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ABSTRACT
There is a large, unmet medical need to treat chronic obstructive pulmonary disease, asthma, idiopathic
pulmonary fibrosis and other respiratory diseases. New modalities are being developed, including gene
therapy which treats the disease at the DNA/RNA level. Despite recent innovations in non-viral gene ther-
apy delivery for chronic respiratory diseases, unwanted or adverse interactions with immune cells, particu-
larly macrophages, can limit drug efficacy. This review will examine the relationship between the design
and fabrication of non-viral nucleic acid nanoparticle (NP) delivery systems and their ability to trigger
unwanted immunogenic responses in lung tissues. NP formulated with peptides, lipids, synthetic and nat-
ural polymers provide a robust means of delivering the genetic cargos to the desired cells. However NP,
or their components, may trigger local responses such as cell damage, edema, inflammation, and comple-
ment activation. These effects may be acute short-term reactions or chronic long-term effects like fibrosis,
increased susceptibility to diseases, autoimmune disorders, and even cancer. This review examines the
relationship between physicochemical properties, i.e. shape, charge, hydrophobicity, composition and
stiffness, and interactions of NP with pulmonary immune cells. Inhalation is the ideal route of administra-
tion for direct delivery but inhaled NP encounter innate immune cells, such as alveolar macrophages
(AM) and dendritic cells (DC), that perceive them as harmful foreign material, interfere with gene delivery
to target cells, and can induce undesirable side effects. Recommendations for fabrication and formulation
of gene therapies to avoid adverse immunological responses are given. These include fine tuning physi-
cochemical properties, functionalization of the surface of NP to actively target diseased pulmonary cells
and employing biomimetics to increase immunotolerance.
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Introduction

Chronic pulmonary diseases, such as chronic obstructive pul-
monary disease (COPD), asthma and idiopathic pulmonary
fibrosis (IPF), compromise the anatomy and change the physi-
ology of the lung. COPD is characterized by chronic lung
inflammation, mucus hypersecretion and impaired lung function,
resulting in permanent airflow constraints (Vlahos and
Bozinovski 2014; Barnes et al. 2015; Belchamber and Donnelly
2017; Jubrail et al. 2017; Yamasaki and Eeden 2018; Agust�ı and
Hogg 2019; Celli and Wedzicha 2019). Inhaled irritants trigger
inflammatory responses that progressively narrow the airways
and destroy the alveoli, leading to the development of chronic
respiratory symptoms like coughing, sputum production and
breathing difficulties (Laouini et al. 2014; Vlahos and Bozinovski
2014; Barnes et al. 2015; Yamasaki and Eeden 2018; Agust�ı and
Hogg 2019; Celli and Wedzicha 2019). Asthma is a chronic
respiratory disease induced by allergens also characterized by
breathing difficulties, wheezing and coughing due to infiltration
of inflammatory cells, pulmonary wall thickening and airway
obstruction from mucus hypersecretion (Costa et al. 2015; Choi

et al. 2017; Lambrecht et al. 2017). The hallmarks of asthma in
atopic individuals are the T-helper Type 2 (TH2) cell immune
responses (Lambrecht and Hammad 2014; Lambrecht et al. 2017,
2019). IPF is an incurable progressive interstitial lung disease
that involves the accumulation of pro-fibrotic macrophages and
fibroblasts that induce inflammation and fibrosis due to excessive
collagen deposition; patients eventually die as the irreversibly-
changed lung architecture disrupts gas exchange leading to
respiratory failure (Wuyts et al. 2013; Stahl et al. 2013; Costa
et al. 2015; Grabiec and Hussell 2016; Kolahian et al. 2016;
Garbuzenko et al. 2017; Heukels et al. 2019; Li et al. 2019).

Value and opportunities for gene therapy

Current strategies for treating COPD include bronchodilators
(e.g. salbutamol), steroid inhalers such as budesonide, or muco-
lytics like carbocisteine and acetylcysteine (Barnes and Stockley
2005). Example drugs for treating asthma include the preventer
inhaler beclometasone, the reliever inhaler terbutaline and mono-
clonal antibody therapies such as benralizumab and omalizumab
(Green et al. 2003). However, there is an urgent need for new
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therapies to address chronic respiratory diseases, as current treat-
ments are limited to mitigating the symptoms, rather than tack-
ling the root cause of the disease in question. Gene therapy has
recently gained considerable attention as a therapeutic modality,
due to its ability to correct any post-transcriptional gene muta-
tion (Schlosser et al. 2018). DNA and RNA molecules can be
used in various ways to target and modulate gene expression for
therapeutic benefit.

The current development status of candidate gene therapies
for chronic respiratory diseases is summarized in Table 1. Work
in this area is current and ongoing: many of these developments
have been reported relatively recently and it is likely that more
will be forth-coming in the near future. The question of lung
immunogenicity will become increasingly important as some of
these therapies are taken into clinical trials. In the context of the
lung, alveolar macrophages (AM) can stimulate innate and den-
dritic cells (DC) adaptive immune responses which increase
clearance of foreign inhaled material and may activate pro-
inflammatory immune responses. While these physiological
responses are protective when the lung is under threat, they are
undesirable for therapy: not only can they aggravate the diseased
state of the lung but they also intervene in the delivery of the
therapeutic gene to the target cell/tissue. The safety of gene
delivery systems and their interaction with host cells therefore
needs to be investigated at some point during clinical
development.

Gene delivery systems

Different types of DNA and RNA molecules, either unmodified
or chemically modified, have been developed for use in gene
therapy. The advantages of using RNA over DNA for gene ther-
apy are low immunogenicity, an inability to integrate or mutate
the genome, absence of nuclear transport, and the ability to
“pharmaco-evolve”: RNA-based therapeutics can change their
targeting sequence as the disease evolves, allowing it to keep up
with and to treat a progressing disease (Kormann et al. 2011;
Yin et al. 2014; Dowdy 2017). A summary of different gene ther-
apy modalities is presented in Table 2.

DNA and RNA molecules cannot freely diffuse across cell
membranes, due to their large size and negative charge; they
therefore need a carrier to mediate entry into target cells and
prevent stimulation of an immune response (Yin et al. 2014;
Cullis and Hope 2017; Thanki et al. 2018). Nanoparticles (NP)
are robust non-viral vectors that can be formulated using differ-
ent materials such as peptides, synthetic or natural polymers,
and lipids with different physicochemical characteristics which
protect nucleic acids from enzymatic degradation. Compared to
viral vectors, these non-viral counterparts are safer, easier to pro-
duce, cost-efficient, easily functionalized to improve transfection
and can encapsulate nucleic acids of virtually any size (Chan
et al. 2012; Zhao and Huang 2014; Pozo-Rodr�ıguez et al. 2016).
In addition, the delivery system also requires a mechanism to

Table 1. Current candidate gene therapies for COPD, asthma, and IPF.

Disease Gene therapy approach Outcome of intervention References

COPD Aerosol delivery of cationic liposome complexed
to plasmid encoding recombinant human
a1-anti-trypsin gene to New Zealand
White rabbits

Transfection and expression of human a1-
antitrypsin in alveolar epithelial cells for 7 d
after single dose

(Canonico et al. 1994)

Transfection of human bronchial epithelial cells
with p65 siRNA and treatment with NF-jB
small molecule inhibitor

Attenuation of NF-jB pathway
Suppression of pro-inflammatory cytokine IL-1b-

and IL-17A-induced expression of mucin
(MUC)5AC gene

(Fujisawa et al. 2009)

Treatment of human alveolar epithelial lung
cells with cationic polymeric NP attached to
miR-146a

Inhibited expression of IL-1 receptor-associated
kinase (IRAK1) genes

Reduced IL-1b-dependent activation of NF-jB

(Mohamed et al. 2019)

Asthma Intratracheal instillation of dexamethasone
attached to cationic polymeric NP loaded
with Vitamin D binding protein (VDBP) to
OVA-sensitized mice model of
allergic asthma

Down-regulated alveolar macrophage VDBP
expression

Reduced airway inflammation
Decreased mucus hypersecretion
Expression of TH2 cytokines

(Choi et al. 2017)

Intranasal delivery of recombinant vaccinia
vector encoding TH1 cytokine IL-12 to OVA-
sensitized mice

Inhibited local Type 2 cytokine production
Suppressed allergy and airway hyper-reactivity

mediated by boosting endogenous IFNc
expression

Reversed suppression of local cell-
mediated immunity

(Hogan et al. 1998)

Intranasal delivery of cationic chitosan NP
loaded with IFNc pDNA to OVA-
sensitized mice

Reduced airway hyper-responsiveness to
methacholine

Reduced IFNc production by OVA-sensitized
CD8þ T-cells

Decreased DC activity

(Kumar et al. 2003;
Kong et al. 2008)

Intravenous delivery of IFNc pDNA to OVA-
sensitized mice

Decrease in TH2 immune response
Reduced IFNc production by reduction in DC

activity and OVA-sensitized CD8þ T-
cell activation

(Nakagome et al. 2009)

IPF Inhaled delivery of cationic nanostructure lipid
carriers loaded with prostaglandin E (PGE2)
and ECM-degrading enzyme MMP3, CCL12
and hypoxia-inducible factor 1a (HIF1A)
siRNA to mice model of IPF

Reduced expression and production of MMP3,
CCL12 and HIF1A

Decreased lung inflammation and fibrotic tissue
damage

Down-regulated expression of connective tissue
growth factor (CTGF), TGFB, and TGFBR genes

Reduced proliferation, activation and migration
of fibroblasts

Decreased collagen production and secretion by
fibroblasts

(Garbuzenko et al. 2017)
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ensure endosomal escape: the materials used to deliver nucleic
acids should therefore have endosomolytic properties to prevent
degradation of the genetic material inside the lysosomes
(Wittrup et al. 2015; Bus et al. 2018; Yanez Arteta et al. 2018).

