Chapter 16
Pulmonary Delivery of Plasmid DNA for Disease
Prevention and Therapy

Simon Heuking and Gerrit Borchard

Abstract For gene delivery to the lung, the challenges are high, but successful
treatment of cystic fibrosis or achieving immunity against the global infectious dis-
eases provide an allure that cannot be ignored. This chapter summarizes and reviews
nonviral DNA delivery for both gene therapy and DNA vaccination in the lung.
Aerosolization of DNA is evaluated, and the stability during this process is dis-
cussed. Carriers for DNA are then discussed including lipoplexes and polyplexes,
with a particular focus on systems that achieve good transfection and minimize
potential toxicity. Then principles of DNA vaccination are introduced, and the
advantages of pulmonary vaccination are discussed. Finally, the transport of plas-
mid DNA vaccines into the lungs is reviewed.

Keywords DNA delivery * DNA vaccination * Gene therapy * Non-viral gene
delivery * Pulmonary route of application

16.1 Introduction

As such, the concept of gene delivery to the lung for therapeutic as well as preven-
tive purposes appears to be straight forward: relatively easy application meeting
with patient compliance, direct accessibility of the target tissue, low enzymatic
activity (compared to the oral route of application) and absence of pH gradient.
However, as with all “simple” concepts, the devil is in the details. In this case, as
somebody put it correctly in the three challenges afflicting all efforts in drug
development: Delivery, Delivery, and Delivery. The first delivery aspect is to deposit
an aerosol DNA bearing particles at the correct site in the lung, maintaining DNA
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integrity in lieu of shear forces necessary to produce aerosol droplet sizes suitable
for inhalation. The second is to enable the uptake of DNA carrier systems by, if pos-
sible, the “correct” target cells. The last aspect is related to obtaining successful
transfection, i.e., the successful expression and processing of the protein encoded in
the DNA delivered. For all three of these stages, technologies have been developed
over several decades. In this chapter, we would like to focus on supplying the reader
with an overview over some aspects of — nonviral — DNA delivery for both gene
therapy and DNA vaccination in the lung.

16.2 Aerosolization of pDNA

The first report of pulmonary delivery of aerosolized DNA, complexed with
cationic liposomes, was described by Stribling et al. [63]. Using DOTMA (N-[1-
(2,3)-dioleyl-oxy)propyl]-N,N,N-triethylammonium), in combination with the
fusigenic lipid DOPE (dioleoyl-phosphatidylethanolamine) to form complexes
with a pDNA encoding for chloramphenicol acetyl transferase (CAT), successful
transfection of pulmonary tissues in mice was achieved in the absence of toxic side
effects. In this case, the aerosolization was achieved by nebulization in what turned
out to be a rather inefficient process. Application of aerosol had to be maintained
for a total duration of 4-5 h, aerosolizing 6 mg of total DNA, of which only about
10 pg was finally deposited in the lung. However, this study sparked the interest in
aerosol delivery of pDNA for a number of genetic diseases, including cystic fibro-
sis (CF) [2, 50], lung cancer [27], and inflammatory afflictions of the lung, such as
asthma [2].

From these first trials, it became also clear that the nebulization of a large and
relatively fragile molecule poses a challenge. Especially seen the forces necessary
to produce droplet sizes suitable for inhalation (about 2 um), shear stress occurring
during nebulization is to be minimized in order to maintain structural integrity of
the DNA delivered [15]. A recent paper by Lentz et al. [41] investigated the effect
of the strain rate on the integrity of plasmid DNA (pDNA) aerosolized from differ-
ent delivery systems (ultrasonic, vibrating mesh and jet nebulizer, electrostatic
spray). The strain rate yis defined as the derivative of velocity (du) in correlation to
linear distance traveled (dy) [56]:

Y =du/dy.

The study revealed the lowest destabilizing effect for pDNA aerosolized from
electrostatic sprays, and the highest for jet nebulizers. In spite of a relatively low
strain rate, also vibrating mesh nebulizers exerted a destabilizing effect on plasmid
DNA, possibly due to the interaction of the molecule with the vibrating grid [41].
As was already shown, DNA degradation in ultrasonic nebulizers was due to cavita-
tion, i.e., the collapse of air bubbles creating shock waves, which can damage the
DNA [42]. In contrast to aerosolized “naked” DNA, complexation with positively
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charged molecular entities, condensing and compacting DNA, has been shown to
lead to a stabilization of the DNA delivered, besides resulting in a potential increase
in transfection efficiency observed [57].

16.3 Lipoplexes and Polyplexes

In nonviral delivery, DNA is usually condensed by electrostatic interaction with either
cationic lipids to form so-called lipoplexes or cationic polymers (polyplexes). Examples
for the former, in addition to the above mentioned DOTMA/DOPE liposomes, are
3-[N-[(N’,N*-dimethylamino)ethane]carbamoyl]cholesterol (DC-cholesterol), used for
the application of a plasmid expressing for the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) protein in mice [1]. Since then, a number of lipoplex formula-
tions have been developed and successfully tested in animals [26, 49].

In clinical trials, however, lipoplex-mediated transfection of pulmonary tissues
has suffered from comparably low efficiency [6], as well as proinflammatory side
effects [58]. The recent use of an improved lipid, the Genzyme lipid 67 (GL-67),
called the “gold-standard” [25] in pulmonary gene delivery, has resulted in an
increased transient transfection and expression of a reporter gene after instillation in
mouse lungs [40]. The lipid, consisting of a spermine headgroup covalently attached
to cholesterol “anchor,” used in a liposomal formulation including dioleoylphos-
phatidyl ethanolamine (DOPE), dimyristoylphosphatidyl ethanolamine (DMPE),
and polyethylene glycol (PEG) has also been tested in clinical studies. In CF
patients, treatment resulted in significant, though partial, restoration of the chloride
channel activity disturbed in CF by the expression of the CFTR protein [2, 3].

