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Introduction

Around the turn of the new millennium, after its 20-year 
history, gene therapy experienced both an exciting success 
[1] and an unexpected failure [2, 3], which significantly 
changed our perspectives on gene therapy from “versatile 
therapy” that we expected would soon become available to 
cure difficult-to-treat diseases to “potentially effective ther-
apy” that would surely be superior over conventional thera-
pies, but still needs further refinement towards clinical 
applications. Since then, within less than a decade, exciting 
discoveries and the development of emerging technologies 
pertinent to gene therapy have occurred, re-inspiring a 
greater-than-ever interest to gene delivery approaches. As 
for hepatic gene transfer, we have already become able to 
deliver genes of interest to target cells in the liver at 
extremely high efficiency and with minimum toxicity, at 
least in mice. With the contemporary hepatic gene delivery 
methods in our hands, any disease can be effectively treated 
or even cured in animal models, as long as the right thera-
peutic targets have been identified in the liver. At the current 
stage of the development of new molecular therapeutics, in 
addition to seeking new breakthroughs, it is critical to fur-
ther refine the technologies, to understand the underlying 
mechanisms of action, to explore the methods to minimize 
undesired reactions and side effects, and importantly to fur-
ther the knowledge of disease pathogenesis. With this intro-
duction, this chapter provides an overview of contemporary 
methods and applications of hepatic gene transfer with an 
emphasis on the underlying mechanisms of action of each 
gene delivery approach.

Liver in Gene Therapy

Liver: A Major Target Organ in Gene Therapy

The liver is the largest and most blood-rich solid organ in 
the body, with multiple important biological functions 
essential for maintaining good health of animals and humans. 
The liver consist of hepatocytes (60–65% of total liver cells), 
sinusoidal endothelial cells (15–20%), Kupffer cells 
(8–12%), hepatic stellate cells (HSCs) or Ito cells (3–8%), 
biliary epithelial cells (3–5%), liver dendritic cells (<1%), 
cells constituting blood vessels, and blood cell components 
passing through the hepatic circulation. Hepatocytes pro-
duce, secrete, store, and/or degrade various molecules 
essential for normal biological activities of organisms. 
Hepatic dendritic cells (DCs), Kupffer cells (KCs), sinusoi-
dal endothelial cells, and hepatocytes in some cases, serve 
as antigen presenting cells (APCs). Disruption of these bio-
logical functions and metabolic homeostasis in the liver 
occurs due to a variety of causes including congenital 
genetic defects, acquired disorders, and exogenous factors 
including drugs, alcohol, and faulty nutrition, and leads to 
various hepatic and systemic diseases. Thus, the liver is 
involved in the development and progression of many dis-
eases; therefore it represents the primary target organ for 
therapeutic interventions, especially for gene therapy. In 
addition, the liver is the major organ responsible for various 
adverse events associated with therapies.

Hepatic gene therapy approach is not limited to the treat-
ment of diseases that affect biological functions of the liver. 
The liver is well equipped with cellular machinery required 
for production and secretion of a large quantity of proteins to 
be released into the blood. Therefore, hepatic gene therapy is 
very effective in continually producing therapeutic proteins 
and secreting them into the blood circulation. In this regard, 
skeletal muscle also serves as a protein factory in gene ther-
apy owing to its large mass, large capacity of protein synthe-
sis, and ability to secrete proteins. Although easier 
accessibility and potentially less vector spillover to remote 
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sites make muscle-directed approach attractive, liver-directed 
approach could transduce a greater number of target cells 
and may result in more reduced immune responses against 
therapeutic products expressed by vectors. Potential thera-
peutic molecules expressed and secreted by the liver with 
this type of approach include blood coagulation factors, hor-
mones, growth factors, cytokines, metabolic enzymes, and 
anti-proteases. In addition, gene therapy technique and the 
increased knowledge of developmental biology of the diges-
tive system have made it possible to transdifferentiate hepa-
tocytes into insulin-secreting b(beta) cells in the liver [4].

Liver also becomes a target organ to deliver therapeutic 
genes aiming at treating primary and metastatic liver tumors, 
although gene therapy for liver cancer is not generally con-
sidered as hepatic gene therapy per se. In this context, the 
major target cells are cancer cells and not parenchymal or 
non-parenchymal liver cells; however, therapeutic vectors 
are in general delivered to the liver through the hepatic circu-
lation similar to the hepatic gene therapy approaches to treat 
non-malignant diseases.

Understanding Biological Functions  
of the Liver: Rare Monogenic Diseases  
as Targets for Hepatic Gene Therapy

The liver is a multi-tasking organ comprised of various types 
of professional cells as mentioned earlier, with the hepato-
cytes being the most versatile of them all. Hepatocytes can 
carry out approximately 500 biochemical reactions in a sin-
gle cell and are responsible for the major metabolic processes 
in vertebrates. Hepatocytes are involved in the metabolism of 
fuels (carbohydrates, lipids, and nitrogen compounds), bili-
rubin, porphyrin, bile acids, steroid and thyroid hormones, 
vitamins and coenzymes, minerals, xenobiotics, drugs, and 
alcohol. All of these metabolic reactions are under the strict 
control of various regulatory systems. Even a single defect in 
one of the chains in a particular chemical reaction within a 
metabolic pathway can disrupt the metabolic homeostasis of 
the liver, leading to potentially fatal results. Although a 
majority of metabolic pathways and their individual chemi-
cal reactions have been biochemically well characterized, 
many inborn errors of metabolism are devoid of an effective 
therapy. Current treatment modalities include whole organ 
transplantation, but the global lack of donor organs requires 
alternative strategies for patients in need of functional liver 
activity. Therefore, congenital monogenic liver diseases have 
become ideal targets for the use of gene therapy vectors. 
Metabolic diseases that are potential targets for hepatic gene 
therapy are summarized in Table 23.1. It is important to note 
that hemophilia A and B, although they do not cause liver 
disease, are considered to be treatable by hepatic gene 

therapy protocols due to the exclusive production of coagulation 
factors in liver cells.

Understanding Molecular Pathogenesis of 
Diseases: More Common Diseases as Targets 
for Hepatic Gene Therapy

Increased knowledge regarding the cellular biology of liver 
cells in conjunction with the molecular pathogenesis of 
human diseases has allowed for the identification of new tar-
gets for molecular therapy. From the standpoint of hepatic 
gene therapy, an immense amount of effort has been directed 
toward establishing new gene therapies to treat liver fibrosis, 
liver ischemia-reperfusion injury, diabetes, viral hepatitis, 
and liver cancers. However, the development of therapeutic 
strategies will not likely be straightforward compared to 
monogenic diseases. Over the last decade, significant prog-
ress has been made in the development of new vectors and 
methodologies to deliver genes to the liver with high effi-
ciency and safety. For example, genetic materials can be 
introduced stably and safely into a significant fraction of 
hepatocytes following intravenous administration of helper-
dependent or gutted-adenoviral vectors and recombinant 
adeno-associated virus (AAV) serotype 8 vectors. Using the 
recently developed hydrodynamics-based method [5, 6], 
naked DNA or RNA could be delivered via intravenous 
routes to hepatocytes efficiently and globally even without a 
need of viral or non-viral vehicles. The newly developed 
gene delivery methods and the identification of new molecu-
lar targets have enabled therapeutic applications to be 
expanded from rare life-threatening monogenic diseases to 
more difficult-to-treat, but prevalent polygenic diseases.

Understanding Liver Immunology: A Key  
to Successful Hepatic Gene Therapy

In addition to being a protein factory and the major site of 
metabolic processes, the liver is considered to be a reticu-
loendothelial system (RES). This would constitute liver as an 
important and distinctive part of the immune system in the 
body, which would be constantly exposed to foreign antigens 
delivered by the portal blood flow from the digestive system. 
Liver sinusoidal cells, including KCs and liver sinusoidal 
endothelial cells (LSECs), act as a bodily defense by scav-
enging exogenous agents to prevent them from entering the 
systemic circulation (see Fig. 23.1). KCs and LSECs consti-
tutively express major histocompatibility complex (MHC) 
molecules and co-stimulatory molecules allowing for the 
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Table 23.1 Preclinical and clinical studies of representative hepatic gene therapies

Disease Therapeutic gene/molecule Vector Preclinical/clinical studies

Monogenic disease
Hemophilia A Factor VIII HDAd Human, Dog [26, 27, 29], Mouse [27, 30]

Retro Human [71], Dog, Mouse
AAV Dog [48], mouse [48, 49]
Nonviral Mouse [144, 150]

Hemophilia B Factor IX AAV Human [8], NHP [14, 47], dog [46, 52, 53], 
Mouse [53, 54]

HDAd Dog [28], Mouse
LV Mouse [87, 88, 91]
Nonviral Mouse [148, 151, 214]

a(alpha)1-antitrypsin  
deficiency

a(alpha)1-antitrypsin AAV Mouse [294]
HDAd Mouse [25]

GSD type Ia Glucose-6-phosphate-a(alpha) AAV Dog [295, 296], Mouse [296, 297]
HDAd Mouse [32]

GSD type Ib G6PT FGAd Mouse
GSD type II (Pompe) Acid a(alpha)-glucosidase AAV Mouse [298, 299]

HDAd Mouse [31]
MPS I a(alpha)-l-iduronidase LV Mouse [94, 96]

Retro Mouse [216], Dog [73]
MPS IIIA Sulphamidase LV Mouse [97]
MPS IIIB a(alpha)-N-acetylglucosaminidase LV Mouse [95]
MPS VII b(beta)-glucuronidase AAV Mouse [219, 300]

Retro Dog [74], Mouse [74, 217]
Fabry disease a(alpha)-galactosidase A AAV Mouse [43]

LV Mouse [92]
Gaucher’s disease Glucocerebrosidase AAV Mouse [42]
Niemann-Pick syndrome Acid sphingomyelinase AAV Mouse [44]
OTC deficiency OTC FGAd Human [2, 9], NHP, Mouse

HDAd Mouse [33]
Crigler-Najjar syndrome UGT1A1 LV Rat [85, 93, 218]

Retro Rat [75]
Familial  

hypercholesterolemia
LDL receptor Retro Human [69], Rabbit [68]

HDAd Mouse [34]
Phenylketonuria Phenylalanine hydroxylase AAV Mouse [45, 220]

Polygenic/acquired disease
Liver fibrosis MMP1/MMP8/uPA FGAd Rat [225, 227–229]

TIMP antagonistsa FGAd/nonviral Rat [231, 232], Mouse [230]
Anti-HSC moleculesb FGAd/nonviral Rat [233–237]
HGF Nonviral/FGAd Dog [116], Rat [115, 239], Mouse [238]

Liver ischemia-reperfusion 
injury

Anti-ROS moleculesc FGAd/nonviral Rat [242, 243, 245–247], Mouse [244]
Othersc FGAd/nonviral Rat [249, 250], Mouse [248]

Diabetes mellitus Proinsulin precursor FGAd/nonviral/AAV/ 
retro

Rat [251, 253, 259, 260], Mouse [157, 257]

Transcription factors for b(beta) cell 
transdifferentiationd

HDAd/FGAd/AAV Mouse [262–266]

Hepatitis B RNAi against viral RNA AAV/FGAd/nonviral Human, Mouse [50, 51, 155, 268–271]
Hepatitis C RNAi against viral RNA Nonviral NHP [281], Mouse [120, 200, 280]
Liver cancers p53 FGAd Human [284, 285], Rat [283]

None Oncolytic Ad Human [288–292]. Mouse
aTIMP (tissue inhibitors of metalloproteinases) antagonists include MMP mutants, antisense RNA and siRNA
bAnti-HSC (hepatic stellate cell) molecules include dominant-negative TGF-b(beta) receptor, TGF-b(beta) antisense RNA, BMP-7, CTGF shRNA, 
and PDGF receptor b(beta) shRNA
cAnti-ROS molecules include SODs, catalase, HO-1 and ferritin. Others include Bcl-2, IL-1 receptor antagonist, and CD40Ig
dTranscription factors for b(beta) cell transdifferentiation include Pdx-1, NeuroD, Btc, Ngn3, and MafA

Abbreviations: FGAd first-generation adenoviral vector, HDAd helper-dependent adenoviral vector, NHP nonhuman primate, GSD glycogen storage 
disease, MPS mucopolysaccharidosis, G6PT glucose-6-phosphate transporter, OTC ornithine transcarbamylase, UGT1A1 UDP glucuronosyltrans-
ferase 1 family, polypeptide A1, MMP matrix metalloprotease, uPA urokinase-type plasminogen activator
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presentation of internalized antigens to T cells. Surrounding 
the portal triads, reside a small number of DCs, the most 
important professional APCs, that migrate to draining lymph 
nodes and present engulfed antigens to T cells. Although 
KCs, LSECs and DCs all function as APCs, the hepatic DCs 
are relatively immature and are considered to be tolerogenic 

in comparison to their corresponding cells in the periphery 
[7]. This unique immunological microenvironment in the 
liver maintains a balance between immunity against patho-
gens and tolerance to harmless substances, such as food-
derived foreign antigens. A disruption of the homeostatic 
balance between immunity and tolerance, leads to various 