Cationic lipids

Cationic lipids overcome natural barriers in gene therapy such as
the extracellular environment, the cell membrane, the intracellu-
lar environment and the endosome by taking advantage of their
positive charge to associate with negatively-charged cell compo-
nents. Genetic material is packaged and condensed into lipid
nanoparticles (LNP) for delivery via the electrostatic interaction
between the positively-charged lipid head group and the nega-
tively-charged phosphate backbone of the nucleic acid (Jensen
et al. 2012; Levine et al. 2013; Rehman et al. 2013; Dan and
Danino 2014; Pozo-Rodr�ıguez et al. 2016; Lin et al. 2018; Thanki
et al. 2018). This interaction should be strong enough to protect
the genetic material from enzymatic degradation and immune
recognition in the extracellular and intracellular environment but
should be weak enough for successful release of the genetic
material inside the endosome (Zhao and Huang 2014; Pozo-
Rodr�ıguez et al. 2016). Pairing between the cationic lipid head
group of the NP and the anionic phospholipid of the endosomal
membrane neutralizes the particle charge, resulting in disassoci-
ation of the nucleic acid, endosomal membrane destabilization,
and release of nucleic acid into the cytosol (Hafez et al. 2001;
Gilleron et al. 2013; Rehman et al. 2013; Zhao and Huang 2014;
Yanez Arteta et al. 2018).

The cationic lipid GL-67 has been used as a non-viral vector
to treat cystic fibrosis (CF), which is caused by mutations in the
CF transmembrane conductance regulator (CFTR) gene (Alton
et al. 1999; He et al. 2019). GL-67 was complexed to the CFTR

gene and delivered to the lungs via nebulization and intranasal
administration, resulting in �25% restoration of the chloride
channel function in the lungs of CF patients (Alton et al. 1999).
However, the lipid-DNA complex induced a minor pro-inflam-
matory response, possibly due to internalization of the complex
by AM (Alton et al. 1999; Merkel and Kissel 2012).

Cationic solid lipid nanoparticles (cSLN) are composed of
biodegradable, biocompatible lipids and surfactants but have
been shown to strongly interact with the cell membrane of
human neutrophils, causing membrane lysis (Hwang et al. 2015).
Consequently, calcium ion (Ca2þ) mobilization triggered by the
compromised membrane, induces respiratory burst and degranu-
lation wherein elastase and neutrophil extracellular traps (NET)
are released into the extracellular environment (Hwang et al.
2015). While beneficial against invading pathogens, extensive
activation of neutrophils and excess oxidative stress can be
harmful to host cells. Treatment of human alveolar epithelial
A549 cells with cationic lipid Oligofectamine (OF) NP loaded
with DNA up-regulated expression of genes involved in apop-
tosis and oxidative stress, and down-regulated genes related to
cell growth, maintenance and proliferation, which is deleterious
to the cell (Omidi et al. 2008). Rather than inducing the
intended therapeutic changes in gene expression driven by the
encapsulated DNA, off-target changes in gene expression
also occurred.

To overcome the cytotoxicity of positive surface charges and
to increase transfection efficiency, ionizable cationic lipids have
been used instead of those with a permanent charge. Alnylam
Pharmaceuticals manufactured Patisiran, the first RNAi thera-
peutic loaded in a LNP approved by the FDA and EMA for the
treatment of hereditary transthyretin-mediated amyloidosis
which causes neuropathy (Jorge et al. 2019; Kristen et al. 2019).
Patisiran is formulated with the ionizable cationic lipid DLin-

Table 2. Gene therapy modalities used in disease models.

Gene therapy approach Disease model Outcome of intervention References

mRNA Congenital surfactant protein B
(SP-B) deficiency

Decreased interaction with TLR3, TLR7, TLR8 and RIG-I
Increased stability
Low immunogenicity
Prolonged gene expression

(Kormann et al. 2011)

mRNA n/a Increased systemic production of serum protein
erythropoietin

Increased circulating reticulocytes
Increased % of circulating RBC
No immunogenicity
Does not interfere with potency of

regulatory sequences

(Thess et al. 2015)

mRNA n/a Leukotriene inhibitors for lung cancer treatment
increase transfection efficacy by 200%

(Patel et al. 2017)

siRNA Hereditary transthyretin-mediated
amyloidosis

Reduced production of misfolded transthyretin protein
in the liver

Slow progression of hereditary transthyretin-mediated
amyloidosis

(Kristen et al. 2019)

siRNA Multi-drug resistant lung, breast,
colon, and ovarian cancer

Suppress genes of pump drug resistance (drug efflux)
Suppress genes of non-pump resistance (anti-apoptosis)
Apoptosis induction in cancer cells
Increased toxicity of anti-cancer drug to cancer cells
Near complete tumor regression

(Saad et al. 2008;
Taratula et al. 2013)

DNA Lung cancer Increased anti-cancer drug toxicity
Passive and active tumor-targeting ability
Increased in vivo gene transfection efficiency
Enhanced anti-tumor activity

(Shao et al. 2015)

ASO Drug-sensitive and multi-drug
resistance small-cell lung cancer

Suppress genes of pump drug resistance (drug efflux)
Suppress genes of non-pump resistance (anti-apoptosis)
Enhanced apoptosis induction in cancer cells
Increased anti-cancer drug toxicity
Significant tumor regression

(Garbuzenko et al. 2010;
Pakunlu et al. 2004)
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MC3-DMA (MC3) (pKa ¼ 6.44), the most potent ionizable cat-
ionic lipid for siRNA delivery. LNP-RNA systems formulated
with this lipid have an encapsulation efficiency close to 100%,
very low median effective dose (ED50), increased RNA delivery,
increased protein production, and greater therapeutic effects
(Semple et al. 2010; Belliveau et al. 2012; Jayaraman et al. 2012;
Kulkarni et al. 2018; Cullis and Hope 2017; Maugeri et al. 2019).

Ionizable cationic lipids have functional groups with pKa val-
ues < 7: at acidic pH, they become positively-charged and can
efficiently encapsulate negatively-charged molecules into the NP.
However, at physiological pH, they adopt a relatively neutral sur-
face charge that overcomes the toxicity associated with perman-
ently charged cationic lipids. Inside endosomes with acidic pH,
ionizable cationic lipids become positively-charged and interact
with the anionic lipids of the endosomal membrane to promote
release of its cargo into the cytosol (Semple et al. 2010;
Jayaraman et al. 2012; Cullis and Hope 2017; Kulkarni et al.
2018; Yanez Arteta et al. 2018; Buck et al. 2019). Robinson et al.
(2018) formulated LNP with MC3, encapsulating chemically-
modified CFTR mRNA, administered the NP in vitro to patient-
delivered bronchial epithelial cells and intranasally to CFTR
gene-knockout mice. As a result, there was an increase in local-
ization of the CFTR protein in the plasma membrane of bron-
chial epithelial cells and long-lasting restoration of chloride
channel function by one third in airway epithelial cells.

Peptides

Peptides formulated into delivery systems typically consist of an
anchor moiety which interacts with the hydrophobic regions of
other components, a cationic moiety that electrostatically inter-
acts with the negatively-charged nucleic acid and a targeting
moiety which directs the vector to a specific cell type. The pep-
tide, formulating materials and the nucleic acid spontaneously
self-assemble to form a binary complex which can therefore act
as a non-viral vector (Guan et al. 2019). These peptides can also
be used to functionalize other delivery systems, through the tar-
geting moiety, to mitigate off-target effects and to direct delivery
to specific cells (Martin and Rice 2007; Rodr�ıguez Gasc�on et al.
2013). The transfection efficiency of non-viral vectors can be
enhanced by adding pH-sensitive peptides with fusogenic proper-
ties, such as GALA (Glu-Ala-Leu-Ala) and KALA (Lys-Ala-Leu-
Ala) to the formulation; these pH-sensitive peptides disrupt the
membrane during endosomal acidification and promote release
of the encapsulated molecule into the cytoplasm (Mann et al.
2008; Lam et al. 2012). If non-viral vectors with pH-sensitive
peptides are internalized via pathways that bypass the lysosome,
such as macropinocytosis and caveola-mediated endocytosis, the
fusogenic peptides can no longer disrupt the endosomal mem-
brane and the cargo is not released into the cytosol (Loughran
et al. 2015).

