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Abstract ‘ ’

Gene delimeen extensively investigated as a means of introducing foreign DNA or genetic

material i:c host cell populations, to promote the expression of therapeutic proteins or to

silence rel nes that regulate cellular processes or disease progression in an ongoing manner.

This approdch can regulate genetic or epigenetic disorders, including neurodegenerative diseases,
autoimmu ses, and cancer to name a few, offering an attractive alternative to
pharmacolmerapy or invasive protein delivery options such as infusion pumps. However, the
exciting p ial of viral vector gene therapy has yet to be fully realized, with a number of clinical
trials fa iver optimal therapeutic outcomes. Reasons for this include difficulty in achieving
localized delivery at the cellular or tissue level, often resulting in diffusion away from, and
subsequenWr efficacy at, the target site, and poor or inconsistent transduction efficiency.

and specififty” ently, biomaterials have been exploited as an option for more controlled,

Thus, ongo s are focused on improving local viral vector delivery and enhancing its efficiency

targeted an progifmmable gene delivery. There is a growing body of literature demonstrating the

efficacy ofﬁrials for the direct, localized, and efficient transduction of a variety of cells, and

illustrating ential advantages over other delivery strategies.

This re lores the current limitations of gene delivery and the progress of biomaterial-

mediated gene delivery in addressing some of these limitations. The combination of biomaterials

2
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and gene vectors holds the potential to surmount major challenges, including the uncontrolled

release of viral vectors with random delivery duration, poorly localized viral delivery with associated

off-target gf limited viral tropism, and immune safety concerns.

KeywoPd ™8R clivery, biomaterials, viral vectors, effective delivery
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1 Introdu

Healthcare

]

nd accessibility have been significantly impacted by demographic and

epidemiol lution of an aging global population. This phenomenon is particularly relevant for

d

progressive age-related pathologies such as neurodegenerative disease.! The prevalence of

autoimmune es and cancer is also increasing in our aging population; approximately 24 million

'

(7%) of ulation suffer from an autoimmune disease and about 2 million (0.66%) people

within the BIS are undergoing treatment for cancer.'*

[

Currently, ge-related diseases are incurable and there are limited treatment options,

especially for heurological conditions. For example, in the case of treatments for Parkinson’s disease

(PD), le -dopa) is the most common treatment option,' with excess of 56 clinical trials

th

(clinical ! Wattempting to ameliorates some functional impairments by increasing dopamine

in the Bkain,>®

levels with offering symptomatic relief for many patients in the early stages of PD,

Ul

but with dimi g treatment efficacy with ever-increasing motor complications, and no obvious

disease ation.” % A wide range of treatment options are available for a variety of

autoimmune diseases and cancers, with the nature of these treatments tailored to the stage and

3
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taxonomy of disease.* !

Therapies for autoimmune diseases include conventional
immunosuppressive drugs (e.g. corticosteroids, azathioprine (AZA) and methotrexate (MTX)) and
biologicho target immune cells and their associated molecules (e.g. costimulatory
molecules ines). Such approaches can reduce morbidity and mortality but prolonged
systemic- S ministration may trigger undesirable side effects, including secondary
immunodefi:’enj. " Current treatments for cancer can come at a high individual cost in terms of

[16, 17]

wellbeing, de chemotherapy, radiotherapy,"*® immune-checkpoint inhibition (ICl) and

DNA dama%se (DDR).[* 20

Although many piients ultimately benefit from these treatments, the majority also experience
adverse eff immunosuppression and may exhibit patterns of resistance.™” **? The increasing

number o suffering from these diseases highlights the need for more research to help

eradicate, t provide more lasting and robust treatment of, their debilitating symptoms to

improv i ife.
Gene i as provided some optimism. It is a targeted therapeutic approach offering the

potential to aid in the repair of diseased cells/tissues/organs or to slow disease progression. Foreign

DNA or gLaterial is transferred into host cells for genome editing to regulate genetic

disorders g or inactivating culprit mutations, and by introducing gene corrections, such as
RNA interf; (RNAi)? and clustered regularly interspaced short palindromic repeats
(CRISP£m.[24' 5l Importantly, these genetic materials can express a specific protein in a
sustainem, replacing the need for invasive and repeated therapeutic protein

administration.[zs]She approach also has inherent flexibility, in that therapeutic gene expression can

either pro ysiological cellular functions, such as proliferation and differentiation, or
alternative te apoptosis. The ways in which genes are introduced into cells are also varied,
4
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and ultimately affect the efficacy and efficiency of gene therapy. Generally, genes are introduced
into host cells via carriers called vectors; these vectors can be either viral or non-viral and are

specifically"engineered to store, protect, and effectively deliver genetic materials to a particular

target cell

I
The desigrsnd selection of gene vectors for specific applications is of critical importance, as their

characterisfiCs vaffynot only between non-viral and viral vectors, but also within their subcategories.
Vector choice ultimately determines the biological outcomes arising from gene delivery. In general,
cell transfeCi ng viral vectors, whilst challenging, is more efficient; it can achieve a more stable,
prolonged expresSun of relevant genes compared to non-viral delivery systems,[m while non-viral
vectors ha tages due to lower cost and low host immunogenicity.[zsl Collectively, the

benefits o e delivery are seen as an increasingly attractive approach for the treatment or

even cure es for which previously there were only symptomatic treatments. Further, when

selecti riate viral vector, each presents its own inherent advantages and disadvantages.

(2931 3nd each offers

For instance ent viral vectors have different transgene capacities,
different serotypes suitable to specific applications. Transfection of different vectors can also be
dependenISn, or independent of, cell division,??>*! again affecting their ability to transfect specific
cell types.O, the selection of a suitable vector is complex because each vector must be

engineered pecific application and must consider all relevant parameters associated with the

intended b{@logical outcome.

Given the Inaougted promise of viral gene delivery, and despite in excess of 500 gene therapy

clinical trials (clini@altrials.gov),”® *® 37 significant challenges nonetheless remain that continue to
undermine tential of gene therapy technology.?® 3% These include: (i) the risks of vector
diffusion an rgeted (sometimes long-lasting) transfection of surrounding cells or tissues,**!

This article is protected by copyright. All rights reserved.



(i) transient transgene expression,[42] (iii) low levels of the transgene due to the possible insertional
mutagenesis or off-targeted genes,[43' 4 (iv) neutralization by the host immune system, with about
50% of th! ulation having antibodies against AAV vectors, titers as low as 1:10 significantly

45 %¢l3nd (v) the low transduction efficiency of gene

reducing o ing successful gene transfer,
vectors,-7' Fo name a few.[ ! Despite some therapies overcoming these challenges and

obtaining regulatory approval,®® they remain in the minority, and more work is still required to

Cr

[52]

consistentl ccessfully translate gene therapy for widespread clinical use.

5

Recently, als have been investigated not only as non-viral delivery systems, but also as a

means of delivering virions to overcome some of the limitations of current delivery strategies. For

Gl

example, tals such as electrospun nanofibres and hydrogels have recently been shown to
improve | ransfection,® reduce off-target transfection,® ** improve viral tropism,* ¢
and address

w ms associated with uncontrolled release of viral vectors with random delivery

duratiopes ty of biomaterials have been recognized as important tools in this endeavor,

ranging fro al materials (e.g. collagen and fibrin), to semi-synthetic materials (e.g. self-

Wi

assembling peptides (SAPs)) or pure synthetic materials (e.g. poly (ethylene glycol) (PEG)), all of

which are @enerally engineered to mimic some of the features of the native extracellular matrix

[

(ECM) of s issues.® In many cases, increasingly sophisticated materials are being developed

O

that offer s ral and biochemical support to the surrounding tissue and migrating cells, in

addition todacting as a delivery vehicle.”*® Here, we will discuss further the current limitations of

9

viral ge nd the various strategies the scientific community employs to overcome these

1

limitations.

U

A
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2 Gene delivery for gene therapy

Gene delivlr¥ haWeen widely utilized to introduce genetic materials into host cells or tissues for

gene thermoreign genes can be inserted into cells to replace defective genes that are
responsible Tor disease development. Effective gene therapy, including in vivo and ex vivo gene
I

therapy (Figure 1), represents a novel and promising approach for disease treatment, particularly for

neurological"diseaSes, autoimmunity and cancer, where treatment options are currently focused on

instead of disease modification. ®® Gene therapy was first conceived in 1972,
erapy trial was approved by the US Food and Drug Administration (FDA) in 1990

for adenosine dealhinase (ADA) deficiency,[s‘” with much optimism surrounding its ability to treat or

=)

cure genet s induced by defective genes. Since then, hundreds of clinical trials have been

N

devoted t g the potential of gene therapy for the treatment of a variety of diseases, most

[65] [66]

trials focu$in eurodegenerative diseases, > autoimmune disorders,”™ and cancer.®  The

a

efficac

erapy is largely dependent on the delivery vehicle, specifically its ability to

efficiently tra genes into target cell populations. Historically, a variety of delivery vehicles have

Vi

been employed to further improve the effectiveness of gene therapy, such as DNA nanoparticles,®

[73] [71, 74]

naked DNE"Y cationic liposomes,”? DNA-liposomes, polyplexes, non-viral biological

[

[75]

delivery, Dal vectors.” 7®! More recently, research has focused on engineering advanced
delivery ve or vectors to alter gene expression within a specifically selected cell population.

Such an roach facilitates efficient and localized delivery of genes encoded with relevant

3

therape s, and allows for the utilization of oligonucleotides, such as silencing RNA,

[

antisense RNA, anti-microRNAs, to inactivate or knock down abnormal genes for disease

U

modification, or teginduce functional proteins.

A
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ARGY Forsien gene
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Figure 1. Diagrain of in vivo and ex vivo gene therapy. In vivo gene therapy (left), uses viral

vectors in directly into the body of the patient, whereas for ex vivo gene therapy

U

(right), th cted cells are reintroduced into the patient after the cells are genetically

modified altsjtde ®f the body.

d

M

2.1 Vir or gene delivery

Most clinical trials to date have employed viral vectors for the delivery of genetic material.”””®

I

Generally, ors are considered to be capable of efficiently transfecting cells, and can achieve
long-term n of desired genes for sustained therapeutic effects. For these reasons, we will
limit the sc is review to gene therapy using viral vectors. We direct the interested reader to
the foll review articles that discuss the use of non-viral vector gene therapy.®>*’!

{

Viral vecto;ived from parent viruses that humans encounter through infection, whereby the

pathogeni are removed or replaced, producing a resultant non-pathogenic virus. There are

many dijf -4,@ ypes of viral vector but the essential components are the same (Figure 2). The virion

(a fully assembled infectious virus) typically consists of two or three basic components. The first

This article is protected by copyright. All rights reserved.



component is the genetic material (RNA or DNA) in the virus, which carries information for several

types of proteins that it encodes. For example, group-specific antigen (Gag) protein, polymerase

£

P

(Pol) protein_for reverse transcriptase (RT), integrase (IN) of the synthesis and protease (PR)

functionin tic cleavages, envelope (Env) protein for association or entry of host cell and

(s

So on. e second component is the protein-coated capsid, which is a protective shell shielding

1

viral genes from, nuclease enzymes and, during infection, acts to identify specific cell surface

C

receptors ich the virion can act. In some cases, the last component is an envelope of lipids

surrounding th€ cdpsid, which is encoded by the env gene that allows virions to target specific cells

$

by fusing membrane, whilst also facilitating infiltration of the target cell membrane via

U

endosoma ane trafficking. These features are indicative of the ability of virions to deliver and

protect th& genetic information, as well as ensuring their stability for trafficking throughout the

[i)

body. The st commonly used viral vectors in clinical trials are retrovirus (RV)/lentivirus

d

(LV), ade ciated virus (AAV),® and adenovirus (AV), with each vector having its own

unique tral

o\

A B C
[——(Flbﬂ
T Envelop spikes
\ S, A lipid bitayer -
-
& 1: '.... DA genome
': § 1 RMA i
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-~
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r
—

Figure 2. Str e of viral vectors. A: Retroviral and lentiviral vector; B: Adeno-associated

Penton base

viral ve Adenoviral vector.
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RV and LV ‘iﬁure 'A) consist of all three components (i.e. an enveloped virion), while AV (Figure 2C)

and AAV (Fi have only a protein capsid without a lipid envelope. Further variation in the viral
genome, t pacity, and vector genome between the different types of viral vectors
I

influence teir clinical utility for gene therapy (Table 1).® LVs are a subtype of RVs that are

particularl gene delivery applications, as they can stably integrate into the host genome in

dividing, non-diyiding, and post-mitotic mammalian cells.®? In comparison, other RVs are less active

ina wider ells. For instance, gamma retroviruses such as the murine leukemia virus (MLV)
do not transfect n@n-dividing cells, while some other RVs are capable of infecting non-dividing cells,

albeit withﬁciency compared to dividing cells.”” " Lvs and RVs can also be produced in a

moderate g size on a large scale,” and integration of their reverse transcribed linear

double-str@) DNA into the host genome allows replication by an integrase enzyme, a key

advant ieving long-term transgene expression.”*°! On the other hand, AVs and AAVs can

transduce nons ing cells but cannot stably integrate into the host cells’ genome, and they are

generally more difficult to design and engineer to achieve a high titer.®®* % However, AAVs have a

significantdeantage in that they are considerably less toxic due to their non-pathogenic

character.[bny application, the choice of vector depends on various factors, including
li

packaging us spread, cell/tissue specificity, and duration of required expression (Table 1).

LVs and A!s are the most common vectors employed in clinical trials as they are less immunogenic
than RVM] LVs are devoid of virulence factors and show low immunogenicity with intrinsic

tolerogenic anE sjpressive features, resulting in a minimal inflammatory response,® *® and AAVs
generally only actiMate a low innate immune response.[gg' 10011y addition, LVs are integrating vectors
(integr etic cargo into a cell chromosome) with generally higher expression at a lower

10
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multiplicity of infection (MOI), while AAVs typically result in superior spread in vivo due to the

relatively small size of the viral particles.

ript

Table 1. Virakveatgrs for gene delivery

SG

[88]

Merits

Disadvantages

Viral genoi/cloning

vector y/vector
RNA

Retroviral m

vector

Transgene capacity of 8 kb
Broad host range

Potential long-term
expression

Ability to transfect dividing
cells

Suitability of in situ somatic
gene therapy

Risk of insertional
mutagenesis and
oncogene activation
Inability to transfect
non-dividing cells
Immunogenicity

Low efficiency in vivo

Jul

Lentiviral @

vector integrated

g

{

Transgene capacity of 8 kb
Broad host range

Long-term stable expression
High-efficiency infection of
dividing and non-dividing
cells

Low immunogenicity

Difficult design and
construction
Potential generation of

pathogenic gene
(revertant replication-
competent HIV)
Concerns of biosafety
Activation of
oncogenes

Adeno- ssD
associated < b

viral 6 episomal
vector

& 10%

Non-pathogenic feature -
safety

Ability to integrate into a
specific site on chromosome
19 with no noticeable effects
Long-term stable expression
Infection of dividing and

Complicated process of
vector production
Limited transgene
capacity (up to 4.5 kb)
Efficiency limited by
second-strand synthesis

This article is protected by copyright. All rights reserved.
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integrated non-dividing cells
e Low level immune response

t

Potent immunogenicity

@ » Large transgene capacity (up e Short-lived transgene
. to 36 kb) expression(1-2weeks)
Adenoviral . . . _
>y KP e Efficient infection of e High levels of pre-
vector ™ s .
leldll’lg al’ld nOIl-leldlng eXIStlng lmmunlty
h'al cells e No integration into the

Low host specificity host cell genome

c

dNus

2.2 Biom
While vij

or viral gene delivery
ne therapy holds significant promise, its immense clinical potential has yet to be

realized, as e ed by the less than optimal outcomes in the majority of clinical trials to date.'®*

Vi

103,1021 1+is our view that the predominate reasons for these failures include poor virus retention in

[103]

blood or f&duced accumulation in the target tissue, neutralization (via both blocking and

[

[40, 45, 104]

depletion) ost immune system, off-target effects as viral vectors diffuse away from

-107)

the target site) inefficient cellular transduction,* %%

[108]

0

and restricted viral tropism.

n

These i ht the clinical need for the development of innovative and alternate approaches

t

to viral gehe delivery. To overcome some of these issues, improvements have been made in

3

engineering viral Méctors and cargo (the genetic materials),"™® for example, the development and

[110-112]

use of a vagi AAV serotypes that have resulted in improved targeting both in vitro and in

[62, 110-

A

vivo. heless, problems remain, and factors such as the immune response and immune

12
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[48, 52, 114]

tolerance remain a challenge, as well as issues with toxicity.W] As a consequence, recent

focus has shifted towards improving extracellular delivery with the use of biomaterial delivery
vehicles. Ge€nerally, these bioenvironments are bio/nanomaterials that can be easily engineered and
optimized marious moieties, facilitating concomitant interactions with both endogenous
cells anE t@rs they are carrying. In many instances, biomaterials with additional rationally-
designed fupctiopality, through the incorporation of biological epitopes such as laminin-based lle-
Lys-Val-Ala AV) and fibronectin-based Arg-Gly-Asp (RGD), can regulate cellular processes and
disease prw independent of their ability to extracellularly deliver virions."* ™! Therefore,

combiningne delivery with biomaterials represents an attractive strategy to overcome some

of the limi f virion administration alone, and ultimately to improve delivery efficacy.™® As
such, here!we have focused on biomaterial-mediated viral gene delivery, with non-viral gene
delivery co to be outside the scope of this review. For those interested, readers are directed

to the folloWing¥@fevant articles and reviews.""”**"

3 Controllgd release for viral gene delivery

3.1 Defici
The release

apeutic effects by uncontrolled viral release and duration
cs of viral vectors affect the residing time of the vectors within the cellular

microenvi!Ement, thereby determining the efficacy of viral gene delivery. To date, temporal and
spatial inrion release and transgene expression has been a significant challenge because
both are readily affected by factors such as administration method (systematic vs. local delivery),

clearance of the | vector (or transduced cells if using ex vivo methods, i.e. the transplantation of

transd "@ ), and the degradation of transgene products. For instance, the intravenous delivery

of viral vectors results in a rapid dispersion in the vascular space via the circulatory system.[lzl’ 122]

13
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When AV5 was administered into the vena cava of mice and the clearance kinetics studied, the virus

half-life was less than 2 minutes."? This was attributed to the negative charge on the virion resulting

t

in clearance€ by Kupffer cells.