Fig. 23.1 Extra- and intra-cellular barriers in hepatic gene transfer. 
(a) Potential extracellular barriers. Intravascularly infused vector particles 
or molecules (depicted as circled V’s) first encounter obstacles present 
in the blood (i.e., nucleases, plasma proteins and blood cells that 
degrade or sequester vectors). Before vectors reach the liver, the host’s 
extrahepatic reticuloendothelial system (RES) such as spleen mac-
rophages may take up vectors. Once vectors enter the hepatic circula-
tion, vectors may be taken up by hepatic dendritic cells (DCs) that 
reside around the portal triads. The vector-engulfing DCs migrate to 
draining lymph nodes for antigen presentation, which may elicit a series 
of immune reactions. In liver sinusoids, Kupffer cells (KCs) and liver 
sinusoidal endothelial cells (LSECs) may trap vectors and eliminate 
them from the blood circulation. The LSEC barrier has small pores of 
100–200 nm in diameter termed fenestrae (F) that allow small mole-
cules to enter the space of Disse, where vectors can directly associate 
with hepatocytes. PEGylation of vectors (i.e., covalent attachment of 
polyethylene glycol to vector molecules) can overcome many of the 
above-mentioned extracellular obstacles. (b) Potential intracellular 
barriers. Vectors cross the plasma membrane by several different 

mechanisms that include receptor-mediated endocytosis, non-receptor-
mediated endocytosis (pinocytosis), and internalization via membrane 
pores created by physical or mechanical methods. Endocytosed vectors 
need to disrupt the vesicles and escape from endosomes by taking 
advantage of viral machinery or endosomolytic properties of agents 
incorporated in nonviral vectors. Once vectors are released into the vis-
cous cytoplasm, vectors need to be transported to the nucleus. Viruses 
can associate with dynein (depicted as black circles on a microtubule in 
the figure), the motor protein that walks along microtubules toward the 
nucleus, and are translocated to the perinuclear space. Nuclear import 
of viruses is an active process by which either viral genome or intact 
capsid can enter the nucleus. Unlike viral vectors, many nonviral vec-
tors need to be equipped with artificial machinery that can overcome 
intracellular obstacles. Please note that the intracellular trafficking of 
vectors and potential barriers therein in this figure do not necessarily 
apply to all the vector systems. Abbreviations: WBCs white blood cells, 
RBCs red blood cells, Plts platelets, HA hepatic arteriole, PV portal 
vein, BD bile duct, F fenestrae, HSC hepatic stellate cell, BC bile 
canaliculus
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immune-mediated liver diseases, such as viral hepatitis, 
autoimmune hepatitis, and certain types of drug-induced 
hepatitis.

Recently, it has become evident that immune responses in 
gene delivery could pose a significant barrier to successful 
gene therapy. This is clearly the case from our experiences of 
the adverse events observed in adenoviral and AAV vector-
mediated, liver-directed gene therapy trials in humans [2, 8]. 
Intrahepatic arterial infusion of a replication-defective first 
generation adenoviral vector led to the tragic death of Jesse 
Gelsinger, an 18-year-old boy who voluntarily participated 
in a dose escalation safety study of adenoviral vector-medi-
ated gene therapy to treat ornithine transcarbamylase (OTC) 
deficiency [2, 9]. The infusion of a relatively high dose of 
adenoviral vector into the liver of Mr. Gelsinger induced an 
unexpectedly strong innate immune response against the 
adenovirus capsid proteins. This resulted in an overwhelm-
ing systemic inflammatory reaction leading to disseminated 
intravascular coagulation (DIC) and multiple organ failure 
(MOF) [2]. Since adenoviral vectors are selectively taken up 
by APCs in the liver and spleen in humans, it is presumed 
that APCs engulfing pathogenic adenovirus immediately 
secreted proinflammatory cytokines including IL-6, initiat-
ing systemic inflammatory reactions [2].

Similar immune-related effects were observed in a clini-
cal trial investigating the therapeutic potential of recombi-
nant AAV serotype 2 (AAV2) vectors for the treatment of 
severe hemophilia B. Intrahepatic arterial infusion of AAV2 
vector induced AAV2 capsid-specific cytotoxic T lympho-
cytes (CTLs), eventually destroying vector-transduced hepa-
tocytes in combination with mild liver toxicity [8]. This was 
unexpected since recombinant AAV was long considered to 
have little to no immunogenicity. These immune-related 
observations that were not predictable from all of the pre-
clinical animal studies have prompted researchers to start 
devoting a substantial amount of effort to better understand 
the immunology of the liver so that more effective hepatic 
gene therapy applications can be established. Towards 
addressing these issues, significant advances have been made 
over the past several years in understanding the adenovirus-
mediated innate immune responses [10]. Recent studies have 
elucidated the molecular sensors of adenovirus and subse-
quent signal transduction pathways that trigger the cascade 
of immune responses, which include the Toll-like receptor 
(TLR)-9/myeloid differentiating factor 88 (MyD88)-
dependent and independent pathways that are activated by 
adenoviral genomic DNA [11] and the interleukin-1a(alpha) 
(IL-1a(alpha))-mediated proinflammatory pathway that is 
triggered by b(beta)3 integrin activation through binding to 
the arginine-glycine-aspartic acid (RGD) motifs of the viral 
capsid [12]. In addition, recent studies have underscored the 
roles of CD4+ CD25+ regulatory T cells (Treg) in AAV-
mediated adaptive immune responses [13] and provided 

clues on how to avoid undesirable immune responses effectively 
either through the use of immunosuppressive regimens [14] 
or even by hepatic gene transfer itself [15]. Intriguingly, 
hepatic gene transfer can be utilized as a therapeutic strategy 
to suppress autoimmunity by taking advantage of the tolero-
genic properties of the liver [16]. Although our knowledge in 
this new area is in its infancy, autoimmune diseases may 
become a common therapeutic target for hepatic gene 
therapy.

Vectors and Methods for Hepatic Gene 
Transfer and Their Mechanism of Action

Barriers in Hepatic Gene Therapy

For therapeutic molecules to function in target cells within a 
particular organ, gene therapy vectors and the de novo 
expressed therapeutic molecules need to overcome a number 
of extracellular and intracellular obstacles (Fig. 23.1). It is 
important to note that many viral vectors have evolved 
machinery to overcome intracellular barriers with high effi-
ciency, but they are quite vulnerable to extracellular host 
defense systems when infused into the blood circulation. 
Entry of a significant amount of wild type virus particles into 
the blood does not occur in the course of a natural infection. 
For this reason, nature has never provided viruses the oppor-
tunity to evolve mechanisms to overcome extracellular barri-
ers posed in such an artificial infection process, which is 
important aspect to consider for gene therapy processes. 
Unlike viruses, non-viral vectors require mechanisms to sur-
mount not only extracellular hurdles but also intracellular 
ones that viral vectors can generally get over.

For the in vivo hepatic gene transfer approaches, vectors 
are first infused into blood circulation in most of the cases. 
Immediately after vectors are mixed with the blood, their 
journey to the site of action in the target cells is full of hard-
ships as shown in Fig. 23.1a. Serum components represent 
the first obstacles for many vectors. Naked DNA and RNA 
are rapidly degraded with nucleases in the blood. Cationic 
liposomes and polymers become associated with negatively 
charged serum proteins and aggregate, forming particles too 
large to pass through capillary beds and become trapped in 
the first pass organ, mostly the lung. Adenoviral vectors 
become trapped by platelets, decreasing their bioavailability 
[17]. Vectors trapped by the blood components are then cap-
tured by the RES and quickly cleared from the blood circula-
tion. Therefore, gene delivery vectors exhibit pharmacokinetic 
profiles unfavorable for systemic administration in most of 
the cases. Upon successful arrival to the liver, vectors face 
the next barriers, KCs and LSECs. KCs are macrophages 
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residing in the liver sinusoids and efficiently take up foreign 
particles. LSECs also contribute to the removal of vectors to 
some extent. LSECs are interspersed with fenestrae of 
approximately 100–200 nm in diameter and form a physical 
barrier to Disse’s space into which microvilli of hepatocytes 
extend. It is difficult for particles bigger than the size of 
fenestrae to reach the hepatocytes [18]. Upon entry to Disse’s 
space, vectors need to cross the negatively charged hydro-
phobic plasma membrane of hepatocytes, which represents 
the biggest barrier in gene delivery (Fig. 23.1b). Receptor-
mediated endocytosis is the most desirable mechanism for 
vector uptake; however, in most of the cases, vectors enter 
cells in a nonspecific manner by mechanisms that remain 
largely unknown. Cytoplasmic degradation and nuclear 
transport represent the next obstacles. Endocytosed vectors 
are subject to degradation and need to escape from endo-
somes for nuclear transport before they are transported to 
lysosomes. Adenovirus capsid proteins can catalyze the lysis 
of endosomal membranes under acidic conditions [19], while 
many nonviral vectors need to be equipped with endosomo-
lytic agents. It should be noted that cationic polymers such as 
polyethylenimine (PEI) have some intrinsic endosomolytic 
properties by the proton sponge mechanism [20]. Nonetheless, 
viral vectors, in general are very good at surmounting the 
above mentioned intracellular hurdles. The barriers in 
nucleus include uncoating vector particles [21], genome pro-
cessing [22], chromatinization, and gene silencing [23, 24].

Adenoviral Vectors

Recombinant adenovirus (Ad) vectors are the most fre-
quently used viral vectors for in vitro and in vivo experi-
ments, in large part due to their high transduction efficiency 
in a wide range of cell types in a cell cycle-independent man-
ner, including quiescent hepatocytes in the liver. The most 
commonly used Ad vectors are those derived from human 
Ad type 5 (Ad5). In nature, wild type Ad5 is pathogenic and 
causes self-limited upper respiratory tract infection (i.e., 
common cold); however, intravascularly infused recombi-
nant Ad5 vectors exhibit strong tropism to the liver, which 
makes them highly attractive for hepatic gene therapy. For 
the purpose of hepatic gene transfer, first generation Ad 
(FGAd) vectors have been extensively studied since the early 
1990s to examine their ability to treat monogenic diseases, 
including hemophilia, OTC deficiency, familial hypercholes-
terolemia, and a(alpha)1-antitrypsin deficiency. Although 
these pre-clinical studies showed some encouraging results, 
the increasing body of evidence from other pre-clinical stud-
ies and the unexpected tragic death of Jesse Gelsinger in 
1999 demonstrated that early generation Ad vectors have 
significant drawbacks that limit their further clinical use for 

the treatment of monogenic diseases due to a number of 
immune-related problems. They are currently being super-
seded by helper-dependent Ad (HDAd) vectors, which can 
direct persistent transduction and exhibit less toxicity [25] as 
described later. Better safety profiles and persistent therapeu-
tic efficacy of HDAd vectors have been shown in animal 
models for hemophilia A and B [26–30], glycogen storage 
diseases (GSDs) [31, 32], OTC deficiency [33], and familial 
hypercholesterolemia [34].

Adenoviruses are nonenveloped, icosahedral viruses of 
approximately 100 nm in diameter and their virions contain 
a single copy of double-stranded linear DNA genome. Wild 
type Ad5 has a 36-kilobase pair (kb) DNA genome contain-
ing a set of the early genes (E1, E2A, E2B, E3, and E4) and 
a set of the late genes (L1–L5). The tropism of the adenovi-
rus was initially believed to be attributed to the 12 protruding 
fiber proteins bound to the penton base on the viral capsid. 
However, there are more recent studies demonstrating the 
importance of another part of the capsid, which is predomi-
nantly comprised of hexons. All of these three major Ad 
capsid proteins (fiber, penton base, and hexon) appear to play 
crucial roles in Ad5 infection. In most of the cases, Ad5 
infection is mediated by the two-step infection mechanism. 
First, Ad5 fiber knob positioned at the end of each spike first 
binds to the coxsackievirus-adenovirus receptor (CAR). 
Second, the RGD motif in Ad5 penton base protein interacts 
with a(alpha)vb(beta)3 or a(alpha)vb(beta)5 integrins on 
cell surface, mediating virus internalization. However, infec-
tion of intravascularly infused Ad5 to hepatocytes occurs in 
a CAR independent manner [35], and the most recent studies 
support a model in which hepatocytes transduction with Ad5 
in vivo is mainly mediated by coagulation factor X which 
bridges Ad5 hexons and an alternative receptor on the sur-
face of hepatocytes [36].

Traditional FGAd vectors are replication-defective viruses 
with the E1 gene or often both E1 and E3 genes being deleted 
and replaced with an exogenous gene to be expressed. The 
E1 gene expression is essential for expression of other viral 
genes; therefore, E1-deleted Ad vectors do not replicate or 
produce progenies in infected cells and provide a level of 
safety with this vector system. Ad vectors with further modi-
fications or deletions that abolish the functions of the E2 and/
or E4 genes are referred to second or third generation Ad 
vectors; however, their advantages over FGAd vectors have 
remained unclear. Although they are still used for animal 
studies, early generation of Ad vectors are not appropriate 
for human use except for vaccination purposes or cancer 
gene therapy due to the following reasons.

