery of 

siRNA include inefficient targeting to the desired organ and cell type, rapid degradation by 

nucleases, systemic toxicity and rapid excretion which can be overcome by local targeted 

delivery. Till date little work has been done on inhalable siRNA but large amount of work has 

been done on inhalable DNA along with their testing in animal models (175, 176).  The main 

factor responsible for successful transfection is to protect the DNA from the shear forces 

generated during  nebulization for which viral vectors, cationic liposomes and polymers have 

been used (175). Stribling et al. demonstrated aerosol delivery of cationic liposomes complexed 

with plasmid DNA in 1992 (176). The main factor that can make siRNA therapy efficacious is 

its capability to show action at much lower concentrations which can provide upper edge during 

development of inhalation therapy. Special precaution should be observed to ensure siRNA 

stability during manufacturing and aerosolization. Early generation inhalers were designed for 

the delivery of small molecules, but they were not efficient for delivery of molecules like 

siRNA due to poor delivery efficiency.  This limitation was overcome with the advent of the 

next generation of inhalers which were basically designed for protein delivery and thus could be 

used to deliver siRNA. Several companies have developed liquid-spray systems like Aeroneb 

(Aerogen) and the AERx (Aradigm) system having vibrating mesh plate systems which can 

aerosolize liquids through precision-controlled orifices. Till date siRNA therapies are at 

preclinical stage and so robust animal model should be designed to assess in vivo efficacy of 

siRNA. The method of intranasal instillation for siRNA delivery to lungs has shown some 

success in in vivo animal studies (177, 178). But this success cannot be extrapolated to humans 
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as animal models have different lung anatomies which necessitate careful choice of inhalation 

device. Various options are available for pulmonary siRNA delivery in human trials. One such 

trial named Alnylam’s clinical trial used nebulizers for delivery which could effectively assess 

siRNA therapies in humans. It is hoped that several new devices would provide patient friendly 

and noninvasive delivery of therapeutic siRNA. But to achieve success with such devices for 

siRNA delivery, several factors like dose required, choice of transfection agent, stability, drug 

aerosolition and therapy duration have to be considered that can have great impact on the 

efficacy of therapy. siRNA have a good stability in dry powder form. Dry powder can easily 

reach upto deep lung and can give better therapeutic activity in treatment of various lung 

disorders and that’s why preferably use for delivery of therapeutic genomics. 

 Currently DPIs of proteins and gene vector complexes are formulated using Freeze-

drying approach. The suitability of lyophilization in stabilization of various delivery systems 

like lipid-pDNA (plasmid DNA) complexes (179), PEGylated lipid-pDNA vehicles (180) and 

PEI-pDNA complexes (181) have been proved by various studies. Additionally, lyoprotectants 

assist in preserving particle size and transfection efficiency (182), but still their mechanism is 

unknown. Allison et al. hypothesized particle isolation mechanism to explain role of 

disaccharides in maintaining particle size of lipid-pDNA complexes (183). Furthermore pDNA 

condensation by cationic agents like branched 25 kDa PEI may nullify damage of pDNA by 

shear-related forces during powderization. Till date, there is rare literature regarding the in vivo 

studies of DPIs. But as a ray of hope, chitosan/pDNA complexes as dry powder aerosol 

produced by spray-freeze-drying was efficient in gene delivery to lungs and when comparison 

was carried out between PEI and chitosan, PEI gave efficient gene expression in lungs. But still 

for better understanding of their activity in vivo studies of DPI has to be carried out.  
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