Cell-penetrating peptides (CPP) synthesized or derived from
viral peptides that induce cell entry, have also been used to
enhance the transfection efficiency of delivery systems (Lam
et al. 2012). Examples include TAT, penetratin, and transportan;
they consist of 10–30 positively-charged residues which can elec-
trostatically associate with negatively-charged nucleic acids and
penetrate the negatively-charged cell membrane (Merkel et al.
2014; Pozo-Rodr�ıguez et al. 2016). CPP can be internalized
through direct translocation, transient pore formation and endo-
cytosis, depending on the nature of the cargo and where on the
peptide it is associated (Mann et al. 2008; Mager et al. 2010).
However, CPP can only interact nonspecifically with any cell

they encounter (McErlean et al. 2015; Chen et al. 2017; Kang
et al. 2019).

A difficulty in using peptides as delivery systems is that they
are susceptible to rapid degradation by proteases present in bio-
logical fluids (Loughran et al. 2015; McErlean et al. 2015; Kang
et al. 2019). Peptides used to interact with genetic material are
polycationic and are liable to be cytotoxic, causing damage to
the cell membrane and even cell death (Fabre and Collins 2006).
Furthermore, cationic peptides adsorb anionic molecules in bio-
logical fluids, disrupting the electrostatic forces holding peptide/
DNA complexes together (Fabre and Collins 2006). Their poor
binding to genetic material can result in premature release of the
genetic material upon in vivo administration (Mann et al. 2008;
Kang et al. 2019). For all these reasons, peptide delivery systems
exhibit in vivo instability (Fabre and Collins 2006; Mann et al.
2008; McErlean et al. 2015; Chen et al. 2017; Kang et al. 2019).
However, there is an opportunity to develop hybrid delivery sys-
tems composed of peptides and other materials, such as lipids
and polymers, to improve nucleic acid delivery by peptide NP.

Synthetic polymers

Polymers can be designed to adopt properties necessary to per-
form different functions and are routinely exploited as non-viral
vectors with low immunogenicity. Polycationic polymers, such as
polyethylenimine (PEI) and chitosan, can interact electrostatically
with nucleic acids to assemble into compact polyplexes; the high
number of amino groups gives the polymers high positive surface
charge densities (Nayerossadat et al. 2012; Bus et al. 2018).
Polyplexes are internalized by cells via endocytosis, such as cla-
thrin-mediated endocytosis and micropinocytosis, which dictate
the intracellular localization of the polyplex following uptake
(Bus et al. 2018).

PEI can induce endosomal escape following cellular uptake,
evading degradation of the genetic material inside endolysosomes
via the “proton sponge” effect (Tehrani et al. 2007; Lam et al.
2012; Jesus and Zuhorn 2015; Bus et al. 2018). Some studies
have supported other theories of endosomal escape by polymers:
the interaction of the cationic polyplex with the negatively-
charged endosomal membrane causes membrane disruption,
local pore formation and the release of the polyplex into the
cytosol (Jin et al. 2006; Lam et al. 2012; Rehman et al. 2013; Bus
et al. 2018; Jorge et al. 2019). The polycationic nature of PEI and
its high molecular weight help enhance its transfection efficiency,
at the cost of increasing its cytotoxicity: high cationic charge
densities and resistance of PEI to degradation results in intracel-
lular accumulation, which could contribute to immunogenicity
(Xu et al. 2008; Cho 2012). Previous studies on PEI as a vaccine
adjuvant have shown that these properties make it a potent
immunostimulant (Regnstrom et al. 2003; Grant et al. 2012;
Sheppard et al. 2014; Shen et al. 2017). PEI has been crosslinked
by biodegradable disulfide and ester linkages, to increase its bio-
compatibility, degradability and safety, and to aid in the release
of genetic material from the polyplex without modifying its high
transfection efficiency (Cho 2012).

Unlike PEI, chitosan is a naturally occurring, biodegradable
polymer that is biocompatible and has low toxicity (Cho 2012).
Its muco-adhesive and muco-penetrative properties make chito-
san a good candidate for pulmonary administration but, unlike
PEI, chitosan is poor at promoting endosomal escape and there-
fore has low transfection efficiency (Jin et al. 2006; Cho 2012;
Lam et al. 2012). Jin et al. (2006) modified chitosan with uro-
canic acid to promote release of the nucleic acid payload into

64 L. DE BRAGANCA ET AL.



the cytosol and improve endosomal escape via the “proton
sponge” effect. When complexed with the programmed cell death
protein 4 (PDCD4) tumor suppressor gene and aerosolized into
the lungs of model lung cancer mice, apoptosis was enhanced,
the cell cycle arrested and tumor angiogenesis was suppressed.

Alternatively, hyperbranched poly-(b-amino esters; PBAE)
with degradable backbones have been used as vectors for gene
delivery because they maintain positive charges at physiological
pH, reducing their toxicity and increasing their stability (Patel
et al. 2019). Electrostatic interaction between hyperbranched
PBAE and mRNA results in encapsulation of the nucleic acid
within the polyplex. Patel et al. (2019) nebulized a polyplex
loaded with luciferase mRNA into the lungs of Ai14 Cre reporter
mice, resulting in transfection of 24.6% of all lung epithelial cells
but the transient nature of gene expression suggested that more
frequent doses were required. Mastorakos et al. (2015) formu-
lated highly-stable pDNA NP with mucus-penetrating properties,
composed of the biocompatible and biodegradable polymer
PBAE densely-coated with polyethylene glycol (PEG). Following
intratracheal administration to mouse lungs, the PEG-coated
PBAE NP passed through the thick mucus layer to reach and
transfect the underlying epithelium (Mastorakos et al. 2015). The
transfection efficiency of PBAE NP was superior to that of PEI
NP, as seen by the prolonged expression of the delivered gene
for a minimum of 4months.

For optimal delivery, polymeric NP should be cationic, have a
low molecular mass, present biodegradable features, and incorp-
orate hydrophobic side chains for stability (Yan et al. 2016).
Furthermore, they should be able to withstand the high shear
stresses exerted during nebulization (Merkel et al. 2012). An
optimal polymeric NP formulation is one which would incorpor-
ate the high transfection efficiency and buffering capacity of PEI
with the biocompatibility and degradability of chitosan. This
could be achieved by grafting PEG or chitosan onto PEI NP, to
reduce interaction with soluble components and cells in the
lung, maintain stability during nebulization and in vivo, and
enhance gene delivery (Merkel et al. 2012; Cho 2012).

Challenges of gene delivery to the lung

Administration of therapeutics by inhalation is an attractive
route for noninvasive delivery. It is the easiest and most com-
mon way of delivering agents directly to the lungs due to the
large surface area of the lung, its high membrane permeability,
its extensive vascularization, and low levels of degradative
enzymatic activity. This results in delays in drug metabolism
causing accumulation, with minimal cytotoxicity and better
therapeutic effect at a lower dose (Mansour et al. 2009; Semple
et al. 2010; Nanjwade et al. 2011; Ruge et al. 2011; Weber et al.
2014; Bhardwaj et al. 2015; El-Sherbiny et al. 2015; Lee et al.
2015; Moreno-Sastre et al. 2015; Dasa et al. 2017; Ngan and
Asmawi 2018). However, delivery to the right area poses chal-
lenges due to the complex structure of the lung and potential
interactions with the immune system.

Delivery of NP to the lung

To exert therapeutic effects in the lung, the particles must
deposit locally at the site of disease (Ngan and Asmawi 2018)
either in the small airways for COPD (Barnes and Stockley 2005)
and IPF (Wuyts et al. 2013) or the upper airways for asthma
(Borghardt et al. 2018). The aerodynamic diameter of particles
dictates where they deposit in the lung (Sung et al. 2007; Weber

et al. 2014; El-Sherbiny et al. 2015; Thanki et al. 2018). Small,
light particles (aerodynamic diameter < 1 mm) deposit in the
alveoli by Brownian diffusion but are more easily exhaled (Sung
et al. 2007; Hayes and Bakand 2014; Weber et al. 2014; El-
Sherbiny et al. 2015). Large particles (aerodynamic diameter >
5 mm) collide with the pulmonary walls and deposit on bifurca-
tions of the upper airways via impaction due to poor response to
changes in air stream; particles with aerodynamic diameters
between 1 and 5mm reach the lower airways and deposit slowly
on bronchioles and alveoli by sedimentation due to gravity
(Sung et al. 2007; Hayes and Bakand 2014; Maretti et al. 2017;
Ngan and Asmawi 2018).