First, to attain therapeutic benefits for hepatic gene ther-
apy, early generation Ad vectors required high vector doses, 
which inevitably induced significant activation of innate 
immune responses, which, in some cases, were fatal. 
Mechanistically, intravascularly infused Ad vectors are first 
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taken up exclusively by phagocytic cells in the RES, particu-
larly KCs, resulting in sequestration of infused Ad vector 
particles. The interaction between Ad vectors and KCs is, in 
part, mediated by blood components, especially platelets, 
forming virus-platelet aggregates that are eventually 
entrapped by KCs, leading to thrombocytopenia [2]. The 
sequestration of the Ad vector by the RES substantially 
reduces the number of vector particles that can reach hepato-
cytes and thereby necessitates the use of higher vector doses 
to achieve efficient hepatocyte transduction. This phenome-
non is known as the “threshold effect” [37]. This effect makes 
it difficult to safely administer therapeutic doses of Ad vec-
tors in humans. In addition, soon after vector administration, 
Ad vector-activated immune cells, particularly KCs and 
splenic macrophages initiate the production of various proin-
flammatory cytokines and chemokines by yet-to-be deter-
mined mechanisms. However, there is evidence that the 
activation of both intracellular sensors such as Toll-like 
receptor 9 (TLR9) and cell surface receptors such as integrin 
b(beta)3 are involved [11, 12]. Ultimately, this results in the 
induction of dose-dependent innate immune responses lead-
ing to significant systemic toxicity.

Second, therapeutic gene expression from early genera-
tion Ad vectors is transient and generally lasts for only a few 
weeks following hepatocyte transduction. This is primarily 
due to the induction of adaptive immune responses against 
viral proteins and therapeutic gene products, which generate 
cytotoxic T lymphocytes (CTLs) that specifically eliminate 
vector-transduced hepatocytes. It has been determined that 
Ad viral proteins, which in theory should not be expressed 
from E1-deleted Ad vectors, can be expressed at low levels 
from the adenoviral backbone genome sequence and serve as 
their own adjuvant in adaptive immune responses.

To overcome these drawbacks of early generation Ad vec-
tors, HDAd vectors have been developed and become more 
widely examined as a viable gene transfer vehicle for the 
liver. HDAd vectors are devoid of all the viral coding 
sequences with only the viral inverted terminal repeats (ITRs) 
and packaging signal remaining in the vector genomes, 
which theoretically makes them safer than the early genera-
tion Ad vectors. The nomenclature “helper-dependent” 
comes from the fact that propagation of HDAd vectors in 
cells requires the co-infection of a helper virus to produce 
viral proteins in trans. HDAd vectors can accommodate ther-
apeutic genes of up to 35 kb, but are often stuffed with non-
coding mammalian genome-derived sequences, such as an 
intron from the human hypoxanthineguanine phosphoribo-
syltransferase (HPRT) gene containing matrix attachment 
regions (MAR). Care must be taken not to include heterolo-
gous DNA with negative effects on the vector, such as lambda 
phage DNA [38]. Although it is not possible to completely 
avoid the vector sequestration by the RES and the induction 
of innate immune responses, HDAd vectors can, in general, 

direct persistent transgene expression from the liver even 
though the adaptive immune responses against the viral 
capsid proteins are elicited. Encouraging results in early pre-
clinical studies led to the advancement to the use of HDAd 
vectors in a clinical trial to treat a patient with severe hemo-
philia A in the early 2000s [30], but it lacked therapeutic 
efficacy while promoting acute hepatotoxicity and thrombo-
cytopenia. More recent studies have greatly advanced HDAd-
mediated hepatic gene transfer technologies toward clinical 
applications. Vector doses and liver transduction efficiency 
can be significantly decreased and increased, respectively, by 
delivering HDAd from the hepatic artery with the hepatic 
vein outflow temporarily blocked by a balloon occlusion 
catheter percutaneously inserted into the inferior vena cava 
[39]. In all, HDAd vectors are a significant improvement in 
the rational design of adenoviruses as gene therapy vehicles, 
but it is clear that further study is necessary to fully under-
stand their potential as a consistently safe gene therapy 
modality.

Adeno-associated Virus Vectors

Recombinant adeno-associated virus (AAV) vectors are the 
most robust in vivo gene delivery vehicle for hepatic gene 
transfer among all of the currently available viral and non-
viral vectors. Although the classical recombinant AAV vec-
tors derived from AAV2 can transduce only 5–10% of 
hepatocytes in the liver at maximum, contemporary recombi-
nant AAV vectors derived from newly identified serotype 
such as serotype 8 (AAV8) can achieve almost 100% hepato-
cyte transduction without any noticeable acute and chronic 
toxicity in animal models [40, 41]. And importantly, trans-
duction or therapeutic gene expression can stably persist life-
long, as long as hepatocytes do not undergo substantial 
regeneration due to liver injury. Therefore, recombinant AAV 
vectors are particularly suitable for gene therapy for diseases 
that require persistent therapeutic gene expression in hepato-
cytes such as inborn errors of metabolism and hemophilia, 
and for diseases that require nearly complete hepatocytes 
transduction such as viral hepatitis. In fact, their therapeutic 
efficacy has been shown in the corresponding animal models 
[42–54].

AAV is a non-enveloped icosahedral replication-defective 
virus of approximately 20 nm in diameter. Unlike other viral 
vectors created from pathogenic viruses, AAV has never 
been associated with any human and animal diseases and 
elicits minimal or no innate immune responses, making 
recombinant AAV vectors attractive for clinical use. Wild 
type AAV has a single-stranded DNA genome of approxi-
mately 4.7 kb. Recombinant AAV vectors are devoid of all 
the viral genome sequence except for the 145-nucleotide 
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inverted terminal repeat (ITR) at each genome terminus. 
Recombinant AAV vectors derived from serotypes other than 
AAV2 have become widely available and are referred to 
recombinant AAV1, AAV5, and AAV8 vectors and so on. 
Except for recombinant AAV2 vectors, new serotype vectors 
are, in general, those that have recombinant AAV2 vector 
genome encapsidated with a viral coat derived from a sero-
type other than AAV2 (i.e., pseudoserotyped); therefore, they 
are often referred to AAV2/1, AAV2/5, and AAV2/8 and so 
on (genotype/serotype). For in vivo hepatic gene transfer, 
AAV2 vectors were widely used in preclinical and clinical 
studies; however, they are being superseded by more robust 
vectors such as AAV8 vectors [40] and surface-exposed 
tyrosine mutated AAV vectors [55]. AAV2 vectors become 
uncoated quite inefficiently in hepatocytes while uncoating 
of AAV8 vectors is a very rapid process, which might 
explain the robustness of AAV8 in hepatocytes [21]. Laminin 
receptor has been identified as one of the potential receptors 
for AAV8 [56]; however, the exact viral entry pathways of 
robust serotype vectors remain elusive at present. Capsid 
ubiquitination, which triggers AAV degradation by the ubiq-
uitin proteasome system, requires phosphorylation of sev-
eral key tyrosine residues by epidermal growth factor 
receptor protein tyrosine kinase (EGFR-PTK). Therefore, 
tyrosine mutated AAV capsids are resistant to ubiquitination 
and hence they can escape from degradation resulting in 
enhanced transduction [55]. Double-stranded (ds) or self-
complementary (sc) AAV vectors have also become increas-
ingly popular as a means to substantially increase transduction 
efficiency, although their packaging capacity is decreased to 
half [57]. DsAAV vectors can skip one of the rate-limiting 
steps in AAV vector transduction (i.e., conversion from 
single-stranded genomes to double-stranded DNA) and 
show 1–2 log higher transduction efficiency in the liver and 
other tissues compared to the conventional single-stranded 
vectors [58, 59].

The mechanisms of the persistent expression from AAV 
vector-transduced hepatocytes are yet to be fully understood. 
Unlike integrating retroviral or lentiviral vectors, the persis-
tent nature of AAV vector-mediated hepatocytes transduc-
tion does not result from vector genome integration into the 
host genome [60]. In hepatocytes, vector genomes predomi-
nantly reside as episomal double-stranded circular genomes 
comprised of only therapeutic gene sequences and AAV-
ITRs. The advantage of this genome configuration is that, as 
demonstrated with minicircles vectors [61], the episomal cir-
cular monomer AAV vector genomes have the ability to 
escape from gene silencing and allow long-term transgene 
expression presumably due to a lack of negatively-acting cis 
elements. Induction of immune tolerance to transgene prod-
ucts expressed by AAV vectors also contribute to the persis-
tence in some instances. Studies have shown that recombinant 
AAV vector-mediated hepatic gene transfer quite often 

induces immune tolerance to immunogenic transgene products 
(heterologous proteins or neoantigens), particularly when the 
transgene expression is restricted to hepatocytes by the use of 
liver specific promoters [62]. AAV vector-mediated transgene 
expression in hepatocytes efficiently induces transgene prod-
uct-specific CD4+ CD25+ regulatory T cells (Tregs) that sup-
press production of transgene-specific antibody and induction 
of cytotoxic T lymphocytes against vector-transduced hepa-
tocytes, leading to immune tolerance to the transgene prod-
ucts and transgene-expressing hepatocytes [13].

Although vector genome integration is not the mecha-
nisms for AAV vector-mediated persistent transgene expres-
sion in most cases, integration does occur in hepatocytes at 
nonrandom genomic sites with the ribosomal RNA gene, 
transcriptionally active genes, and DNA palindromes being 
significantly preferred [63, 64]. The frequency of integration 
in hepatocytes is low, but not negligible and is reported to be 
approximately 0.1% hepatocytes when vector is injected into 
newborn mice [65]. One study has shown that vector genome 
integration could cause insertional mutagenesis leading to 
hepatocarcinogenesis in wild type and mucopolysaccharido-
sis (MPS) type VII mice when newborn mice received AAV 
vector [66]. Others failed to show the link between AAV vec-
tors and liver cancer development [67]. Although a question 
remains as to whether or at what frequency insertional muta-
genesis could occur in larger animal models and humans, 
recombinant AAV vector-mediated liver gene transfer, in 
general, is considered to be safe.

Retroviral Vectors

Recombinant retroviruses are most commonly derived from 
gammaretroviruses, which are best exemplified by the murine 
leukemia virus (MLV). Retroviral vectors were first explored 
for hepatic gene transfer prior to any other type of viral vec-
tors becoming available. Because of the intrinsic ability of 
retroviruses to integrate into the host genome, these viruses 
were initially touted as an ideal gene therapy system, particu-
larly for the treatment of monogenic liver diseases that 
required life-long therapeutic gene expression. In fact, retro-
viral vector-mediated ex vivo hepatic gene therapy for famil-
ial hypercholesterolemia was shown to be effective in a rabbit 
disease model [68] and safe in a human clinical trial [69]. 
However, retroviral vectors are currently limited in use for 
hepatic gene transfer due to their inefficient ability to trans-
duce hepatocytes in vivo. Induction of liver regeneration by 
administration of hepatocyte growth factor (HGF) is required 
for transduction in adult animals [70]. In addition, intravascu-
lar injection of retroviral vectors into adult animals induces 
CTLs against transduced hepatocytes [70]. A phase I trial of 
intravenous infusion of a retrovirus vector expressing human 
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coagulation factor VIII into adult severe hemophilia A patients 
did not show any efficacious outcomes [71], which discour-
aged further pursuit of this type of in vivo approaches to treat 
genetic diseases. At present, preclinical and clinical applica-
tions of retroviral vector-mediated in vivo hepatic gene ther-
apy are considered mainly in the context of neonatal gene 
transfer. Neonatal hepatic gene therapy for mucopolysaccha-
ridosis (MPS) type I, MPS type VII, and Crigler-Najjar syn-
drome by in vivo retroviral vector approaches has been studied 
in small and large animal models and has been shown to be 
effective and safe [72–75]. Taken together, retroviral vector-
mediated approaches do not appear to be suitable for hepatic 
gene therapy for adult patients, and they are effective only in 
ex vivo or neonatal approaches. In addition, there remain ethi-
cal issues that need to be addressed for this type of approach 
to be utilized in fetuses or neonates.

