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Biopolymers augment viral vectors based gene delivery
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The success of viral vectors mediated gene therapy is still hampered by immunogenicity and insufﬁcient transgene
expression. Alternatively, non-viral vectors mediated gene delivery has the advantage of low immunogenicity despite
showing low transgene expression. By carefully considering the advantages of each approach, hybrid vectors are currently
being developed by modifying the viral vectors using non-viral biopolymers. This review provides an overview of the
hybrid vectors currently being developed.
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Gene delivery by viral vectors is by far the most successful
method for gene therapy that has translated much from the
clinical trial stage to gene therapy products in the market.
Viruses like adenovirus, adeno-associated virus (AAV),
retrovirus and lentivirus have been successfully explored in
gene therapy (Lundstrom 2018). Viral vector-mediated gene
therapy has shown great success in the treatment of
lipoprotein lipase (LPL) deﬁciency (Miller 2012; Wierzbicki
and Viljoen 2013), Leber’s congenital amaurosis (Bainbridge et al. 2015), adenosine deaminase deﬁciency-severe
combined immunodeﬁciency (ADA-SCID) (Aiuti et al.
2002) and hemophilia B (Nathwani et al. 2014; George et al.
2017). However this ﬁeld has also seen pitfalls and limitations like withdrawal of Glybera, the gene therapy product to
treat LPL deﬁciency (Senior 2017), risk of insertional
mutagenesis in SCID (Howe et al. 2008), insufﬁcient
transgene expression (Bainbridge et al. 2015) and the
immune response against vectors (Mingozzi and High 2013).
Thus there is a constant need for improving the safety and
efﬁcacy of viral vector-based gene therapy. Systemic
administration of viral vectors has always the risk of eliciting
the host immune response which clears most viral particles
thereby decreasing target tissue transduction efﬁcacy. During
systemic administration, the viral vectors face numerous
barriers and so only a fraction of the viral vectors transduce
the target tissues. Potential barriers could be: (i) the host
immune system (complement system, pre-existing antibodies and capsid-speciﬁc immune response) and (ii) non-target
cell types (like neutrophils, monocytes etc), endothelial cell
layer present in the target tissue type. On the other hand,
http://www.ias.ac.in/jbiosci

non-viral vectors like lipid-based or nanoparticle-based gene
delivery (Midoux et al. 2009) exhibit transient, episomal
expression of the transgene while having advantage of very
low immunogenicity (ﬁgure 1).
By carefully considering the advantages of each approach,
hybrid vectors are currently being developed by engineering
these viral vectors to exhibit protective shields of non-viral
vector materials like liposomes, nanoparticles or peptides
(Waehler et al. 2007). Such hybrid vectors have several
advantages like (i) evasion of the host immune response
upon systemic administration; (ii) achieving optimum
transgene expression efﬁcacy at low-vector doses and (iii) a
potential for targeted gene delivery upon incorporation of a
targeting moiety. A great variety of materials have been used
to coat/embed viral vectors to generate hybrid vectors. Here
we present an updated overview of these hybrid vectors.

1. Liposomes
Encapsulation of retroviruses by liposomes was performed
as early as 1984 when murine sarcoma viral vectors were
encapsulated in unilamellar lipid vesicles prepared by a
reverse-phase evaporation method by using cholesterol,
phosphatidylcholine (PC) and phosphatidylglycerol. Such
vectors improved the viral transduction efﬁciency remarkably (Faller and Baltimore 1984). Later in 1998, cationic
liposome formulations were synthesized for retroviral
encapsulation. Porter CD et al. encapsulated recombinant
retroviruses in cationic lipids (a 3:2 (molar ratio) formulation
1
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Figure 1. Schematic illustration of viral vectors and non-viral vector-mediated gene delivery. While viral vectors encounter barriers like
the pre-existing neutralizing antibodies, complement system, capsid-speciﬁc immune response and proteasomal degradation of viral
vectors, the non-viral vector-mediated transgene delivery is still hampered by insufﬁcient and transient transgene expression.