Inhalation devices nebulize NP into liquid aerosol droplets or
spray-dry NP into inhalable micro-aggregates with diameters
between 1.5 and 3.5 mm (Paranjpe and M€uller-Goymann 2014;
Sosnowski 2015; Borghardt et al. 2018). This ensures distribution
of NP throughout the respiratory tract to prevent exhalation of
the NP, to promote deposition into the deep lung, to target the
NP to the therapeutic site, and to avoid clearance by the muco-
ciliary escalator (Lam et al. 2012; Zhou et al. 2015; Dua et al.
2019). This clearance mechanism, which functions to clear the
airways of microbes and particles, is composed of a monolayer
of ciliated epithelial cells and non-ciliated goblet cells that secrete
mucus (Nanjwade et al. 2011; Ruge et al. 2013; Weber et al.
2014; Costa et al. 2015; El-Sherbiny et al. 2015; Thanki et al.
2018). The impermeable mucus barrier traps the particles, pre-
venting their passage to the lower airways, and the cilia beat in
order to sweep the mucus up to be coughed out or swallowed
(Paranjpe and M€uller-Goymann 2014; El-Sherbiny et al. 2015;
Ruge et al. 2013; Mangal et al. 2017; Ngan and Asmawi 2018).

Once inhaled, the agglomerations of micron-sized NP clusters
must dissolve into the pulmonary fluid and disperse into individ-
ual NP in order to be absorbed (Braakhuis et al. 2014; Borghardt
et al. 2018; Strong et al. 2018). Dissolution rates are a double-
edged sword, however: although delivery systems with slow dis-
solution rates exhibit longer residence times favoring lung
absorption, they are also at risk of being cleared by intrinsic pul-
monary defense mechanisms such as the mucociliary escalator
and phagocytosis by AM (Borghardt et al. 2018; Strong et al.
2018). Similarly, increased residence time also leads to increased
interaction with the immune system (Geiser 2010; Frohlich and
Salar-Behzadi 2014; Hayes and Bakand 2014; Patel et al. 2015;
Thanki et al. 2018).

NP interactions with immune system

Apart from the complex architecture of the lung, inhaled mater-
ial that enters the lungs may encounter the innate immune sys-
tem which has evolved to protect the host from pathogens; these
mechanisms shorten drug half-life, decrease bioavailability and
limit the therapeutic effects of inhaled nanomedicines (Muhlfeld
et al. 2008; Paranjpe and M€uller-Goymann 2014; El-Sherbiny
et al. 2015; Patel et al. 2015; Ruge et al. 2013; Mangal et al. 2017;
Ngan and Asmawi 2018). In addition, by internalizing the
inhaled drug, not only do innate immune cells in the lung inter-
fere with the delivery of the drug to its target lung region or tar-
get cell, but they can also initiate an undesirable immune
response. Two cell types that are thought to be important in the
recognition of NP are the DC and AM. Immature DC in the
lung periphery form tight junctions with pulmonary epithelial
cells and extend their dendrites into the lumen of the airways for
internalization of foreign material that enter the airways
(Lambrecht and Hammad 2012a, 2012b, 2014). The DC become
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activated, undergo maturation, then travel to the T-cell zone in
the mediastinal lymph nodes and present the digested material
as a complex with major histocompati-bility complex (MHC) on
their surface to prime naïve T-cells (Lambrecht and Hammad
2012b, 2014; Boraschi et al. 2017; Thanki et al. 2018).

AM populate the inner surface of the lung underneath the
pulmonary surfactant layer that coats the alveolar epithelium,
where the air-liquid barrier lies (Geiser 2010; Hussell and Bell
2014; Patel et al. 2015; Desch et al. 2016). AM are sentinels that
maintain pulmonary homeostasis by engulfing debris, dead cells
and pathogens, and by catabolizing lung surfactant into lipids
and proteins (Lee et al. 2015; Mathie et al. 2015; Belchamber and
Donnelly 2017; Garbi and Lambrecht 2017; Allard et al. 2018;
Costa et al. 2018; Evren et al. 2020). For every alveolus, there are
8–12 AM that remove the inhaled NP and act to limit the resi-
dence time of NP in the lung to only a few hours. This increased
turnover would result in suboptimal therapeutic effects and, as a
result, NP would have to be administered more frequently, which
could result in patient noncompliance (Geiser 2010; El-Sherbiny
et al. 2015; Lee et al. 2015; Ngan and Asmawi 2018).

Immune responses to NP in the lung

High concentrations of NP and prolonged retention in the lung
can cause local responses such as irritation, cellular injury,
edema and inflammation (Braakhuis et al. 2014; Hayes and
Bakand 2014). These effects may be acute short-term reactions
or they can prolong into chronic long-term effects like fibrosis,
and may even spread to extrapulmonary organs (Geiser 2010;
Ruge et al. 2013; Hayes and Bakand 2014; Patel et al. 2015).

The nucleic acid encapsulated in the NP may induce a potent
innate immune response by acting as agonists of pattern recogni-
tion receptors which sense “non-self” nucleic acids on the endo-
somal membrane (Szebeni and Moghimi 2009; Zhao and Huang

2014; Cullis and Hope 2017; Thanki et al. 2018). Nonspecific
activation of DC occurs either by direct binding of the inhaled
NP to pattern recognition receptors (PRR) on their surface, or
by indirect mechanisms: binding of inhaled material to PRR on
epithelial cells that become activated and secrete DC-activating
cytokines (Lambrecht and Hammad 2012a, 2012b, 2014). The
association between the inhaled particles and Toll-like receptors
(TLR)-1, �2, and �4 can result in the production of pro-inflam-
matory cytokines, chemokines and growth factors, resulting in
infiltration of neutrophils, and oxidative stress from release of
reactive oxygen species (ROS) that potentially cause cellular or
even organ damage (Merkel et al. 2012; Costa et al. 2015;
Galbiati et al. 2016; Thanki et al. 2018).

The lower airways are kept sterile by Type II alveolar pneu-
mocytes that produce lung surfactant containing the proteins SP-
A and SP-D (Weber et al. 2014; Costa et al. 2015; Thanki et al.
2018) that opsonize inhaled particles, forming a biocorona
(Braakhuis et al. 2014; Boraschi et al. 2017; Konduru et al. 2017).
The biocorona modulates composition, size, and surface charge
of the NP which could promote off-target effects and their clear-
ance, and affects their deposition and interactions with cells
(Walkey et al. 2012; Konduru et al. 2017; Thanki et al. 2018; He
et al. 2019). For example, the biocorona can activate the comple-
ment system (Boraschi et al. 2017) and can bind to and activate
AM (Trapnell and Whitsett 2002; Konduru et al. 2017; Thanki
et al. 2018). The coated particles are phagocytized by AM that
can destroy them within their phagolysosomes, or they travel up
the mucociliary escalator for removal from the lungs (Ruge et al.
2013; Lee et al. 2015; Konduru et al. 2017; Mangal et al. 2017;
Ngan and Asmawi 2018). While NP generally have a size <
1 mm, they can agglomerate post-delivery into the lungs, creating
micron-sized clusters. The optimal size for AM to ingest material
via phagocytosis is 1–6mm (Hirota and Terada 2012; Lee et al.
2015; Ngan and Asmawi 2018). As this overlaps with the ideal

Table 3. Effect of physicochemical properties of NP on the immune system.

Physicochemical property Effects References

Size Dictates endocytic uptake route and subcellular localization
Smaller NP have higher surface-to-volume ratios and higher charge

densities therefore induce stronger pro-inflammatory responses,
potentially more cytotoxic

Larger NP are retained in lung, likely to be internalized by
macrophages

Smaller NP can enter the systemic circulation through the lung, likely
to be internalized by DC

(Dobrovolskaia et al. 2016; Hoshyar et al.
2016; Liu et al. 2017; Muhammad et al.
2020; Thorp et al. 2020)

Shape and stiffness Spherical shapes are more rapidly and efficiently taken up by
macrophages than non-spherical shapes (fibre, worm-like, rod,
cylinder)

Rigid NP cause damage to cell membrane during internalization

(Champion and Mitragotri 2009; Patel et al.
2015; Thorp et al. 2020)

Charge Positive surface charges enhance internalization by macrophages and
DC due to electrostatic interaction with negatively-charged cell
membrane

High surface charge densities, either too negatively- or positively-
charged, enhance cellular uptake

(Patel et al. 2015; Dobrovolskaia et al. 2016;
Liu et al. 2017; Muhammad et al. 2020;
Thorp et al. 2020)

Hydrophobicity Increased hydrophobicity enhances opsonization, cellular
internalization, induces danger signal pathways, stimulates immune
cells and innate and adaptive immune responses

(Patel et al. 2015; Liu et al. 2017;
Muhammad et al. 2020)

Composition Polymeric NP can carry a wide range of molecules and can control
release of their load thus are potent, versatile therapeutics but are
cytotoxic and often lack degradability

Lipid NP are biocompatible and less cytotoxic but attract negatively-
charged biomolecules forming corona, may be pro-inflammatory

Peptides enhance transfection efficiency but are unstable in vivo due
to susceptibility to protease degradation hence premature release
of payload

(Chen et al. 2017; Thorp et al. 2020)
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size for particle deposition, this poses a problem for NP
therapeutics.