Retroviruses are enveloped, spherical, positive-sense 
strand RNA viruses of 80–100 nm in diameter with glyco-
protein surface projections. Their nucleocapsid contains two 
copies of polyadenylated single-stranded linear RNA genome 
of 7–11 kb. MLV has 8.3-kb genome containing the gag, pol 
and env genes. Recombinant retroviral vectors are made rep-
lication defective by replacing the most of the viral genome 
with a transgene, leaving only the long terminal repeats 
(LTRs) and short cis-acting elements including the packag-
ing signal and primer binding site. Gammaretroviral vectors 
integrate into the host genome and express their transgenes 
only after the host cells undergo a cell division because viral 
genome integration requires nuclear membrane breakdown. 
The liver is a quiescent organ with very slowly dividing 
hepatocytes, the life span of which is several hundred days or 
more; therefore, it is difficult to transduce hepatocytes with 
retroviral vectors without any pharmaceutical or surgical 
intervention. In vivo administration of retroviral vectors are 
only effective in developing babies whose hepatocytes are 
still actively dividing, or when liver regeneration is induced 
physically (i.e., partial hepatectomy, blockage of hepatic cir-
culation, etc.) or chemically (i.e., administration of liver 
damaging agents such as carbon tetrachloride, growth fac-
tors such as HGF and keratinocyte growth factor [KGF or 
fibroblast growth factor 7, FGF7], and hormones [e.g., thy-
roid hormone, T3]) [76, 77]. Although retroviral vector-
mediated gene therapies were considered to be safe until 
recently, leukemia caused by gene therapy developed in five 
patients with X-linked severe combined immune deficiency 
(SCID) who were treated with retroviral vector-transduced 
hematopoietic stem cells [3, 78, 79]. This has raised a signifi-
cant concern about retroviral vector-mediated insertional 
mutagenesis. It turned out that MLV vectors preferentially 
integrate near transcription start sites of the host genome 
[80], which decreases the chance of disrupting open reading 
frames of cellular genes while increasing the chance of acti-
vating a particular set of growth promoting genes/oncogenes 

(e.g., Lmo2) by inserting the strong viral LTR promoter near 
the 5¢ end of the genes. In hematopoietic stem cell gene trans-
fer, continuous cell division might help accumulate harmful 
genetic alterations and facilitate the selection for cells with 
growth advantage; however, this is likely not the case in 
hepatic gene transfer. Although the potential risk of retroviral 
vector-mediated hepatocarcinogenesis is considered to be 
low and no MLV vector-related hepatocellular carcinoma has 
been reported in animal studies [81], this issue may need fur-
ther investigation. The use of self-inactivating (SIN) retrovi-
ral vectors with a deletion within U3 region of the LTR may 
overcome this issue to some extent and reduce the risk of 
insertional mutagenesis and vector mobilization. The U3 
deletion abolishes the viral LTR’s strong enhancer-promoter 
activity, and hence it is expected to avoid the activation of 
neighboring genes and transcription of viral genomic RNA 
upon integration. However, unfortunately, retroviral vectors 
with SIN LTRs are hampered by low titers. In addition, it 
remains to be addressed whether SIN retroviral vectors can 
indeed substantially decrease their oncogenic potential.

Lentiviral Vectors

Recombinant lentiviral vectors have recently gained much 
attention and have become increasingly popular in many 
gene delivery applications due to their ability to integrate 
into the host genome of not only dividing, but also non-
dividing cells in vitro and in vivo and hence, stably transduce 
quiescent cells, including hepatocytes in the liver [82, 83]. 
The most widely used lentiviral vectors are those derived 
human immunodeficiency virus type 1 (HIV-1) coated with 
an envelope containing the glycoprotein (G) of vesicular 
stomatitis virus (VSV) (i.e., VSV-G pseudotyped HIV vec-
tors). In hepatic gene transfer, the ability to integrate in both 
dividing and non-dividing cells has made lentiviral vectors 
particularly suitable for permanent genetic modifications of 
hepatocytes by both ex vivo and in vivo approaches. Primary 
hepatocyte transduction with MLV vectors in vitro is highly 
inefficient and requires induction of DNA synthesis or cell 
cycling by growth factors such as HGF. On the other hand, 
lentiviral vectors can achieve high or even nearly complete 
in vitro hepatocyte transduction without supplementation of 
a growth factor using a cell suspension of either freshly iso-
lated hepatocytes or those thawed from frozen stocks [84]. 
Therapeutic efficacy of the lentiviral vector-mediated ex vivo 
approach has been shown in Gunn rats [85], an animal model 
for Crigler-Najjar syndrome, and its feasibility and safety 
has been demonstrated in non-human primates [86]. In vivo 
approaches, i.e., intravascular injections of lentiviral vectors, 
have been studied in animal models of hemophilia A and B 
[87–91] and several types of inborn errors of metabolism 
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including Fabry disease [92], Crigler-Najjar syndrome, [93] 
and mucopolysaccharidoses (MPSs) [94–97]. These studies 
have shown partial to full correction of the disease in prena-
tal, neonatal, and adult animals. Hepatocytes in prenatal and 
neonatal livers are more susceptible to transduction with len-
tiviral vectors than those in adult livers; therefore, in vivo 
intervention in the earlier stages of life is more effective than 
vector administration into adult animals [92, 96]. One draw-
back in lentiviral vector-mediated hepatic gene transfer is the 
potential induction of cytotoxic T lymphocyte (CTL)-
mediated immune responses against the expressed transgene 
products, limiting the duration of transgene expression 
[88, 89, 93, 98]. However, this issue has recently been over-
come in mouse models by using a combination of a liver-
specific promoter and a microRNA (miRNA)-regulated 
system that maximally abolishes transgene expression in 
cells in hematopoietic lineages including APCs [99].

Lentiviruses are in the family, Retroviridae, and their vial 
genomes contain accessory genes in addition to the gag, pol, 
and env genes. HIV-1 has six accessory genes, the vif, vpr, 
vpu, tat, rev, and nef genes, which are involved in the patho-
genesis of AIDS. Among these accessory genes, only the rev 
gene product is important for recombinant HIV vector pro-
duction, and it can be supplied in trans. The third generation 
VSV-G pseudotyped HIV vectors, the most widely used len-
tiviral vectors at present, are devoid of all the accessory genes 
as well as the gal, pol, and env genes, are in a self-inactivat-
ing (SIN) configuration, carry only minimal cis elements, 
and are produced from at least four split components. This 
multi-component system minimizes vector genome recombi-
nation in packaging cells that may cause inadvertent produc-
tion of replication competent viruses; therefore, it offers 
maximal biosafety. The VSV-G envelope facilitates fusion 
with cellular membranes of a variety of cell types and signifi-
cantly increases the host range. When VSV-G pseudotyped 
HIV vectors are infused intravascularly in mice, the vectors 
mainly transduce the liver and spleen. Specifically, liver 
sinusoid endothelial cells (LSECs), KCs, and splenic mac-
rophages, dendritic cells, and B cells are more efficiently 
transduced than hepatocytes [100, 101]. This not only poses 
the immune-related problem as described earlier, but also 
causes sequestration of vectors by non-hepatic cells, which 
makes gene transfer to hepatocytes inefficient and necessi-
tates administration of relatively high vector doses for hepa-
tocyte transduction [100, 101].

Despite the ability of lentiviral vectors to integrate non-
dividing cells and transduce hepatocytes better than MLV 
vectors, the quiescent nature of hepatocytes makes hepato-
cyte transduction relatively inefficient as some studies have 
shown that efficient hepatocyte transduction in vitro and 
in vivo requires cell cycling [102, 103]. However, liver trans-
duction could be enhanced by the use of newer versions of 
lentiviral vectors that carry additional cis-acting elements 

including the sequence responsible for forming a central 
DNA flap found in the HIV pol gene (i.e., the central polypu-
rine tract (cPPT) and central termination sequence [CTS]) 
and woodchuck hepatitis virus posttranscriptional regulatory 
element (WPRE) [87, 100, 101, 104]. The inclusion of the 
central DNA flap markedly enhances nuclear transport of 
vector genomes in non-dividing cells [105, 106] and increases 
transduction efficiency in hepatocytes in vivo.

Insertional mutagenesis is always a concern in any inte-
grating vectors and so is it to lentiviral vectors. Unlike MLV 
vectors, lentiviral vectors preferentially integrate in tran-
scriptionally active genes with no preference for near tran-
scription start sites [107]. This represents a safer spectrum of 
integration sites than that of MLV vectors [108]. In mouse 
models, SIN HIV-1 vectors are less oncogenic than MLV 
vectors [109], and in humans, there has been no evidence of 
oncogenesis attributed to HIV integration in patients with 
active HIV infection. For these reasons, the risk of insertional 
mutagenesis by lentiviral vectors has been considered to be 
significantly lower than MLV vectors. However, in May 
2009, the French Medicine Agency reported that clonal 
dominance emerged in one of two b(beta) thalassemia 
patients infused with hematopoietic stem cells modified by a 
SIN HIV-1 vector. Clonal dominance is a consequence of 
insertional mutagenesis potentially leading to carcinogene-
sis, and has been observed in patients treated with retroviral 
vector-transduced hematopoietic stem cells [3, 78, 79]. 
Although leukemogenesis and hepatocarcinogenesis involve 
different oncogenic processes, the risk of insertional muta-
genesis leading to liver cancer will need to be carefully 
addressed. One study has reported a frequent occurrence of 
murine liver cancers in lentiviral vector-mediated in utero 
and neonatal gene transfer [110]. The lentiviral vectors used 
in this study was equine infectious anemia virus (EIAV)-
based vectors in SIN configuration and not HIV-1 vectors. To 
date, the cause of the tumorigenesis in this study has yet to 
be determined. In all, lentiviral vectors remain the most com-
monly used integrating vectors for hepatic gene transfer. 
Because integration is not an absolute requirement for per-
sistent transgene expression in hepatocyte as demonstrated 
by other viral and nonviral vectors, and because there is a 
potential problem with insertional mutagenesis, non-inte-
grating lentiviral vectors are being pursued as alternative 
methods to mediate persistent transgene expression in hepa-
tocytes [111, 112].

Non-viral Vectors

Commonly used non-viral vectors can be categorized into 
the three main groups, according to the type of vector parti-
cle formulations; lipoplex, polyplex, and naked nucleic acids 
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in which cargos are complexed and protected with liposome, 
linear or spherical (dendritic) polymers, and nothing, respec-
tively. In general, nonviral vectors have three major advan-
tages over viral vectors; ease to manufacture on a large scale, 
absence of products derived from potentially infectious 
agents, and potentially low immunogenicity. Disadvantages 
include low in vivo transfection efficiency and short-lived 
transgene expression. In addition, certain types of vectors 
such as lipoplexes exhibit significant dose-dependent acute 
toxicities. Over the last two decades, there have been signifi-
cant advances in nonviral vectors in the following three 
aspects: the development of new and improved nonviral car-
riers; the development of new technologies to physically or 
mechanically deliver genes to target cells; and the improved 
design of cargos (e.g., plasmid DNA) to avoid cellular innate 
responses and transgene silencing. In the context of hepatic 
gene transfer, particularly important are liver-targeting non-
viral vehicles and naked DNA vectors in conjunction with 
hydrodynamics-based gene delivery [5, 6]. These new vec-
tors and methods are currently under intensive investigation 
toward the establishment of gene therapy for hemophilia, 
liver fibrosis, diabetes, liver ischemia-perfusion injury, hepa-
titis and liver cancers, demonstrating proof-of-principle of 
the approaches in various animal models (Table 23.1).

Naked DNA vectors represent the simplest type of nonvi-
ral vectors. The proof-of-concept that naked DNA can be 
delivered and function in animal tissue by direct in vivo 
injection was first established in the muscle [113] and subse-
quently in other organs including the liver [114]. However, 
unless the hydrodynamics-based strategy is applied, simple 
intravascular injection of naked DNA vectors can achieve 
only limited transfection efficiency in the liver, which is too 
low to attain therapeutic efficacy to treat genetic diseases. 
Although nonparenchymal liver cells (i. e., KCs, LSECs, and 
HSCs) can be transfected to some extent, it is very difficult 
to transfect hepatocytes. Notwithstanding such inherent inef-
ficiencies, intravascular infusion of naked DNA has still 
remained as one of the appealing approaches to treat acquired 
diseases that do not require high levels of transgene expres-
sion in the liver, such as liver fibrosis [115, 116].

In nonviral hepatic gene delivery, development of liver-
targeting nonviral vectors is key to success and has been the 
major focus in the research. In most of the settings in hepatic 
gene therapy, vectors should be delivered intravascularly to 
the liver because local or regional transfection in liver cells 
should not be sufficient for therapeutic purposes. Since non-
viral vehicles by themselves are not normally equipped with 
tissue or organ-specific targeting machinery, dissemination 
of vectors to non-target tissues is a significant concern in sys-
temic administration of nonviral vectors. In this regard, it has 
been shown that liver targeting can be achieved by the incor-
poration of a liver-homing device into chemical formulations 
of the vehicles. Such a modification not only helps vectors 