Another cationic lipid, guanidinium-cholesterol-bis-guanidinium-tren-cholesterol
(BGTC), showed relatively high transfection efficiency in vitro and in vivo when
used in combination with DOPE [16]. Applied as an aerosol to mice, expression of
the reporter gene CAT was however lower than for polyplexes prepared with polyeth-
yleneimine (PEI), applied by the same route [22]. In addition, cytokine (TNF-alpha,
IL-1 beta) levels measured in the bronchoalveolar fluid (BALF) after exposure were
higher for BGTC-based systems than for the PEI polyplexes.

Inflammatory side effects in lipoplex-mediated gene delivery in the lung have
not been attributed to the cationic lipids themselves, but more to the presence of
(and exposure to) CpG sequences absent in mammalian, but present in bacterial
plasmid DNA. These sequences have been identified as ligands of the Toll-like
receptor (TLR) 9 [62]. TLR belongs to a group of pathogenic pattern recognition
receptors that are a part of the innate immune system [30]. TLR ligands have there-
fore recently been introduced as novel adjuvants to boost the mucosal immune
response following pulmonary application of vaccines (see below).

Polymers have long been used for condensing DNA, forming condensates (“poly-
plexes”) held together by electrostatic forces between the negatively charged DNA
and positively charged polymers [36]. This condensation both reduces the size of
the DNA delivered, and masks its negative charge, both factors making DNA amenable
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Fig. 16.1 Concept of polyplex-mediated transfection: /: formation of polyplex by electrostatic
condensation of DNA and polymer; 2: polyplex endocytosis and endosomal uptake; 3: “endosomal
escape”; 4: transport through cytoplasm and nuclear localization; 5: intracellular dissociation of
plasmid DNA from polymer
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Fig. 16.2 Molecular structures of (a) chitosan, (b) poly-L-lysine (PLL), and (c) polyethyleneimine
(PEI)

for endocytosis by target cells. Cationic polymers, especially PEI, may also assist in
the “endosomal escape,” i.e., the release of intact plasmid DNA from the endosomal
compartment [12], as depicted in Fig. 16.1. In this case, the polymer acts as a
“proton sponge,”’ by virtue of protonation of its multiple amino groups. This, in turn,
buffers the pH in the endosomal compartment, causing the endosomal membrane to
rupture and release the polyplex into the cytoplasm [53]. In addition, condensation
with polymers was shown to stabilize DNA against enzymatic degradation [13].
Examples of widely used polymers in nonviral gene delivery are poly(L-lysine)
(PLL) [39, 43], PEI [12], poly(2-(dimethylaminoi)ethylmethacrylate) (pDMAEMA)
[67], as well as biodegradable polysaccharides such as chitosan and its derivatives
[11, 48]. Among these, PEI, PLL, and chitosan (Fig. 16.2) and respective derivatives
have been shown to successfully transfect lung epithelial cells in vitro and in vivo.
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PEI shows a high density of primary, secondary, and tertiary amine function in
its structure (Fig. 16.2), and is therefore suited to condense DNA plasmids and act
as a proton sponge for lysosomal escape and facilitated intracellular trafficking of
the vector. PEI has therefore been considered as a nonviral delivery system in gene
therapy of CF [20], a genetic disease caused by the aberration of a chloride channel
protein, the CFTR protein, expressed in mucosal epithelia in the intestinal tract and
the lung [46]. As the cause of fatality is linked to the pulmonary effects of CF, gene
therapy through application of the correcting gene by aerosolization was attempted
early on. In this regard, PEI was shown to protect DNA against degradation during
the aerosolization process [17], to lead to a higher transfection rates compared to
most cationic lipids [16], with transfection using PEI polyplexes not inhibited by
lung surfactant [19]. However, PEI is significantly cytotoxic, which appears to
depend on the density of the positive charges as well as on the molecular weight of
the polymer [33], and the degree of molecular branching [70]. Cytotoxicity of PEI
and aggregation tendency of PEI/DNA complexes could greatly be reduced by
grafting PEI with PEG, with reduction in cytotoxicity being dependent on the degree
of PEG grafting, and not on the molecular weight of PEG [52, 55].

In a recent study [65], branched PEI was compared to a newly developed copo-
lymer from oligo(ethylene glycol) methyl ether methacrylate (OEGMA) and poly
N,N-dimethylaminoethylmethacrylate (pDMAEMA) in terms of toxicity and trans-
fection efficiency after intratracheal application in Balb/c mice. The copolymer
could prevent polyplex aggregation at high concentrations in isotonic solutions, ren-
dering formulations useful for in vivo application. Gene expression in vivo appar-
ently improved by sevenfold when compared to branched PEI.