Re-admini e vectors has been proposed to prolong the duration of presentation upon
|

systemic de@livery for increased infectivity. However, such repeated administration has shown no

clinically rdléevantSdifference in efficacy of duration of transgene expression unless patients are

G

immunocomprogised, other serotypes are employed, or other organs (e.g. eye) are selected.™®

o

These vari iderations highlight the benefits of local administration of viral vectors. In this

situation, viral rel@ase is dependent on the local cellular microenvironment, such as the interstitial

Gl

fluid pressﬁient, the pore size of the tissue, and the connectedness of the extracellular
space.'! ple, systemic dissemination after intratumoral injection of three AV vectors
encoding &1 ferase, and GFP, has been investigated in murine adenocarcinoma transplanted

d

ministration, a large number of vectors was detected in the liver, highlighting

that the viral les escaped from large pores in the micro vessel wall of the tumor.*! This was
significantly attenuated when the vectors were administered concomitantly with alginate solution,
as the higf!i viscosity provided by the alginate reduced the rates of convection and diffusion of viral
vectors.“os]Observations point to the impact that both capsule chemistry and the local cellular

microenviro have on virus distribution. Note here that the transgene products, usually

proteins o!‘nterest, generally have short in vivo half-lives (e.g. growth factors),™**® either unfolding
rapidly Mstration or being hydrolytically or enzymatically degraded."*?” This means that if
the therapﬂcts of the proteins are to be maintained, they must be continuously synthesized
from the virally-dedivered genetic information. Under such circumstances it is not only essential to
avoid distribution but also necessary to maintain long-term transgene expression
(including the duration of vector presentation)."*®

14
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3.2 Biomaterial-mediated strategies for controlled release and duration of viral gene

delivery
To control Fe relgse of viral vectors and extend the duration of their presentation at a target site, a

range of mased strategies has been implemented. As briefly mentioned above, for

systemic d ize and net surface charge of a virus have a significant impact on clearance
H I

rates. For mple, modification of virions using PEG-ylation can successfully alter the surface charge

and subsedtientlQincrease the presence of virions in circulation, although in the case of AV5

infectivity was also subsequently reduced.”? The size of the virus is also a major determinant on

immune cl neé) because larger virus particles are more rapidly cleared due to recognition by

immune ce@tivation of host immune systems.["z' 1291321 Therefore, much work has focused on
modulatin ize and net surface charge of viral particles to increase their persistence during
systemic t\, as demonstrated by the PEG-ylation of AV5 vectors. This type of viral
encapsulaMn biomaterials is advantageous as it potentially protects the viral vectors from

blood shielding from antigenic and immunogenic epitopes, and from degradation by

proteolytic en , Whilst also allowing some control over the concentration of viral vectors within

the localize ular microenvironment.™*¥ Also, by exploiting controlled and sustained delivery,

such apprc!ches have the potential to avoid some of the reported cytotoxic effects, and provide an

opportunit iver higher quantities of virions due to avoidance of neutralization from the host
immune re .

The different types of bio/nanomaterials that have been employed for

encapsulain—based delivery, as well as those used in substrate-mediated delivery, are discussed

below. H

3.2.1 Encmon—based release for viral gene delivery

Improvements i capsulation-based viral gene delivery for targeted and controlled release have
been r{thr‘ough the use of a variety of bio/nanomaterials, including microspheres,
nanoparticles, hydrogels, and electrospun scaffolds. These biomaterials have advanced performance

15
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by reducing or controlling the total concentration of released virions at a given time, subsequently

attenuating the associated immune response and, importantly, proving successful even with lower

t

initial dose

Incorporat vectors into microspheres has been a successful strategy for controlled
|

release. FOginstance, recombinant AVs have been encapsulated within a biodegradable poly(lactic-

[134]

co-glycolic #&cid) TBLGA) microsphere resulting in extended delivery profiles, with detectable

C

ongoing release of AV over 15 days, at which time approximately 13% of the total encapsulated virus

S

had been sed? Here, encapsulation of the virus within biomaterial microspheres prolonged the

exposure of cells the virus, thereby increasing the number of transduced cells and therefore

U

[134]

efficacy, wi tly reduced final dose and substantially less immunogenicity.

1

Release can be further controlled with the selection of appropriate delivery vehicle materials. For

a

example, v droxy esters, including poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and

poly(la -glycolide) (PLGA) copolymers, are attractive materials due to their FDA approval and

the fac eir in vivo hydrolysis rates can be easily optimized."* However, by-products from

M

their hydrolysis have been reported to induce locally acidic microenvironments.™*® This has led

I

some gro lectively incorporate alternatives, such as inorganic nanoparticles, to form

composite ials, reducing the total number of poly-a-hydroxy esters whilst also maintaining

or increasi concentrations of viral vectors within organic biomaterials.”” For example,

n

hydrox p) nanoparticles have been used to electrostatically bind LV particles to their

{

surfaces h the HAp nanoparticles then incorporated into a PLGA scaffold.®” This system resulted

U

in a 10-fold i se in luciferase expression of HEK-293T cells. Upon in vivo implantation, an

increased transgene expression was observed over a longer duration compared to the PLGA

A

16
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scaffold alone; local expression was evident for up to 100 days in the PLGA/HAp scaffold,

highlighting the importance of rationally designing delivery vehicles for controlled release.”!

{

Hydrogels been employed as vehicles for controlling the release of viral vectors as they can
facilitate virions and, in some instances, immobilize vectors within the hydrogel
I

network." ¥ Fibrin hydrogels with inherent biologically relevant properties have been used as

gene deliv@fy scafolds.">? Loading AVs encoding j -galactosidase (2x10° pfu mL™Y) into fibrin

G

scaffolds (6 L™ of fibrinogen and 41U of thrombin) resulted in sustained transfection of human

S

fetal fores I lasts, peaking at 192 hours with 26.5% transfection, while with control AVs in

PBS there was a re rapid decline in transfection ability between 2-16 hours, with less than 5%

U

transfectio 8 hours in vitro.*** Fibrin hydrogels were also shown to control the release

I

kinetics of tors, dependent on specific scaffold properties such as polymer concentration,

pore depthja E zradation rate.!*”

d

Additio erial properties can also be optimized and exploited to immobilize viral vectors for

M

control ivery and transfection. For instance, as proof of concept we have utilized Fmoc-self-

assembly peptide (SAP) hydrogels to achieve sustained delivery of mCherry LV.™” Through the

[

addition o inal lysine (K) residue to the hydrogel, a Fmoc-DDIKVAVK hydrogel was formed

and an m@ (9.28 x 10" copies mL") was immobilized within its structure. The freely

available a 2) groups, which are readily protonated into ammonium (NH3") groups in an

1

aqueou nt, presented at high density on the surface of the peptide fibrils, facilitated

t

virus immobilization through electrostatic charge interactions at physiological pH (Figure 3A). A p24

U

HIV-1 enzy i immunosorbent assay (ELISA) in vitro was used to show no detectable release

from the hydrogel over 5 days, demonstrating virion retention in the hydrogel. This was

A

17
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also confirmed in vivo with localized transfection only within the hydrogel and at its surface with the

same efficiency.!**"

{

Similar to A scaffolds discussed above, composite hydrogel structures also represent a
versatile a have been explored as a means of increasing control over viral gene transfer.
I

The inclusi@n of carefully chosen additional bio/nanomaterials within a hydrogel stabilizes virions

and retaindfthenMlocally, affecting cellular responses at the biomaterial-cell interface.™™* For

example, fibrin hydrogels combined with hydroxyapatite (HAp) nanoparticles have been employed

SG

for LV gen vef."*”) The inclusion of HAp within the fibrin scaffolds did not influence the release

kinetics of the LV Ypaded within the fibrin matrix but relative to the fibrin scaffold alone it slowed

Ul

hydrogel d n by collagenase and plasmin, and decreased the rate of cell migration. In vivo,

N

HAp hydr nded transgene expression by 14 days compared to the fibrin-only hydrogel

without afféctiieg the viral activity (Figure 3B), presumably due to decreased degradation of the HAp

d

hydrog sulting in longer duration of macrophage activation."”) It is also possible that

HAp nanoparti resulted in sequestration of the virus, leading to increased duration of

M

transduction. Irrespective of the exact mechanism, the results showed that both fibrin/HAp and

fibrin alon@ hydrogels localized the delivery of LV and extended the duration of presentation,

[

highlightin tential of composite hydrogel systems for achieving greater control over viral

vector deliv

Q

Auth
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Figure ntative applications of hydrogels for controlled gene delivery. A: Charge-

Lith

based im ion of lentivirus within Fmoc self-assembling peptides (Fmoc-SAPs) via
functionalizati ith a K residue (top right corner, TEM scale bar = 200 nm), Reproduced

with per “01 Copyright Year 2016, Tsinghua University Press and Springer-Verlag

A

Berlin Hei B: In vivo expression profile for 28 days. Fibrin hydrogels containing virus

alone or HA/virus were transplanted subcutaneously in a mouse model and the expression
19

This article is protected by copyright. All rights reserved.



profile was followed for 28 days. Top: representative mouse images of the in vivo expression

at multiple days. Bottom: Total flux levels from images captured by in vivo imaging (n=6).

{

Reproduc&d with permission.*”! Copyright Year 2011, Elsevier.

P

Encapsulat ne vectors has also been achieved using electrospun submicron/nanofibres. Co-

axial electgospinnifig offers flexible viral vector delivery systems capable of achieving controlled,

C

sustained r f virions through the core of the fibers as well as more localized transduction. For

S

example, AV¥eéncéding GFP has been encapsulated within the core of poly(e-caprolactone) (PCL) sub-

micron fibers, whebe low molecular weight PEG was used as a porogen to produce nanoscale pores

9

within the Il (Figure 4A)."**® The encapsulated AV was found to be uniformly distributed

N

within the , h controlled release of viral vectors in a porogen-assisted (PEG) manner. When

HEK293 cells % eeded on the PEG/PCL scaffolds, high expression of the transgene was observed

d

for ove meompared to only 7-14 days for the control vector in the scaffold supernatant.[ml

Similarly, eric polyester urethane urea (PEUU) and polyester ether urethane urea (PEEUU)

Vi

have been electrospun into fibrous scaffolds to provide controlled, sustained and localized release of

AAVs over -month period in vitro.™* Along with co-axial electrospinning, virions have been

€]

blended wij m ners and electrospun to encapsulate them within nanofibers, and their controlled

release has been demonstrated (Figure 4B)."***Y For instance, AAVr3.45 was encapsulated within

elastin- tide (ELP) and poly(e-caprolactone)(PCL) polymers and released in vitro, with an

h

initial b

{

followed by a sustained release over 7 days, the kinetics of which were found to

be dependent on Bbth temperature and composition of ELP.*?

Gl

A
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10

- Biomaterial solubion ®  Viral gene vector

N
=

Figure 4. Diagrdin of encapsulation of gene vectors using electrospun nanofibres. A: Co-

axial elec ing, whereby viral vectors are encapsulated within the core of a dual-fibre

Fl

polymer ( in PCL/PEG fibres), B: Blending electrospinning, whereby viral vectors are

combinedfint presented throughout the fibrous structure (e.g. AAV in PEUU/ PEEUU

cl

fibres).

M

3.2.2 Substrate-based release of viral gene delivery
Substrate- i release of viral vectors is a surface-based immobilization approach wherein

[

virions are @ d onto the surface of the substrate. Several methods have been employed to

achieve subs -based release, including the modification of the surface of biomaterials, the

additio i inity moieties to biomaterials, and the modification of viral vectors themselves.

{

The utiliza lectrostatic and covalent interactions has made modification of the surface of

U

biomateria able, enhancing the association of viral vectors and biomaterials. For example,

electro styrene fibers coated with cationic poly(allylamine hydrochloride) (PAH) or anionic

A

dextran sulfate s6dium (DSS) can readily adsorb inactive HIV after only 2 hours of incubation (Figure

21
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5A), and maintain controlled entrapment for 4 days with clear fluorescently (green, NHS-Alexa
Fluor488) tagged viral particles remaining after washing and placing in a simulated vaginal fluid with
apHof4.2. terestingly, when replication-competent HIV-1 was exposed to the coated PS fibers,
which abs ly with inactive HIV viral particles, a significantly reduced infectivity of HIV
occurregir!MD4+ TZMbl cells derived from the Hela cell line (Figure 5B), which demonstrates
that modified figers can capture HIV, working as a microbicide (a material that protects against

pathogens, ompound that can reduce or protect against transmission of HIv).[% 1

The covalmbilization of viruses has also been achieved by chemical modification of the
surface of biomat@rials with functional groups, such as amine groups and carboxyl groups. In the
case of fila viruses, the virus can develop an effective covalent attachment to materials that

t post (3-aminopropyl) triethoxysilane (APTES) treatment, inducing a controlled

have amin

release. This % anism has been successfully applied in techniques for establishing virus-base

surface ing. > Also, COOH-terminated alkanethiol surfaces effectively immobilized AV
encoding GFP 80% of cells cultured on this surface expressing GFP marker."™* In contrast,
when the surfaces were functionalized with OH- and CHs;-moieties, GFP expression was not

detectablesssl The improved performance of the COOH- surface was due to the formation of stable

amide bonUe coupling of DNA’s amine and the carboxylic acid groups of the functionalized

surface.™®

This co;ction has been augmented by the inclusion of polysaccharides on biomaterial

surfaces. FBr example, controlled LV delivery and release was achieved by loading the vector onto

polysaccharide—m;ified microporous PLGA scaffolds (Figure 5C)."*”) The polysaccharides included
both chito heparin. Compared to unmodified scaffolds, which had completely released LV
within 48 ho chitosan-modified scaffold slowed the release, with 40% of the initial viral load

22
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retained after 72 hours; heparin-modified scaffolds showed even greater localization presentation,

with almost 100% retained on the PLGA scaffold (Figure 5D).®"' This illustrates that chemical

modiﬁcati* urfaces can be readily employed to achieve viral immobilization and provides the
prospect o trolled release of viral vectors for a variety of biomaterials scaffolds.
I

The surfacs of biomaterials can also be modified using virus-affinity moieties to immobilise virions.
Typical mojeties Melude phosphatidylserine (PS), phosphorylcholine (PC), hydroxyapatite (HAp) and

antibodies (Abs)._PS, as a relatively low molecular weight phospholipid component, can be readily

SC

incorporat tgfsynthetic polymer scaffolds to increase its affinity to viruses. For example, the

association of vesigular stomatitis virus envelope protein G (VSV-G)-pseudotyped LV in PS-PLGA

Gl

microspher ed greater luciferase activity relative to both the PLGA alone and the PC-PLGA

[144]

1

group. onstrates that the addition of PS onto the surface of PLGA microspheres, in this

case via aff e n process, was capable of immobilizing VSV-G pseudotyped LV to potentially

dl

control 144 porous PS-PLGA scaffold-mediated lentiviral delivery was shown to result in

a large numb transduced cells while PLGA scaffolds contained only a few cells, in line with
microsphere results.”** Importantly, the same effect was not observed for AV, which indicates that
PS might I!ve a specific interaction with the VSV-G protein of LV.™¥ Antibodies specific to the
virions can immobilized to the surface of biomaterials. For example, polyurethane (PU) films
coated with en have been functionalized in this manner, whereby the monoclonal anti-knob
F(ab)'2 ansody, which is specific for the fiber knob protein of AVS5, in this case, was encoding GFP
(Figure We was a clear delineation of transgene expression on the film itself. Interestingly,
since the a@as immobilized to the collagen, the collagenase-controlled, sustained release of
the AV-GFP was ieved along with the cumulative linear increase of AV-GFP release for 10 days
(Figure ch further confirmed cell-matrix interactions are vital to the release kinetics when
using an antibody-tethered virus strategy.!**®

23
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Modification of viral vectors themselves to form the antibody-virus complex can increase their
affinity to biomaterials. When AV5 was incubated with polyclonal goat anti-adenovirus hexon-
specificm:i IgG, forming an antibody-virus complex, the complex specifically binds to the
type | colla ydrogel, achieving localized transfection. Encapsulation of AV5 was confirmed
within ﬁeWspeciﬁc antibody-complexed AV hydrogels, instead of the control hydrogels

prepared with ngaspecific biotinylated IgG."*"!
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Figure 5. Representative applications in substrate-based viral gene delivery. A-B:
Electrospun polystyrene fibers for HIV entrapment, (A) Functionalization of electrospun
fibers VMM to generate sulfonated fibers, then the fibers can be covered with the
polyelectr @ H to generate positive surface (red). Afterwards, these positive fibers can
be funatiomalizessthrough electrostatic interactions with DSS, resulting in a negative surface
(green), (h)ition of HIV-1 infection by electrospun PS fibers as determined by

measuringithe luminescence of CD4+ TZMbl target cells expressing luciferase. Active HIV

C

was pre-i with electrospun polystyrene fibers (naked fibers-red, PAH-coated fibers-

S

black, an -coated fibers-green) at varied concentrations of the fibers following

incubation with ¥aginal endothelial cells. Data = mean * SEM (n =3). Reproduced with

U

permissiondmssm@epyright Year 2014, John Wiley& Sons, Ltd. C-D: Polysaccharide-modified

9

scaffold mical modification. (C) Scheme of polysaccharide-modified microporus

scaffolds with lentivirus, (D) Release profile of lentivirus on three types of scaffolds

d

(heparin-modified, chitosan-modified, and unmodified) for 72 hours after lentivirus

incorporation: ™Reproduced with permission."™™ Copyright Year 2013, Elsevier. E-F: A

Vi

dy for immobilisation. (E) Scheme of immobilization of monoclonal F(ab)'2

monoc

on collagen-coated PU film, (F) Cell transduction by AV from the anti-knob immobilized

I

collagen, indicating sustained release of GFP by collagenase digestion. Reproduced with

permissio pyright Year 2006, John Wiley& Sons, Ltd.