home in the liver, but also has a potential to facilitate vector 
uptake by target cells by hijacking a receptor-mediated 
endocytosis pathway(s). Liver-targeting devices include: 
asialoglycoprotein receptor ligands such as asialooroso-
mucoid [117–119], apolipoprotein A-I [120] and hepatitis B 
virus (HBV) L antigen [121] for hepatocyte targeting; 
hyaluronan, which is the ligand for hyaluronan receptor for 
endocytosis (HARE), for targeting to LSECs [118]; vitamin-
A for hepatic stellate cell targeting [122]; and liver-targeting 
synthetic peptides indentified from random peptide libraries 
by selection [123]. Using these targeting nonviral vehicles, 
therapeutic nucleic acids (plasmid DNAs, siRNAs, and oli-
gonucleotides) can be delivered to hepatocytes or LSECs 
following intravascular vector injection. Therapeutic levels 
of blood coagulation factors VIII or IX could be expressed 
in mouse livers by intravenous infusion of a hepatocyte-
targeting polyplex or LSEC-targeting nanocapsule encap-
sulating each corresponding therapeutic plasmid DNA 
[117, 118], or by intravenous injection of a human hepa-
toma cell-targeting HBV L particle-based vector in a mouse 
xenograft model of hepatocellular carcinoma [121]. A recent 
study has shown that efficient in vivo delivery of siRNA 
specifically to hepatocytes can be achieved by intravenous 
injection of siRNA conjugated with a polyethylene glycol 
(PEG)-shielded asialoglycoprotein receptor-targeting poly-
mer that only disassembles in acidified endosomes and 
therefore mediates dynamic activation of siRNA specifically 
in hepatocytes [124]. Relatively efficient albeit no or less-
specific delivery of cargos to hepatocytes via intravascular 
routes can be achieved by polyethylenimine (PEI) poly-
plexes, cationic liposomes including HVJ liposome [125], 
polycationic lipid-cholesterol liposome [126], and cationic-
lipid protamine DNA complex [127]. However, vectors 
unequipped with a liver-targeting or shielding device may 
need to be infused directly into the hepatic circulation for 
efficient liver transfection. This is because cationic poly-
plexes and liposomes tend to associate with negatively 
charged blood components due to electrostatic attraction, 
resulting in aggregation and entrapment by capillary beds in 
the first pass organ, which is the lung, when infused intrave-
nously. siRNAs conjugated with cholesterol or those conju-
gated with a liposomal formulation termed SNALP (stable 
nucleic acid lipid particles) can deliver siRNAs efficiently, 
although not specifically, to hepatocytes to knockdown tar-
get gene expression (e.g., the apolipoprotein B gene) [128–
130]. Cholesterol-conjugated antagomir (i.e., chemically 
modified single-stranded RNA oligonucleotides comple-
mentary to microRNAs) can be delivered to hepatocytes in 
mice efficiently but not specifically by intravenous injection 
and mediate a marked reduction of endogenous microR-
NAs including liver-enriched miR-122 [131], which is a 
potential target for the therapy of hepatitis C [132] and 
hyperlipidemia [131].
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Another important key to success is the design of cargos, 
which are most of the time plasmid DNA. Transgene expres-
sion cassettes constitute an integral part of plasmid DNA 
vectors; therefore, it is critical to design expression cassettes 
that can direct efficient and persistent liver-specific transgene 
expression. Hepatocyte-specific, strong enhancer-promoter 
elements that are currently widely used are chimeric ele-
ments comprising a promoter derived from either the 
a(alpha)1-antytripsin gene or the thyroid hormone-binding 
globulin (TBG) gene and an enhancer or a regulatory 
sequence derived from either the apolipoprotein E gene, the 
a(alpha)1-microglobulin/bikunin precursor gene or other 
types of liver specific elements [54, 133–136]. However, 
even with such strong liver-specific promoters, transgene 
expression from conventional plasmid DNA vectors persist 
only for a short period of time in hepatocytes, declining to 
baseline levels in days to weeks. Initially, the short-lived 
hepatic expression from plasmid DNA vectors was presumed 
to be mainly due to their non-integrative nature causing grad-
ual loss of vector genomes overtime. However, it has turned 
out that plasmid DNA vector genomes can be stably main-
tained and do not necessarily disintegrate in hepatocytes 
even if transgene expression has disappeared. Now it has 
become clear that plasmid backbone sequences covalently 
attached to a transgene expression cassette can cause hetero-
chromatinization of the neighboring transgene, leading to 
transgene silencing in hepatocytes for a not-yet-defined 
mechanism [23, 137, 138]. In addition, the presence of unm-
ethylated CpG motifs derived from bacterial sequence in 
DNA cargos can have significant detrimental effects on trans-
gene expression as described below [139–141]. Therefore, 
attention needs to be paid not only to transgene expression 
cassettes, but also to plasmid DNA backbones composed of 
bacteria-derived sequences.

An important issue in systemic intravenous injection of 
plasmid DNA vectors is that, when complexed with cationic 
liposomes (i.e., injected as lipoplex), vectors induce produc-
tion of proinflammatory cytokines including interferon 
g(gamma) (IFN-g(gamma)) and tumor necrosis factor 
a(alpha) (TNF-a(alpha)) leading to acute inflammatory 
responses and hepatocyte damage [139–141]. These adverse 
effects are usually self-limited, but can be fatal. Studies have 
identified unmethylated CpG motifs present in plasmid DNA 
vectors as the main culprit of this toxicity [139]. CpG motifs 
in mammalian genomes occur at a much less frequency than 
those in bacteria-derived sequences, and cytosine residues in 
the motifs are frequently methylated. On the other hand, 
CpG motifs in bacteria-derived sequences are all unmethy-
lated. This makes plasmid DNA vector genomes unusually 
unmethylated CpG-rich molecules serving as pathogen-
associated molecular patterns (PAMPs) that are recognized 
by toll-like receptor 9 (TLR9) [142]. TLR9 mediates activa-
tion of the NF-k(kappa)B pathway resulting in production of 

pro-inflammatory cytokines, although alternative pathways 
seem to be involved [142]. Interestingly, plasmid DNA or 
liposome alone does not cause the above toxicities, indicat-
ing complexity of the reaction [141].

Nevertheless, recent advances in understanding the mech-
anisms of action of nonviral vectors have led to clues on how 
to overcome the obstacles. CpG-methylated or CpG-depleted 
plasmid DNA have been created and proved to reduce acute 
toxicity [143]. It has been shown that plasmid DNA vectors 
linearized with a restriction enzyme(s) in such a way that 
plasmid backbone sequence is completely separated from its 
neighboring transgene expression cassette can avoid gene 
silencing and mediate life-long transgene expression at high 
levels in hepatocytes in rodents [23, 138]. In this approach, 
the DNA fragments containing only the transgene cassette 
and devoid of all bacterial sequences are self-circularized in 
hepatocytes, forming supercoiled double-stranded mono-
meric molecules termed “minicircles,” which have the abil-
ity to escape from gene silencing [61, 137]. Minicircles can 
be produced in E. coli on a large scale using a bacteriophage 
F(phi)C31 integrase-based system and can mediate stable 
and long-term transgene expression in hepatocytes in vivo 
[61]. Certain types of liver-specific enhancer-promoters have 
been shown to escape the plasmid backbone silencing effects 
to some extent even in the presence of covalently attached 
bacterial sequences. Such liver-specific elements consist of a 
combination of one or more of the following elements: the 
human apolipoprotein E hepatic locus control region, the 
human albumin enhancer and/or promoter, the human 
a(alpha)1-antitrypsin promoter, and human coagulation fac-
tor IX intron A [136, 144, 145].

Hydrodynamics-Based In Vivo Transfection 
Method

Naked DNA vectors have recently gained significant atten-
tion as simple and potentially more efficient and safer nonvi-
ral vectors for hepatic gene transfer. This is mainly due to the 
advent of the hydrodynamics-based hepatic gene delivery, 
which was developed in late 1990s by two independent 
research groups [5, 6]. In mouse models, this method involves 
a rapid (5–7 s) injection of naked DNA in a volume of 8–10% 
body weight saline through the tail vein. With this rapid and 
high volume injection, up to 40% of hepatocytes can be trans-
fected in mouse liver. The application of this approach is not 
limited to gene delivery with naked plasmid DNA vectors and 
can be extended to delivery of siRNAs, oligonucleotides, and 
other types of nucleic acids [146], and argumentation of 
transduction efficiency with viral vectors [147]. In fact, the 
therapeutic efficacy of this approach has been demonstrated 
in small animal models for various human diseases including 
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hemophilia [144, 148–151], inborn errors of metabolism 
[152–154], viral hepatitis [155], acute liver failure [156], dia-
betes [157] and cancers [158–162]. This method also pro-
vides an important tool to create new mouse models of human 
diseases [155, 163], to study biological functions of various 
gene products in vivo, and to optimize transgene expression 
cassettes in gene therapy vectors [134, 145]. One drawback is 
that the hydrodynamic method, even though effective in 
rodents, cannot readily be translated into the clinic due to the 
requirement of a large-volume intravenous infusion in a very 
short period of time, which would not be tolerated in humans. 
To overcome this obstacle, a computer-controlled hydrody-
namic gene delivery system has been developed in which a 
computer connected to the infusion device monitors real-time 
intravenous pressure and controls the rate of infusion to fol-
low the most appropriate venous pressure-time curve for 
hepatic gene transfer [164]. This system has been shown to 
direct plasmid DNA transfection in hepatocytes in pig liver at 
2–3 logs higher efficiencies than those in previous pig studies 
by a minimally invasive procedure [165]. This approach will 
become increasingly feasible by further studies on efficacy 
and safety in large animal models.

The mechanism of action of hydrodynamic gene delivery 
has been partially elucidated. Rapid injection of a large vol-
ume of solution containing DNA significantly increases 
venous return to the heart, thereby increases cardiac preload 
which is far in excess of cardiac output, causing transient car-
diac congestion. Rapidly elevated central venous pressure pro-
duces a backflow to the liver, and a significant volume of 
injected solution, which is minimally contaminated with the 
nuclease-rich blood, enters the liver sinusoids in retrograde. 
The increased fluid volume in the liver and the resulting force 
enlarge the fenestrae of LSECs, partially disrupt the structure 
of LESC layers, and create small pores in the plasma mem-
branes of hepatocytes [166, 167], the process of which is 
called hydroporation [166]. This allows easier extravasation of 
DNA-containing solution, and enables DNA uptake via the 
membrane pores. Alternative mechanisms have been proposed 
that involve massive formation of endocytic vesicles in hepa-
tocytes [168] or a receptor for DNA [169]. For more details, 
the reader is referred to the two review papers by the groups 
who have done pioneering research in this field [170, 171].

Transposon and Phage Integrase-Based 
Approaches: Sleeping Beauty Transposon  
and Phic31 Integrase Systems

Permanent insertion of transgenes into the host genome lead-
ing to stable expression of therapeutic gene products is an 
attractive approach for the treatment of many genetic diseases 
and some of acquired diseases. Until late 1990s, efficient 

in vivo vector genome integration could be attained only by 
the use of viral vectors. With the awakening of Sleeping 
Beauty (SB) transposons that can transpose (jump from one 
chromosomal location to another) in mammalian cells [172] 
and with the discovery that bacteriophage site-specific inte-
grase phiC31 mediates integration of donor DNA sequences 
in specific genomic sites in mammalian cells [173], it has 
become possible to establish systems that allow insertion of 
foreign genetic materials into the host genome of mamma-
lian cells with high efficiency and in a predicted manner. In 
both SB transposon and phiC31 integrase-based systems, 
donor DNA (vector) carrying a transgene is delivered to tar-
get cells together with transposase or integrase-expressing 
elements in a form of either DNA or mRNA. This results in 
integration of a portion of donor DNA containing the trans-
gene (in the SB transposon system) or the whole donor DNA 
sequence (in the phiC31 system) into the host genome at 
relatively random locations (in SB transposon system) or at a 
limited number of locations (in phiC31 system). These two 
systems are currently widely used as efficient integrating 
vector systems in various in vitro and in vivo applications. 
Transposition or integration occurs in adult quiescent hepa-
tocytes in mouse liver and human primary T cells without 
prior stimulation, making it most likely that the systems have 
the ability to modify the host genome in nondividing cells 
[148, 151, 174]. In the context of hepatic gene therapy, naked 
plasmid DNA vectors equipped with this integration machin-
ery have been shown to mediate stable marker gene expres-
sion and have curative potential for hemophilia [118, 148, 
151, 175] and metabolic diseases [152, 153, 176]. Although 
the systems have been utilized mostly in the context of naked 
DNA vectors, the integral elements can be incorporated in 
helper-dependent adenoviral vectors [177, 178] or noninte-
grating lentiviral vectors [179, 180]. The advantage of the 
system is the ability to direct persistent and stable transgene 
expression upon hepatocyte division or liver regeneration, 
which may occur in association with normal growth in young 
children, hepatitis, or drug-induced liver injury, and experi-
mentally in association with partial hepatectomy or adminis-
tration of hepatotoxic agents such as carbon tetrachloride 
[60, 148, 175, 177]. Another potential advantage could be 
the ability to escape transgene silencing, which is an issue of 
episomal plasmid DNA vectors, although a study has shown 
that a significant fraction of integrated SB transposon vector 
genomes become silenced in vitro [24].

SB transposon is a synthetic DNA transposon that belongs 
to the Tc1/mariner family of mobile elements. This member 
of DNA transposons have been found in a wide range of 
lower and higher eukaryotes. Although nematodes and flies 
contain active elements, Tc1/mariner transposons in verte-
brates are defective due to multiple inactivating mutations; 
therefore they are viewed as fossils that were once active at 
their birth. Phylogenic analysis of dead copies of the salmonid 
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subfamily of fish elements, identified consensus DNA and 
protein sequences, which led to successful reconstitution of 
a fully active transposase, SB10, by directed mutagenesis 
[172]. The SB transposon vector system involves co-trans-
fection of a plasmid DNA containing a transgene placed 
between the two terminal inverted repeats of approximately 
0.2 kb derived from a Tanichthys albonubes Tc1-like trans-
poson and the second plasmid DNA or RNA expressing the 
SB transposase. In transfected cells, SB transposase binds on 
the two inverted repeats, precisely excises the transgene, cuts 
the target sequence at a TA dinucleotide, and mediates inser-
tion of the excised piece of DNA into the host genome, the 
process of which is called a “cut and paste” mechanism 
[172]. Unlike HIV-1, MLV, and AAV vectors, which show 
significant integration site preference for particular genomic 
regions [63, 80, 107], SB transposons integrate relatively 
randomly although there are minor preferences for AT-rich 
regions and microsatellites [181]. Since the original SB10 
was constructed, several new versions of hyperactive SB 
transposases have been identified by site-directed mutagen-
esis or using directed evolution techniques. Such newly 
evolved transposases can mediate transposition reactions at 
up to 100-fold higher efficiency in vitro; however, their 
in vivo activities have yet to be better characterized [182].