of 3b[N-(N0 ,N0 -dimethylaminoethane)carbamoyl]cholesterol
(DC-Chol)
and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)) and have found a 20-fold increase in
transduction efﬁciency (Porter et al. 1998). Later, it was
observed that high-cationic charge density can be reduced by
including neutral lipids like DOPE and cholesterol thereby
improving transfection efﬁciency. Such a neutral lipid/cationic lipid complex improves membrane ﬂuidity, fuses with
the endosomes and delivers the viral vectors inside the host
cell efﬁciently (Crook et al. 1998). Keswani et al. produced
a hybrid vector by combining murine leukemia virus-like
particles (M-VLP) with synthetic liposomes comprising
(1,2-bis(oleoyloxy)-3-(trimethylammonio)propane)
(DOTAP), DOPE and cholesterol (u/M-VLP). Such hybrid
vectors were shown to have efﬁcient size (300 nm produced
by size extrusion of lipids), increased transfection efﬁciency
and stable transgene expression for up to 3 weeks in vitro
(Keswani et al. 2013).
Such a liposome encapsulation strategy has also been
exploited with adenoviral vectors. Adenoviruses require the
target cells to express receptors such as coxsackievirus and
adenovirus receptor (CAR). However in cancer cells (CT-26
mouse colon cancer cells) which are deﬁcient in CAR,
adenoviruses complexed with PEGPE [1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[methoxy(poly-ethyleneglycol)-2000] liposome showed enhanced transgene expression. Also in in vivo tumor models, it has been shown to be
with reduced liver uptake and enhanced transgene expression
in tumors (Han et al. 2008). Adenoviruses complexed with
bilamellar DOTAP:chol liposomes have been reported to not
only enhance transgene expression (LacZ or a1-antitrypsin
inhibitor (AAT)), but also was shown to evade anti-adenoviral
neutralizing antibodies in vivo and ex vivo (Yotnda et al. 2002;
Shi et al. 2013). Price et al. have also reported that adenovirus
5 encapsulated with dexamethasone-spermine (DS)/DOPE

greatly enhanced transgene expression speciﬁcally in airway
epithelium of C57Bl/6 mice when administrated through
intranasal instillation. While they induced negligible expression in non-target alveolar cells, signiﬁcantly evaded host
IFNc against the viruses (Price et al. 2005).
Cationic liposomes also have the disadvantages of
decreased tissue targeting speciﬁcity (mediated by lipid
fusion) and decreased serum stability (Ishida et al. 2002).
Alternatively, adenovirus 5 have also been encapsulated in
anionic liposomes comprising cholesterol derivatives, cholesteryl-hemisuccinate, egg PC and cholesterol which
improved transgene expression 6-fold in vivo in airway
epithelium (Zhong et al. 2011). This strategy was further
reﬁned by using non-toxic anionic lecithin–cholesterol–
polyethylene glycol (PEG) liposomes to encapsulate adenoviral vectors which improved gene-transfer efﬁciency by
4-fold and safety as well (Mendez et al. 2014).
AAVs, the safe vector for gene delivery have also been
encapsulated in liposomes comprising N-(a-trimethylammonio-acetyl)didodecyl-D-glutamate chloride, dilauroyl
phosphatidylcholine and DOPE and have shown to transduce efﬁciently ([6-fold increase) in glioma cell lines which
were otherwise difﬁcult to transduce cell lines (Mizuno and
Yoshida 1998). Furthermore, Fiandaca et al. have used this
approach for imaging of AAV vectors in vivo. They encapsulated AAV1 with cationic lipids embedded with the MRI
contrast agent, gadolinium and injected them in primate
brain. This led to real-time MRI imaging visualization of
convection-enhanced delivery of AAVs as well (Fiandaca
et al. 2009). These cationic lipids were also observed to
retarget AAV vectors. For example, AAV2/9 when encapsulated in cationic sterol-based lipid like DS, re-targeted
from alveolar epithelium (native target) to airway epithelium
with increased transduction efﬁciencies (up to 6-fold) both
in vitro and in vivo thereby exhibiting potential for gene
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transfer into lung for conditions like cystic ﬁbrosis (Fein
et al. 2009).
Herpes simplex viral (HSV) vectors employed mainly as
oncolytic viral vectors are still not widely used due to their
high immunogenicity. However as a proof-of-concept, Fu
et al. employed this strategy and encapsulated HSV in
DOTAP-based liposomes which was shown to evade host
neutralization antibodies when administrated intravenously
(Fu and Zhang 2001). Schematic representation of liposomeencapsulated viral vectors is illustrated in ﬁgure 2.