Impact of charge, composition, size, and/or shape on
interaction with pulmonary cells

Inadvertent interactions between NP and immune cells may trig-
ger signaling pathways that induce inflammation and comple-
ment activation which can, through unwanted particle uptake,
develop into harmful responses that may increase susceptibility
to diseases, autoimmune disorders and even cancer (Kononenko
et al. 2015; Patel et al. 2015; Liu et al. 2017; Fadeel 2019). The
immune system can react to NP in a similar manner to patho-
gens. The immune responses that NP elicit depend on their
physicochemical properties such as size, charge, shape, hydro-
phobicity, and stiffness (Liu et al. 2017; Muhammad et al. 2020).
To be able to re-design NP formulations to prevent adverse
immune responses, one must first understand how NP interact
with cells of the immune system and how different physicochem-
ical properties affect interaction. A summary of recent findings
in this area is presented in Table 3.

Uptake of NP is affected by size, geometry, stiffness, and sur-
face charge (Moghimi and Szebeni 2003; Geiser 2010; Andon
et al. 2017; Boraschi et al. 2017; Costa et al. 2018). The size of an
NP plays a substantial role in the way they are perceived: size
affects active cellular internalization, dictates their uptake route,
and determines their ability to be passively internalized. In gen-
eral, smaller particles exhibit more cytotoxicity than larger ones
as they have a larger surface-to-volume ratio which increases
their ability to interact with immune system components
(Merkel et al. 2012; Kononenko et al. 2015; Liu et al. 2017).
Spherical NP are rapidly internalized by macrophages (Patel
et al. 2015; Boraschi et al. 2017); non-spherical shapes require
more cytoskeletal rearrangements and are less likely to be taken
up. Rigid and stiffer particles are better recognized and internal-
ized by phagocytes, compared with flexible and softer particles,
as the latter deform during phagocytosis, rendering it an energy-
inefficient process (Patel et al. 2015; Boraschi et al. 2017; Zhao
and Stenzel 2018).

A high cationic surface charge improves the transfection effi-
ciency but can also be cytotoxic. Cationic NP are notorious for
being more cytotoxic than anionic or neutral NP; it is thought
that this property originates from the presence of negatively-
charged sialic acid on cell surfaces, which interacts with cationic
material (Kononenko et al. 2015). High surface charges can
stimulate pro-inflammatory TH1 responses (Lam et al. 2012;
Lonez et al. 2012; Koppolu and Zaharoff 2013; Getts et al. 2015;
Barillet et al. 2019). Koppolu and Zaharoff (2013) showed that
cationic chitosan NP encapsulating FITC-BSA caused DC activa-
tion and subsequent release of pro-inflammatory cytokines inter-
leukin (IL)-1b, IL-6, MCP-1, MIP-1a, as well as tumor necrosis
factor (TNF)-a. Similarly, Barillet et al. (2019) demonstrated that
cationic polymeric NP caused monocyte-derived DC activation
and secretion of the pro-inflammatory cytokines IL-1b, IL-6, IL-
8, and TNFa. The cell membrane senses the cationic charges and
triggers intracellular pathways that activate pro-apoptotic or pro-
inflammatory reactions (Lonez et al. 2012). High surface charges
pose a number of other problems for nano carrier vectors.
Nucleic acids can associate too strongly with the vector, and con-
sequently they fail to dissociate from the nano-carrier (Rehman
et al. 2013). Serum proteins can bind nonspecifically to the vec-
tor and enhance its removal from circulation (Pozo-Rodr�ıguez
et al. 2009; Hwang et al. 2015).

Re-designing NP to evade immunologic responses

Re-design and re-formulation of non-viral delivery systems can
enhance the efficacy of gene delivery and reduce adverse
immune responses. When treating chronic lung diseases such as
asthma and COPD, residence time in the lungs should be maxi-
mized to allow local therapeutic effects to occur (Patel et al.
2015). Absorption into the systemic circulation should be
avoided, as inhaled NP could be quickly destroyed by nucleases
and the reticuloendothelial system (RES) (El-Sherbiny et al. 2015;
Ngan and Asmawi 2018). The physicochemical properties them-
selves can be fine-tuned or the surface of the NP functionalized
to evade interaction with immune cells. A promising avenue is
to re-design NP to mimic host cells, rendering them
immunotolerant.

Fine-tuning physicochemical properties

NP can be fabricated into different sizes and shapes, and to bear
surface charges, which assist in passive evasion of recognition by
the host immune system. Aerosolized NP should be designed to
have an optimal size that allows them to penetrate and sediment
into lower airways lung while avoiding recognition and uptake
by innate immune cells. The optimal size for phagocytosis is
between 1 and 5mm (Doshi and Mitragotri 2010; Gustafson et al.
2015). To avoid interaction with, attachment to, and uptake by
macrophages, NP should have a size < 1 mm or > 6 mm to
increase their residence time in the lungs (Patel et al. 2015).

High surface charge densities, whether they are positive or
negative charges, enhance internalization by phagocytes: nano-
medicines should therefore have a relatively neutral surface
charge. This can be achieved by using zwitterionic or ionizable
materials, such as ionizable cationic lipids (Gustafson et al. 2015;
Patel et al. 2015). Since soft, flexible and easily-deformed NP are
less energetically favorable, and thus less likely to be phagocy-
tosed, NP should be formulated with lipids integrated with chol-
esterol into the outer layer to increase their fluidity and decrease
their rigidity (Patel et al. 2015; Boraschi et al. 2017).

Shapes requiring more actin remodeling are usually less prone
to internalization by phagocytic cells, as this would require more
energy (Sharma et al. 2010; Boraschi et al. 2017). Independent of
their material composition, changing the shape of NP from
spherical to non-spherical shapes renders them more resistant to
phagocytosis by AM phagocytosis (Champion and Mitragotri
2009; Sharma et al. 2010; Braakhuis et al. 2014; Andon et al.
2017; Boraschi et al. 2017). Shapes like disks, cylinders, and rod-
like particles have low curvatures; as such, while these particles
can still attach to AM, they are less efficiently internalized
because they are not energetically-favorable for membrane wrap-
ping (El-Sherbiny et al. 2015; Lee et al. 2015; Patel et al. 2015).
For example, changing the shape of polystyrene particles from
spheres to rods or disks reduced cardiopulmonary distress by
delaying macrophage clearance following intravenous injection
into pigs (Wibroe et al. 2017).

To evade internalization by and activation of AM, NP should
adopt a relatively neutral surface charge and have a size outside
of the optimal range for phagocytosis (Patel et al. 2015). Some
studies have reported that spherical NP have higher rates of
internalization and that non-spherical NP evade recognition by
macrophages; by this, the latter have longer residence times
(Champion and Mitragotri 2009; Sharma et al. 2010; El-Sherbiny
et al. 2015; Patel et al. 2015; Boraschi et al. 2017). However,
other reports claim that non-spherical NP have higher rates of
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internalization due to their higher surface areas and geometries
similar to that of bacteria that activate macrophages (Doshi and
Mitragotri 2010; Thorp et al. 2020).

NP surface functionalization

Cationic charges can be toxic to cells if the charge density is too
high. To reduce immunogenic responses, cationic charges can be
masked from the immune system by coating the surface of the
NP with PEG. This hydrophilic neutral polymer provides stealth
properties, i.e. a water shell forms around the NP to shield the
positive charges, reducing adsorption of proteins following entry
into the body, resisting opsonization, evading recognition by
immune cells and increasing half-life (Ishida et al. 2006; Walkey
et al. 2012; Bao et al. 2013; Levine et al. 2013).

On the other hand, PEGylation can prevent positively-charged
NP from interacting with negatively-charged membranes, reduc-
ing internalization, cargo delivery and endosomal escape
(Mansour et al. 2009; Chan et al. 2012; Chen et al. 2016).
Administration of PEGylated NP therapeutics can also result in
production of anti-PEG IgM. Accelerated blood clearance occurs
following administration of a second dose of the therapeutic that
activates the classical complement pathway, resulting in rapid
degradation of the therapeutic (Ishida et al. 2006; Zhao and
Huang 2014; Andon et al. 2017). Production of anti-PEG anti-
bodies is largely dictated by the terminal group of the PEG
chain; substituting a methoxy terminal group with a hydroxyl
terminal group can mitigate the anti-PEG antibody response, as
the hydroxyl group is less antigenic and immunogenic (Sherman
et al. 2012; Shimizu et al. 2018). However, the hydroxyl group
can activate complement alternative and classical pathways,
resulting in the rapid clearance of PEG after administration of a
second dose (Shimizu et al. 2018). Alternatively, acid-labile PEG
can be used where, at neutral pH, the vector is sterically-stabi-
lized but at acidic pH in endosomes the PEG coat is lost (allow-
ing escape of the genetic material from the endosome) (Chan
et al. 2012). In the end, addition of features like acid-labile link-
ages may present challenges to the development of these deliv-
ery systems.