4 Loca iral gene delivery

th

4.1 Toxici ff-target effects by dissemination of viral vectors
Localized deli f viral vectors to precise target sites has a significant impact on the success of

U

gene deli elivery methods such as intracranial injection, intratumoral injection and intraocular

2!

injection are r nt to a range of applications where systemic intravenous (i.v.) delivery is not a

25
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rational therapeutic strategy.[“' 105,160, 1611 £y example, local administration of viral vectors into a
brain lesion in the case of stroke or traumatic brain injury, or into eyes as intraocular delivery for the

treatment !f eye diseases represents an effective treatment option, as it bypasses the blood-

brain barri limits the systemic distribution of the vectors.!**?

I
Studies haVg directly injected dispersed viral vectors to attempt localized gene delivery, sometimes

i

with multi defyeries of small payloads.*® # 128 1631831 £ ayample, the direct intramuscular

administration AAV-BMP4 (bone morphogenetic protein-4) has been shown to induce bone

S5G

formation i to the injection site.”®* However, post local delivery, other studies have also

identified gene ex@ression in distal sites, presumably due to vector diffusion and/or transport in the

b

bloodstrea phatic system.[43] Subsequently, this can result in side effects and toxicity due to

N

high local tions of transgene products within off-target tissues and/or organs that exceed

normal tisslie nce. Furthermore, there are also reports of diffusion issues associated with

dl

damag blood vessels; for example, following intratumoral injection AVs have been

detected in t er and serum within 10 minutes of infusion where damaged vessels are an

Wi

[1 [166]

issue. Given that the BBB is often compromised in many brain diseases ' and that damaged

vessels ardélparticularly prevalent in cancer treatment, a better localised delivery method for the

[

treatments e diseases is of the utmost importance.™ **® Such studies highlight the clinical

e,

importance eloping methods to reduce or eliminate off-target distribution of viral vectors in

gene deliv@ry, with much research to date focused on targeting viral vectors to specific cells or

4

=
[e)]
o

tissues. (o=l

U

Transcriptional tag8eting (a particular segment of DNA being copied into messenger RNA (mRNA),

the first st ne expression) and transductional targeting (targeting specific surface receptors
expressed et cells) have been extensively used with some promising results.®* 72
26
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Transcriptional targeting has been shown to genetically limit the expression of the delivered gene to
specific cells, tissues, or organs through the use of promoters (a region of DNA initiating
transcriptit particular gene for particular proteins).[m] Specific transcriptional promoters, such

[174, 175]

as tissue- oters (as constitutive promoters), and inducible and regulatory

eIemeng (Being active under specific circumstances),[m] have been integrated into the genomes of

viral vectors:t tj transcriptional level, and can be triggered by endogenous factors present within

the target ]

However, wthese improvements, confinement remains highly variable and application
dependentEve transcriptional approach does not avoid the uptake of viral vectors by other
cellsasar off-target distribution, or prevent their potential immunogenicity. This method
may also f it the packaging capacity of viral vectors when using promoters, especially for

AAV vecto@entiﬁcation of unique ligands for specific transduction is necessary and further

compli choice of a particular protein and position of ligands in the viral vectors. These
challenges ha to the investigation of other means to achieve localized delivery for viral vectors,
including biomaterial-based deployment via methods such as encapsulation and immobilization.

4.2 Biomhediated localized viral gene delivery

Biomateria een extensively employed as drug delivery vehicles, where they encapsulate a
drug or proté®nitially protecting it from the foreign body reaction before it is released into the
surroundi arenchyma. Biomaterials can also be employed as versatile platforms for the localized
deIiveryHtors and other relevant factors, whilst concomitantly mimicking aspects of the

target tissue. & | ocalized viral gene delivery can be achieved through the enhancement of

affinity betweenj digal vectors and the biomaterial, either non-specifically,
188-190]

This article is protected by copyright. All rights reserved.

[186, 187] [140, 147,

or specifically.
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4.2.1 Non-specific interactions in biomaterial-mediated localized viral gene delivery
Non-specific interactions for localized viral gene delivery can include direct physical encapsulation or

immobilHNay of electrostatic, hydrophobic and van der Waals interactions, as well as

incorporatio prganic materials such as HAp. Physical encapsulation is a commonly exploited

methodglogysmwhigh is especially relevant in the case of hydrogel delivery. Hydrogels have several
advantageLher classes of biomaterials as delivery vehicles in that they can fill a lesion,
making in@ntact with the surrounding parenchyma and providing physical support post
injury. Theygar easily designed to form in mild aqueous conditions limiting any loss of activity of
the vectors during encapsulation. Several types of hydrogels have been employed to achieve

localized @to avoid virion dissemination, including collagen, fibrin, gelatine, MMP-9

responsive@ amphiphiles, PEG-based hydrogels, alginate, and Fmoc-SAPs to name a few.*®

147, 188, 191]

Collagen hm have been shown to successfully entrap AV encoding human platelet-derived
growthEPDGF-B), where it was found that collagen formulation influenced the degree of
localiza i elivery.>*%2 About 80% of the viral vectors were retained in the 0.15% collagen
hydrogel, }ith more than 90% retained in the 2.6% collagen hydrogel after 48 hours incubation. This

highlighted that, due to the diffusive hindrance from the collagen hydrogel,"** the association of

site to ens nly infiltrating cells are transduced.®® Fibrin hydrogels have also been effectively

AdPDGF-B gen can be exploited to limit the diffusion of viral vectors away from the defect

used for tie Iocabz' ation of viral gene delivery. The degree of localization varied depending on
fibrinogen centration and degradation of the hydrogel crosslinks by cell-secreted proteases

(e.g. plas ollagenase).™” ¥ gpecifically, low FBG concentration (1.5 mg mL™) resulted in

ready ation as there were fewer fibre bundles and larger pores, while higher FBG

concentration (7.5%mg mL™) exhibited better localization with a slower release of viral vectors, as

28
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more chemical bonds had to be degraded to achieve the same release effects of the lower
concentration hydrogel.”ss] The above examples demonstrate the flexibility of hydrogels as gene
deIivery#and their capacity for optimization, which is easily achieved by tuning the physical
properties gels. An important parameter is mesh size (distance between the crosslinks),
which in-tlimances diffusion and degradation kinetics to ultimately control the degree of the

localized vifl ﬁne delivery. In addition to hydrogels, electrospun polymers can physically

encapsulat ctors for localized viral gene delivery. Co-axial electrospinning has demonstrated

potential f ieMing localized transduction as discussed in section 3.2.1 (Figure 6A).1**

Electrostatic interdctions are also exploited for non-specific increases in the interaction between
viral vector, iomaterials. In these cases, localized delivery is achieved via charge shielding or
sedimenta irus aggregation due to the cationic groups of biomaterials binding to the
negativerDNA of viral vectors.”®" The non-specific methods of incorporation are very

similar he methods used for controlled release, such as the deployment of Fmoc-SAPs

engineered wj C-terminal lysine (K) (cationic at physiological pH) to increase the electrostatic
interactions between the peptide fibrils and the virus capsule. In this instanced localized delivery
was demo!trated in vivo 21 days post-implantation in the brain (Figure 6D) without disturbing virus

transductiDncy, and also without significantly altering the mechanical properties of the SAP

hydrogel.” Iso means that the effect is more demonstrably the result of specific interactions

with the £terial and not just due to changes in the mechanical or physical properties of the
hydrogeM biodegradable polyester elastomers, such as poly(1,8-octanediol citrate) (POC)
and pon(g@bacate) (PGS) have successfully localized lentiviral delivery in vivo for 5 weeks in
Sprague-Dawle s.1187] Interestingly, it was reported that the PGS had greater luciferase expression

compa C despite both presenting negatively charged groups. This was attributed to the

29

This article is protected by copyright. All rights reserved.



difference in the amount of carboxyl groups binding with the local positively charged regions of viral

vectors, where some glycoproteins such as gp120 contain positively charged amino acids.*®” *°!
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encapsulated scaffolds, the bottom monolayer culture expresses high level of transgene
expression. Left bottom setup: cells cultured on virus-encapsulated scaffold (cells on
scaffoldmmally is observed the expression. (B) Cells seeded on GFP Vvirus-
encapsulffolds (top), (C) Cells seeded on RFP virus-encapsulated scaffolds
(bottorm). iSealembar = 50 ym. Data represents mean + SD (n = 3). Produced with
permissio“pyright Year 2009, Elsevier. D: Fmoc-SAPs hydrogel for delivery of

mCherry Igntiviru§ via electrostatic interaction (a) the number of mCherry+ cells in the host

C

striatum. (b t lume of mCherry+ cells within the striatum (c) the density of the mCherry+

S

cells. Dat pFesents mean + SEM. *P < 0.05, **P < 0.01. Representative images of

chromogenic stallh of mCherry+ cells in the mouse brain, (d, d’) direct viral vector delivery,

G

(e, €’) vir r delivery with Fmoc-DDIKVAYV, (f, f') viral vector delivery with Fmoc-

1

DDIKVAV magnification and 20X magnification, respectively. Reproduced with

permissiofil. pyright Year 2016, Tsinghua University Press and Springer-Verlag Berlin

d

Heidelber:

M

4.2.2 Specific interactions in biomaterial-mediated localized viral gene delivery
Viral vecto

3

iomaterials have been extensively modified and engineered to provide specific

interactio luding antibody-specific immobilisation, avidin-biotin modification,

0O

phosphatidylsefine (PS) functionalization and polysaccharide surface modification, in order to

achieve ized delivery.M% % %81 o dification of LVs by incorporation of a peptide domain

h

1

(NQEQ sglutaminase factor XIlI (FXIIl) recognition sequence, into the viral envelope

protein facilitatedenzymatic crosslinking with a fibrin hydrogel, resulting in covalent binding in an

Ul

FXIIl dose de nt manner. This allows precise control of the amount of LVs taken up and

containe the hydrogel.™®™ The specific binding of viral vectors to biomaterials with

A

complementary functional groups or peptide sequences can be readily exploited to significantly
31
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enhance localization."****”! For example, type | collagen-avidin hydrogels that include a biotinylated
anti-hexon 1gG AV have demonstrated a site-specific localization of viral gene delivery in vitro with
death Iimns inside the hydrogel or within a 50 um radius after herpes virus thymidine
kinase (H d ganciclovir were added, indicating the success of antibody-mediated
approacﬂeioFocalized deIivery.“SQ] In addition to antibodies, a VSV-G specific peptide sequence in

low molecu!:r :ight poly-L-lysine (PLL) has been used to modify PEG hydrogels for localized viral

gene deliv ting in enhanced gene expression. Generally, increasing the molecular weight of

PLL withirw hydrogels is associated with increased transgene expression in a weight-

dependen;. The peptide sequence modified hydrogel with low molecular weight PLL

achieved t e expression levels similar to the hydrogel with no peptide sequence and high

molecular §eight PLL (Figure 7A).[*8®

Avidin—biomted interactions have also been used where the avidin functions as a bridge to

connec iatinylated virions or biomaterials. Using this strategy, virus-biotin-avidin-biotin-

materials (VB J in which biotinylated viral vectors and biotinylated biomaterials are connected

via avidin chemistry, have been created to demonstrate proof of concept.’” **® For example, after

implanting@@elatin sponge VBABMs into the rat calvaria for four days, there was localized BMP-2

[

expression he sponges, with no evidence of viral vectors in other organs (Figure 7B).'%!

0

Similarly, p idylserine (PS), a component of the plasma membrane, has been incorporated

into biomagerials providing a specific binding site for LVs, where the incorporated PS specifically

g

interact G proteins on the surface of the lentiviral virions, with the G protein being

{

responsible for attachment.™** Using this approach, PS-modified copolymers of lactide and glycolide

Ul

(PLGA) microspheges have been shown to associate to LVs, where localized luciferase expression was

observ at the implant site, lasting for 12 weeks after subcutaneous administration (Figure

A

7C).[144]
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Surface modification with polysaccharides has also succeeded in achieving localized gene delivery.
Both chitosan and heparin modified PLGA scaffolds resulted in greater efficiency of binding viral
vectors,ne#%, compared to unmodified scaffolds (85%).2°” There was enhanced viral retention
in modifie&elative to the unmodified group after incubating virus loaded scaffolds in
solutionﬁoEours. This is due to electrostatic interactions and specific binding with heparin on
the cell surface, @s a native component for cellular adhesion.™®” This study was extended within an

Q by the incorporation of a macroporous multichannel bridge modified with

injured spi

heparin ow that included LVs (2.8 x 10’ particles), where localized expression of the

therapeuti:s encoded in the delivered LVs was observed in both bridge and adjacent host
. [200]
tissue.
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Figure 7. Specific interaction in biomaterial-mediated localized viral gene delivery. A:
Antibody-specific immobilisation: luciferase (GLuc) activity in HT1080 cells in types of
functiow hydrogels with (30-70 kDa) PLL and synthesize phage display peptides,
HLKHTH G (“HLK”), HWKPHSNLHLSRCG (“HWK”), STQHHHHSKQSRCG
(“STQ )n ameMRGHHNHSMKHKCG (“WPG”). * represents significant difference (P <0.05).
Producedhrmission.”ggl Copyright Year 2016, John Wiley& Sons. B: Avidin-biotin

modificati@n: distlibution of transgene expression AdLacZ in rat calvaria post implanting into

¢

critical-siz calvaria, defects are indicated by dashed circles. Produced with

)

permissio . ©opyright Year 2013, John Wiley& Sons. C: Bioluminescence imaging for in

vivo cell transdugtion after implantation of phosphatidylserine (PS) functionalized scaffold.