2. Modifying viral vectors using PEG
PEG is an amphiphilic and chemically inert polymer that has
been widely used in food and pharmaceutical preparations
due to the lack of toxicity and immunogenicity (Roberts
et al. 2002). The process of modifying viral vectors by PEG
is called as PEGylation (ﬁgure 3) and this has been reported
to exhibit the following advantages:
(i) Increased transduction efﬁciency
(ii) Decreased immunogenicity
(iii) Improved stability
It is well known that adenoviruses upon systemic
administration have a half-life of just 2 min where they get
cleared by the host reticuloendothelial system (Alemany
et al. 2000). PEG-modiﬁed adenoviruses had improved halflife by 4-fold compared to unmodiﬁed viruses and this
increase in half-life further improves when the degree of
PEGylation increases (Alemany et al. 2000; Wonganan and
Croyle 2010). When adenoviruses were modiﬁed with 35
kDa PEG, the stability increases and resulted in viral genome being observed up to 24 h post systemic administration
in mice (Hofherr et al. 2008). Further it was observed that
PEGylation of adenoviruses greatly reduces hepatotoxicity
and cytotoxicity as evidenced by measuring serum alanine
aminotransferase, aspartate aminotransferase and lactate
dehydrogenase while increasing transgene expression up to
28 days compared to unmodiﬁed virus (14 days) (Croyle
et al. 2005; Wonganan et al. 2011). More importantly,
modifying adenoviruses by monomethoxypolyethylene glycol activated by tresyl chloride (TMPEG) has also been
reported to enhance transduction efﬁciency by more 2-fold
in vitro in the presence of neutralizing antibodies and similar
results were obtained in vivo in mice previously exposed to
wild-type adenovirus vectors (O’Riordan et al. 1999). Such
modiﬁcation also improves the safety by greatly reducing
serum IL6, IL12 and TNF-a (Croyle et al. 2005) and signiﬁcantly reducing cytotoxic T lymphocytes (Croyle et al.
2001) and attenuating the Th2 response (Lanciotti et al.
2003).
AAVs when initially conjugated with monomethoxy
poly(ethylene)glycols activated by tresyl chloride (TMPEG)
and succinimidyl succinate (SSPEG), exhibited comparable
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transduction efﬁciencies with that of wild-type viruses while
evading serum neutralization. However TMPEG also
reduced the Th1-type response (Le et al. 2005; Lee et al.
2005). It is believed that covalent conjugation of PEG to
reactive amino acids on the capsid might also occur at random sites thereby negatively affecting transduction potential.
To avoid this, Yao et al. have performed site-speciﬁc
PEGylation by incorporating azide moieties on selective
regions such as Q325, S452 and R585 on AAV capsid followed by PEG conjugation. These vectors have been shown
to exhibit 1.7 to 2.4 fold stability improvement in pooled
human serum and a nearly two-fold reduction in antibody
recognition (Yao et al. 2017).
Retroviruses modiﬁed with poly(ethylene glycol)-poly(Llysine) block copolymer has been reported to increase
transduction efﬁciency by 3–7 fold NIH3T3 or Lewis lung
carcinoma cell lines. Interestingly this modiﬁcation improved
transduction efﬁciency in primary cultured brain cells which
were otherwise labile (Katakura et al. 2004). It was also
improvised by including a biotin moiety along with PEG
(DSPE–PEG–biotin) while conjugating retroviruses and this
strategy was shown to enhance virus binding to streptavidin
by [3-fold (Mukherjee et al. 2009). Similarly VSV-G
pseudotyped lentivirus vectors which are prone to inactivation by human serum complement, when conjugated with
monomethoxypoly(ethylene)glycol, protected vector inactivation from complement while not affecting transduction
efﬁciency in vitro. Such modiﬁcation resulted in enhanced
transgene expression in bone marrow and spleen up to 14
days post systemic administration (Croyle et al. 2004).