Gene delivery systems can be functionalized to actively target
specific cell surface receptors without interfering with the
pharmacokinetics of the NP (Mansour et al. 2009; Pozo-
Rodr�ıguez et al. 2016). The surface of LNP used to treat cancers
has been modified through the attachment of tumor-specific
ligands such as transferrin, folic acid, hyaluronic acid, biotin,
and anisamide (Huang et al. 2013; Zhao and Huang 2014; Shao
et al. 2015; Pozo-Rodr�ıguez et al. 2016). Studies have shown that
functionalized LNP achieved increased intracellular nucleic acid
delivery and gene expression in cancer cells, in combination with
reduced nonspecific cytotoxicity to healthy lung tissue and accu-
mulation in other organs (Taratula et al. 2013; Zhao and Huang
2014; Shao et al. 2015; Pozo-Rodr�ıguez et al. 2016).

Biomimetics

Biomimetics draw inspiration from nature to produce materials
which mimic natural biological processes for application in
humans. Synthesizing NP with a surface as complex as the sur-
face of a host cell, incorporating the various membrane proteins
and lipids required to be recognized as “self”, is a serious chal-
lenge. Instead, to evade the immune system and to increase resi-
dence time in the host, investigators have started integrating
membrane proteins - such as CD47 derived from red blood cells

(RBC) - into the NP formulation (Hu et al. 2011; Fang et al.
2012; Andon et al. 2017). CD47 is a transmembrane protein
expressed by all cells and serves as an anti-phagocytic signal;
binding to CD172a/signal regulatory protein (SIRP)-a expressed
on macrophages and DC prevents internalization and elimin-
ation (Rodriguez et al. 2013; Qie et al. 2016; Liu et al. 2017;
Fadeel 2019). Polystyrene NP coated with mouse recombinant
CD47 incubated with different macrophage subtypes significantly
decreased phagocytosis in all macrophages (Qie et al. 2016). In
another study, synthetic CD47 peptides were synthesized, conju-
gated to virus-like particles and injected into mice expressing a
CD172a variant compatible with human CD47, which resulted in
suppressed phagocytosis, increased circulation time, and drug
delivery (Rodriguez et al. 2013).

Other studies have covered NP with RBC membranes to
evade recognition by the host immune system (Hu et al. 2011).
Poly-(lactic-co-glycolic acid) (PLGA) polymeric NP were covered
with RBC membranes containing the associated membrane lipids
and proteins through a top-down approach. RBC-membrane-
covered NP have a half-life of 39.6 hr (longer than the half-life of
15.8 hr for PEGylated NP) and achieved prolonged drug release
in vivo in a mouse model. In a different study, adverse cardio-
pulmonary reactions were reduced after intravenous injection
into pigs of sphere-shaped polystyrene particles adhered to RBC
(Wibroe et al. 2017).

In a separate study, a different bioinspired therapeutic was
synthesized (termed “leuko-some”) by incorporating surface pro-
teins from leukocytic plasma membranes into lipid NP loaded
with dexamethasone (Molinaro et al. 2016). These leukosomes
were delivered to lipopolysaccharide (LPS)-treated mice, resulting
in immune tolerance, increased circulation time, preferential
accumulation into the inflamed ear tissue where LPS was
injected, and reduced inflammation.

To be used clinically, RBC-membrane-covered NP will need
to be compatible with the blood group of the patient or these
antigens should be removed during synthesis to avoid inducing
immunogenic responses. RBC membranes used to coat the NP
could even be derived from the patient receiving the NP to fur-
ther minimize immune responses (Hu et al. 2011).

Recent studies have explored exosomes as biomimetics to not
only increase tropism of NP to tissues but also to increase safety.
Exosomes are vesicles with sizes between 30 and 200 nm com-
posed of lipid bilayers which originate in endosomes and are
naturally secreted by cells (Khongkow et al. 2019; Liu et al. 2019;
Yong et al. 2019). Since the composition of exosomes is similar
to that of mammalian cells, they are safe, biocompatible and do
not display cytotoxicity (Khongkow et al. 2019; Liu et al. 2019;
Yong et al. 2019). Their great biocompatibility, prolonged circu-
lation, stability and low immunogenicity make exosomes attract-
ive as nanocarriers and as biomimetics. Membranes of exosomes
are composed of endosomal membrane and plasma membrane
proteins that allow them to actively target cells and then be effi-
ciently internalized via endocytosis. Exosome membrane proteins
tetraspanin CD9 and CD81 are responsible for membrane fusion
and CD55 and CD59 protect exosomes from complement attack
and ensure prolonged blood circulation time (Liu et al. 2019).

Exosome-enclosed NP are normally produced by extrusion
through nanoporous membranes (Liu et al. 2019; Yong et al.
2019); however, this process may compromise the integrity and
stability of the membrane proteins which are crucial for targeted
delivery (Yong et al. 2019). Microfluidic sonication has been pro-
posed as an alternative, more effective and quicker process that
continuously generates homogenous batches of exosome
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membrane-coated NP exhibiting a typical spherical core-shell
structure (Liu et al. 2019). That study demonstrated that tumor
cell-derived exosome-membrane coated PLGA NP have immune-
evading abilities due to high expression of CD47 on their mem-
branes as shown by reduced uptake by macrophages and mono-
cytes in in vitro and in vivo models. Furthermore, by coating NP
with exosomes derived from tumor cells, a strong preference and
targeting to source tumor cells is exhibited (Liu et al. 2019).
Yong et al. (2019) produced exosome-enclosed doxorubicin-
loaded porous silicon NP for targeted delivery of chemothera-
peutic drugs to tumors. Following intravenous injection, this
exosome-biomimetic NP exhibited enhanced extravasation from
blood vessels, tumor accumulation, deep tumor penetration and
cytotoxicity in total cancer cells and cancer stem cells. These
exosome-biomimetic NP produce significant anti-cancer and
cancer stem cell killing activity.

To further emphasize the promising application of exosomes,
Khongkow et al. (2019) coated gold NP with genetically-modified
exosome membranes expressing membrane proteins which
enhance penetration through the blood-brain barrier and confer
tropism for neuronal cells. Following intravenous injection, gold
NP enclosed in genetically-modified exosome membranes (com-
pared to those coated with unmodified exosomes) had superior
transport across the blood-brain barrier and increased targeting
specificity toward brain cells.

Conclusions

Gene therapy as a treatment for pulmonary diseases is a promis-
ing therapeutic avenue, through the silencing of mutated genes,
using anti-sense oligonucleotides (ASO) or RNAi, or the inser-
tion of deleted genes using DNA. Due to the vulnerability of
naked nucleic acids in biological fluids, non-viral gene vectors
formulated with different materials bearing different physico-
chemical properties have been designed to shield genetic material
with therapeutic purposes from nucleases and to enhance cellular
internalization. Investigators have found that NP should be bio-
degradable to avoid detrimental accumulation in cells and
organs, and should adopt a neutral surface charge to avoid
adsorption to biological molecules/interactions with RES compo-
nents. However, investigators still debate the ideal size for NP
delivery systems, as their size not only affects surface area but
also largely depends on the administration route, the target
organ and its environment. The ideal way to deliver therapeutics
into the lungs is via inhalation as a liquid aerosol or a dry pow-
der formulation; future in vitro and in vivo studies should inves-
tigate optimal inhalable RNA and DNA formulations for gene
therapy in the lung. Studies have shown that, in the steady state,
the progressively bifurcating architecture of the lung makes it
difficult for inhaled therapeutics to deposit and to be retained in
the lung long enough to exert therapeutic effects. Other studies
have demonstrated that it is important to understand the physio-
logical and anatomical changes in the lung during disease to
optimize delivery of the vector to the airways and into tar-
get cells.

Literature on the cytotoxicity and immunogenicity of inhaled
NP as gene delivery vectors is slowly evolving. We do not know
what happens in vivo: whether NP degrade or agglomerate,
whether they interact with biomolecules and, if so, which ones.
The minimum toxic dosage of NP requires further investigation,
along with an examination of which components, i.e. the shell,
the core or the nucleic acid - might contribute to toxicity. We
also require more detailed knowledge on how the host immune

response to NP changes over time and to chronic dosing where
required, and whether changing one property of the NP changes
another, such that a harmless NP might become more harmful.
We know that changing the physical properties of NP (size,
charge, material, shape, hydrophobicity) alters how they interact
with the lung environment. In disease, the local immune system
in the lung and the lung environment is dysregulated, i.e. over-
or underactive, so it is essential to understand how the pulmon-
ary immune system interacts with and responds to inhaled gene
therapeutics in a given disease state. Studying the interaction of
inhaled therapeutic NP with the lung immune system in vivo
will help optimize and maximize delivery of nucleic acid thera-
peutics and assist in redesign to create optimal NP formulations
that could potentially evade immune cells whilst enhancing gene
delivery to target cells.