H

Produced mission™*. Copyright Year 2010, Elsevier.

dll

5 Attenuation of immune response for viral gene delivery

5.1Imm es associated with viral gene delivery
Curren

V]

elivery often involves the administration of viral vectors into the desired site via

injection oy via the implantation of cells transduced in vitro. However, the directly injected viral

f

vectors or t etically modified cells can be recognized as pathogens, inducing innate immune

responses. initial stages of this response, recognition of either the viral genome or foreign

O

antigens agsociated with transplanted cells induces the release of proinflammatory cytokines and

I

complement, follawed by leukocyte recruitment.?® These cytokines and leukocytes subsequently
activate agsenting cells (APCs), triggering the adaptive immune response with humoral
immune r where the CD4" T helper cells (Th) activating plasma B cells to produce

neutrali

{

ibodies, and possibly with the cellular immune response by CD8" cytotoxic T
[54, 202-204]

lymphocytes (CTL) and Natural killer (NK) cells.
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The most commonly used viral vectors are immunogenic, which makes host immune reactions
inevitable. For example, the immune reaction for AV vectors, triggered by either capsid protein or
the synm&noviral proteins from viral DNA, has been shown to elicit a robust innate
immune r ia_complement activation. It provokes both a cellular response, where infected

cells are‘dl y CTLs and NKs, and a humoral response with antibodies to a specific antigen, as well

[

as concurrepntly gausing a potent cytokine-mediated inflammatory response, the reason why AV is
more rarel current work.2®2%52%1 | v can induce the expression of IFN-alpha/beta in the
liver and swr IV administration of VSVG-LV,2”) and also stimulates an immune response.[2°8]

The capsid omes of AAV can also initiate an inflammatory and interferon-based response,
r

t'[209, 210]

enhanced esence of complemen and possibly followed by both innate and adaptive

1 although AAV results in a milder and more transient immune response

immune r@sponses,
compared viruses.”® %! Furthermore, the memory cytotoxic cells have been demonstrated

to elimitate ¥th&Wodified cells in AAV clinical trials.”*? In each case, the final result was reduced

efficiency jcacy of gene delivery, highlighting the importance of establishing a method to
control e these reactions. The expression of IL-2 by AAV has been used to increase

regulatory T cells (Tregs, suppressor T cells to modulate the immune system) for immune system

homeostasis and did not activate NKs.2%%

AdditionallQumoral antigen memory with pre-existing antibodies often presents a further

obstacle tsuccessful viral gene delivery.?** 2 |t has been previously reported that the circulated

pre-exiswies against varied serotypes of AAV,* as well as both AV,***! and LV, are
induced during chfidhood as a result of natural infection or vaccination, which results in deactivation
of the viruses bygthe humoral response. To increase the efficacy and efficiency of viral vector
mediat<delivery it is therefore important to attenuate the humoral response as well as
control any adverse cellular response.
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5.2 Cungies for attenuation of immune response in viral gene delivery

Much resear as focused on minimizing or eliminating the innate and/or adaptive immune

response t r administration, including the use of medications, viral vector selection, viral

||
vector moilcatlon, and administration methods.

Using com@vunosuppressive drugs and anti-inflammatory agents in medication strategy has
been commanlygglinically employed in this endeavor. Most immunosuppressants act by blocking the
primary immsponse,me] suppressing T cell and antibody responses, but are not very effective
in vivo for pre-exiSting antibodies and memory cells.”*”?*® They can also cause significant adverse

effects, includimgsimcreased susceptibility to opportunistic infections, therefore failing to achieve safe

efficient g ery.”" Anti-inflammatory cytokines or chemokines can also modulate the

infiltrationfand uitment of immune cells.”*! However, it should be noted that the induction of

pro-infl ytokines contributes to the prevention of infections after injury, and therefore

[220]

their deactiv duces the body’s native protective mechanisms.

In this transient immunosuppression, the immune system is never 100% blocked, even in depletion

and/or blo tegies. An alternative approach is to optimize the selection of viral vectors for

specific ap, either their broad types and/or their serotypes. The appropriate selection of a
viral vector isgemiieal, as there is a need to select vectors with the lowest immunogenicity. This is the
reason £e preferred and have been the most extensively trialed in clinical and preclinical
settings. AAVs also cause only mild immune responses with non-pathogenic features and decreased

immunogeme to the inability to transduce or activate APCs.”> %2 Alternately, the use of

another s vector is also a promising approach due to the divergence in the capsid
sequence. ent serotypes of AAVs can avoid antibody neutralization by the host in selected
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applications, with the added advantage of differential tropism for selected tissue types allowing for

AAVs to be somewhat “application matched”.*? However, there are some important considerations

£

P

when switChing viral vectors or serotypes because in some instances there is cross-reactivity
between s 23] thus there is a need to prove the safety of the chosen vector for a given

. |
disease application.

£

In additionf”it isWaot always possible to match each application to a vector type or serotype,

G

especially for pre-existing neutralizing antibodies, which has led to research exploring the potential

S

of chemica dification of viral capsids for the inclusion of desired epitopes, or modification of the

viral genes whereYppropriate.® ?** %% The aim is to modify the viral genes and/or viral capsid so

b

that they ar cognized by circulating neutralizing antibodies, thereby attenuating any immune

1

[

response. aturally immunogenic capsid proteins will still induce the innate response

dependentfonie with the acute toxicity, but this method does allow research more flexibility to

d

optimiz e response for tumor applications.”*® Some vector administration methods may

cause an im esponse with a resultant inflammatory cascade, thus research has also focused

[227]

on alternative delivery strategies, such as saline flushing with catheters.

5.3 Modulating the immune response in biomaterial-mediated viral gene delivery
Biomaterial

¢ -

a demonstrated capacity to modulate the immune response in a variety of

application§, This can be due to their inherent physical and chemical properties, their interaction

q

with th , and their ability to encapsulate virions to actively shield them from the host

L

immune responsefthereby minimizing immunogenicity issues.

Ul

5.3.1S of biomaterials for modulating immune response
Differen terial types and formulations induce different immune responses, highlighting the

A

importance of the rational selection of biomaterials. The composition of biomaterials affects which
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proteins they adsorb, which subsequently influences their interactions with immune cells.?

[229] [230]

Natural biomaterials have been shown to be inherently biocompatible, such as collagen,
ﬁbrin,mﬁte,[m] chitosan,® thermoresponsive xonqucan,[234] and hyaluronic acid (HA).[235]
Similarly, smterials can also be readily modified to modulate the immune response while
also avad!*ierisk of biological pathogens or other contaminants related to animal-derived
biomaterialt :he physical properties of biomaterials, such as hydrophilicity, topography and

stiffness, h shown to modulate the immune response directly. Hydrophilic materials tend to
reduce ac@onocyte adhesion and the production of inflammatory cytokines, relative to
hydropho:als, which can induce a local immune response and foreign body giant cell (FBGC)

formation ther examples have shown that replacement of the organic molecules with a

hydrophilicgomponent (PEG or HAp) can protect protein drugs from deactivation by the immune

response.[szace topography can modulate the interactions with immune cells that influence
atibn

their activ example, after culturing mouse bone marrow-derived macrophages (BMMs) for
3 days, ele n porous polydioxanone (PDO) scaffolds. Compared to lower porosity PDO, the
high p olds increased the expression of M2 macrophage marker Arginase 1 and

decreased expression of the M1 macrophage marker inducible nitric oxide synthase (iNOS). There

was thus an increase in M1 phenotype (classically activated macrophages for pro-inflmmation) to

-
also induc larization and integration with the host due to their microarchitecture.!**"!
Similarly, the alignment of nanofibres may contribute to modulating immune reactions, where

aligned el’-ﬁ nanofibres induce less host immune reaction and more cell infiltration relative

M2 pheno ernatively active macrophages for anti-inflmmation) ratio. These PDO scaffolds

to rando caffold.?*? Electrospun polycaprolactone scaffolds with partially aligned and

rando@ment implanted into the rat brain showed no impact on the inflammatory
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response, which may indicate that fiber alignment has no impact on the degree of immune

[243]

response.

The stiffne, rogels can also have a significant influence on the host immune system. The

mismatch ¢ modulus (G’), indicative of hydrogel stiffness,'*** ?**! can induce a foreign
I

body reaclion (FBR); in the brain for example, microglia and astrocytes are activated.*¢%

E

Poly(ethyl gieol) (PEG)-RGD hydrogels with varying degrees of stiffness have been

SG

subcutaneously implanted in mice, where, after lipopolysaccharide (LPS) treatment, it was observed
that hydro ith a modulus closer to the tissue had decreased expression of pro-inflammatory

TNF-a, IL-1B, and -6, and contained fewer macrophages at the surface of the materials.?*®! Those

Ul

examples d ate that, in addition to chemical components of biomaterials limiting viral vector

[

associated genicity, it is also possible to further improve efficacy by modifying the material

propertiesffurt a 0 modulate the inflammatory response associated with their administration.

5.3.2 unction by conjugation with biomaterials

PEGylation h employed to impart a “stealth” function to reduce immunogenicity via limiting

M

or restricting aggregation, opsonization, and phagocytosis, whilst also having the advantage of

prolonging@ystemic circulation time by evading the immune response.*” The chemical conjugation

[

of PEG to f| apsid lysine residues has been used to shield the surface of AV from the immune

O

response by ing protein-protein interactions and extending the circulation time in blood. This

process als@ reduces innate reaction such as pro-inflammatory cytokine (IL-6) and toxicity in the

q

[213 . [251]

liver. , PEG chains have been shown to protect AAVs from neutralizing antibodies.

L

The developmentYof monovalent PEGylated, and multivalent [N-2(hydroxypropyl)methacrylamide]

U

(PHPMA)-modifiggyg viruses is a good example of this, protecting from the host immune system and

subseq ibody neutralization.®® 2 However, such protection comes at a compromise;

although PEG can shelter antibody-binding regions on the virus in the presence of neutralizing
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antibodies, it can also inhibit viral infectivity by limiting binding to cell surface receptors.[251' 23 The
extent of reduced viral infectivity and antibody neutralization is dependent on which site on the
surface Md is modified by PEG and how large a surface area is covered.” ?** This can be
overcome tent by using other materials, such as branched poly(ethylenimine) (PEl),
where er‘rl\llyls generally higher with a superior ability for gene condensation and endosome
escape.®* Hawever, PEI is also more cytotoxic than other alternatives,'”*® demonstrating the

importanc terials selection and further adaptation or development in addition to the

selection Mtor type and serotype.>*

5.3.3 Encapsulai'on in biomaterials
Viral enca n within biomaterials has also been employed to protect viral vectors from the

environme thereby stabilizing them and limiting associated immunogenicity, with

nano/micr , hydrogels, and electrospun scaffolds being most commonly used as discussed
1

in section 48, 257, 2581 This encapsulation is an attractive delivery method, as it provides

sustained wEe delivery, reduces the number of vectors that must be injected to achieve an
adequa ic effect, and maintains required and sustained transgene expression.
Nano/micharticles have been shown to evade some components of the host immune response,

masking tthgenic epitopes on the viral vectors, to achieve a localized and sustained gene
X

delivery.” ample, microparticles (MPs) derived from tumor cells, which are subcellular

vesicles of!asma membrane, with size range of 0.1-1 um, that have been employed to promote the
entry o“ AV into the nucleus regardless of the presence or absence of antiviral
antibodies.@addition of antiserum in cell culture can block the cytotoxicity of free oncolytic
AV, while the aintain the ability to kill cells by avoiding the antiviral effect of host antibodies
(Figure {;ﬂ;\e, MPs facilitate AV-oncolytic efficacy and efficiency for the therapeutic effects,
resulting in reduced tumor size (Figure 8A’).[259] Alginate microspheres have also been used to
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circumvent the vector specific immune response after encapsulation of recombinant AV (HAd5-
AdCA36lacZ) into the alginate for HAd5-immunized mice compared to non-encapsulated HAdS.
Meanwhilwaas only a slight reduction of lacZ expression when using encapsulated AV in
immunize omparison to that in the naive mice, demonstrating microencapsulation
protectHg@e—existing immunity against AV.”®! This was due to the limited accessibility of
virus to the yirug,neutralizing antibody as it was encapsulated within the alginate microsphere and
protected e host environment. However, the infectivity may be challenging, similar to

PEGylated w, due to the difficulty in achieving high viral internalization efficiency.”* Also, the

harsh con a double emulsion, such as shear stress, low pH, and organic-aqueous interface,
can denat inactivate the viral vectors, thus reducing viral efficiency within the resultant
particles.[4§6”

Similarly, @ have also been demonstrated to sequester vectors into their nano-architecture
to prot m immune responses. For example, a gelatin hydrogel encapsulating a tumor

necrosis factors ed apoptosis-inducing ligand (TRAIL)-expressing oncolytic AV (oAd-TRAIL), oAd-

TRAIL/gel, showed a lower level of IL-6 and TNF-a in tumor tissue compared to naked oAd-TRAIL 60

[258]

hours poiinjection, suggesting a reduced innate immune response. Furthermore, the

neutralizin y assay demonstrated that oAd-TRAIL/gel decreased an Ad-specific adaptive
immune res

against AV compare to Ad-TRAIL. IFN-y secretion data for an AV- or tumor-specific

immune r!Eonse illustrated the ability of the oncolytic AV to induce an effective tumor-specific
adaptivMsponse (Figure 8B and 8B’), as well as anti-tumor immune activation with higher

infiltration by and CD8+ cells in oAd-TRAIL/gel. Thus, these data confirmed that the gel can
modulate the impne response, ultimately achieving enhanced and prolonged antitumor efficacy of
the vir{s:ngle intratumoral injection.'?®® Similar results have been observed when AdPDGF-B
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was delivered from collagen hydrogels; no significant inflammatory response was observed 6 days

post-treatment in vivo, extending the availability of the therapeutic protein for wound healing.**

{

Hydrogels ngineered to have multiple active sites for vectors, whereby they readily adsorb

to the sc e rather than entering circulation, and subsequently avoid neutralizing
|

antibodiesUltimately extending the duration of transgene expression and transduction efficiency."*

2621 rAAV inorporaited into biocompatible SAP RAD16-1 hydrogel (RAD) or combined with hyaluronic

SC

acid (RAD-HA) i potential value to escape the pre-existing humoral immune response against viral

capsid pro enhance their efficacy of vector transduction instead of being blocked.™*®!

Specifically, thesefcomponents allow for sustained expression of transgenes without deleterious

b

effects on t iability of human bone marrow-derived mesenchymal stem cells (hMSCs) and with a

n

maintaine genic differentiation potency to the novel therapeutic approach.™®

d

Electrospu mediated viral gene delivery has also been demonstrated to modulate the

immun nse. After culturing macrophage RAW264.7 cells on virus encapsulated porous core-

shell P

M

prepared with porogen), lower levels of the pro-inflammatory cytokines (IL-1B and

TNF-a) and the antiviral cytokine (IFN-a) were observed, compared to direct exposure of viruses,

[

although t ted macrophage cell morphology with spreading out and ruffled edges showing

the alteratio Jeute inflammatory response was observed on PEG/PCL scaffolds (Figure 8C and

8C’).*8 Thj showed a reduced immune response during the sustained delivery of viral

vectors

h

offering high efficiency with controlled release of viruses for regenerative

{

medicine.

AU
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Figure 8.QApplications of encapsulation in biomaterials. A-A’: Microparticle mediated vial
gene delimrcoming the effect of anti-viral antibodies. (A) Representative images of
ress

GFP exp A549 cells were treated with EGFP-expressing adenoviruses (AdE) or

AdE-MPSwi e presence or absence of antiviral anti-serum. Scale bar = 100 ym. (A’)
Repre e images of tumor size. Reproduced with permission.’?*® Copyright Year 2016,
Elsevier. B-B’: Hydrogel mediated vial gene delivery decreasing anti-viral immune response
and presh‘nti-tumor immune response. (B) oAd-TRAIL/gel treated group showed the
smaller o secretion compared to other groups. (B’) oAd-TRAIL/gel treated group
elicited the or-specific immune response, which was similar to oAd-TRAIL treated group.
Data are ‘;sented as mean = SD (n=3); ***P < 0.001. Reproduced with permission.’?*®
CopyrigHOW, Elsevier. C-C’: SEM images of macrophage cells on fibers.
macropha@. Scale bar = 10 ym. (C) macrophage cells seeded on porous PEG/PCL
fibres show an agtivated cell morphology. (C’) macrophage cells seeded on non-porous PCL
fibers @ded morphology, demonstrating no virus released and inactivity of
macrophage. Reproduced with permission.!"*® Copyright Year 2009, Elsevier.
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6 Modulation of viral tropism in viral gene delivery

6.1 Restri ifal tropism in viral gene delivery

Viral tropis t is, the specificity of a given virus for a cell type, tissue or species) is vital for
effective gm, as it allows targeting of cells and helps determine the outcome of viral
transfec-tioswl\larrow tropism with good specificity can result in high transduction efficiency, but
each systeﬂced to a small range of cells or tissues, whereas systems with broad tropism are

applicable s cells or tissues but may preclude specific targeting. As each option has its own

advantagewdvantages, the most appropriate manipulation of tropism must be determined
for each a . Generally, the tropism of viruses is determined by cellular receptors, as these
are the tar r the attachment of viral vectors. Tropism can be manipulated by varying receptor

binding sp&ificity in a cell type specific manner. For instance, CD4 receptor has been found for

human im iciency virus (HIV), displaying the host tropism for CD4 related immune cells in
primates, suCh cells and macrophages.[ZGS] These cells express the CD4 receptor where HIV can
bind throug and gp40 on the viral surface, subsequently combining with sets of co-receptor
CC-che i ptor 5 (CCR5) in macrophages and CXC-chemokine receptor 4 (CXCR4) in T

cells. 254 Tf!i highlights that cell receptors affect a virus’s tropism and its ability to fuse to target cell

populations, which can be exploited to overcome some of the biological challenges of gene therapy.