Condensation of plasmid DNA by poly-L-lysine (PLL) appears to be depen-
dent on the interaction of the primary amine groups of the polymer with nega-
tively charged DNA. For the formation of stable polyplexes, the number of amine
groups available appears to be of crucial importance. Polyplexes formed with PLL
below a molecular weight of 3 kDa were shown to be unstable [38]. On the other
hand, polyplexes prepared with high molecular weight PLL tended to form aggre-
gates in isotonic solutions [43] and exerted considerable cytotoxicity [14]. To
overcome these challenges, PLL was grafted with PEG, resulting in an A-B-type
block copolymer [71]. Polyplexes formed with these copolymers maintained their
stability in serum, and can be applied in suspensions at a concentration exceeding
12 mg/ml DNA in isotonic saline [44]. Successively, PEG-PLL polymers were
employed in preclinical studies in mice, transfecting 60-75% of epithelial cells
lining the bronchial tract after a single intratracheal application [75]. Based on
these favorable data, a first clinical trial was initiated [35], testing the application
of a plasmid expressing for the CFTR protein and condensed with PEGylated PLL
(CK,,) in a total of 12 CF patients in a placebo-controlled, double-blind, dose-
escalation intranasal study. Primary endpoints — safety and tolerability — were
met, and the secondary endpoint — gene transfer efficiency — was assessed as well.
A partial to complete response was seen in eight subjects, and correction persisted
for 6 days, for 1 patient even up to 4 weeks after single nasal application of the
polyplex formulation.
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Chitosan is a linear, cationic polysaccharide consisting of randomly distributed
B-(1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine
(acetylated unit). It is industrially produced by alkaline deacetylation of chitin,
which is the structural element in the exoskeleton of crustaceans [61]. The degree of
deacetylation of chitosan ranges from 40 to 98%. Different molecular weights
(range of >100,000 to <2,000 Da) and viscosity grades are on the market. The pri-
mary amino function affords the possibility of easily altering the chemical modifi-
cation of chitosan. The pK_ value of this amino group was determined to be around
6.5 and does not vary significantly, even for different degrees of N-acetylation.
Hence, chitosan is positively charged and soluble in acidic solutions, whereas
unmodified chitosan is insoluble at physiological pH values (7.2-7.4). Chitosan has
been considered to serve as a vector for gene delivery [60] due to biocompatibility
and biodegradability [5]. A study dedicated to unravel the relationship between the
structure of chitosan, i.e., its molecular weight and degree of deacetylation, its tox-
icity in vitro, and transfection efficiency after intratracheal administration in mice
was performed recently [34]. It was shown that the percentage of deacetylation must
be greater than 65% to achieve stable complexes with plasmid DNA, and achieve
transgene expression. In terms of acute toxicity, measured by incubation with 293
cells, an IC50 value of 630 mg/ml was measured for ultrapure chitosan (UPC) of a
deacetylation degree of 83%, in comparison to an IC50 value of just 75 pg/ml for
PEI of a molecular weight of 800 kDa [24]. After intratracheal instillation, poly-
plexes were mostly found in the airways of the central lung. PEI transfection was
seen to be more effective and longer lasting than with UPC, which itself was com-
parable to cationic lipids. It was considered to be safe for pulmonary application,
provided chitosan is used in its ultrapure form [31].

16.4 Principles of Plasmid DNA Vaccination

With an increasing knowledge of the immune system and its molecular answers to
infections, it becomes more and more obvious that antibody inducing vaccines
might not be the appropriate solution to intracellular infections (such as tuberculo-
sis, influenza, hepatitis, or HIV/AIDS) requiring for their prevention a potent cyto-
toxic T lymphocyte response (CTL). Plasmid deoxyribonucleic acid (DNA)
vaccination might be an answer to that due to its hallmark of inducing a strong CTL
response in orchestration with CD4+ T helper cells (cellular immunity) as well as
its generation of antibodies (humoral immunity).

In general, a plasmid DNA vaccine consists of a bacterial plasmid vector into
which a gene is inserted encoding for one or more antigenic protein(s). When com-
pared to gene therapy, plasmid DNA vaccination is supposed to be already efficient
at a relatively low level of gene expression. Plasmid DNA vaccines are produced in
bacteria (such as Escherichia coli) and after purification injected into the host [29].

Wolff et al. [72] reported for the first time that an injection of plasmid DNA
(encoding for the bacterial enzyme beta-galactosidase) into muscle cells can result
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in lasting protein expressions, even after 2 months of injection. This technique of in
situ expression of protein(s) was then applied for eliciting an antibody response by
Tang et al. [64]. They were the first to demonstrate that an injection of plasmid DNA
by gene gun is able to elicit an immune response in vivo against the delivered human
growth hormone. Further studies in mice and chicken injected with influenza plas-
mid DNA demonstrated protection against following viral challenge [21, 66]. Starting
from these days, several plasmid DNA vaccines were found to provide protective
immunity in various animal models [37]. In comparison to current protein vaccines,
plasmid DNA vaccination exhibits many advantages [9, 37], such as:

1. Favoring a cellular immune response, which is most desired for the prophylaxis
against intracellular pathogens. This cell-mediated immunity is developed thanks
to an induction of major histocompatibility complex (MHC) I-restricted CTLs,
also killer T cells termed. CTLs are a result of in situ DNA transfection, subse-
quent intracellular processing of polypeptides, followed by a presentation of the
corresponding epitope(s) to antigen-presenting cells (APC).

2. Allowing the genetic construction of multiple antigens of choice included into
the same vector, which in turn leads to transcription of different antigenic pro-
teins (epitopes) in situ by one single vaccination.

3. Possessing an intrinsic adjuvant, unmethylated 5'-deoxycytidine-phosphate-
guanosine (CpG)-motifs, which are stimulating the innate immune system via
the TLR-9. Activation of TLR-9 leads to a favorable T helper cell type 1 (Thl)
biased immune response with induction of proinflammatory cytokines.

4. Prolonging the expression of the antigenic protein(s) enables a continuous stimu-
lation of the immune response.

5. Being easily produced, up-scaled and stored at higher temperatures without
causing loss of activity. These properties render DNA vaccines economically
very attractive and are certainly an advantage for their transport, especially to
countries in the southern hemisphere.

6. DNA vaccination is considered as safe immunization for immunocompromised
hosts as it does not induce vector immunity (in contrast to viral or bacterial deliv-
ery systems) and therefore can be used for repeated boosting.

However, in order to successfully transfect host cells, plasmid DNAs have in gen-
eral to overcome a couple of extra and intracellular barriers before desired antigen(s)
can be expressed (see Fig. 16.3).

In addition to these barriers, potential safety issues raised [9, 37] and have to be
addressed at preclinical and clinical level:

* Integration of plasmid DNA into the host genome

* Immunological tolerance to the encoded antigen

* Development of anti-DNA antibodies or autoimmunity disorders against DNA
* Development of antibiotic resistance

Despite promising results of plasmid DNA immunizations in preclinical trials
[28, 37, 66], studies in nonhuman primates and humans have failed so far in
achieving protective immunity [32, 68, 69]. Consequently, amelioration strategies
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Fig. 16.3 Potential barriers for the transport of plasmid DNA into the nucleus. (/) Plasmid DNA
has to withstand enzymatic degradation by DNases (extra and intracellularly). (//a) Endocytosed
plasmid DNA needs to escape from the endosomal compartment; otherwise, it will be degraded
within the lysosome due to an acidic pH and presence of digestive enzymes (//b). (/II) In order to
enter the nucleus, plasmid DNA has to travel through the cytosol by diffusion. (/V) Transcription
and subsequent translation steps for antigenic protein(s) have to be taken

of DNA vaccination were exploited, ranging from plasmid optimization over
coformulation with adjuvants to changing the route of administration to, e.g., pul-
monary vaccination.