PhiC31 integrase is an enzyme encoded by Streptomyces 
bacteriophage phiC31 and mediates site-specific recombina-
tion between the attP site (attachment site Phage) in the 
phiC31 phage genome and attB site (attachment site Bacteria) 
in the host Streptomyces genome. In the recombination pro-
cess, a crossover occurs between the attB and attP sites and 
allows insertion of the whole circular genetic material con-
taining the attP site (donor) into the attB site in the host 
genome (recipient). The crossover creates two attB and attP 
hybrid sequences (i.e., the attR and attL sites) between which 
the donor sequence is inserted. An excision reaction between 
the attR and attL sites can occur, but it requires the phage-
encoded excisionase. In mammalian cells, phiC31 integrase 
can recognize somewhat degenerate attachment sites, and 
mediate integration of attB site-carrying episomal circular 
donor DNA into degenerate attP sites in the host genome. 
Such degenerate attP sites are called pseudo attP sites. In 
mammalian genome, there are only a limited number of 
pseudo attP sites that are recognized by phiC31 integrase, 
which confers site specificity of the system [151, 173, 183]. 
Recent studies using in vitro culture cells have shown that at 
least 80% of integration events are likely a consequence of 
phiC31 integrase-mediated attB-pseudo attP recombination 
with 7.5–8.7% of integrations occurring at a specific pseudo 
attP sites in the human chromosome 19q13.31 [183, 184]. 
Other pseudo attP sites that have been identified as hot spots 
are the one at human chromosome 8p22 [173] and the mpsL1 
site in the mouse genome [151]. The mpsL1 was originally 
identified as a hot spot of vector genome integration in the 

liver of mice that received a hydrodynamic injection of naked 
DNA vectors with phiC31 integration machinery; however, it 
did not represent a hot spot when the phiC31 integrase sys-
tem was used in mouse liver in the context of helper-depen-
dent adenoviral vector [178]. Although this system offers an 
attractive tool to restrict vector genome integration sites, 
recent studies have revealed that the system induces various 
types of genomic aberrations including deletions, rearrange-
ments, and chromosomal translocations in vitro [183–185]. 
Such genomic aberrations are rarely found in the SB transpo-
son vector system. Whether phiC31-induced genomic aber-
rations occur in vivo is yet to be determined. Studies are 
ongoing to further improve the system, which include the 
identification or creation of integrase variants with improved 
properties [186].

Gene Repair and Gene-Targeting-Based 
Approaches

Targeted repair of defective genes in somatic cells in vivo, if 
successful, would be the perfect approach for gene therapy 
for genetic diseases. The approach would result in no inser-
tion of genetic materials that may contain elements detri-
mental to the host. In addition, it would not disrupt functional 
sequences in the host genome. Furthermore, repaired genes 
would be regulated in a physiological manner by their own 
autologous promoters. On the other hand, gene targeting 
approaches can insert therapeutic genes into a specific safe 
locus in the host genome or specifically disrupt dominant-
negative disease genes. Different types of methods for tar-
geted gene repair have been developed and are currently 
available. Among them, gene targeting by homologous 
recombination using zinc finger nucleases [187, 188] and 
gene targeting adeno-associated virus (AAV) vectors [189] 
represent the systems that are most efficient and have become 
increasingly popular. Studies have demonstrated efficient 
gene targeting or gene correction in vitro with the above-
mentioned techniques using clinically relevant experimental 
models [190, 191], showing promise of these approaches for 
ex vivo gene and cell therapies. However, in vivo gene modi-
fication would be a significant challenge because efficiencies 
achievable with currently available methods are too low to be 
therapeutic. In the in vivo context, gene targeting AAV vec-
tors could correct defective genes in hepatocytes only at fre-
quencies of 10−4 to 10−5 of hepatocytes in mouse liver [192]. 
Other gene targeting strategies include single-stranded oli-
gonucleotides, triplex-forming oligonucleotides, small frag-
ment homologous replacement (SFHR), and chimeraplasts 
(RNA/DNA oligonucleotides) [193]. With these methods, 
successful targeted gene modifications can be achieved but at 
low frequencies, and improving targeting efficiency remains 
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as a significant challenge. Chimeraplasts-mediated in vivo 
hepatic gene correction once gained significant attention due 
to its impressively high gene modification frequencies with 
up to ~50% alleles being modified in rats [194, 195]. 
However, the efficacy of chimeraplasts has remained contro-
versial because many laboratories have failed to reproduce 
such high efficiencies [196].

RNA Interference-Based Approach

RNA interference (RNAi) was discovered a decade ago and 
rapidly emerged as powerful tool to inhibit gene expression 
in a gene-specific manner [197]. Since then, introduction of 
RNAi into cells has quickly evolved into a novel approach 
with enormous potential for the treatment of various diseases 
[198, 199]. In general, RNAi-mediated targeted gene knock-
down can be achieved by delivering either of the following 
elements into cells: small interfering RNAi (siRNAs), which 
are double-stranded linear RNA molecules of 19–25 bp with 
2-nucleotide overhangs at each terminus; or nonviral or viral 
RNAi vectors that express short hairpin RNA (shRNA) tran-
scribed by either RNA polymerase pol II or pol III promoter. 
In 2002, in vivo RNAi in mammals was first demonstrated in 
mouse liver by delivering naked siRNA to hepatocytes using 
a hydrodynamics-based in vivo transfection method [200]. 
Since then, many studies have investigated therapeutic poten-
tial of RNAi delivery as well as its mechanism of action 
using various animal models. In the context of hepatic gene 
therapy, we have now come to the point that one can deliver 
siRNA or shRNA to a substantial fraction or virtually all of 
hepatocytes and attain dramatic and persistent reduction of 
target gene expression in the liver, at least in animal models, 
by a single intravenous injection of AAV8 vectors [51] or 
repeat intravenous injections of newly-developed polyplexes 
[129]. Therapeutic efficacy or phenotypic changes due to tar-
geted gene knockdown in the liver have been demonstrated 
in animal models of chronic hepatitis B virus (HBV) infec-
tion by HBV RNA shRNA expression [50, 51, 201, 202], 
acute liver failure by delivering siRNA against Fas or cas-
pase 8 [156, 203], non-alcoholic fatty liver disease by fatty 
acid transport protein 5 (FATP5) shRNA expression [202], 
and arterial atherosclerosis by introduction of cholesterol-
conjugated siRNA against apolipoprotein B (ApoB) [128].

However, accumulated experience of RNAi in mamma-
lian cells has revealed new obstacles that impose significant 
challenges particularly in the in vivo use of RNAi for thera-
peutic purposes. First, although siRNAs had been thought to 
be short enough to evade the recognition of RNA sensors 
(e.g., protein kinase R (PKR), TLR3 and retinoic acid induc-
ible gene-1 (RIG-1)) that trigger type I interferon responses, 
recent studies have revealed that siRNAs also serve as potential 

triggers of innate immune responses [204, 205], particularly 
when delivered with chemically synthesized vehicles [130]. 
Second, it has become evident that it is not easy to specifi-
cally knockdown only the target gene due to the difficult-to-
control, widespread, off-target gene silencing effects [206]. 
This unintended gene silencing is mainly due to the 
microRNA-like off-target effects, the result of gene silencing 
mediated by a short ~7-nucleotide region analogous to the 
“seed region” found in microRNA [206]. The microRNA-
like silencing of many unintended target transcripts has been 
demonstrated in the liver of mice receiving siRNA, adding 
greatly to the challenge of identifying siRNAs with perfect 
specificity in vivo [207]. Third, exogenously introduced siR-
NAs or shRNAs can be toxic in vivo and even lethal when 
they are highly expressed. AAV8 vector-mediated overex-
pression of shRNA in mouse hepatocytes could result in 
functional saturation of exportin 5, the endogenous microRNA 
nuclear export machinery, leading to fatal damage of hepato-
cytes [51]. Thus, although RNAi-mediated targeted gene 
knockdown represents a promising approach, the method is 
still in its infancy for clinical translation. Nevertheless, the 
research in this field is progressing very rapidly, and some of 
the obstacles have been overcome to some extent by the use 
of noninflammatory 2¢ O-methyl-modified siRNAs [208], 
asymmetric interfering RNAs (aiRNAs) which reduce off-
target silencing [209], or shRNAs expressed by a Pol II pro-
moter [201], or by expressing interfering RNAs in the context 
of microRNA [210, 211].

Preclinical and Clincal Applications  
of Hepatic Gene Therapy

A summary of preclinical and clinical applications of repre-
sentative hepatic gene therapies is provided in Table 23.1. 
The reader is referred to the references cited therein for 
details.

Hemophilia

Hemophilia is a group of X-linked inherited bleeding disor-
ders caused by deficiency of either blood coagulation fac-
tor VIII (hemophilia A) or IX (hemophilia B). Hemophilia, 
particularly hemophilia B, is the genetic disease that has 
been most extensively studied in the context of hepatic 
gene therapy. This is attributed to the following features 
that make hemophilia the most attractive target disease for 
gene therapy. Only >1% levels of coagulation factors in 
the blood can significantly improve the symptoms of severe 
hemophilia (patients with <1% levels of coagulations factors). 
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In addition, the therapeutic window of transgene expression 
levels is pretty wide from 1% to supraphysiological levels; 
therefore, tight control of transgene expression by a regu-
lated promoter is not necessary. Furthermore, both murine 
and canine hemophilia A and B models are available that 
faithfully recapitulate the human disease, and therapeutic 
efficacy in these animal models can be easily and reliable 
assessed.

In the 1990s and early 2000s, many preclinical studies 
using hemophilia animal models demonstrated safety and 
potential therapeutic efficacy of liver-directed approaches 
using retroviral, adenoviral, and AAV vectors. However, the 
studies have also revealed some limitations. The representa-
tive limitations in these earlier studies include very low 
transduction efficiency with retroviral vectors, short duration 
of transgene expression with adenoviral vectors, and occa-
sional production of inhibitors against factor VIII or IX with 
any types of vector. Nonetheless, the strong safety profiles 
with many encouraging results in the earlier preclinical stud-
ies led to the initiation of the three liver-directed gene ther-
apy phase I clinical trials in the United States between 1999 
and 2001. These liver-directed trials were the single-treat-
ment, dose-escalation study of gene therapy for severe hemo-
philia A by intravenous infusion of an MLV vector expressing 
B-domain deleted factor VIII [71], the trial of factor VIII 
gene transfer for severe hemophilia A by intravenous infu-
sion of a minimal adenovirus (mini-Ad) vector carrying the 
full-length factor VIII gene [30], and the safety study in sub-
jects with severe hemophilia B by hepatic arterial infusion of 
AAV2 vector expressing factor IX [8]. Although >1% levels 
were detected in all the trials with the highest level being 
11% in the AAV2 trial [8], none of the clinical studies dem-
onstrated persistent and stable expression of circulating 
blood coagulation factors in the blood, and the maximum 
duration of expression at therapeutic levels was limited to 
8 weeks [8]. It is important to note that mini-Ad and AAV2 
trials experienced significant adverse events; thrombocy-
topenia and hepatotoxicity in the mini-Ad trial resulting in 
early termination of this trial, and hepatotoxicity in the AAV2 
trial [8]. A body of evidence has indicated that AAV2-capsid 
specific cytotoxic T lymphocytes were activated upon AAV2 
vector infusion and destroyed AAV2-transduced hepatocytes 
in humans, which caused hepatotoxicity and limited the 
duration of transgene expression [8, 212]. Facing such immu-
nological impediments, the current main research focus of 
hepatic gene therapy for hemophilia has been directed toward 
understanding immunology in gene therapy and establishing 
the strategy to avoid inhibitor formation and immune 
responses against viral capsids. An appropriate regimen that 
suppresses unwanted adaptive immune responses has been 
identified as a combination of mycophenolate mofetil (MMF) 
and sirolimus (rapamycin), an immunosuppressive regimen 
that does not eliminate Tregs [14]. This regimen is currently 

under investigation in a new clinical trial for AAV2-mediated 
liver-directed gene therapy for severe hemophilia B [90]. 
Self-complementary AAV8-factor IX vector [47] will also be 
tested in an upcoming clinical trial [90]. Although the fol-
lowing approaches are still in preclinical stages, safety and 
therapeutic efficacy has been demonstrated with hepatic gene 
delivery by AAV factor VIII vectors [48, 213], helper-depen-
dent adenoviral vectors [26, 28, 29], and nonviral vectors 
[118, 148, 150, 214].