Multiple rec s and co-receptors for the different AAV serotypes have been discovered and
isolated, in!udin;; the primary receptor, HSPG: heparin sulfate for AAV2 and AAV3 and glycans with
sialic awr AAV1, AAV4, AAV5 and AAV6.%> ¢! This difference in receptor binding
contributes@iistinct tropism for different serotypes within selected cell or tissue types.2°¢2¢)

The variability een AAV serotypes is caused by their capsid protein motifs with substantial

sequen ity among their cap genes, in particular by the common capsid region, an 8-stranded

(Bb-BI) core B-barrel motif with loop insertions, which are the main determinant of AAV serotype-

44

This article is protected by copyright. All rights reserved.



specific traits for receptor recognition and transduction efficiency.[m] Therefore, selection of

different AAV serotypes has the potential to significantly alter tropism, resulting in the varied

[271]

t

degrees obSeryed in efficiency of AAV transfection between different cell types,“’™ and importantly

offering de ility to target receptors on specific cells for individual applications.®®

||
On the otfer hand, the broad distribution of coxsackievirus adenovirus receptor (CAR), which

interacts adéhoviral fibers, on the plasma membrane of cells represents the main mechanism

SG

by which AV to host cells.®® This ubiquitous presence of CAR in varied cell types is beneficial to
some exte lgWing high infection rates and the capacity for viral gene delivery in both dividing

and non-dividingWcells. However, specific targeting to a desired cell population becomes

b

[272]

problemati fact, the limited ability for preferential tropism of specific cells represents the

N

main hurd| translation of AVs to the clinic.

6.2 Currefgs gies for a desired tropism
There

d

nsive research focused on optimizing and directing the vectors towards distinct

cellular rece y taking advantage of the priority of virus-receptor binding for cellular uptake,

M

which can alter tropism and improve appropriate targeting. A variety of techniques has been

investigate@ to engineer the viral vector capsid or envelope, including adaptors for vector targeting,

g

genetic in f receptor targeting ligands, hybrid vectors with mosaic/chimeric vectors to

[54, 273-275]

O

achieve the rties of multiple serotypes, and pseudotyping.

h

6.2.1
Adapto

r vector targeting
n bind the viral attachment protein and the receptors on the cell, have been

[

employed in vect@r targeting for modifying tropism, including the antibody, bispecific antibody,

Ul

avidin-biotin, a ceptor-ligand (Figure 9A).[54' 2778 Eor example, AVs have been modified to achieve

novel tr folate to a Fab fragment derived from an anti-fiber knob monoclonal antibody.?””?

A

This was complexed with an AV and was confirmed to target cells via the folate receptor with high
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efficiency, which is the non-adenoviral cellular receptor.[m] This demonstrates the ability to redirect
recombinant viral vectors to specific targets. However, the binding affinity of the targeting complex
to a vect vary from batch to batch due to interruption of non-covalent binding by the

unforesee s with, thereby resulting in the suboptimal stability. Thus, the stable binding

of viral v-ecEr—a aptor complex necessitates the covalent binding between viral vector and targeting

ligand. : :

6.2.2 Gengticand hybrid modification for viral targeting
The geneti@ling€rti@n of receptor targeting ligands by capsid or fiber engineering has been employed

to alter vir tropism, for example using polypeptide ligands, small-peptide motifs, mutants,
and hybri ic/chimeric vectors (Figure 9B).””® For example, recently, genetic fusion with
complemesary split-intein domains into the AAV capsid protein VP2 and multiple large polypeptides
of targetin has been achieved, described as AAV vector targeting via split-intein mediated
protein-trans-s ng (PTS). Many other approaches have been employed to mutate the capsid
proteins to e viral targeting. However, this is outside the scope of biomaterial delivery so we

direct t reader to the following interesting articles and reviews.®> 20273 274, 279, 280]

6.2.3 Pselddotyping viral vectors
Pseudotyping

]

he viral capsid or envelope has been successfully developed for modulating tropism

81]

(Figure 9 rAAV2 pseudotyped with viral capsids from serotypes 1, 2, and 5 have
differentialficell tropism after delivery within regions in CNS of rats.*” For example, rAAV2/1 and
rAAV2/5 ci be erineered to transduce the substantia nigra pars reticulata while all viral vectors
transduce s compacta with high efficiency. Pseudotyping has been used for targeting in

many mor tions and the reader is directed to the following insightful publications.[274’ 282-285]

Howeves are some issues that must be overcome for pseudotyping to reach its significant

potential. For example, it is difficult to modify other virus types (i.e. other than AAVs) using
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pseudotyping whilst maintaining specific and sufficient tropism. The envelope GPs of Herpes Simplex
Virus (HSV) are predominately glycoprotein D (gD), with other functional glycoproteins such as gC
and gB#\/iral binding. As a result, redirecting such viral tropism will require not only
modificati but depending on the application, possibly the elimination of other binding

GPs 140 I

6.2.4 Profease targeting

Cr

Protease t based on the host protease-dependence can modify tropism where virions are

known tofdepend) on proteolytic processing for various steps of their life cycle (Figure 9D).

S

Specifically® GPs that mediate fusion of the viral envelope with the cell membrane can be

U

activated t the post-translational endoproteolysis of the inactive precursor GPs by a host cell

protease.[2 ] Similarly, host cell proteases including trypsin, furin, proprotein convetase (PC) family,

)

endosoma sins, cell surface transmembrane protease/serine proteases, elastase, and

d

plasmin, are*the®Critical determinants of coronavirus tropism via interaction of membrane fusion
between sp elope GP and host cell receptors.”®”! Interestingly, mosaic protease-activatable
virus (P des can be engineered and constructed, and are regulated by proteolytic signals

for virus activation.” The protease-activatable AAV, where AAV2 capsids contain a small peptide

r

“lock” with a_pegative tera-aspartic acid motif (D4) flanked by a pair of MMPs cleavable peptides

(PLGLAR) the virus-receptor interactions, can be treated by multiple biomolecular
proteases, MMP2, MMP7 and/or MMP9, resulting in the recovery of heparin affinity for

effective gene deliery in vitro.”® In this way, the MMP-activatable retroviral vector targeting to

tn

[289]

cellshas b in the protease-rich tumor.

AU
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Figure 9. g options for viral gene delivery. A: Adaptors (Aa, a monoclonal antibody,
Ab, a bis

hybrid mn (Ba, genetic motif insertion, Bb, mosaic or chimeric capsids), C

Pseud [ aProtease targeting.

tibody, Ac, a biotin-avidin integration, Ad, receptor-ligand), B: Genetic and

6.3 Adapting tropism in biomaterial-mediated viral gene delivery
Biomateria ecently been exploited to modify viral tropism. The typical method in use is to

either mog @ opism via chemical modification, or by physical linkage between viral vectors and
biomaterial two approaches are discussed further below.

6.3.1 Ch¥ical podification by conjugation of biomaterials and ligands for viral tropism
Chemically®engineering viral particles with biomaterials is used to mask the viral surface epitopes, so

that viral vectors#ho longer target native receptors, thereby allowing for binding to alternate

U

receptors. al engineering of the vectors is most commonly achieved by crosslinking of amine
groups on ce of the vector. For example, tropism modification has been achieved using
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multivalent hydrophilic polymers, poly [N-2(hydroxypropyl)methacrylamide] (pHPMA), where both
improved tropism and re-targeting were reported.lse] In this case, amino groups on the surface of
AV5 wewwith functional sites on the pHPMA polymer. Subsequently, unreacted sites that
remained A polymer surface were chemically modified to include targeting ligands such
as bFGI—‘aE for specific targeting of cells in vitro.”® PEG is a hydrophilic and bio-specific

polymer thi: ha:also been employed to reduce protein—protein interactions to ablate or hamper

viral origin ing, allowing targeting of certain cell types.”*® **® For example, PEGylated AV

coupled wwoming ligands, in this case the integrin-specific RGD peptide and E-selection-
specific an as been shown to modify the adenoviral tropism to vascular endothelial cells in
vitro and i Ywith elimination of gene transfer into CAR-positive cells and targeted gene transfer
into endotglial cells.? The advantages of using biomaterials are that the virus can be precluded

from neutm by antiviral antibodies via shielding viral particles and that the simplicity,

ric applicability of biomaterials can be retained.™ However, the design of the

flexibility a

biomateria system is crucial, as non-biodegradable materials such as pHPMA or those with

short h i ueous solution have presented significant challenges to their efficacy as delivery

[56]

L

For this re degradable polymers have been most commonly employed for surface chemical

vehicles.

[292, 293]

glycosylatio ification of AV with oligo- or polysaccharides. For example, the

polysacchide mannan (polymannose) had been used to generate a novel class of polysaccharide-
modifie“rs by reductive amination.”® The resulting transduction of a human lung
adenocarcinoma cgll line (A549) in vitro decreased down to only around 1% of the transduction seen
from the unmodified viral vectors. In addition, significantly decreased transduction of muscle cells in
vivo aft¢:ular injection or of hepatocytes in vivo after intravenous injection was observed
when using modified vectors. However, while there has been some success in using biomaterials for
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off-targeting, particularly for AV, the ability of the biomaterials to concomitantly shield the vectors

from neutralizing anti-adenovirus antibodies has not been consistently achieved in this

applicatio!. 2 ther hydrogel biomaterials, such as hyaluronic acid (HA), have been demonstrated
to chemica ligands like RGD for viral vector targeting.?***%®!
I

6.3.2 Phwodiﬁcation of viral particles using biomaterials

Physical madification by biomaterials can be used to modify the tropism of vectors due to their

inherent ch urfaces, allowing researchers to exploit electrostatic interactions with the vector

capsule, gW/ia the bioconjugation of charged polymers. Poly(ethylenimine) (PEIl), poly(L-

lysine) (PLQ chitosan, being positively charged, have been the most commonly used
e

biomateria 1259 Eor example, when PEI was electrostatically attracted to the surface of AV
to transfe:!ESCs, the endocytosis inhibitor (chlorpromazine, CPZ) did not inhibit AV transfection in
PEI modifi s, demonstrating that PEl altered the internalization mechanism of AV by
interaction With"eAR.>” 2% Also, delivery of AAVS genomes using complex (PEI/HPMA) was efficient
and deterr ism via inhibition of natural sialic acid (SA) dependent infection, while the
success ing of viral vectors was achieved with FGF2 ligand (combined chemical

modificatijg) without affecting infectivity.”®® When the complex (PEI/HPMA) AAV5,. and
5Iuc

unmodified AA were mixed with antiserum and then added into cells for luciferase expression,

ad 10-fold higher transgene expression compared to unmodified AAV5, showing
a protecti AV5-neutralising antibodies.”® However, this resistance against antiserum was

not observid with‘AVS, suggesting that the coating had not masked the AAVS epitopes.”?*

In additionEvclusion of charged polymers, the surface chemistry of biomaterials (i.e. lysine,
NH,, CH; and C ) can be optimized to guide the tropism of viruses by physical interactions, thus
promot{;bsorption and transfection of targeted cell populations within tissue, as we have
previously shown through modifying the chemical groups on the surface of SAP fibrils."*” Such
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research is important to help overcome current limitations in gene therapy that have contributed to
the failure of clinical trials. By controlling the delivery and distribution of the vectors, whilst also
shielding tt rom the host inflammatory response, it is anticipated that the physical modification

of vectors erials will lead to long-term therapeutic protein expression and subsequently

. | |
improve cllﬂ!lca efficacy.

7 Efficientgeli in viral gene delivery

oC

For gene t be successful, the efficiency and efficacy must be optimised to ensure that the

appropriate numBer of therapeutic genes are presented at the target site without substantial

Ul

toxicity. Alt iral vectors are considered to have higher efficiency for gene delivery compared
to non-vir livery, challenges are still present with extracellular and intracellular barriers as

discussed g@bo hile much research has focused on attempting to overcome the barriers, the

an

inhere of individual viral vectors (i.e. limited packaging capacity) must be tailored to

their intended cation.””® Care must also be taken when attempting to overcome host clearance

M

from t response via routes of administration, immunosuppressive drugs, cytokines,

modificatidiy of viral vector, and so on, as these can have a profound influence on efficiency.

£

Recently, bj ials have been investigated as a possible means to increase the efficiency and

a

duration o xpression. This is important as an effective viral gene delivery method must

maintain elevated concentrations of desired genes in the cellular microenvironment for sustained

g

transge n, whilst also addressing some of the barriers that limit gene transfer (discussed

{

in previou ). Below we provide a summary of the different ways in which biomaterials have

U

been employe directly improve efficiency of viral gene delivery, noting that some of these

approa comitantly address other barriers that have been previously discussed. Therefore,

A
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we have incorporated this information in a table with a short discussion summarising the

significance of these approaches.

T

O
-
O
2,
-

Table 2: Bioma;erlal-mediated efficient viral gene delivery

Approaches

Significance

Examples

Elevated proach 1:

capsulation-based

Enhancement of

amounts of transgenes

rAV encapsulated with PLGA

microsphere™* | Hap-LV in

of genes by viral gene delivery (See | in desired sites PLGA scaffold™”, AV in fibrin
biomateri 3.2.1) scaffold™® Ad in PCL
Prolonging therapeutic »
submicron fibres'™*® AAVr3.45
proach 2: Substrate- | effects of post
encapsulated in ELP and PCL
sed viral gene transgene expression
polymer.'>2 HIV% 1 | v onto
livery (See 3.2.2) . -
PLGA scaffold™”), Ay5!">®
Extracel proach 1: Achievement of | rAAV immobilised in solid PLGA
barriers calization of viral desired gene into | scaffold (3001 AAV from HA-
overcome ne delivery (See 4.3) | target sites instead of | RAD hydrogels'**® Ad
biomateri off-target effects conjugated PEG #°%3% rpAv-2

Approach 2: Substrate-
diated delivery (See

Reducing mass

|[116]
’

encapsulated in RAD6-
arginine (R)-grafted
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3.2.2)

Approach 3:
ectrostatic

eraction'** 19 (See

uproach 4: Protection

m immune response

ee 5.3)

proach 5: Alteration

tropism (See 6.3)

transfer limitations by

approaches 2, 3

Accelerated release via
electrostatic repulsion

by approach 3

Providing steric

blocking by approach 4

Selective targeting to
achieve efficient vial

gene delivery

bioreducible polymer (ABP)-

coated Ad 3%

Intracellul pproach 1: Adapting

barriers viral vector tropism

overcome e 6.3)

biomateri
proach 2: Specific
[128, 291, 303-305]

geting

proach 3: External

mulus-induced

biomaterials>°® %7

pproach 4:

[255,

dosomal escape

308, 309]

Intervening
endocytosis affecting
percentages of

internalization

Increase of cell
specificity and cellular

uptake

PEG-modified AV vectors'?*®!
RGD peptide and E-selection-
specific antibody to functional
groups of PEG within PEGylated
AV*Y AV520 or LV complexed
with core-shell magnetic
nanoparticles (MNPs)%!, Av
with PEGylated and crosslinked
iron oxide nanoparticles

(PCION) B pE (2]

Author
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8 Conclusion and Future Perspectives

While viraIvecto'therapy alone seems to have reached a limit in therapeutic efficacy, recent

research imporation of viruses with biomaterials shows a promising future direction that

may allow this therapeutic technique to finally achieve its full potential in a clinical setting.
I

Biomaterialidelivery may help to address the range of challenges currently facing viral treatments, by

diminishin@ed viral release, toxicity, off-target effects, host immune issues, and inefficient
gene delivery, providing efficient and long-term gene expression with adaptable control and

localizatio

For exampmg viral particles to the vicinity of the biomaterial carrier results in localized gene

transfer ar@r reduction in the potentially dangerous distal spread of vectors. A release profile
can also b -programmed to ultimately control both the level and duration of transgene
expressionm these systems can modulate the immune response to viral gene delivery, often
n ecreased antibody and cell response, which can significantly increase the success of

ivery. Additionally, restriction of viral tropism via biomaterial modification of viral

particles has proven successful as a means of improving the transduction efficacy of restricted cell

populationL

However, Qllenges remain, which should be further addressed before successful translation

resulti

viral g

to the cIin‘ can occur. These include virus destabilization, nanofabrication, increased cytotoxicity,

and reducﬁ infe’ivity, each of which must be addressed to ensure that biomaterial mediated
delivery ca ely and efficiently deliver viral vectors. For example, the inclusion of stabilizers

within the vehicles, such as bovine serum albumin, PLL, or PEG, may help to protect virions

from ha 4@ ditions,'*” > 'while engineering scaffolds that are biocompatible with both the target
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tissue and the specific virus to be incorporated will ensure that the vectors maintain their bioactivity

and infection capability.