3. Magnetic nanoparticles
Another strategy to improve gene delivery is by conjugating
supramagnetic nanoparticles (MNP) with the viral vectors.
By means of magnetism principle, the vector–MNP conjugates are concentrated at the target site (ﬁgure 4). This
technique is called as magnetofection (Plank et al. 2011).
The main advantage of this method is to transduce difﬁcult
cell types owing to its receptor-independent endocytic
uptake. Earliest example of such a modiﬁcation is adenovirus-magnetic particles. When tested extensively in nonpermissive COLO 205 cells, a human colon adenocarcinoma
cell line with an applied magnetic ﬁeld, enhanced transduction efﬁciency was observed (Pandori et al. 2002). Pereyra et al. have conjugated recombinant adenoviral vectors
with iron oxide MNPs generating magneto-adenovectors
(RAd-MNP). Such particles encoding GFP/insulin-like
growth factor 1 were found to increase transduction efﬁciency in C2C12 myotubes in vitro and mouse muscles
in vivo (Pereyra et al. 2016). Magnetofection has greatly
improved using oncolytic adenoviruses guided them to
tumors by magnetic ﬁeld, a form of local delivery. When
oncolytic adenoviruses dl520 were conjugated with iron
oxide-based MPNs and tested in vitro in multidrug-resistant
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Figure 2. Liposomal encapsulation of viral vectors. Viral vectors can be encapsulated in liposomes made of materials as indicated in the
ﬁgure that determines the net charge of the liposomes. Encapsulation can be unilamellar or bilamellar that help vectors improve
transduction efﬁciency, evade pre-existing neutralization antibodies and also help in transducing cells that are otherwise difﬁcult to
transduce by viral vector alone.

cancer cells and in vivo by intratumoral injection followed
by magnetic-ﬁeld-guided transduction, 10-fold enhancement
of the oncolytic potency was observed (Tresilwised et al.
2010). It was also observed that when adenoviruses were
conjugated with gold/iron-oxide magnetic nanoparticles,
transgene expression was improved 1000 times by direct
penetration of the plasma membrane of mouse melanoma
cells (Kamei et al. 2009).
In 2000, AAV2 were ﬁrst coated with magnetic particles
using a cleavable heparin sulfate linker. This AAV2-MPN

was found to improve transduction efﬁciency in C12 cells
in vitro and in 129/svJ mice in vivo upon intramuscular
injection (Mah et al. 2002). Similarly, heparin-coated
superparamagnetic nanoparticles were used to immobilize
AAVr3.45 (which has diverse cell tropism). Such a system
under magnetic ﬁeld was found to enhance transduction
efﬁciency in vitro in \180 min as against 24 h for the naked
virus alone (Hwang et al. 2011). AAV2 is usually less permeable to neuronal cells. When AAV2 was genetically
modiﬁed to display hexa-histidine (6xHis) on the capsid,
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Figure 3. Schematic representation of PEGylation (addition of PEG moieties to the viral vectors).

Figure 4. Magnetofection of viral particles. Magnetic nano-particles are complexed with the viral vectors. Based on the magnetism
principle, the vector–magnetic nanoparticle complex was concentrated on the target cell types thereby increasing the transduction
efﬁciency.

nickel ions – NTA-biotin conjugated to streptavidin-coated
superparamagnetic iron oxide nanoparticles could be easily
conjugated to develop AAV-MNPs. Under magnetic ﬁeld
guidance, enhanced transduction efﬁciency within 2–10 min

of human neuronal stem cell infection was observed (Kim
et al. 2011).
Retroviruses have also been complexed with polyethyleneimine-coated iron or gamma ferric oxide
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nanoparticles and found to have intact physical and biological properties of the vector (Tai et al. 2003).
Hoffmann et al. have demonstrated that lentiviruses when
conjugated to magnetic particles (CombiMag or TransMag)
improved transduction efﬁciency in endothelial cells under
hydrodynamic stress in vitro and observed the same in the
ex vivo model of mouse aorta by the perfusion method
guided by the magnetic ﬁeld (Hofmann et al. 2009). Borroni
et al. used this approach to enhance systemic and local
delivery of lentiviruses. They complexed lentiviruses with
iron oxide-based magnetic nanoparticles and administered
intravenously in mice. Upon magnetic guidance to abdomen
enhanced transduction in hepatocytes and non-parenchymous cells were observed. Similarly intra-tumoral delivery
in a tumor model guided by the magnetic ﬁeld enhanced
transgene expression at the tumor, while preventing dissemination throughout the body (Borroni et al. 2017).

4. Conclusions
Targeted gene delivery using viral vectors in the ﬁeld of gene
therapy has reached great advances to date. However its
success is still hampered by issues like immune-mediated
clearance of viral particles and transient gene expression.
Strategies to make these vectors evade the host immune
response during systemic administration are of great value.
By doing so, the amount of viral vectors needed for sufﬁcient transgene expression will be low to moderate which in
turn might reduce the cost associated with gene therapy.
Thus strategies like modifying viral vectors using liposomes,
PEG or magnetic nanoparticles give them the advantage of
low immunogenicity and direct optimum transgene expression in the target tissue type.
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