16.4.1 Advantages of Pulmonary Vaccination

Most known pathogens invade the human body through mucosal epithelia (such as
nasal, oral, and pulmonary). Hereby, airborne bacterial and viral infections in the
lung tract (e.g., influenza, measles, and tuberculosis) are major reason for high rate
of deaths per annum [74]. In fighting against such lung infections, pulmonary deliv-
ery of vaccines mimics the natural way of infection and might therefore be an
appropriate way for their prevention. In animal models, aerosol delivery involves
intratracheal instillation and insufflation or the use of exposure chambers, whereas
for clinical trials a delivery device is required. Microsized particles (1-5-pm in size)
are generated by dry-powder inhalers and aerosols from liquid-suspended particles
by nebulizers, which are then delivered into the respiratory tract [47]. In history,
aerosol vaccination was applied in human subjects for more than a century and
includes aerosol vaccines against anthrax, plaque, tularemia, smallpox, tetanus, and
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botulism [23]. When compared to common parenteral immunizations, the following
benefits of aerosolized vaccines are matter of discussions:

1. Delivery of vaccines into the respiratory tract can trigger the secretion of local
IgA antibodies, which are in turn capable of crossing epithelia and preventing
further entrance of pathogens.

2. The particular noninvasive nature of antigen delivery into the lungs circumvents
the common use of needles and syringes, which are the main cause for unsafe
injections (e.g., needle-stick injuries). According to WHO sources [51], those
unsafe injections cause 8.2 million cases hepatitis B, 2.3 million cases of hepati-
tis C, and 0.1 million cases of HIV/AIDS around the world.

3. The application of pulmonary dry-powder vaccines could stop the common
imperative of an intact cold chain for storage, what is mandatory for conven-
tional vaccines.

4. For the administration of vaccines by using inhalers, no specially trained medical
personnel will be required.

In addition, two independent studies in infants underline the potential of aerosol
vaccination and will be highlighted in more details. First, 4,327 schoolchildren (age
5-14) in South Africa received a measles vaccines (either Schwarz or Edmonston—
Zagreb (EZ) vaccine) by aerosol or by subcutaneous (s.c.) administration. After 1
month of treatment, aerosol vaccination with the EZ strain caused seroconversion of
326 (84.7%) schoolchildren, which was superior to 257 (78.8%) who received the
subcutaneous EZ vaccine or 176 (62.2%) who received subcutaneous Schwarz vac-
cine. The authors stated that this method of aerosol vaccination might also be suited
for mass campaigns in pediatric populations [18].

In a second study, a measles vaccine (EZ) or measles-rubella (Edmonston—Zagreb
with RA27/3) was administered to Mexican schoolchildren via inhalation or injec-
tion. Interestingly, titers of neutralizing antibodies for the aerosol group were around
fourfold greater (52-64%) in comparison to the group, which received the injected
vaccine (4-23%). Moreover, fewer side effects were observed after aerosol than
injection administration of vaccines [7]. Besides, Wong-Chew et al. [73] reported
that a measles aerosol vaccine in 9-month-old Mexican infants stimulated strong
cellular immunity as measured by the Th1 cytokine interferon-gamma (IFN-y).

Considering reported findings, pulmonary delivery of antigens holds certainly
promise as an immunogenic and safe way of vaccination for the prevention of air-
borne pathogens. Moreover, it is an exceedingly attractive approach for developing
countries in the south, where not always cold chain, correct syringe disposal, and
trained personal can be guaranteed.

16.4.2 Transport of Plasmid DNA Vaccines into the Lungs

Pulmonary plasmid DNA vaccination is a rather new and promising concept of
vaccination and might enable in the future immunizations against intracellular
pulmonary pathogens, such as Mycobacterium tuberculosis, respiratory syncytial
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Table 16.1 Overview of pulmonary DNA vaccination studies

Encoded protein Delivery route Delivery system References
Hepatitis B surface antigen Intratracheal (instillation) None [45]

Eight epitopes of M. tuberculosis Intratracheal (microsprayer) Chitosan NP [8]
Hemagglutinin Aerosol (nebulizer) PEI NP [54]
Rv1733c Intratracheal (microsprayer) PGLA-PEINP [10]

PLGA poly(p,L-lactide-co-gylcolide); PEI polyethylenimine; NP nanoparticulates; RSV respira-
tory syncytial virus

virus (RSV), and severe acute respiratory syndrome coronavirus (SARS) [9]. Until
now, most in vivo studies focused mainly on gene therapy to the lung [4] and expec-
tations raised that the most efficient and safe pulmonary gene delivery systems will
find their application also for transport of plasmid DNA vaccines.

Regarding the delivery of plasmid DNA into the lung, in addition to common
intracellular barriers for gene therapy (see Fig. 16.1), further extracellular obstacles
have to be anticipated and overcome, e.g., withstanding shear forces during aero-
solization and crossing the respiratory mucus layer, which is covering conducting
airways or the liquid layer in the alveoli [59].

So far, pulmonary delivery of plasmid DNA vaccines was only reported for a
very few antigens (see Table 16.1) by different research groups and will be dis-
cussed in the following.

Lombry et al. [45] studied the immunogenicity of two protein antigens, ovalbu-
min (OVA) and hepatitis B surface antigen (HBsAg) and their encoding plasmid
DNAs, pOVA and pHBsAg, after intratracheal instillation or injection into
mice. Pulmonary immunizations induced equipotent cellular and humoral immune
responses when related to injected vaccines. Interestingly, antigen and plasmid
DNA immunizations favored a Th2 and a Th1 response, respectively.