Inborn Errors of Metabolism

Inborn errors of metabolism constitute a wide range of cat-
egories of genetic diseases caused by defects of a gene 
involved in various metabolic pathways. Among them, 
GSDs and lysosomal storage diseases (LSDs) including 
MPSs are the representative target diseases for hepatic gene 
therapy. These storage diseases result from inability to cata-
lyze a biochemical reaction(s) in a particular metabolic 
pathway(s) due to deficiency of an enzyme or an enzyme-
associated protein (e.g., enzyme activator protein). The dis-
eases also could be attributed to impairment of other types 
of biological activities such as deficiency in a transport pro-
tein. As a consequence, upstream or incompletely processed 
metabolites accumulate in multiple organs including the 
liver, spleen, brain, muscle, heart, bones, joints, eyes, ves-
sels, bone marrow, and lymph nodes, showing complex and 
progressive clinical symptoms. The liver is commonly 
affected and often exhibits massive enlargement. Although 
many of GSDs and LSDs are monogenic diseases, not all of 
them are good targets for gene therapy. Some enzyme 
defects in GSDs affect only liver or skeletal muscle; how-
ever, many LSDs including GSD type II (Pompe’s disease), 
affect various types of cells in multiple organs, making it in 
theory difficult to genetically correct all the affected cells by 
gene delivery. What makes hepatic gene therapy approaches 
quite feasible for the treatment of such systemic lysosomal 
diseases is “cross-correction” [215], the mechanism by 
which affected cells, remote from the liver, endocytose sol-
uble lysosomal enzymes that are secreted into the blood-
stream from genetically corrected cells. This endocytosis 
process involves mannose 6-phosphate receptors on the sur-
face of the plasma membrane of cells to be corrected. In 
cells, lysosomal enzymes receive mannose-6-phosphate tags 
in the Golgi apparatus and are directed to and fused with 
lysosomes through binding to mannose-6-phosphate recep-
tors on the inner surface of the Golgi membrane. A majority 
of lysosomal enzymes traffic to lysosomes in this manner 
under normal conditions; however, they can traffic to the 
plasma membrane and can be secreted when overexpressed 
in hepatocytes by gene transfer.
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Gene therapy approaches to treat GSDs and LSDs favor 
intervention at earlier ages (i.e., neonatal gene transfer) 
rather than adult ages [72, 215]. Although vector injection at 
adult ages has been shown to be effective in animal models, 
it generally shows less therapeutic efficacy than neonatal 
injection and is often hindered by inhibitor formation [72, 
96, 98, 215]. Neonatal gene therapy approaches have advan-
tages, in that they can prevent many clinical manifestations 
before they become overt and potentially prevent unwanted 
immune responses against therapeutic proteins due to the 
immaturity of the immune system. In many applications of 
the neonatal gene therapy, the main target organ to be trans-
duced is the liver, where hepatocytes and nonparenchymal 
cells undergo many cycles of cell division associated with 
growth of the host. Therefore, MLV and lentiviral vectors 
appear to be preferable because liver transduction with these 
integrating vectors in theory should not decline with growth 
once transduction has been established. In fact, neonatal 
gene therapy with MLV and lentiviral vectors has been shown 
to be effective in small and large animal models of MPS I 
[73, 96, 216], MPSVII [74, 217], Fabry disease [92] and 
Crigler-Najjar syndrome [75, 218]. In contrast, AAV vector-
mediated hepatocyte transduction dramatically drops by 
>100-fold in weeks due to the episomal nature of AAV vec-
tors when vector is injected into neonates [65]. However, 
AAV vector-mediated neonatal gene therapy is also effective 
in MPS VII mice [219]. Neonatal injection of AAV vectors 
can mediate transient albeit early elevation of transgene 
expression at high levels in the liver [65], which appears to 
be critical for successful prevention of clinical manifesta-
tions of the disease [72]. AAV8 vectors are outstanding in 
treating animal models of symptomatic inborn errors of 
metabolism due to their ability to transduce hepatocytes sta-
bly and at extremely high efficiencies when vectors are 
injected at older ages [42–45, 220].

Liver Fibrosis

Liver fibrosis is the consequence of chronic liver injury 
caused by a variety of causes, most commonly alcohol abuse, 
viral hepatitis, and non-alcoholic steatohepatitis (NASH). 
The process of fibrosis involves continuing hepatocyte dam-
age and loss, continuing hepatocyte regeneration, and a pro-
gressive increase in extracellular matrix (ECM), which 
eventually leads to disruption of the architecture of the liver 
and severe hepatic dysfunctions. Historically, advanced liver 
fibrosis or cirrhosis was viewed as an irreversible disease 
stage. However, in the last two decades, our understand-
ing of molecular pathogenesis of liver fibrosis has been 
greatly advanced, and now it is viewed as a dynamic pro-
cess that involves a perturbed balance between profibrotic 

and  antifibrotic mechanisms, and therefore liver fibrosis is 
potentially reversible by augmenting the antifibrotic mecha-
nisms [221, 222]. Such contemporary concepts of the disease 
have opened a new avenue to the treatment of liver fibrosis 
by intervening the profibrotic and antifibrotic processes using 
gene delivery techniques. The potential gene therapy 
approaches include, inhibition of collagen production and 
enhancement of collagen degradation, the blockage of HSCs 
activation and induction of HSC apoptosis, protection from 
hepatocyte apoptosis and augmentation of hepatocyte regen-
eration, and modulation of inflammatory responses by 
cytokines.

The key players in liver fibrosis are hepatocytes, KCs, 
HSCs, a series of chemical mediators and enzymes derived 
thereof, and collagen, the major constituent of ECM in 
fibrotic livers. Hepatocyte injuries caused by various insults 
induce inflammation and release a variety of chemical medi-
ates (cytokines, chemokines, and reactive oxygen spices 
(ROS)) from dying hepatocytes and their neighboring cells. 
These mediators activate HSCs directly and indirectly 
through the mediators released from KCs and T cells that 
become activated in the process of the innate immune 
responses. Upon activation, quiescent HSCs proliferate and 
undergo substantial phenotypic changes and transform into 
myofibroblast-like cells. The HSC-derived myofibroblasts 
are the major source of the increased collagen [223] and tis-
sue inhibitors of metalloproteinases (TIMPs) in ECM. 
Myofibroblasts are also recruited from bone marrow [224]. 
HSCs produce metalloproteinases (MMPs) for tissue remod-
eling; however, their collagenolytic activity has been inhib-
ited by increased levels of TIMPs secreted from activated 
HSCs. Based on such current knowledge about molecular 
pathogenesis of liver fibrosis, the following gene therapy 
approaches have been investigated and proven to be effective 
in liver fibrosis animal models such as carbon tetrachloride 
and bile duct-ligation models. Adenoviral vector-mediated 
overexpression of MMPs [225–228] or urokinase-type plas-
minogen activator (uPA) [229] in hepatocytes have been 
shown to enhance ECM degradation and hence regress liver 
fibrosis. Similar effects have been observed when the func-
tion of TIMPs is inhibited by TIMP antagonists delivered by 
adenoviral or nonviral vectors. Such antagonists include 
inactive MMP mutants [230], TIMP antisense RNA [231], 
and TIMP siRNA [232]. Transforming growth factor-b(beta) 
(TGF-b(beta)), platelet-derived growth factor (PDGF), tumor 
necrosis factor-a(alpha) (TNF-a(alpha)) and connective 
tissue growth factor (CTGF) have been identified as 
cytokines that activate HSCs and promote fibrogensis. 
Therefore, antagonizing these cytokines using gene deliv-
ery techniques represents potential approaches to inhibit 
HSC transformation and reduce the production of ECM. 
These types of approaches have been shown to be effective in 
the context of adenoviral vector-mediated hepatic expression 
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of dominant-negative TGF-b(beta) receptor [233], TGF-b(beta) 
antisense RNA [234] and bone morphogenetic protein-7 
(BMP-7) that counteracts the TGF-b(beta)’s fibrogenic sig-
naling [235], and plasmid DNA vector-mediated expression 
of shRNA against CTGF or PDGF receptor b(beta) subunit 
[236, 237]. Forced expression of hepatocyte growth factor 
(HGF) in the liver by viral or nonviral gene delivery [115, 116, 
238, 239] has been shown not only to protect hepatocytes from 
apoptosis and augment regeneration, but also to possess antifi-
brotic activity, in small and large animals, by the mechanisms 
that include the suppression of the profibrotic TGF-b(beta) 
pathway and induction of MMPs [115]. A recent report dem-
onstrates that intravenous injection of a vitamin A-coupled 
liposome can target HSCs via receptors for retinol binding 
protein and successfully ameliorate fibrosis in rat livers when 
this vehicle carries siRNA against the rat homology of human 
heat shock protein 47 (HSP47), a chaperone that facilitates 
collagen secretion [122]. Improvement of current vector sys-
tems and further elucidation of the molecular mechanisms of 
liver fibrosis will make gene therapy for liver fibrosis a more 
efficient and feasible approach for clinical application.

Ischemia-Reperfusion Injury

Hepatic ischemia-reperfusion injury is one of the serious 
complications in liver transplantation and could cause graft 
dysfunctions in the early phase after transplantation. It also 
occurs in many other pathologic conditions including trauma, 
shock, and surgical hepatectomy. Studies have identified key 
players and various important molecular mediators and sig-
nal transduction pathways responsible for the onset and pro-
gression of cellular damage in the dynamic process of hepatic 
ischemia-reperfusion injury. They include KCs, T cells, neu-
trophils, reactive oxygen species (ROS), damage associated 
molecular pattern molecules (DAMPs), proinflammatory 
cytokines such as TNF-a(alpha) and IL-1, nitric oxide (NO), 
and signal transduction pathways involving TLRs and 
NF-k(kappa)B. Briefly, hepatic ischemia-reperfusion trig-
gers release of an excess of ROS from activated KCs and 
induces oxidative stress in hepatocytes and sinusoidal 
endothelial cells. These liver cells also become exposed to 
increased levels of endogenous ROS released from mito-
chondria. This oxidative environment damages hepatocytes 
releasing DAMPs. ROS and DAMPs activate signal trans-
duction pathways involving NF-k(kappa)B and activator 
protein 1 (AP-1) in KCs, releasing proinflammatory cytok-
ines and chemokines, which subsequently activate T cells 
and recruit neutrophils. Recruited neutrophils also release 
ROS and damage hepatocytes. Although it remains difficult 
to establish effective preventive or curative treatment of isch-
emia-reperfusion injury that is readily translatable into the 

clinic, several targets for molecular therapy have been identified 
and tested in animal models [240, 241].

The most common approach is to express antioxidant 
genes to counteract ROS and prevent tissue damage. In this 
context, over expression of superoxide dismutase 1 (SOD1 
or Cu/Zn SOD) or SOD2 (Mn SOD) [242, 243], catalase 
[244], heme oxygenase 1 (HO-1) [245, 246], or ferritin [247] 
by hepatic gene delivery has been shown to attenuate liver 
tissue damage in animal models of liver ischemia-reperfu-
sion injury. SODs and catalase scavenges ROS; HO-1 has 
cytoprotective effects; and ferritin sequesters ferrous ions 
(Fe2+), the source of ROS. Other hepatic gene delivery 
approaches include expression of anti-apoptotic genes such 
as Bcl-2 in hepatocytes [248], expression of IL-1 receptor 
antagonist to suppress proinflammatory signals [249], and 
blocking the CD40-CD154 co-stimulatory pathway by 
CD40Ig expression, which suppresses T cell activation by 
APCs expressing CD40 on the surface membrane [250]. The 
majority of reported preclinical studies have utilized first 
generation adenoviral vectors to transduce donor livers in 
situ, which in some studies was followed by orthotopic liver 
transplantation in recipient animals. Adenoviral vectors have 
been preferred for this purpose due to the ease of production 
of high titer stocks, the high liver transduction efficiency, and 
the rapid onset of transgene expression; however, clinical 
application of this approach may require the use of more 
advanced and safer viral or nonviral vector systems.

Diabetes

Despite remarkable progress in the management of diabetes 
mellitus by oral drugs, insulin replacement therapy, and pan-
creatic islet transplantation with improved immunosuppres-
sive regimens, no curative therapies are available and the 
current treatment still remains unsatisfactory. In this regard, 
gene delivery-based approaches hold promise as a long-term 
curative therapy for diabetes, in particular for type I diabetes. 
The approaches include delivery of cytoprotective and/or 
growth promoting genes to pancreatic b(beta) cells, genetic 
manipulation of immunomodulatory systems to prevent 
autoreactive T cell-mediated destruction of b(beta) cells, and 
gene delivery to hepatocytes to make insulin-producing cells 
in the liver.

A straightforward approach in liver-directed diabetes 
gene therapy is to deliver the preproinsulin (proinsulin pre-
cursor) gene to hepatocytes by means of viral or nonviral 
vectors [251]. This approach is often referred to hepatic insu-
lin gene therapy (HIGT) [252, 253]. Since non-b(beta) cells 
including hepatocytes do not possess the specific endopro-
teases (prohormone convertases) that cleave proinsulin 
into mature insulin, the insulin gene used for HIGT has 
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generally been engineered in such a way that proinsulin can 
be efficiently processed into active and mature insulin by a 
ubiquitously-expressed endoprotease such as furin [254]. 
Physiological control of insulin secretion from engineered 
hepatocytes is possible to some extent by incorporating 
hormone and glucose-responsive elements in transgenes. 
Such positive and negative regulatory elements include 
those derived from the genes for insulin-like growth factor 
binding protein (IGFBP), L-type pyruvate kinase, glucose-6-
phosphatase (G6Pase), glucose transporter-2 (GLUT2) and 
insulin [255–258]. In preclinical animal studies, various 
types of the insulin gene constructs with or without regula-
tory machinery have been delivered to hepatocytes in the 
contexts of adenoviral, retroviral, AAV, and naked DNA vec-
tors, demonstrating sustained insulin secretion and pheno-
typic improvement of diabetic animal models [157, 251, 253, 
259–261].