{

The proce livery must also be carefully considered. Currently, the low yield of virions

[134]

encapsulat relatively low viability represents a significant hurdle, and the different

|
methods t@lavoid off-target viral spread have inherent advantages and disadvantages. For instance,

non-specifi@interdctions are generally relatively weak, meaning that for some applications viral

G

vectors may _be gasily displaced,™* while alternatively, the fabrication procedures for modification

S

of stronge cifi€ interactions are often complicated, and in some instances may limit viral vector

activity and/or théperformance of the biomaterial delivery vehicle.*® Therefore, viral gene delivery

Ul

vehicles m signed in an application-dependent manner, with mechanical, morphological and

1

topographi s relevant to the tissue type where the vehicle is to be deployed.

Ultimately, omaterial-mediated viral gene delivery systems have been used to circumvent

éa

various ellular and intracellular obstacles to achieve efficient gene delivery, with promising

results. er, further improvements are still required to overcome remaining obstacles and

M

achieve more successful viral gene delivery.

[

Potential av s for further investigation include stimulus-responsive biomaterial viral vector
systems th pable of responding to both endogenous stimuli, such as pH, redox conditions,

and protedSes, and exogenous stimuli, such as temperature, magnetic field, and light, to further

improve c*trol. '] Viral vectors themselves can be engineered for specific responsiveness, such as
incorporat sensitive motifs or insertion of proteolytic proteins. However, these direct
modificati negatively impact other properties of the viral vectors, for example, reducing

stabilit q ausing off-target effects if activation occurs at non-target sites.®>*” As such, future

efforts investigating stimuli-responsive biomaterials for viral gene delivery may better overcome
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these limitations. Furthermore, the development of removable coatings is of great importance to

[312]

attain efficiency in viral gene delivery, as biomaterials that are not discarded or dissociated from

the vector t in decreased transduction efficiency.

ot

Il

Once thes have been further optimized, facilitating more effective viral gene delivery, we

believe th@y will Jplay a significant role in advancing progress in gene therapy and improving

C

therapeuti es, and we are optimistic that the remaining challenges facing these systems for

D

the controlled release of viral vectors will be overcome through the extensive collaborative research

currently b ertaken.

U

Refere

r Man

[1] D. Oehlrij .-C. Berthelot, H. J. Gijsen, J. Med. Chem. 2010, 54, 669.

[2] R. L. Siege D. Miller, A. Jemal, Ca-Cancer J. Clin. 2019, 69, 7.

[3] G. Cam oogle Patents, 2019.
[4] M. Ahmed, J. S'adas, M. I. N. Ahmed, W. Sun, Google Patents, 2019.
[5] R. Cool sci. Biobehav. Rev. 2006, 30, 1.

[6] C. Cao, D. Li, S. Zhan, C. Zhang, B. Sun, V. Litvak, Neurolmage Clin. 2020, 102255.

56

This article is protected by copyright. All rights reserved.



[7] S. Evangelisti, F. Pittau, C. Testa, G. Rizzo, L. L. Gramegna, L. Ferri, A. Coito, P. Cortelli, G.

Calandra-Buonaura, F. Bisquoli, Front. Neurosci. 2019, 13, 611.

{

[8] N. Mal avou, M. A. Lawton, V. Pitz, K. A. Grosset, N. Bajaj, R. A. Barker, Y. Ben-Shlomo, D.
J. Burn, T. ) kinsonism Relat. D. 2019, 65, 55.
||

[l

[9] L. Boi, |, N. H. Greig, M. T. Scerba, D. Tweedie, G. Mulas, S. Fenu, E. Carboni, S. Spiga, A.

R. Carta, v. Disgrd. 2019.

C

[10] A. Gu@rray A.Suppa, V. D'Onofrio, F. Di Stasio, F. Asci, G. Fabbrini, A. Berardelli, Brain Stimul.

S

2019, 12, 1

U

[11]S.A.S halifa, Yousuf Karim, eLS 2018.

N

[12] A. D. . Grothe, J. Haerting, G. Kleber, A. Grothey, W. E. Fleig, J. Clin. Oncol. 2006, 24,

d

2903.

[13] G. Delaney acob, C. Featherstone, M. Barton, Cancer 2005, 104, 1129.

\'l

[14] C. E. DeSantis, C. C. Lin, A. B. Mariotto, R. L. Siegel, K. D. Stein, J. L. Kramer, R. Alteri, A. S.

[

Robbins, A a-Cancer J. Clin. 2014, 64, 252.

[15] I. Ito, m anaka, Y. Saito, B. Gopalan, C. D. Branch, K. Xu, E. N. Atkinson, B. N. Bekele, L. C.

Stephens ne Ther. 2004, 11, 733.

N

[16] A. WN Grothe, J. Haerting, G. Kleber, A. Grothey, W. E. Fleig, J. Clin. Oncol. 2006, 24,

2903. j

[17] E. Dick hmed, Surgery 2018, 36, 134.

[18] H. H. Chen, . Kuo, Oncotarget 2017, 8, 62742.

57

This article is protected by copyright. All rights reserved.



[19] P. Fessas, L. A. Possamai, J. Clark, E. Daniels, C. Gudd, B. H. Mullish, J. L. Alexander, D. J. Pinato,

Immunology 2020, 159, 167.

{

[20] M. M E. C. Patin, M. Pedersen, A. Wilkins, M. T. Dillon, A. A. Melcher, K. J. Harrington,
Nat. Rev. , 1.

H I
[21] W. L. h‘ R. Pike, T. J. Royce, B. A. Mahal, J. S. Loeffler, Nat. Rev. Clin. Oncol. 2018, 15,
477. < >
[22] D. Y.w.{. Salem, J. V. Cohen, S. Chandra, C. Menzer, F. Ye, S. Zhao, S. Das, K. E.
BeckermaE AMA Oncol. 2018, 4, 1721.
[23] G. ). HCature 2002, 418, 244.
[24] F.A.R Hsu, J. Wright, V. Agarwala, D. A. Scott, F. Zhang, Nat. Protoc. 2013, 8, 2281.

a

[25] C. Moses, B. Garcia-Bloj, A. R. Harvey, P. Blancafort, Eur. J. Cancer 2018, 93, 10.

[26] M. ) o, L. Teh, M. A. Pollett, D. Goodman, S. |. Hodgetts, I. Sweetman, M. Walters, J.

V]

Verhaagen, G. W. Plant, A. R. Harvey, PLoS One 2013, 8.

I

[27] M. A. Kay, Nat. Rev. Genet. 2011, 12, 316.

O

[28] A. Nya u, M. Dumont, V. Kedinger, P. Erbacher, Cell Gene Ther Insights 2019, 5, 51.

[29] J.- . Fan, R. A. Frizzell, Hum. Gene Ther. 1996, 7, 2101.

th

[30] N. Na t, T. Maedeh, P. A. Ali, Adv. Biomed. Res. 2012, 1.

U

[31] A. Patel, J. , D. Duan, Y. Lai, in Adeno-Associated Virus Vectors, Springer, 2019, 19.

A

[32] Y. Liu, N. n, J. ARohrs, P. Wang, Curr. Pharm. Des. 2015, 21, 3248.

58

This article is protected by copyright. All rights reserved.



[33] G. Murlidharan, R. J. Samulski, A. Asokan, Front. Mol. Neurosci. 2014, 7, 76.
[34] M. A. Fttergn, D. V. Schaffer, Nat. Rev. Genet. 2014, 15, nrg3742.
[35] A.R. G '@ ovindasamy, S. Somanathan, J. M. Wilson, J. Virol. 2018, JVI. 01011.

I
[36]S.I.H getts P.J. Simmons, G. W. Plant, Cell Transplant. 2013, 22, 393.

[37] S. L. @J H. Yoon, A. Fogliani, E. A. Akinpelu, D. Baron-Heeris, |I. G. Houwers, L. P.

Wheeler, B ma S. Santhakumar, S. J. Lovett, Neural Plast. 2018, 2018.

[38] C.E. Dﬁ A. High, J. K. Joung, D. B. Kohn, K. Ozawa, M. Sadelain, Science 2018, 359.

[39] M. G. R. Katherine A High, N. Engl. J. Med. 2019, 381, 455.
[40] W. Jia, ou Curr. Gene Ther. 2005, 5, 133.

[41] C. J. L , A. Sharma, J. Muhling, L. P. Wheeler, G. S. Cozens, M. Hellstrém, J. Rodger, A. R.

Harvey, --Methods Clin. Dev. 2016, 3, 16078.

[42] R. Alemany, K. Suzuki, D. T. Curiel, J. Gen. Virol. 2000, 81, 2605.

[43]S. Sel rad. Med. J. 2004, 80, 560.

! Schaffer, L. D. Shea, Mol. Ther. 2011, 19, 1407.

@

[44] ).-H.)

h

[45] C. E. TR@mas, A. Ehrhardt, M. A. Kay, Nat. Rev. Genet. 2003, 4, 346.

[46]J. L. Shlrle Y. P. de Jong, C. Terhorst, R. W. Herzog, Mol. Ther. 2020, 28, 709.

[47] W. Xio .M. Wu, Y. Xue, S. K. Wang, M. J. Chung, X. Ji, P. Rana, S. R. Zhao, S. Mai, C. L. Cepko,

. Sci. 2019, 116, 5785.

59

This article is protected by copyright. All rights reserved.



[48] A. Li, M. R. Tanner, C. M. Lee, A. E. Hurley, M. De Giorgi, K. E. Jarrett, T. H. Davis, A. M. Doerfler,

G. Bao, C. Beeton, Mol. Ther. 2020.

{

[49] C. Bur Gorbatyuk, M. J. Velardo, C. S. Peden, P. Williams, S. Zolotukhin, P. J. Reier, R. J.
Mandel, N. , Mol. Ther. 2004, 10, 302.
H I

[50] R. L. Kh. Dayton, J. B. Tatom, K. M. Henderson, P. P. Henning, Mol. Ther. 2008, 16, 89.

C

[51] C. Cam ura, Curr. Opin. Biotechnol. 2013, 24, 855.

S

[52] H. C. r&’K. Kuranda, F. Mingozzi, Mol. Ther. 2020, 28, 723.

y

[53] L. A. , J. Doukas, A. M. Gonzalez, D. K. Hoganson, D.-L. Gu, C. Ma, M. Nesbit, T. M.

Cromblehalme, M. Herlyn, B. A. Sosnowski, Mol. Ther. 2000, 2, 153.

#

[54]C.J).B T. Friedel, H. Blining, Trends Biotechnol. 2015, 33, 777.

d

[55] A. |, T. Friedel, A. Muth, K. P. Hartmann, I. C. Schneider, R. C. Miinch, C. J. Buchholz,

Biomater: , 144, 84.

Vi

[56] K. Fisher, Y. Stallwood, N. Green, K. Ulbrich, V. Mautner, L. Seymour, Gene Ther. 2001, 8, 341.

[

[57] R. Boe hin, A. Fast, R. Gower, L. Shea, Biomaterials 2013, 34, 5431.

Q

[58] A. Cem F. Bruggeman, R. J. Williams, C. L. Parish, D. R. Nisbet, Iscience 2020, 23, 100788.

n

[59] Y. Wang, X. He; K. F. Bruggeman, B. Gayen, A. Tricoli, W. M. Lee, R. J. Williams, D. R. Nisbet, Adv.

{

Funct. Ma 30, 1900390.

U

[60] F. L. Mac G. M. Ims, M. K. Horne, R. J. Williams, D. R. Nisbet, Adv. Mater. 2018, 30,

1805205

A

60

This article is protected by copyright. All rights reserved.



[61] S. J. Franks, K. Firipis, R. Ferreira, K. M. Hannan, R. J. Williams, R. D. Hannan, D. R. Nisbet, Mater.

Horiz. 2020, 7, 1996.

[62] C. E. mA. High, J. K. Joung, D. B. Kohn, K. Ozawa, M. Sadelain, Science 2018, 359,

eaan4672.
H I

[63]T. Frieh. Roblin, Science 1972, 175, 949.
[64] ). Wathce 1990, 248.

[65] M. Ni er, C. C. Tang, P. A. LeWitt, A. R. Rezai, M. A. Leehey, S. G. Ojemann, A. W.

Flaherty, E. N. Esk;dar, S. K. Kostyk, A. Sarkar, JCl insight 2017, 2.
[66] 1. C. Lfoole, J. A. Guevara, A. Zloza, Google Patents, 2018.

[67] C.S. m L. Doran, S. Stevanovic, S. Adhikary, M. Mojadidi, M. L. Kwong, W. C. Faquin, S.

{

Feldman, R. Somerville, R. M. Sherry, American Society of Clinical Oncology, 2017.

[68] V. \EL T. Thomas, T. Thomas, Biochemistry 2002, 41, 14085.

[69] D. Lew, S. E. Parker, T. Latimer, A. M. Abai, A. Kuwahara-Rundell, S. G. Doh, Z.-Y. Yang, D. Laface,

S. H. Gromgowskl, !5 J. Nabel, Hum. Gene Ther. 1995, 6, 553.

[70] M. L. SI YW. O'Malley Jr, M. J. Finegold, F. D. Ledley, Hum. Gene Ther. 1994, 5, 837.

[71] S.-Sang, Gene Ther. 2000, 7, 31.
[72] X.-z. Gjuang, Gene Ther. 1995, 2, 710.

[73] G. J. Nabel . Nabel, Z.-Y. Yang, B. A. Fox, G. E. Plautz, X. Gao, L. Huang, S. Shu, D. Gordon, A.

E. Chang, atl. Acad. Sci. 1993, 90, 11307.

61

This article is protected by copyright. All rights reserved.



[74] W. Godbey, K. K. Wu, A. G. Mikos, J. Controlled Release 1999, 60, 149.

[75] Y. SeO'I M. J.’Vood, Mol. Ther. 2009, 17, 767.

[76] M. A. rioso, L. Naldini, Nat. Med. 2001, 7, 33.

I
[77] Y.-H. Ghien, N.-C. Lee, S.-H. Tseng, C.-H. Tai, S.-i. Muramatsu, B. J. Byrne, W.-L. Hwu, Lancet Child

Adolesc. Health 7,1, 265.

[78] M. D.m G. A. Ochakovski, B. Beier, |. P. Seitz, Y. Vaheb, C. Kortuem, F. F. Reichel, L.

Kuehlewein . ahle, T. Peters, JAMA Ophthalmol. 2019, 137, 1247.

[79] L. Ritti:anasopoulos, M. Calero-Garcia, M. L. Davies, D. J. Dow, S. J. Howe, A. Morrison, .

RicciardelliffA. Saudemont, L. Jespers, Mol. Ther. 2019.

[80] S. Li, L Gene Ther. 2006, 13, 1313.

[81] G. olf, I. G. Schmidt-Wolf, Trends Mol. Med. 2003, 9, 67.
[82] H. nasty, A. A. Eltoukhy, A. J. Vegas, J. R. Dorkin, D. G. Anderson, Nat. Rev. Genet.
2014, 15, 541.

L

[83] M. FOD W. Chen, N. Nafissi, D. Calderon, L. Narsineni, A. Rafiee, J. Controlled Release

2016, 240,

[84] R. £J. Wills, Synthesis, assembly, and processing of viral proteins, Cold Spring Harbor

Laborator*ress, Cold Spring Harbor (NY), 1997.

[85] S. H. ;aam, M. Walker, E. Scappini, J. Naughton, N. P. Martin, Curr. Protoc. Neurosci.

2019, 8<

This article is protected by copyright. All rights reserved.

62



[86] J. Sierra-Delgado, P. Bautista-Nino, C. Vargas-Castellanos, D. N. Serrano, M. Rincon, Medicina

2019, 79, 493.
[87] J.-H. . Yu, G.-C. Baek, J. Bakes, D. Seo, H. J. Nam, S. H. Baek, C.-S. Lim, Y.-S. Lee, B.-K.
Kaang, Mol. , 7, 17.

H I

[88] B. L. th. 0. Breakefield, Nat. Rev. Neurosci. 2003, 4, 353.

[89] A. Fas&Qovirology 2006, 3, 74.
[90] M. Yamm Emerman, Virology 2006, 344, 88.

[91]T. Hat:, S. P. Goff, J. Virol. 2001, 75, 9526.
[92] ). M. CG—( Hughes, H. E. Varmus, 1997.

[93] P. Hin@. Leis, Microbiol. Mol. Biol. Rev. 1999, 63, 836.

[94] P. E. Engelman, P. Cherepanov, Chem. Rev. 2016, 116, 12730.
[95] F. Mingozzi, K. A. High, Blood 2013, 122, 23.

[96] T. B. Lh Gray, R. J. Samulski, Neurobiol. Dis. 2012, 48, 179.

[97]T. FIot@ter, Gene Ther. 1995, 2, 357.

[98] K. Breckpot, J. Aerts, K. Thielemans, Gene Ther. 2007, 14, 847.

[99] N. F. $detz M. C. McGee, V. T. Longping, C. Li, L. Cong, Y. Li, W. Huang, Pharmacol. Ther. 2020,

U

207,1074

[100] D tm bekov, J. Pfromm, A. Fritz, M. Fischer, in Retinal Degenerative Diseases, Springer,
2019, 165.
63

This article is protected by copyright. All rights reserved.