Moreover, Bivas-Benita et al. [8] encapsulated a plasmid DNA vaccine encoding
eight T-cell epitopes of M. tuberculosis into chitosan nanoparticles and applied them
intratracheally into HLA-A2 transgenic mice. DNA nanoparticles elicited matura-
tion of dendritic cells (DC) and stimulated an increased secretion of IFN-y cytok-
ines in comparison to pulmonary delivery of the plasmid DNA in solution or via
intramuscular immunization.

The same group evaluated the in vitro and in vivo immunogenicity of a plasmid
DNA vaccine encoding for the latency antigen Rv1733c of M. tuberculosis [10].
pRv1733c was formulated in poly(p,L-lactide-co-gylcolide) (PLGA)-PEI nanopar-
ticles. DNA nanoparticles matured human DCs and induced secretion of two Thl
cytokines, TNF-a and IL-12, to a similar extent as the positive control lipopolysac-
charide (LPS). Priming of mice with pRv1733c nanoparticles and boosting after 3
weeks with Rv1733c protein enabled superior levels of T cell proliferation as intra-
muscular immunization controls. In addition, the same trend was observed for [FN-y
secretions, where aerosol delivery of nanoparticulates in conjunction with the pro-
tein boost triggered the highest release of IFN-y.



16 Pulmonary Delivery of Plasmid DNA for Disease Prevention and Therapy 377

So far, the only study of pulmonary DNA vaccination demonstrating next to
immunogenicity also protective efficacy was reported by Orson et al. [54]. An influ-
enza antigen, hemagglutinin (HA; from viral strain A/PR8/34), expressing plasmid
DNA (pHA) was incorporated in PEI particles and aerosolized into mice. When
compared to intravenous delivery of the same HA plasmid in macroaggregated
albumin (MAA)-PEI particles, less virus neutralizing antibodies were found after 2
weeks postimmunization. However, when plasmids encoding the cytokines IL-12
and granulocyte-macrophage colony stimulating factor (GM-CSF) were co-aero-
solized in pHA PEI particles, a significant increase in neutralizing titer was remarked
together with protection against subsequent influenza challenge.

16.5 Conclusions

Fallbacks — sometimes fatal — have sent gene therapy from the bedside back to the
bench. In this scenario, the application of nonviral gene delivery systems appears as
an advantageous alternative to viral carriers. However, the dilemma remains that non-
viral delivery systems are either toxic and therefore not safe for human use, or much
less efficient in transfecting target cells than their viral counterparts. The same holds
true for genetic vaccines: while quite successful in animal studies, DNA vaccine trials
in human subjects fail to reach their endpoints of establishing protective immunity.

On top of this, the administration site of the lung is a difficult one. Though rela-
tively accessible by inhalation, toxicity and thus safety concerns play a major role
when designing clinical trials for pulmonary vaccine delivery, although safety for
measles vaccines applied by inhalation was shown. The introduction of novel excip-
ients, such as ultrapure chitosan or modified PEI, will prove difficult in this context.
However, research must continue to develop novel gene therapy and DNA vaccine
carrier systems, especially for the lung. The challenges are high, but successful gene
therapy of CF and achieving immunity against the global killer tuberculosis are too
big benefits to be missed.

References

1. Alton EW, Middleton PG, Caplen NJ, Smith SN, Steel DM, Munkonge FM, Jeffery PK,
Geddes DM, Hart SL, Williamson R (1993) Non-invasive liposome-mediated gene delivery
can correct the ion transport defect in cystic fibrosis mutant mice. Nat Genet 5:135-142

2. Alton EW, Griesenbach U, Geddes DU (1999) Gene therapy for asthma: inspired research or
unnecessary effort? Gene Ther 6:155-156

3. Alton EWFW, Stern M, Farley R, Jaffe A, Chadwick SL, Phillips J, Davies J, Smith SN,
Browning J, Davies MG, Hodson ME, Durham SR, Li D, Jeffery PK, Scallan M, Balfour R,
Eastman SJ, Cheng SH, Smith AE, Meeker D, Geddes DM (1999) Cationic lipid-mediated
CFTR gene transfer to the lungs and nose of patients with cystic fibrosis: a double-blind
placebo-controlled trial. Lancet 353:947-954