Disclosure statement

The authors declare no conflicts of interest. The authors alone are
responsible for the content of this manuscript. However,
AstraZeneca reviewed the publication, without influencing the opin-
ions of the authors, to ensure medical and scientific accuracy, and
the protection of intellectual property. LdB was funded from a
BBSRC CTP studentship (BB/T508548/1). Jose Luis Santos and John
Ferguson are employees with AstraZeneca and hold AstraZeneca
stock options.

References

Agust�ı A, Hogg J. 2019. Update on the pathogenesis of chronic obstructive
pulmonary disease. N Engl J Med. 381(13):1248–1256.

Allard B, Panariti A, Martin J. 2018. Alveolar macrophages in the resolution
of inflammation, tissue repair, and tolerance to infection. Front Immunol.
9:1777.

Alton E, Stern M, Farley R, Jaffe A, Chadwick S, Phillips J, Davies J, Smith S,
Browning J, Davies M, et al. 1999. Cationic lipid-mediated CFTR gene
transfer to the lungs and nose of patients with cystic fibrosis: A double-
blind placebo-controlled trial. Lancet. 353(9157):947–954.

Andon F, Digifico E, Maeda A, Erreni M, Mantovani A, Alonso M, Allavena
P. 2017. Targeting tumor-associated macrophages: The new challenge for
nanomedicine. Semin Immunol. 34:103–113.

Bao Y, Jin Y, Chivukula P, Zhang J, Liu Y, Liu J, Clamme J, Mahato R, Ng
D, Ying W, et al. 2013. Effect of PEGylation on biodistribution and gene
silencing of siRNA/Lipid nanoparticle complexes. Pharm Res. 30(2):
342–351.

Barillet S, Fattal E, Mura S, Tsapis N, Pallardy M, Hillaireau H, Kerdine-
R€omer S. 2019. Immunotoxicity of poly (lactic-co-glycolic acid) nanopar-
ticles: Influence of surface properties on dendritic cell activation.
Nanotoxicology. 13(5):606–622.

Barnes P, Burney P, Silverman E, Celli B, Vestbo J, Wedzicha J, Wouters E.
2015. Chronic obstructive pulmonary disease. Nat. Rev. Dis. Primers. 1:
15076.

Barnes P, Stockley R. 2005. COPD: Current therapeutic interventions and
future approaches. Eur Respir J. 25(6):1084–1106.

Belchamber K, Donnelly L. 2017. Macrophages, origin, functions and bioin-
tervention. Results Probl. Cell Differ. 62:299–313.

Belliveau N, Huft J, Lin P, Chen S, Leung A, Leaver T, Wild A, Lee J, Taylor
R, Tam Y, et al. 2012. Microfluidic synthesis of highly potent limit-size
lipid nanoparticles for in vivo delivery of siRNA. Mol. Ther. Nucl. Acids.
1:e37.

Bhardwaj A, Mehta S, Yadav S, Singh S, Grobler A, Goyal A, Mehta A. 2015.
Pulmonary delivery of anti-tubercular drugs using spray-dried lipid-poly-
mer hybrid nanoparticles. Artif. Cells Nanomed. Biotechnol. 44:1–12.

Boraschi D, Italiani P, Palomba R, Decuzzi P, Duschl A, Fadeel B, Moghimi
S. 2017. Nanoparticles and innate immunity: New perspectives on host
defence. Semin Immunol. 34:33–51.

Borghardt J, Kloft C, Sharma A. 2018. Inhaled therapy in respiratory disease:
The complex interplay of pulmonary kinetic processes. Can. Respir. J.
2018:1–11.

JOURNAL OF IMMUNOTOXICOLOGY 69



Braakhuis H, Park M, Gosens I, de Jong W, Cassee F. 2014. Physicochemical
characteristics of nanomaterials that affect pulmonary inflammation. Part
Fibre Toxicol. 11:18

Buck J, Grossen P, Cullis P, Huwyler J, Witzigmann D. 2019. Lipid-based
DNA therapeutics: Hallmarks of non-viral gene delivery. ACS Nano.
13(4):3754–3782.

Bus T, Traeger A, Schubert U. 2018. The great escape: How cationic poly-
plexes overcome the endosomal barrier. J Mater Chem B. 6(43):
6904–6918.

Canonico A, Conary J, Meyrick B, Brigham K. 1994. Aerosol and intravenous
transfection of human a1-antitrypsin gene to lungs of rabbits. Am J
Respir Cell Mol Biol. 10(1):24–29.

Celli B, Wedzicha J. 2019. Update on clinical aspects of chronic obstructive
pulmonary disease. N Engl J Med. 381(13):1257–1266.

Champion J, Mitragotri S. 2009. Shape induced inhibition of phagocytosis of
polymer particles. Pharm Res. 26(1):244–249.

Chan C, Majzoub R, Shirazi R, Ewert K, Chen Y, Liang K, Safinya C. 2012.
Endosomal escape and transfection efficiency of PEGylated cationic lipo-
some-DNA complexes prepared with an acid-labile PEG-lipid.
Biomaterials. 33(19):4928–4935.

Chen J, Guan X, Hu Y, Tian H, Chen X. 2017. Peptide-based and polypep-
tide-based gene delivery systems. Top Curr Chem (Cham)). 375(2):32

Chen S, Tam Y, Lin P, Sung M, Tam Y, Cullis P. 2016. Influence of particle
size on the in vivo potency of lipid nanoparticle formulations of siRNA. J
Control Release. 235:236–244.

Cho C. 2012. Design and development of degradable polyethylenimines for
delivery of DNA and small interfering RNA: An updated review. ISRN
Mater. Sci. 2012:1–24.

Choi M, Gu J, Lee M, Rhim T. 2017. A new combination therapy for asthma
using dual-function dexamethasone-conjugated polyethylenimine and
Vitamin D binding protein siRNA. Gene Ther. 24(11):727–734.

Costa A, Sarmento B, Seabra V. 2015. Targeted drug delivery systems for
lung macrophages. Curr Drug Targets. 16(14):1565–1581.

Costa A, Sarmento B, Seabra V. 2018. Mannose-functionalized solid lipid
nanoparticles are effective in targeting alveolar macrophages. Eur J Pharm
Sci. 114:103–113.

Cullis P, Hope M. 2017. Lipid nanoparticle systems for enabling gene thera-
pies. Mol Ther. 25(7):1467–1475.

Dan N, Danino D. 2014. Structure and kinetics of lipid-nucleic acid com-
plexes. Adv Colloid Interface Sci. 205:230–239.

Dasa S, Suzuki R, Mugler E, Chen L, Jansson-Lofmark R, Michaelsson E,
Lindfors L, Klibanov A, French B, Kelly K. 2017. Evaluation of pharmaco-
kinetic and pharmacodynamic profiles of liposomes for the cell type-spe-
cific delivery of small molecule drugs. Nanomedicine. 13(8):2565–2574.

Desch A, Gibbings S, Goyal R, Kolde R, Bednarek J, Bruno T, Slansky J,
Jacobelli J, Mason R, Ito Y, et al. 2016. Flow cytometric analysis of mono-
nuclear phagocytes in non-diseased human lung and lung-draining lymph
nodes. Am J Respir Crit Care Med. 193(6):614–626.

Dobrovolskaia M, Shurin M, Shvedova A. 2016. Current understanding of
interactions between nanoparticles and the immune system. Toxicol Appl
Pharmacol. 299:78–89.

Doshi N, Mitragotri S. 2010. Macrophages recognize size and shape of their
targets. Plos One. 5(4):e10051

Dowdy S. 2017. Overcoming cellular barriers for RNA therapeutics. Nat
Biotechnol. 35(3):222–229.

Dua K, Wadhwa R, Singhvi G, Rapalli V, Shukla S, Shastri M, Gupta G,
Satija S, Mehta M, Khurana N, et al. 2019. The potential of siRNA based
drug delivery in respiratory disorders: Recent advances and progress.
Drug Dev Res. 80(6):714–730.

El-Sherbiny I, El-Baz N, Yacoub M. 2015. Inhaled nano- and microparticles
for drug delivery. Global Cardiol. Sci. Pract. 2015(1):2.

Evren E, Ringqvist E, Willinger T. 2020. Origin and ontogeny of lung macro-
phages: From mice to humans. Immunology. 160(2):126–138.

Fabre J, Collins L. 2006. Synthetic peptides as non-viral DNA Vectors. Curr
Gene Ther. 6(4):459–480.

Fadeel B. 2019. Hide and seek: Nanomaterial interactions with the immune
system. Front Immunol. 10:133

Fang R, Hu C, Zhang L. 2012. Nanoparticles disguised as red blood cells to
evade the immune system. Expert Opin Biol Ther. 12(4):385–389.

Frohlich E, Salar-Behzadi S. 2014. Toxicological assessment of inhaled nano-
particles: Role of in vivo, ex vivo, in vitro, and in silico studies. Int J Mol
Sci. 15(3):4795–4822.

Fujisawa T, Velichko S, Thai P, Hung L, Huang F, Wu R. 2009. Regulation
of airway MUC5AC expression by IL-1b and IL-17a: The NF-jB para-
digm. J Immunol. 183(10):6236–6624.