[101] U. Griesenbach, Gene Ther. 2007, 14, 1555.
[102]S. L. iinnI l. ' Alexander, M. L. Edelstein, M. R. Abedi, J. Wixon, J. Gene Med. 2013, 15, 65.

[103] D. Koon, J. Hong, S. W. Kim, C.-O. Yun, Nanomedicine 2016, 11, 1689.
|

||
[104] S. R. 8ehwab, J. A. Shugart, T. Horng, S. Malarkannan, N. Shastri, PLoS Biol 2004, 2, e366.
[105] Y. W@u, A. Krol, Y.-P. Li, C.-Y. Li, F. Yuan, Mol. Cancer Ther. 2003, 2, 1233.
[106] Y. Wdng /Z. Yang, S. Liu, T. Kon, A. Krol, C. Li, F. Yuan, Br. J. Cancer 2005, 92, 1414.

[107] C.J. Lezallls, A. Sharma, J. Muhling, L. P. Wheeler, G. S. Cozens, M. Hellstrom, J. Rodger, A. R.

Harvey, Mol. Ther.--Methods Clin. Dev. 2016, 3.
[108] G. McEa;;en, M. R. Mohamed, M. M. Rahman, E. Bartee, Nat. Rev. Immunol. 2009, 9, 645.
[109] M. Aman, T. W. Chalberg, D. V. Schaffer, Annu. Rev. Biomed. Eng. 2015, 17, 63.

[110] C. VandéE, O. Adjali, F. Mingozzi, Hum. Gene Ther. 2017, 28, 1061.

[111] J. Dashkoff, E. P. Lerner, N. Truong, J. A. Klickstein, Z. Fan, D. Mu, C. A. Maguire, B. T. Hyman, E.

Hudry, Moh/lethods Clin. Dev. 2016, 3.

[112] M. A@an, T. Vazin, D. V. Schaffer, Development 2015, 142, 1885.
[113]C. Mgison: Nature Publishing Group, 2018.

[114] M. ::lletzsch M. Agbandje-McKenna, Annual Reviews, 2017.
[115] A. L. QZ, C. L. Parish, D. R. Nisbet, R. J. Williams, Soft Matter 2013, 9, 3915.

[116] A. J. K. Venkatesan, J. Frisch, G. Schmitt, A. Monge-Marcet, P. Lopez-Chicon, A. Mata,

C. Semino, H. Madry, M. Cucchiarini, Acta Biomater. 2015, 18, 118.
64

This article is protected by copyright. All rights reserved.



[117] H. Uludag, A. Ubeda, A. Ansari, Front. Bioeng. Biotechnol. 2019, 7, 131.
[118]Y. Rul' D.R. ’ilson, J. ). Green, Trends Biotechnol. 2019, 37, 281.
[119] M. C. Madry, Nat. Rev. Rheumatol. 2019, 15, 18.
H I
[120] 1. Losslé-Seijo, J. Montenegro, Nat. Rev. Chem. 2018, 2, 258.

[121] D. St@ne, Y. $iu, Z.-Y. Li, R. Strauss, E. E. Finn, J. M. Allen, J. S. Chamberlain, A. Lieber, J. Virol.

2008, 82, 7m

[122] H. Fuﬁxzen R. J. Samulski, G. Breese, J. Sifford, X. Zeng, D. M. McCarty, Mol. Ther. 2003,

8,911.

[123]J. BecWellman, K. A. Marshall, S. McCague, M. Ashtari, J. DiStefano-Pappas, O. U. Elci,

D. C. Chunml. F. Wright, Lancet 2016, 388, 661.

[124]R Drug Delivery Rev. 2001, 46, 149.

[125] Y Li, F. Yuan, "Systemic virus dissemination during local gene delivery in solid
tumors and its control with an alginate solution", presented at Engineering in Medicine and Biology

Society, 20 '04. 26th Annual International Conference of the IEEE, 2004.

ws
[126] V. NQ S. Balan, B.-C. Sim, M. P. Coyle, U. Ernst, R. T. Peters, V. Schellenberger, J.
Controlled !elease 2016, 240, 52.

[127] K. Fu®A. Klibanov, R. Langer, Nat. Biotechnol. 2000, 18, 24.
[128]J.-H. n Houchin, L. D. Shea, Expert Rev. Med. Devices 2004, 1, 127.
[129] F. % r, B. McAuslan, C. Mims, The biology of animal viruses, Elsevier, 2013.

65

This article is protected by copyright. All rights reserved.



[130] C. Mims, Bacteriol. Rev. 1964, 28, 30.

[131] H. K"deI T.'\sai, K. Hatanaka, T. Urakami, T. Ishii, E. Kenjo, M. Nishihara, M. Yokoyama, T.

Ishida, H. m Pharm. 2008, 362, 197.

[132] AminmmimGuity ). Gendrault, Prog. Liver Dis. 1982, 7, 377.
[133] M. R@L Bentley, J. Harris, Adv. Drug Delivery Rev. 2012, 64, 116.
[134]S. ). &m Hilfinger, B. L. Davidson, Adv. Drug Delivery Rev. 1997, 27, 59.

[135]S. Beﬁtthews, C. Stein, B. Ross, J. Hilfinger, B. Davidson, Gene Ther. 1998, 5, 740.

[136] J.-H. Kim, A. Taluja, K. Knutson, Y. H. Bae, J. Controlled Release 2005, 109, 86.

[137] K. T. :gguyen, J. L. West, Biomaterials 2002, 23, 4307.

[138] Z. Li,mj. Wang, A. Choi, P.-Y. Lee, P. Tyagi, L. Huang, Pharm. Res. 2003, 20, 884.

[139] A. Bree trappe, A. Kumar, T. O'Brien, A. Pandit, J. Biomed. Mater. Res., Part A 2006, 78,

702.

[140] A. L. Lz, T.-Y. Wang, K. F. Bruggeman, R. Li, R. J. Williams, C. L. Parish, D. R. Nisbet, Nano

Res. 2016,

[141] V. Kiar, E :N Marion, J. J. Mao, R. A. Gemeinhart, Tissue Eng., Part A 2009, 15, 1695.

[142] A.“, A.J. Gomez, J. L. Palma, W. T. Yap, L. D. Shea, Biomaterials 2014, 35, 8687.

[143] D. ). ES. Anseth, J. Controlled Release 2004, 96, 341.

[144]S. M. Tuinstra, D. M. Salvay, L. D. Shea, Biomaterials 2010, 31, 4353.

[145] Y. Zhu, H. Jiang, S.-H. Ye, T. Yoshizumi, W. R. Wagner, Biomaterials 2015, 53, 484.
66

This article is protected by copyright. All rights reserved.



[146] T. Saito, Y. Tabata, J. Drug Targeting 2012, 20, 864.
[147]1 M. E |dd SgShin, L. D. Shea, J. Controlled Release 2012, 157, 80.

[148] I.-C. @ en, J. B. Liu, K. W. Leong, J. Controlled Release 2009, 139, 48.

[149] X. G Y. Matsumura, Y. Tang, S. Roy, R. Hoff, B. Wang, W. R. Wagner, Biomaterials 2017, 133,

[150] W. Sa Kuhn, Y. Dror, E. Zussman, Nanotechnol. 2006, 17, 4675.

SC

[151] C. Hﬁ Soenen, E. Gulck, J. Rejman, G. Vanham, B. Lucas, B. Geers, K. Braeckmans, V.
Shahin, P Polym. Adv. Technol. 2014, 25, 827.
[152]S. LeGn H.S. Chu, G.-W. Kim, J.-I. Won, J.-H. Jang, Acta Biomater. 2011, 7, 3868.

al

[153] C. H Soenen, E. van Gulck, J. Rejman, G. Vanham, B. Lucas, B. Geers, K. Braeckmans,
V. Shah : he, Polym. Adv. Technol. 2014, 25, 827.
[154]S. , E.-A. Kwak, J.-M. Kim, J. Jaworski, Colloids Surf., B 2014, 122, 851.

[155] D. MSirone, L. Qj, H. Colecraft, C. S. Chen, Biomed. Microdevices 2008, 10, 561.

[156] I.-T. -H. Jung, D.-K. Kim, Y.-C. Nho, J.-H. Choi, Colloids Surf., B 2009, 74, 375.

[157] A. Mgomas, L. D. Shea, J. Controlled Release 2013, 170, 421.

[158] L. mefpacminflc. Song, M. Wang, R. Levy, J. Gene Med. 2006, 8, 690.

[159] R. Leag, S. Tallapragada, S. DeFelice, J. T. Hinson, N. Vyavahare, J. Connolly, K. Ryan, Q.

Li, Gene T 1, 8, 659.

[160] M. Saleh, N. Jonas, A. Wiegmans, S. Stylli, Gene Ther 2000, 7, 1715.
67

This article is protected by copyright. All rights reserved.



[161] Y. Wang, H. Wang, C.-Y. Li, F. Yuan, Mol. Cancer Ther. 2006, 5, 362.

[162] A. MFIhaIa" Oman J. Ophthalmol. 2017, 10, 3.

[163] K. D hen, K. M. Cheung, H.-f. Kung, W. W. Lu, J. C. Leong, Biochem. Biophys. Res.

Commum 2003m868, 636.

[164] X.—C.QDang, H.-Y. Gao, Z.-T. Wang, M. Gao, Y. Yang, H.-T. Zhang, R.-X. Xu, Cell. Mol.
, 881.

Neurobiol.

[165] A. Almeinz, B. Leuchs, J. Kleinschmidt, M. Fatar, B. Geers, |. Lentacker, M. G. Hennerici,

S. C. de Smedt, S. ESeairs, Mol. Ther.--Nucleic Acids 2013, 2, e73.

[166] J. Go!er, E. Aronica, E. Van Vliet, Epilepsy Curr. 2019, 19, 177.

[167]Y. Wang psy Curr. 2020, 20, 165.

[168] ich, Microorg. 2018, 6, 107.
[169] S ury, E. Hudry, C. A. Maguire, M. Sena-Esteves, X. O. Breakefield, P. Grandi,

Neuropharmacology 2017, 120, 63.

L

[170] R. va el, L. J. Vehmeijer, R. J. Kok, G. Storm, E. V. van Gaal, in Intracellular Delivery I,

Springer, 2 .

[171] Bs. Mastorakos, J. S. Suk, A. L. Klibanov, J. Hanes, R. J. Price, J. Controlled Release
2016, 22!,!55.

[272]Y. El—n@h, A. M. Ni, G. D. Horwitz, J. Neurophysiol. 2016, 116, 122.
[173] S.{G. C. O'sullivan, D. O'hanlon, M. Tangney, Clin. Colorectal Cancer 2013, 12, 152.

68

This article is protected by copyright. All rights reserved.



[174] I. Khan, M. K. Zakaria, M. Kumar, P. Mani, P. Chattopadhyay, D. P. Sarkar, S. Sinha, J. Transl.

Med. 2015, 13, 254.

T

[175]R. 1. ImNopora, T. Brocker, Eur. J. Cell Biol. 2012, 91, 86.

[176] S.iE. llesGnieemin The Future of HIV-1 Therapeutics, Springer, 2015, 147.

[177] E. Ga@/ile, S. J. Russell, Oncol. Hematol. 2001, 38, 177.

[178] M. Km. R. Nisbet, J. S. Forsythe, C. L. Parish, Stem Cells Dev. 2009, 19, 843.

[179] V. N Ili, A. L. Rodriguez, R. Li, S. Pavuluri, K. R. Nicholas, C. J. Barrow, D. R. Nisbet, R. J.

Williams, 014, 102, 197.

[180] D. NCPattanawong, N. Ritchie, W. Shen, D. Finkelstein, M. K. Horne, J. S. Forsythe, J.

Neural Engm 35
[181] " D. Moses, T. R. Gengenbach, J. S. Forsythe, D. I. Finkelstein, M. K. Horne, J.
Biomed. es., Part A 2009, 89A, 24.

[182] D.R. lebet R. J. Williams, Biointerphases 2012, 7, 2.

[183] A.Ro T.-Y. Wang, K. Bruggeman, C. Horgan, R. Li, R. J. Williams, C. L. Parish, D. Nisbet, J.

Mater. Che 4,2,7771.

[184] ASai, J. Bi, B. Jin, H. Zhang, RSC Adv. 2014, 4, 63951.

[185] P. D A. R. Harvey, M. Oudega, G. W. Plant, in Tissue Engineering (Second Edition),

Elsevier, 2

[186] 54& R. M. Padmashali, S. T. Andreadis, J. Controlled Release 2010, 144, 213.

This article is protected by copyright. All rights reserved.

69



[187] M. C. Jen, K. Baler, A. R. Hood, S. Shin, L. D. Shea, G. A. Ameer, J. Biomed. Mater. Res., Part A

2013, 101, 1328.

[188] M. smidlits, S. Shin, L. Shea, Biotechnol. Bioeng. 2016, 113, 2033.

[189] Hm. iSomgmEmS. Kim, Y.-C. Huang, D. J. Mooney, Pharm. Res. 2008, 25, 1230.

[190] J. Ch@g, O. Kwon, T. Yun, H. Park, P. Kim, S. Kim, J. Kim, C. Yun, Gene Ther. 2013, 20,
880.
akd,

{

[191] J. A. F. R. Virani, A. G. Goodman, T. D. Gossett, S. Shin, L. D. Shea, Biomaterials 2012,

33, 7412.

[192] F. Ggeaux, G. Mosser, A. Anglo, P. Panine, P. Davidson, M.-M. Giraud-Guille, E. Belamie, J.

Mol. Biol. 2 , 1509.

[193] S. Ramanujan, A. Pluen, T. D. McKee, E. B. Brown, Y. Boucher, R. K. Jain, Biophys. J. 2002, 83,

1650.
[194] H. E. Davis, M. Rosinski, J. R. Morgan, M. L. Yarmush, Biophys. J. 2004, 86, 1234.

[195] P. R. giapHam, A. McKnight, Br. Med. Bull. 2001, 58, 43.

[196] R. M. hali, S. T. Andreadis, Biomaterials 2011, 32, 3330.

[197] \£ Elkasabi, H.-Y. Chen, Y. Zhang, J. Lahann, S. J. Hollister, P. H. Krebsbach,
Biomateri , 30, 5785.

[198] W. WESHRESMY” W. Lang, P. H. Krebsbach, J. Gene Med. 2008, 10, 1102.

[199] WQWang, P. H. Krebsbach, J. Tissue Eng. Regener. Med. 2013.

This article is protected by copyright. All rights reserved.

70



[200] A. M. Thomas, S. K. Seidlits, A. G. Goodman, T. V. Kukushliev, D. M. Hassani, B. J. Cummings, A.

J. Anderson, L. D. Shea, Integr. Biol. 2014, 6, 694.

T

[201] B. K. ﬂHerzog, Curr. Opin. Mol. Ther. 2009, 11, 493.

[202] MmC sRuzeksmB. F. Kavanagh, A. Scaria, S. M. Richards, R. D. Garman, Mol. Ther. 2002, 5, 115.

[203] J. Ham. C. Minch, R.-T. Freiling, I. C. Schneider, B. Dreier, W. Samukange, J. Koch, M. A.

Seeger, A. n, C. J. Buchholz, Mol. Ther.--Methods Clin. Dev. 2018, 10, 128.

[204] P. A.m,K.-E. Aryee, F. Manzoor, R. M. Tisch, C. Mueller, A. Jurczyk, L. D. Shultz, M. A.

Brehm, Hum. Gensmer. 2018, 29, 352.

[205] X. HU@ng, Y. Yang, Hum. Gene Ther. 2009, 20, 293.

[206] A. P.y, P. Fawcett, H. Nakai, R. L. McCaffrey, A. Ehrhardt, T.-T. T. Pham, K. Pandey, H.

Xu, S. Feuss, T. A. Storm, Mol. Ther. 2008, 16, 931.

[207] B. n, G. Sitia, A. Annoni, E. Hauben, L. S. Sergi, A. Zingale, M. G. Roncarolo, L. G.

Guidotti, L. Naldini, Blood 2007, 109, 2797.

[208] A. Annont, ! bregori, L. Naldini, A. Cantore, Cell. Immunol. 2018.

[209] F. MiQ. Blning, Front. Immunol. 2015, 6, 120.
[210] As. J. Cotter, L. R. White, S. A. Clark, N. C. Wong, V. M. Holers, J. S. Bartlett, D. A.

Muruve, J.Wirol. 2008, 82, 2727.

[211] F. F. :,D. L. Dauletbekov, R. Klein, T. Peters, G. A. Ochakovski, I. P. Seitz, B. Wilhelm, M.

Ueffing{Wissinger, Mol. Ther. 2017, 25, 2648.

[212] F. Mingozzi, K. A. High, Blood 2013, blood.
71

This article is protected by copyright. All rights reserved.



[213] H. Mok, D. J. Palmer, P. Ng, M. A. Barry, Mol. Ther. 2005, 11, 66.