378 S. Heuking and G. Borchard

4. Aneja MK, Geiger JP, Himmel A, Rudolph C (2009) Targeted gene delivery to the lung. Expert
Opin Drug Deliv 6:567-583
5. Arai K, Kinumaki T, Fujita T (1968) Toxicity of chitosan. Bull Tokai Reg Fish Lab 43:89-94
6. Audouy SAL, de Leij LFMH, Hoekstra D, Molema G (2002) In vivo characteristics of cationic
liposomes as delivery vectors for gene therapy. Pharm Res 19:1599-1605
7. Bennett JV, Fernandez de Castro J, Valdespino-Gomez JL, Garcia-Garcia Mde L, Islas-Romero
R, Echaniz-Aviles G, Jimenez-Corona A, Sepulveda-Amor J (2002) Aerosolized measles and
measles-rubella vaccines induce better measles antibody booster responses than injected vac-
cines: randomized trials in Mexican school children. Bull World Health Organ 80:806-812
8. Bivas-Benita M, van Meijgaarden KE, Franken KL, Junginger HE, Borchard G, Ottenhoff TH,
Geluk A (2004) Pulmonary delivery of chitosan-DNA nanoparticles enhances the immunoge-
nicity of a DNA vaccine encoding HLA-A*0201-restricted T-cell epitopes of Mycobacterium
tuberculosis. Vaccine 22:1609-1615
9. Bivas-Benita M, Ottenhoff TH, Junginger HE, Borchard G (2005) Pulmonary DNA vaccination:
concepts, possibilities and perspectives. J Control Release 107:1-29
10. Bivas-Benita M, Lin MY, Bal SM, van Meijgaarden KE, Franken KL, Friggen AH, Junginger
HE, Borchard G, Klein MR, Ottenhoff TH (2009) Pulmonary delivery of DNA encoding
Mpycobacterium tuberculosis latency antigen Rv1733c associated to PLGA-PEI nanoparticles
enhances T cell responses in a DNA prime/protein boost vaccination regimen in mice. Vaccine
27:4010-4017
11. Borchard G (2001) Chitosan in gene delivery. Adv Drug Deliv Rev 52:145-150
12. Boussif F, Lezoualc’h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, Behr JP (1995)
A versatile vectore for gene and oligonucleotide transfer into cells in culture and in vivo: poly-
ethyleneimine. Proc Natl Acad Sci USA 92:7297-7301
13. Capan Y, Woo BH, Gebrekidan S, Ahmed S, DeLuca P (1999) Stability of poly(L-lysine)-
complexed plasmid DNA during mechanical stress and DNase I treatment. Pharm Dev Technol
4:491-498
14. Choi YH, Liu F, Kim JS, Choi YK, Park JS, Kim SW (1998) Polyethylene glycol-grafted poly-
L-lysine as polymeric gene carrier. J Control Release 54:39-48
15. Crook K, McLachlan G, Stevenson BJ, Porteous DJ (1996) Plasmid DNA molecules com-
plexed with cationic liposomes are protected from degradation by nucleases and shearing by
aerosolisation. Gene Ther 3(83):4-839
16. Densmore CL, Giddings TH, Waldrep JC, Kinsey BM, Knight V (1999) Gene transfer by
guanidinium-cholesterol:dioleoylphosphatidyl-ethanolamine liposome-DNA complexes in
aerosol. J Gene Med 1:251-264
17. Densmore CL, Orson FM, Xu B, Kinsey BM, Waldrep JC, Hua P, Bhogal B, Knight V (2000)
Aerosol delivery of robust polyethyleneimine-DNA complexes for gene therapy and genetic
immunization. Mol Ther 1:180-188
18. Dilraj A, Cutts FT, de Castro JF, Wheeler JG, Brown D, Roth C, Coovadia HM, Bennett JV
(2000) Response to different measles vaccine strains given by aerosol and subcutaneous routes
to schoolchildren: a randomised trial. Lancet 355:798-803
19. Ernst N, Ulrichskotter S, Schmalix WA, Rédler J, Galneder R, Mayer E, Gersting S, Plank C,
Reinhardt D, Rosenecker J (1999) Interaction of liposomal and polycationic transfection
complexes with pulmonary surfactant. J Gene Med 1:331-340
20. Ferrari S, Pettenazzo A, Garbati N, Zacchello F, Behr J-P, Scarpa M (1999) Polyethyleneimine
shows properties of interest for cystic fibrosis gene therapy. Biochim Biophys Acta
1447:219-225
21. Fynan EF, Robinson HL, Webster RG (1993) Use of DNA encoding influenza hemagglutinin
as an avian influenza vaccine. DNA Cell Biol 12:785-789
22. Gautam A, Densmore CL, Waldrep JC (2001) Pulmonary cytokine responses associated with
PEI-DNA aerosol gene therapy. Gene Ther 8:254-257
23. Giudice EL, Campbell JD (2006) Needle-free vaccine delivery. Adv Drug Deliv Rev 58:68-89
24. Godbey WT, Wu KK, Mikos AG (1999) Size matters: molecular weight affects the efficiency
of poly(ethyleneimine) as a gene delivery vehicle. J Biomed Mater Res 45:268-275



25.

26.

27.
28.

29.
30.

31.
32.

33.

34.

35.

36.

37

39.

40.

41.

42.

43.

Pulmonary Delivery of Plasmid DNA for Disease Prevention and Therapy 379

Griesenbach U, Kitson C, Garcia SE, Farley R, Singh C, Somerton L, Painter H, Smith RL,
Gill DR, Hyde SC, Chow Y-H, Hu J, Gray M, Edbrooke M, Ogilvie V, MacGregor G, Scheule
RK, Cheng SH, Caplen NJ, Alton EWFW (2006) Inefficient cationic lipid-mediated siRNA
and antisense oligonucleotide transfer to airway epithelial cells in vivo. Respir Res 7:26—41
Guillaume C, Delepine P, Droal C, Montier T, Tymen G, Claude F (2001) Aerosolization of
cationic lipid-DNA complexes: Lipoplex characterization and optimization of aerosol delivery
conditions. Biochem Biophys Res Commun 286:464-471

Hege KM, Carbone DP (2003) Lung cancer vaccines and gene therapy. Lung Cancer 41:103-113
Huygen K, Content J, Denis O, Montgomery DL, Yawman AM, Deck RR, DeWitt CM, Orme
IM, Baldwin S, D’Souza C, Drowart A, Lozes E, Vandenbussche P, Van Vooren JP, Liu MA,
Ulmer JB (1996) Immunogenicity and protective efficacy of a tuberculosis DNA vaccine. Nat
Med 2:893-898

Huygen K (2005) Plasmid DNA vaccination. Microbes Infect 7:932-938

Iwasaki A, Medzhitov R (2005) Toll-like receptor control of the adaptive immune responses.
Nat Immunol 5:987-995

Illum L (1998) Chitosan and its use as a pharmaceutical excipient. Pharm Res 15:1332-1339
Jaoko W, Nakwagala FN, Anzala O, Manyonyi GO, Birungi J, Nanvubya A, Bashir F, Bhatt K,
Ogutu H, Wakasiaka S, Matu L, Waruingi W, Odada J, Oyaro M, Indangasi J, Ndinya-Achola J,
Konde C, Mugisha E, Fast P, Schmidt C, Gilmour J, Tarragona T, Smith C, Barin B, Dally L,
Johnson B, Muluubya A, Nielsen L, Hayes P, Boaz M, Hughes P, Hanke T, McMichael A,
Bwayo J, Kaleebu P (2008) Safety and immunogenicity of recombinant low-dosage HIV-1 A
vaccine candidates vectored by plasmid pTHr DNA or modified vaccinia virus Ankara (MVA)
in humans in East Africa. Vaccine 26:2788-2795