Galbiati V, Papale A, Kummer E, Corsini E. 2016. In vitro models to evaluate
drug-induced hypersensitivity: Potential test based on Activation of
Dendritic Cells. Front Pharmacol. 7:204

Garbi N, Lambrecht B. 2017. Location, function, and ontogeny of pulmonary
macrophages during the steady state. Pflugers Arch. 469(3-4):561–572.

Garbuzenko O, Ivanova V, Kholodovych V, Reimer D, Reuhl K, Yurkow E,
Adler D, Minko T. 2017. Combinatorial treatment of idiopathic pulmon-
ary fibrosis using nanoparticles with prostaglandin E and siRNA(s).
Nanomedicine. 13(6):1983–1992.

Garbuzenko O, Saad M, Pozharov V, Reuhl K, Mainelis G, Minko T. 2010.
Inhibition of lung tumor growth by complex pulmonary delivery of drugs
with oligonucleotides as suppressors of cellular resistance. Proc Natl Acad
Sci U S A. 107(23):10737–10742.

Geiser M. 2010. Update on macrophage clearance of inhaled micro- and
nanoparticles. J Aerosol Med Pulm Drug Deliv. 23(4):207–217.

Getts D, Shea L, Miller S, King N. 2015. Harnessing nanoparticles for
immune modulation. Trends Immunol. 36(7):419–427.

Gilleron J, Querbes W, Zeigerer A, Borodovsky A, Marsico G, Schubert U,
Manygoats K, Seifert S, Andree C, Stoter M, et al. 2013. Image-based ana-
lysis of lipid nanoparticle-mediated siRNA delivery, intracellular traffick-
ing and endosomal escape. Nat Biotechnol. 31(7):638–646.

Grabiec A, Hussell T. 2016. The role of airway macrophages in apoptotic cell
clearance following acute and chronic lung inflammation. Semin
Immunopathol. 38(4):409–423.

Grant E, Thomas M, Fortune J, Klibanov A, Letvin N. 2012. Enhancement of
plasmid DNA immunogenicity with linear polyethylenimine. Eur J
Immunol. 42(11):2937–2948.

Green R, Brightling C, Pavord I, Wardlaw A. 2003. Management of asthma
in adults: Current therapy and future directions. Postgrad Med J. 79(931):
259–267.

Guan S, Munder A, Hedtfeld S, Braubach P, Glage S, Zhang L, Lienenklaus
S, Schultze A, Hasenpusch G, Garrels W, et al. 2019. Self-assembled pep-
tide-poloxamine nanoparticles enable in vitro and in vivo genome restor-
ation for cystic fibrosis. Nat Nanotechnol. 14(3):287–297.

Gustafson H, Holt-Casper D, Grainger D, Ghandehari H. 2015. Nanoparticle
uptake: The phagocyte problem. Nano Today. 10(4):487–510.

Hafez I, Maurer N, Cullis P. 2001. On the mechanism whereby cationic lipids
promote intracellular delivery of polynucleic acids. Gene Ther. 8(15):
1188–1196.

Hayes A, Bakand S. 2014. Toxicological perspectives of inhaled therapeutics
and nanoparticles. Expert Opin Drug Metab Toxicol. 10(7):933–947.

He Y, Liang Y, Han R, Lu W, Mak J, Zheng Y. 2019. Rational particle design
to overcome pulmonary barriers for obstructive lung diseases therapy. J
Control Release. 314:48–61.

Heukels P, Moor C, Th€usen J, Wijsenbeek M, Kool M. 2019. Inflammation
and immunity in IPF pathogenesis and treatment. Respir Med. 147:79–91.

Hirota K, Terada H. 2012. Endocytosis of particle formulations by macro-
phages and its application to clinical treatment. In: Ceresa B, editor.
Molecular regulation of endocytosis. Rijeka: InTechOpen.

Hogan SP, Foster PS, Tan X, Ramsay AJ. 1998. Mucosal IL-12 gene delivery
inhibits allergic airways disease and restores local antiviral immunity. Eur
J Immunol. 28(2):413–423.

Hoshyar N, Gray S, Han H, Bao G. 2016. The effect of nanoparticle size on
in vivo pharmacokinetics and cellular interaction. Nanomedicine (Lond)).
11(6):673–692.

Hu C, Zhang L, Aryal S, Cheung C, Fang R, Zhang L. 2011. Erythrocyte
membrane-camouflaged polymeric nanoparticles as a biomimetic delivery
platform. Proc Natl Acad Sci U S A. 108(27):10980–10985.

Huang X, Schwind S, Yu B, Santhanam R, Wang H, Hoellerbauer P, Mims
A, Klisovic R, Walker AR, Chan KK, et al. 2013. Targeted delivery of
microRNA-29b by transferrin-conjugated anionic lipopolyplex nanopar-
ticles: A novel therapeutic strategy in acute myeloid leukemia. Clin
Cancer Res. 19(9):2355–2367.

Hussell T, Bell T. 2014. Alveolar macrophages: Plasticity in a tissue-specific
context. Nat Rev Immunol. 14(2):81–93.

Hwang T, Aljuffali I, Hung C, Chen C, Fang J. 2015. The impact of cationic
solid lipid nanoparticles on human neutrophil activation and formation of
neutrophil extracellular traps (NETs). Chem Biol Interact. 235:106–114.

Ishida T, Ichihara M, Wang X, Yamamoto K, Kimura J, Majima E, Kiwada
H. 2006. Injection of PEGylated liposomes in rats elicits PEG-specific
IgM, which is responsible for rapid elimination of a second dose of
PEGylated liposomes. J Control Release. 112(1):15–25.

Jayaraman M, Ansell SM, Mui BL, Tam YK, Chen J, Du X, Butler D, Eltepu
L, Matsuda S, Narayanannair JK, et al. 2012. Maximizing the potency of
siRNA lipid nanoparticles for hepatic gene silencing in vivo. Angew Chem
Int Ed Engl. 51(34):8529–8533.

70 L. DE BRAGANCA ET AL.



Jensen D, Jensen L, Koocheki S, Bengtson L, Cun D, Nielsen H, Foged C.
2012. Design of an inhalable dry powder formulation of DOTAP-modified
PLGA nanoparticles loaded with siRNA. J Control Release. 157(1):
141–148.

Jesus M, Zuhorn I. 2015. Solid lipid nanoparticles as nucleic acid delivery
system: Properties and molecular mechanisms. J Control Release. 201:
1–13.

Jin H, Kim T, Hwang S, Chang S, Kim H, Anderson H, Lee H, Lee K,
Colburn N, Yang H, et al. 2006. Aerosol delivery of urocanic acid-modi-
fied chitosan/programmed cell death 4 complex regulated apoptosis, cell
cycle, and angiogenesis in lungs of K-ras null mice. Mol Cancer Ther.
5(4):1041–1049.

Jorge A, Pais A, Vitorino C. 2019. Drug delivery systems. Meth. Mol. Biol.
2059:259–283.

Jubrail J, Kurian N, Niedergang F. 2017. Macrophage phagocytosis cracking
the defect code in COPD. Biomed J. 40(6):305–312.

Kang Z, Meng Q, Liu K. 2019. Peptide-based gene delivery vectors. J Mater
Chem B. 7(11):1824–1841.

Khongkow M, Yata T, Boonrungsiman S, Ruktanonchai UR, Graham D,
Namdee K. 2019. Surface modification of gold nanoparticles with neuron-
targeted exosome for enhanced blood-brain barrier penetration. Sci Rep.
9(1):8278

Kolahian S, Fernandez I, Eickelberg O, Hartl D. 2016. Immune mechanisms
in pulmonary fibrosis. Am J Respir Cell Mol Biol. 55(3):309–322.

Konduru NV, Molina RM, Swami A, Damiani F, Pyrgiotakis G, Lin P,
Andreozzi P, Donaghey TC, Demokritou P, Krol S, et al. 2017. Protein
corona: Implications for nanoparticle interactions with pulmonary cells.
Part Fibre Toxicol. 14(1):42

Kong X, Hellermann G, Zhang W, Jena P, Kumar M, Behera A, Behera S,
Lockey R, Mohapatra S. 2008. Chitosan interferon-gamma nanogene ther-
apy for lung disease: Modulation of T-cell and dendritic cell immune
responses. Allergy Asthma Clin Immunol. 4(3):95–105.

Kononenko V, Narat M, Drobne D. 2015. Nanoparticle interaction with the
immune system. Arh Hig Rada Toksikol. 66(2):97–108.

Koppolu B, Zaharoff D. 2013. The effect of antigen encapsulation in chitosan
particles on uptake, activation and presentation by antigen presenting
cells. Biomaterials. 34(9):2359–2369.

Kormann M, Hasenpusch G, Aneja M, Nica G, Flemmer A, Herber-Jonat S,
Huppmann M, Mays L, Illenyi M, Scham A, et al. 2011. Expression of
therapeutic proteins after delivery of chemically modified mRNA in mice.
Nat Biotechnol. 29(2):154–157.
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