[214]1. M. 'ermai'l. Somia, Nature 1997, 389, 239.

[215] Y. Etd @Gho, F. Sekiguchi, S. Kurachi, K. Katayama, H. Mizuguchi, T. Hayakawa, Y. Tsutsumi,

o

T. MayumigSmiNakagawa, Biol. Pharm. Bull. 2004, 27, 936.
[216] C. H.@Genet. Syndr. Gene Ther. 2011.

[217] F. MmY. Chen, S. C. Edmonson, S. Zhou, R. M. Thurlings, P. P. Tak, K. A. High, M. J.

Vervoordel ene Ther. 2013, 20, 417.

[218] W. B:, L. Cebotaru, Expert Opin. Biol. Ther. 2017, 17, 1265.

[219] R. BG. Kuo, S. Shin, A. Goodman, M. Pilecki, J. Leonard, L. Shea, Biotechnol. Bioeng.

2014, 111,

[220] C , Cancer Metastasis Rev. 2006, 25, 307.
[221]1 A i . Muruve, Curr. Gene Ther. 2005, 5, 323.
[222] L. BSkor, G. Bortolussi, A. laconcig, G. Chiaruttini, C. Tiribelli, M. Giacca, F. Benvenuti, L.

Zentilin, A.Gene Ther. 2017, 24, 649.

[223] SrMonteilhet, P. Veron, C. Leborgne, O. Benveniste, M. F. Montus, C. Masurier,
Hum. G 10, 21, 704.

[224] A. Rej. Cucchiarini, Acta Biomater. 2016, 29, 1.

[225] M&chaﬁen H. Bining, Front. Microb. Immunol. 2011, 30.

This article is protected by copyright. All rights reserved.

72



[226] N. VanderVeen, N. Raja, E. Yi, H. Appelman, P. Ng, D. Palmer, D. Zamler, M. Dzaman, P. R.

Lowenstein, M. G. Castro, Hum. Gene Ther: Methods. 2016, 27, 98.

[227] J. . Mizukami, S. Hishikawa, T. lkemoto, A. Ishiwata, A. Sakata, T. Ohmori, S.

Madoiwa, ) awa, Mol. Ther. 2013, 21, 318.

|| —
[228] C. Mh, J. Park, L. D. Shea, J. Controlled Release 2015, 219, 155.
[229] R. ReiS§ ves, Biomater. Nat. Adv. Devices Ther. 2016, 629.

[230]J.T. m,R M. Nerem, J Heart Valve Dis. 2004, 13, 478.

[231] D. E:randl, B. Appel, H. Wiese, G. Maier, M. Wenzel, R. Staudenmaier, A. Goepferich,

T. Blunk, B!materials 2007, 28, 55.

[232] J. Bafira Wang, M. Lawson, J. Triffitt, P. Cooper, R. Shelton, J. Mater. Sci.: Mater. Med.
2005, 16, 515.
[233] A. , B. Orkin, V. Doviner, A. Nissan, M. Klein, M. Srebnik, A. Rubinstein, J. Controlled

Release 2006, 111, 281.

[234] D. Nhs et, K. Crompton, S. Hamilton, S. Shirakawa, R. Prankerd, D. Finkelstein, M. Horne, J.

Forsythe, @hem. 2006, 121, 14.

[235] K. S. !iasters, D. N. Shah, G. Walker, L. A. Leinwand, K. S. Anseth, J. Biomed. Mater. Res., Part A

2004, 71“

[236] T. C. Holmes@Trends Biotechnol. 2002, 20, 16.

[237] A mit, C. Sullivan, J. Wong, L. David, M. Chen, P. Cheng, D. Shumaker, J. N. Wilcox, K.

Udipi, J. Biomed. ter. Res., Part A 2009, 90, 133.

73

This article is protected by copyright. All rights reserved.



[238] J. A. Jones, D. T. Chang, H. Meyerson, E. Colton, I. K. Kwon, T. Matsuda, J. M. Anderson, J.

Biomed. Mater. Res., Part A 2007, 83, 585.

I

[239] W. JiﬂSchwendeman, Pharm. Res. 2001, 18, 878.

[240] HuiNiemBmWmSoh, Y. C. Fu, C. H. Wang, Biotechnol. Bioeng. 2008, 99, 223.

L

[241] K. GawPullen, C. A. Oskeritzian, J. J. Ryan, G. L. Bowlin, Biomaterials 2013, 34, 4439.

[242] H. CaggK hugh, S. Y. Chew, J. M. Anderson, J. Biomed. Mater. Res., Part A 2010, 93, 1151.

[243] D. Rﬁa E. Rodda, M. K. Horne, J. S. Forsythe, D. I. Finkelstein, Biomaterials 2009, 30,
4573.

[244] ). M

1063. m
[245] SPt=Mater. Rev. 2014, 59, 44,
[246] F. M. K. Horne, R. J. Williams, D. R. Nisbet, APL Bioeng. 2018, 2, 021502.

[247] P. Iv!shayedi, G. Ng, J. C. Kwok, G. S. Yeo, C. E. Bryant, J. W. Fawcett, K. Franze, J. Guck,

C. J. Rivet, R. J. Gilbert, F. A. Morrison, J. Biomed. Mater. Res., Part B 2014, 102,

Biomateria 35,3919.
[248] A. K. M. D. Swartzlander, S. J. Bryant, Journal of biomedical materials research. Part A
2012, 1

I

[249]1J.S. :A, N. Kim, J. Hanes, L. M. Ensign, Adv. Drug Delivery Rev. 2016, 99, 28.

[250] J. Kim, P.- m, S. W. Kim, C.-O. Yun, Biomaterials 2012, 33, 1838.

[251] G. K. Le aheshri, B. Kaspar, D. V. Schaffer, Biotechnol. Bioeng. 2005, 92, 24.

74

This article is protected by copyright. All rights reserved.



[252] K. D. Fisher, L. W. Seymour, Adv. Drug Delivery Rev. 2010, 62, 240.

[253]T. Yali X. Zh'], C. Zhang, X. Yu, Z. Tian, L. Zhang, D. Zhou, Molecules 2017, 22, 1155.

[254] Y. Ya . Nango, M. Matsuura, Y. Hasegawa, M. Hasegawa, N. Oku, Gene Ther. 2000, 7,

1148. m

[

[255] K. Nagag S. g, J.-P. Nam, S. W. Kim, J. Controlled Release 2015, 220, 447.

[256] D. Fische Bieber, Y. Li, H.-P. Elsasser, T. Kissel, Pharm. Res. 1999, 16, 1273.

SC

[257] R. Se

U

[258] B.-K. Jung, E. Oh, J. Hong, Y. Lee, K. D. Park, C.-O. Yun, Biomaterials 2017, 147, 26.

1

repally, P. Kumar Vemula, G. R Jayandharan, Curr. Biotechnol. 2016, 5, 44.

[259] L. Ran, X. Tan, Y. Li, H. Zhang, R. Ma, T. Ji, W. Dong, T. Tong, Y. Liu, D. Chen, Biomaterials 2016,

89, 56.

[260] G. Sa HogenEsch, A. North, J. Hays, S. Mittal, Gene Ther. 2002, 9, 1722.

Ma

[261] P. Turner, A. Petch, M. Al-Rubeai, Biotechnol. Prog. 2007, 23, 423.

[262] C. Wh Pham, 2008.

. M. Murphy, J. M. Farber, Annu. Rev. Immunol. 1999, 17, 657.

O

[263] E. A.

f

[264] E. PoVWeda, V. Briz, M. Quifiones-Mateu, V. Soriano, Aids 2006, 20, 1359.

{

U

[265] C. J. Alméciga-Diaz, R. Cuaspa, L. A. Barrera, in Non-Viral Gene Therapy, InTech, 2011.

[266] A. Srivastava, Curr. Opin. Virol. 2016, 21, 75.

[267]S. L.

A

This article is protected by copyright. All rights reserved.

nd, A. N. Leek, E. H. Richman, R. B. Tjalkens, PLoS One 2017, 12, e0188830.

75



[268] M. J. Castle, H. T. Turunen, L. H. Vandenberghe, J. H. Wolfe, in Gene Therapy for Neurological

Disorders, Springer, 2016, 133.

{

[269] M. H M. Ruitenberg, M. Pollett, E. Ehlert, J. Twisk, J. Verhaagen, A. Harvey, Gene Ther.

2009, 16, 5
|

[270] L. Y ng, L. M. Drouin, M. Agbandje-Mckenna, C. Chen, C. Qiao, D. Pu, X. Hu, D.-Z.

_
Wang, J. L|Otl Acad. Sci. 2009, 106, 3946.

[271] C. Ziw. Soltys, G. Rengo, J. E. Rabinowitz, Mol. Ther. 2008, 16, 1073.

[272] S. N. Waddigton, J. H. McVey, D. Bhella, A. L. Parker, K. Barker, H. Atoda, R. Pink, S. M.

Buckley, J.CL. Denby, Cell 2008, 132, 397.

[273] K.an B. E. Hoffman, I. Zolotukhin, G. D. Keeler, J. W. Xiao, E. Basner-Tschakarjan, K.

A. High, H M. Rice, A. Srivastava, Mol. Ther. 2016, 24, 1042.

[274] 1. Elefthe u, M. Dieringer, X. Y. Poh, J. Sanchez-Garrido, Y. Gao, A. Sgourou, L. E. Simmons,

N.D.M “Bfomaterials 2017, 123, 1.

[275] A.-R.wong, S. W. Kim, C.-0. Yun, Expert Opin. Drug Delivery 2016, 13, 843.

[276] R. Wé @ J. Russell, D. T. Curiel, Nat. Rev. Genet. 2007, 8, 573.

h

[277] ). T. Bouglas, B. E. Rogers, M. E. Rosenfeld, S. I. Michael, M. Feng, D. T. Curiel, Nat. Biotechnol.

1996, 1

t

J

[278] C. Zhang, T. ¥&o, Y. Zheng, Z. Li, L. Zhang, D. Zhou, Data in brief 2016, 7, 77.

[279] , P. Ernst, A. Honegger, M. Suomalainen, M. Zimmermann, L. Braun, S. Stauffer, C.

Thom, B. Dreier, M Eibauer, Nat. Commun. 2018, 9, 450.

76

This article is protected by copyright. All rights reserved.



[280] G. D. Ghadge, B. K. Kay, C. Drigotas, R. P. Roos, Neurobiol. Dis. 2019, 121, 131.

[281]J. Cr*inI X.—' Zhang, J. Reiser, Curr. Gene Ther. 2005, 5, 387.

[282] A. V. S. Sandoval, Hum. Gene Ther: Methods. 2017, 28, 291.

H I .
[283] K. Kalayashi, K.-i. Inoue, S. Tanabe, S. Kato, M. Takada, K. Kobayashi, Front. Neuroanat. 2017,

11, 65. O

[284] S. Johgso X. Wheeler, R. Thorpe, M. Collins, Y. Takeuchi, Y. Zhao, Biologicals 2018, 52, 59.

[285] J. T. ﬁiu, R. P. Kulkarni, K. K. Lee, B. Dai, G. Lovely, Y. Ouyang, P. Wang, L. Yang, D.

Baltimore, unol. 2017, 2.

[286] Y. Nagai s Microbiol. 1993, 1, 81.

[287]J. K. mR. Whittaker, Virus Res. 2015, 202, 120.

[288] ). Ju

5 . Ho, A. Tiwari, E. J. Gomez, C. Dempsey, K. Van Vliet, O. A. Igoshin, J. J. Silberg, M.

Agband , J. Suh, ACS nano 2014, 8, 4740.

[289] J. Szes i, R. Drury, V. Josserand, M.-P. Grange, B. Boson, I. Hartl, R. Schneider, C. J. Buchholz, J.-

L. Coll, S. J. Mol. Ther. 2006, 14, 735.

[290] C.ﬁn, A. Lachapelle, C. Delgado, V. Parkes, S. C. Wadsworth, A. E. Smith, G. E. Francis,
Hum. Gi 99, 10, 1349.

[291] K.-i. M. G. Rots, R. J. Kok, H. E. Moorlag, A.-M. van Loenen, D. K. Meijer, H. J. Haisma,
G. Molema® ®Gene Ther. 2004, 15, 433.

[292] S.Q A. Wortmann, T. Engler, S. Corjon, S. Kochanek, F. Kreppel, J. Gene Med. 2008,
10, 1303.

77

This article is protected by copyright. All rights reserved.



[293] O. M. Pearce, K. D. Fisher, J. Humphries, L. W. Seymour, A. Smith, B. G. Davis, Angew. Chem.,

Int. Ed. 2005, 44, 1057.

R

[294] F. wm Hou, Q. Xu, |.-S. Lee, J. Mater. Sci.: Mater. Med. 2006, 17, 1393.

[295] RmP.pdambetbie, R. G. Cooper, S. L. Hart, A. Ladhoff, T. McKay, A. M. Knight, E. Wagner, A. D.

Miller, C. Ch—(um. Gene Ther. 1998, 9, 1037.

[296] J. A.

C

, P. J. Wesson, C. E. Wang, A. C. Stevans, S. J. Holland, A. Shikanov, B. A.

Grzybowsld# LAD. SBea, Biomaterials 2011, 32, 5092.

S

[297] F. Kreppel, SBKochanek, Mol. Ther. 2008, 16, 16.

U

[298] X. Ya@, N. Zhou, L. Wan, X. Su, Z. Sun, H. Mizuguchi, Y. Yoshioka, S. Nakagawa, R. C. Zhao, J.-Q.

I3

Gao, Bioch ys. Res. Commun. 2014, 447, 383.

[299] R. C. Carlisle, R. Benjamin, S. S. Briggs, S. Sumner-Jones, J. Mclntosh, D. Gill, S. Hyde, A.

Nathwani, V. . Ulbrich, J. Gene Med. 2008, 10, 400.

[300] H. Li, F.-L. Zhang, W.-J. Shi, X.-J. Bai, S.-Q. lJia, C.-G. Zhang, W. Ding, PLoS One 2015, 10,

e0129013.

[301] M. A. Chirmule, Y. Zhang, J. M. Wilson, J. Virol. 2001, 75, 4792.

[302] P.-H.‘im, T.-i. Kim, J. W. Yockman, S. W. Kim, C.-O. Yun, Biomaterials 2010, 31, 1865.

[303] D. w.kack, g S. Hoffman, S. Pun, P. S. Stayton, Nat. Rev. Drug Discovery 2005, 4, 581.

[304]S. K. 7R. M. Gower, J. A. Shepard, L. D. Shea, Expert Opin. Drug Delivery 2013, 10, 499.

[305] U{Dahmen, H. Kessler, Biomaterials 2003, 24, 4385.

This article is protected by copyright. All rights reserved.

78



[306] O. Mykhaylyk, Y. Sanchez-Antequera, N. Tresilwised, M. Doblinger, S. Thalhammer, P. S. Holm,

C. Plank, J. Controlled Release 2010, 148, e63.

{

[307] J.-W. W. Park, Y. Na, S.-J. Jung, J. K. Hwang, D. Choi, K. G. Lee, C.-O. Yun, Biomaterials
2015, 65,1
H I

[308] A. K. %, M. Scholte, G. Storm, H. J. Haisma, J. Controlled Release 2011, 151, 220.

[309] N. Na dat, T. Maedeh, P. A. Ali, Advanced biomedical research 2012, 1, 27.

SC

[310] M. J. ,®7). Gomez, J. Suh, J. Controlled Release 2017, 267, 80.

U

[311] T. Rolai .Judd, M. Ho, J. Suh, ACS Biomater. Sci. Eng. 2016, 2, 2026.

[312] L. K

q

S29.

Ma

Author Biographies:

=
~

This article is protected by copyright. All rights reserved.

ubr, R. Laga, P. Chytil, K. Ulbrich, L. Seymour, T. Etrych, Physiol. Res. 2015, 64,

79



Yi Wang is a Research Fellow in the Laboratory of Advanced Biomaterial at the Australian National
University (ANU). Her research focus on the use of self-assembling peptides biomaterials for cell
transplantaton, the controlled delivery of molecules, protein or virions, as well as for the treatment
of neur ive diseases and tissue repairs. She graduated with a PhD in Biomaterial

Engineerinmin 2019.

Richard WC Senior Lecturer in Medical Biotechnology in the School of Medicine, Deakin
University ieghaterials group leader at the Institute for Mental and Physical Health and Clinical
Translationy a ). He has over 50 publications in the design and application of novel biomaterial

systems.

DaveisaP. at the Australian National University and is the Head of the Laboratory of
Advanced Biomat@sials. He joined ANU after completing his PhD at Monash University and
postdoctor ht Fellowship at the University of California, Berkeley. He is currently a recipient
of a NHMRC Reg@arch Leadership Fellowship. He is passionate about developing advanced

biomatg platforms for the targeted delivery of therapeutic molecules.

80

This article is protected by copyright. All rights reserved.



Table of thents 'oC)
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