Jeong JH, Song SH, Lim DW, Lee H, Park TG (2001) DNA transfection using linear
poly(ethyleneimine) prepared by controlled acid hydrolysis of poly(2-ethyl-2-oxazoline).
J Control Release 73:391-399

Kopping-Hoggard M, Tubulekas I, Guan H, Edwards K, Nilsson M, Varum KM, Artursson P
(2001) Chitosan as a nonviral gene delivery system. Structure-property relationships and char-
acteristics compared with polyethyleneimine in vitro and after lung administration in vivo.
Gene Ther 8:1108-1121

Konstan MW, Davis PB, Wagener JS, Hilliard KA, Stern RC, Milgram LJH, Kowalczyk TH,
Hyatt SL, Fink TL, Gedeon CR, Oette SM, Payne JM, Muhammad O, Ziady AG, Moen RC,
Cooper MJ (2004) Compacted DNA nanoparticles adminstered to the nasal mucosa of cystic
fibrosis subjects are safe and demonstrate partial to complete cystic fibrosis transmembrane
regulator reconstitution. Hum Gene Ther 15:1-15

Kundu PP, Sharma V (2008) Synthetic polymeric vectors in gene therapy. Curr Opin Solid
State Mater Sci 12:89-102

. Kutzler MA, Weiner DB (2008) DNA vaccines: ready for prime time? Nat Rev Genet 9:776-788
. Kwoh DY, Coffin CC, Lollo CP, Jovenal J, Banszczyk MG, Mullen P, Phillips A, Amini A,

Fabrycki J, Bartholomew RM, Brostoff SW, Carlo DJ (1999) Stabilization of poly-L-lysine/
DNA polyplexes for in vivo gene delivery to the liver. Biochim Biophys Acta 1444:171-190
Laemmli UK (1975) Characterization of DNA condensates induced by poly(ethylene oxide)
and polylysine. Proc Natl Acad Sci USA 72:4288-4292

Lee R, Marshall J, Siegel C, Jiang C, Yew NS, Nichols MR, Nietupski JB, Ziegler RJ, Lane
MB, Wang KX, Wan NC, Scheule RK, Harris DJ, Smith AE, Cheng SH (1996) Detailed analy-
sis of structures and formulations of cationic lipids for efficient gene transfer to the lung. Hum
Gene Ther 7:1701-1717

Lentz KY, Anchordoquy TJ, Lengsfeld CS (2006) Rationale for the selection of an aerosol
delivery system for gene delivery. J Aerosol Med 19:372-384

Lentz KY, Anchordoquy TJ, Lengsfeld CS (2006) DNA acts as a nucleation site for transient
cavitation in the ultrasonic nebulizer. J Pharm Sci 95:607-619

Liu G, Molas M, Grossmann GA, Pasumarthy M, Perales JC, Cooper MJ, Hanson RW (2001)
Biological properties of poly-L-lysine-DNA complexes generated by cooperative binding of
the polycation. J Biol Chem 276:34379-34387



380 S. Heuking and G. Borchard

44. Liu G, Li D, Pasumarthy MK, Kowalczyk TH, Gedeon C, Hyatt S, Payne JM, Miller TJ,
Brunovskis P, Moen RC, Hanson RW, Cooper MJ (2003) Nanoparticles of compacted DNA
transfect post-mitotic cells. J Biol Chem 278:32578-32586

45. Lombry C, Marteleur A, Arras M, Lison D, Louahed J, Renauld JC, Préatand V, Vanbever R
(2004) Local and systemic immune responses to intratracheal instillation of antigen and DNA
vaccines in mice. Pharm Res 21:127-135

46. Lommatzsch ST, Aris R (2009) Genetics of cystic fibrosis. Semin Respir Crit Care Med
30:531-538

47. Lu D, Hickey AJ (2007) Pulmonary vaccine delivery. Expert Rev Vaccines 6:213-226

48. Mao S, Sun W, Kissel T (2010) Chitosan-based formulations for delivrey of DNA and siRNA.
Adv Drug Deliv Rev 62:12-27

49. Marshall J, Nietupski JB, Lee ER, Siegel CS, Rafter PW, Rudginsky SA, Chang CD, Eastman
SJ, Harris DJ, Scheule RK, Cheng SH (2000) Cationic lipid structure and formulation consid-
erations for optimal gene transfection of the lung. J Drug Target 7:453-469

50. McLachlan G, Davidson DJ, Stevenson BJ, Dickinson P, Davidson-Smith H, Dorin JR, Porteus
DJ (1995) Evaluation in vitro and in vivo of cationic liposome-expression construct complexes
for cystic fibrosis gene therapy. Gene Ther 2:614-622

51. Miller MA, Pisani E (1999) The cost of unsafe injections. Bull World Health Organ
77:808-811

52. Mishra S, Webster P, Davis ME (2004) PEGylation significantly affects cellular uptake and
intracellular trafficking of non-viral gene delivery particles. Eur J Cell Biol 83:97-111

53. Nel AE, Midler L, Velegol D, Xia T, Hoek EMV, Somasundaran P, Klaessig F, Castranova V,
Thompson M (2009) Understanding biophysicochemical interactions at the nano-bio interface.
Nat Mater 8:543-557

54. Orson FM, Kinsey BM, Densmore CL, Nguyen T, Wu Y, Mbawuike IN, Wyde PR (2006)
Protection against influenza infection by cytokine-enhanced aerosol genetic immunization.
J Gene Med 8:488-497

55. Petersen H, Fechner PM, Martin AL, Kunath K, Stolnik S, Roberts CJ, Fischer D, Davies MC,
Kissel T (2002) Polyethyleneimine-graft-poly(ethylene glycol) copolymers: influence of
copolymer block structure on DNA complexation and biological activities as gene delivery
system. Bioconjug Chem 13:845-854