Although it is still in its infancy, an emerging and more 
compelling hepatic gene transfer approach is the induction 
of transdifferentiation of hepatic cells (hepatocytes and 
hepatic progenitor cells) to insulin-secreting b(beta) cells. 
The proof-of-concept that this approach can reprogram liver 
cells into b(beta) cells and indeed ameliorate the disease was 
first demonstrated in streptozotocin-induced diabetic mice 
injected with an adenovirus vector expressing the pancreatic 
and duodenal homeobox gene 1 (Pdx-1) [4]. NeuroD, beta-
cellulin (Btc), neurogenin 3 (Ngn3), and RIPE3b1 (MafA), 
which are downstream factors of Pdx-1 in the course of pan-
creatic differentiation, also have the ability to drive the trans-
differentiation process when they are delivered to mouse 
livers by adenoviral or Ad/AAV hybrid vectors [262–264]. 
When Pdx-1 or Ngn3 was expressed in the liver in the con-
text of AAV or naked DNA vectors, their effect was substan-
tially diminished [265, 266], but could be restored by 
irrelevant adenoviral vector coinfection [266]. This suggests 
potential roles of host proinflammatory responses in the 
transdifferentiation process triggered by overexpression of 
the key transcription factors. Nonetheless, generation of self 
surrogate b(beta) cells in the liver would provide a promising 
and effective approach and potentially solve many issues 
inherent to other therapies.

Viral Hepatits

Chronic hepatitis B virus (HBV) and hepatitis C virus (HCV) 
infections are prevalent diseases, and approximately 400 and 
200 million people are affected worldwide, respectively. 
They pose a significant health threat eventually leading to 
liver cirrhosis and hepatocellular carcinoma in a substantial 
portion of affected individuals. Currently available antiviral 
therapies using interferon a(alpha) (IFN-a(alpha)) and 

nucleoside/nucleotide analogs are effective only in a minority 
of the patients. Facing the limitations of current therapeutics, 
there has been an increasing enthusiasm for developing novel 
effective therapies by taking advantage of the emerging 
RNAi technology. HBV is an enveloped spherical virus con-
taining a partially double-stranded DNA genome of approxi-
mately 3.2 kb. The genome is in a relaxed circular form 
maintained by overlapping 5¢ ends of the two DNA strands. 
HBV life cycle is unique among DNA viruses, in that the 
viral DNA genome replicates via reverse transcription of 
viral mRNA. The negative-sense DNA strand is transcribed 
into four overlapping mRNAs with 3¢ regions being shared. 
The longest is the 3.5-kb pregenomic RNA from which nega-
tive sense DNA strand is reverse-transcribed during viral 
replication. HCV is an enveloped spherical virus containing 
a positive-sense single-stranded RNA genome of approxi-
mately 9.6 kb. The 5¢ untranslated region (UTR) of the viral 
genomic RNA contains an internal ribosome entry site 
(IRES) essential for translation of viral polyproteins, and in 
the 3¢ UTR resides an element responsible for replication. 
HCV genome replication occurs through negative sense 
strands and is catalyzed by the virally-coded RNA-dependent 
RNA polymerase. Although the viral life cycles of HBV and 
HCV are significantly different, both involve RNA interme-
diates in viral genome replication. This makes RNAi-based 
approaches particularly effective for both viruses because 
RNAi not only eliminates viral proteins but also directly 
inhibits virus replication by destroying viral pre-genomic or 
genomic RNAs. Successful suppression of viral protein 
expression and viral replication by over 90% has been dem-
onstrated in vitro and in vivo experiments in which RNAi 
was delivered into cells in a form of shRNA or siRNA using 
viral or nonviral vectors [267]. To introduce persistent RNAi 
to hepatocytes, adenoviral and AAV8 vectors expressing pol 
II or pol III promoter-driven shRNAs have been used [50, 51, 
268, 269]. However, highly efficient nonviral methods for 
in vivo delivery of siRNA to hepatocytes have begun to 
emerge [124, 199, 270, 271] and they are expected to become 
increasingly common in the near future although repeated 
injections will be required for sustained effects.

In vivo efficacy of RNAi-based hepatitis B therapies have 
been investigated in mouse models of chronic HBV infec-
tion. The first model is HBV transgenic strains, the hepato-
cytes of which carry episomally replicating HBV genomes 
and secrete high titers of HBsAg, HBeAg, and HBV DNA 
into the blood circulation [50, 51, 268]. The other commonly 
used model is the murine hydrodynamic injection model of 
HBV replication, in which HBV DNA genome is delivered 
to the liver as plasmid using hydrodynamic tail vein injection 
[155]. This model also recapitulates HBV replication in 
human hepatocytes chronically infected with HBV. Target 
genomic sites for effective HBV RNAi are the sites that are 
contained in multiple HBV RNA species, such as the surface 
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antigen coding region [50, 51, 155, 268, 272]. Long-term 
inhibition of HBV replication in hepatocytes that lasts for at 
least 5 months has been demonstrated with AAV8 vectors 
[50, 51], while adenoviral vector-mediated shRNA delivery 
results in limited persistence up to several weeks [268, 269] 
and could trigger interferon responses even in the context of 
helper-dependent adenoviral vectors [273]. One shortcom-
ing of the above animal models is that they do not develop 
chronic hepatitis; therefore, a question remains as to whether 
or not RNAi therapies can ameliorate chronic hepatitis in 
humans. Nonetheless, the first clinical trial for liver-directed 
RNAi-based therapy was initiated in United States in 2008. 
In this trial, plasmid DNA expressing four shRNAs that tar-
get different sites of the HBV genome are conjugated with 
liposome and delivered to patients’ liver to treat chronic 
hepatitis B, according to the sponsoring company’s press 
release.

As for hepatitis C gene therapy, although in vitro HCV 
replicon systems has been established [274], and signifi-
cantly accelerated research on HCV virology and anti-HCV 
drug discovery, preclinical studies of hepatitis C gene ther-
apy have been hampered by the lack of convenient animals 
models. The best mouse model for hepatitis C at present is 
SCID-Alb-uPA mice with humanized liver [275]. In this 
model, human hepatocytes transplanted in SCID-Alb-uPA 
mouse livers repopulate and replace mouse hepatocytes by 
selective destruction of mouse hepatocytes expressing uroki-
nase-type plasminogen activator (uPA) [275]. However, this 
model is not readily available and has several issues includ-
ing complexity of the system. Nonetheless, with the in vitro 
replicon system, RNAi-mediated suppression of viral protein 
expression and inhibition of viral genome replication by at 
least 80–90% has been demonstrated [276–279]. Targets for 
effective HCV RNAi include the NS5B region coding RNA-
dependent RNA polymerase and 5¢UTR [276–278]. 
Preclinical studies using rodents have shown that intravascu-
larly delivered siRNAs or shRNAs by means of nonviral or 
viral vectors could substantially eliminate RNA molecules 
containing HCV-derived target sequences and suppress pro-
tein expression in hepatocytes [120, 200, 280]. However, 
whether RNAi-based approaches can inhibit HCV replica-
tion in vivo has yet to be addressed. In this regard, inhibition 
of viral replication by RNAi therapy has been demonstrated 
in the GB virus B/monkey system, a nonhuman primate 
model for hepatitis C [281].

Although RNAi-based therapies for chronic hepatitis B 
and C hold promise, there are issues as described in above 
(RNA Interference-Based Approach). Another important 
issue is that viruses would eventually become resistant to 
RNAi making the therapies ineffective. Because HBV’s 
reverse transcriptase and HCV’s RNA-dependent RNA poly-
merases are not proofreading enzymes and prone to introduce 
mutations, viruses can rapidly evolve in vivo and make a large 

pool of quasispecies, a population of viruses exhibiting 
genetic diversity. Antiviral therapies provide the power of 
selection that leads to the emergence of resistant clones from 
the pool of quasispecies. It is the Achilles’ heel of RNAi that 
a single mismatch generated during virus evolution is enough 
to abolish the effect. Targeting multiple sites or alternative 
strategies will be required to overcome this issue.

Liver Cancers

Hepatocellular carcinoma (HCC) and metastatic colon can-
cer in the liver are difficult to treat with currently available 
therapeutic modalities due to their multifocal and chemore-
sistant nature. Therefore, gene therapy approaches for these 
two cancers have been enthusiastically investigated in pre-
clinical animal studies and human clinical trials. The strate-
gies can be classified into three categories: delivery of 
therapeutic molecules (genes or other types of nucleic 
acids) to cancer cells, delivery of therapeutic molecules to 
nonmalignant cells surrounding or associated with liver 
tumors, such as hepatocytes or tumor vessels, and virother-
apy using oncolytic viruses. The first category includes p53 
gene therapy, suicide gene therapy based on herpes simplex 
virus thymidine kinase or cytosine deaminase, TRAIL 
(TNF-related apoptosis inducing ligand) gene therapy, and 
immunomodulation by introducing cytokine genes. The 
second strategy creates the milieu suppressive to tumor 
growth by expressing cytokines, antiangiogenic factors, 
and antiproteolytic factors. In the context of hepatic gene 
delivery for liver cancers, adenoviral vectors have been 
most commonly used. Representative approaches that have 
been studied in human clinical trials are intravascular or 
intratumoral administrations of adenovirus p53 (Ad-p53) 
or oncolytic adenoviruses.

Ad-p53 gene therapy has been extensively studied in 
patients with advanced lung cancers, showing excellent 
safety and proof-of-principle of the approach [282]. This 
approach has also been shown to be effective against HCC in 
a rat liver tumor model, in which restoration of wild type p53 
in p53 deficient liver tumors could suppress tumor growth 
and induce apoptosis following intrahepatic arterial infusion 
of Ad-p53 [283]. In the Ad-p53 human clinical trials, Ad-p53 
was delivered to the liver via hepatic artery in combination 
with hepatic transcatheter arterial chemoembolization (TACE) 
in patients with advanced HCC [284, 285]. Although Ad-p53-
mediated gene therapy for HCC in the current form did not 
appear to provide significant additional benefits over conven-
tional therapies [284], the clinical studies demonstrated 
safety profiles of the therapy [284, 285].

Oncolytic adenovirus or conditionally-replicating adeno-
virus (CRAd) is an Ad that is designed to kill cancer cells by 
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taking advantage of its lytic life cycle. The principle of this 
strategy is to allow adenovirus to progress into the lytic life 
cycle only in cancer cells, leading to cancer-specific cell 
lysis. This can be achieved by either of the following: dele-
tion or mutation of the Ad E1A or E1B gene, the gene prod-
uct of which binds to Rb and p53, respectively, and inhibits 
their function; or driving the Ad E1 gene by a tumor-specific 
promoter such as the a(alpha)-fetoprotein (AFP) gene pro-
moter. An oncolytic adenovirus in the former type, named 
dl1520 (ONYX) [286], was originally predicted to replicate 
and lyse cells only in cancer cells that do not express p53; 
however, it has turned out that cancer selectivity is not depen-
dent on the status of p53 and rather it is mediated by other 
mechanisms including the loss of E1B55K-mediated late 
viral RNA transport that limits viral replication in normal 
cells [287]. Nonetheless, the excellent tumor specificity has 
led to dl1520-mediated clinical trials for metastatic liver can-
cers [288, 289], HCC [290], and hepatobiliary carcinomas 
[291]. The studies demonstrated safety, but revealed no sig-
nificant responses. It should be noted that one patient who 
received dl1520 via the intrahepatic artery developed tran-
sient albeit grade 4 systemic inflammatory response [288], 
which is a reminiscent of the fatal adverse event in the 
Ad-OTC clinical trial [2]. A subsequent clinical study of 
dl1520 for the treatment of metastatic colon cancer in patients 
who failed prior chemotherapy has shown potential clinical 
benefits [292].

These earlier clinical studies with Ad-p53 and dl1520 showed 
only limited responses. However, various novel and potentially 
more effective approaches are currently under investigation in 
culture cells and experimental animals [293]. With the advanced 
technologies of in vivo gene delivery and novel therapeutic 
modalities such as RNAi, increasing knowledge about molecu-
lar pathogenesis of liver cancers will provide new opportunities 
for gene therapy to substantially improve therapeutic outcomes 
in difficult-to-treat liver cancers.

Conclusions

The liver is the most studied organ for in vivo gene transfer 
because the liver is involved in a variety of diseases, many vec-
tors have inherent preference for the liver, and the liver pro-
vides an excellent platform to study various types of biologicals 
and drugs. Gene delivery technologies are rapidly progressing 
and it appears that we have started overcoming the biggest 
hurdle in hepatic gene transfer, i.e., inefficient delivery of ther-
apeutic cargos to target cells in the liver. We now have modali-
ties to deliver cargos to the liver with high efficiency and 
safety, at least in animal models. Immunological barriers, non-
specificity of vectors, requirement of high doses that may be 
toxic to humans, and uncertainty of long-term safety including 

the risk of hepatocarcinogenesis in humans, still remain as 
issues to be addressed and solved. With the solution of these 
issues, hepatic gene delivery would become an indispensable 
and common modality to treat various hereditary and acquired, 
and benign and malignant human diseases.
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