56. Ram A, Kadim A (1970) Shear degradation of polymer solutions. J Appl Polym Sci
14:2145-2156

57. Rudolph C, Schillinger U, Ortiz A, Plank C, Jauernik J, Rosenecker J (2004) Aerosol delivery
of DNA-loaded nanoparticles: factors influencing particle stability and gene transfer efficiency.
IEEE Conference on Nanotechnology, Minich, pp 249-251

58. Ruiz FE, Clancy JP, Perricone MA, Bebok Z, Hong JS, Cheng SH, Meeker DP, Young KR,
Schoumacher RA, Weatherly MR, Wing L, Morris JE, Sindel L, Rosenberg M, Van Ginkel
FW, Mcghee JR, Kelly D, Lyrene RK, Sorscher EJ (2001) A clinical inflammatory syndrome
attributable to aerosolized lipid-DNA administration in cystic fibrosis. Hum Gene Ther
12:751-761

59. Sanders N, Rudolph C, Braeckmans K, De Smedt SC, Demeester J (2009) Extracellular barri-
ers in respiratory gene therapy. Adv Drug Deliv Rev 61:115-127

60. Saranya N, Moorthi A, Saravanan S, Pandima Devi N, Selvamurugan N (2011) Chitosan and
its derivatives for gene delivery. Int J Biol Macromol 48:234-238

61. Senel S, McClure SJ (2004) Potential applications of chitosan in veterinary medicine. Adv
Drug Deliv Rev 56:1467-1480

62. Shimosato T, Fujimoto M, Tohno M, Sato T, Tateo M, Otani H, Kitazawa H (2010) CpG oli-
godeoxynucleotides induce strong up-regulation of interleukin 33 via Toll-like receptor 9.
Biochem Biophys Res Commum 394:81-86

63. Stribling R, Brunette E, Liggitt D, Gaensler K, Debs R (1992) Aerosol gene delivery in vivo.
Proc Natl Acad Sci USA 89:11277-11281

64. Tang DC, DeVit M, Johnston SA (1992) Genetic immunization is a simple method for eliciting
an immune response. Nature 356:152-154



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Pulmonary Delivery of Plasmid DNA for Disease Prevention and Therapy 381

Uzgijn S, Akdemir O, Hasenpusch G, Mauksch C, Golas MM, Sander B, Stark H, Imker R,
Lutz J-F, Rudolph C (2010) Characterization of tailor-made copolymers of oligo(ethylene gly-
col) methyl ether methacrylate and N, N-dimethylaminoethyl methacrylate as nonviral gene
transfer agents: influence of macromolecular structure on gene vector particle properties and
transfection efficiency. Biomacromolecules 11:39-50

Ulmer JB, Donnelly JJ, Parker SE, Rhodes GH, Felgner PL, Dwarki VJ, Gromkowski SH,
Deck RR, DeWitt CM, Friedman A (1993) Heterologous protection against influenza by injec-
tion of DNA encoding a viral protein. Science 259:1745-1749

vande Wetering P, Cherng JY, Talsma H, Crommelin DJ, Hennink WE (1998) 2-(Dimethylamino)
ethyl methacrylate based (co)polymers as gene transfer agents. J Control Release
53:145-153

Wang R, Doolan DL, Le TP, Hedstrom RC, Coonan KM, Charoenvit Y, Jones TR, Hobart P,
Margalith M, Ng J, Weiss WR, Sedegah M, de Taisne C, Norman JA, Hoffman SL (1998)
Induction of antigen-specific cytotoxic T lymphocytes in humans by a malaria DNA vaccine.
Science 16:476-480

Wang R, Epstein J, Baraceros FM, Gorak EJ, Charoenvit Y, Carucci DJ, Hedstrom RC,
Rahardjo N, Gay T, Hobart P, Stout R, Jones TR, Richie TL, Parker SE, Doolan DL, Norman
J, Hoffman SL (2001) Induction of CD4(+) T cell-dependent CD8(+) type 1 responses in
humans by a malaria DNA vaccine. Proc Natl Acad Sci USA 98:10817-10822

Wightmann L, Kircheis R, Rossler V, Carotta S, Ruzicka R, Kursa M, Wagner E (2001)
Different behavior of branched and linear polyethyleneimine for gene delivery in vitro and
in vivo. J Gene Med 3:362-372

Wolfert MA, Schacht EH, Toncheva V, Ulbrich K, Nazarova O, Seymour LW (1996)
Characterization of vectors for gene therapy formed by self-assembly of DNA with synthetic
block co-polymers. Hum Gene Ther 7:2123-2133

Wolff JA, Malone RW, Williams P, Chong W, Acsadi G, Jani A, Felgner PL (1990) Direct gene
transfer into mouse muscle in vivo. Science 23:1465-1468

Wong-Chew RM, Islas-Romero R, Garcia-Garcia Mde L, Beeler JA, Audet S, Santos-Preciado
JL, Gans H, Lew-Yasukawa L, Maldonado YA, Arvin AM, Valdespino-Gémez JL (2006)
Immunogenicity of aerosol measles vaccine given as the primary measles immunization to
nine-month-old Mexican children. Vaccine 24:683-690

Woodland DL, Randall TD (2004) Anatomical features of anti-viral immunity in the respira-
tory tract. Semin Immunol 16:163-170

Ziady AG, Gedeon CR, Miller T, Quan W, Payne JM, Hyatt SL, Fink TL, Muhammad O, Oette
S, Kowalczyk T, Pasumarthy MK, Moen RC, Cooper MJ, Davis PB (2003) Transfection of
airway epithelium by stable PEGylated poly-L-lysine DNA nanoparticles in vivo. Mol Ther
8:936-947



	Chapter 16 Pulmonary Delivery of Plasmid DNA for Disease Prevention and Therapy

	16.1 Introduction
	16.2 Aerosolization of pDNA
	16.3 Lipoplexes and Polyplexes
	16.4 Principles of Plasmid DNA Vaccination
	16.4.1 Advantages of Pulmonary Vaccination
	16.4.2 Transport of Plasmid DNA Vaccines into the Lungs

	16.5 Conclusions
	References


