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ABSTRACT
Transplantation using xenogenic organs, tissues and cells (i.e.
xenotransplantation) is a potential solution to the shortage of those from human
sources. Vascular endothelial cells (ECs) are the most immediate barrier between the
xenogeneic donor organ and the host defense systems. In order to accomplish gene
expression in ECs specifically, EC-specific promoters are preferable to be used. If
human EC-specific promoters can be used in porcine ECs, time and efforts will be
saved. In acute vascular rejection (AVR), the interaction between porcine endothelium
and human NK cells/monocytes has been suggested to depend on the direct recognition
of Galα1,3Gal (α-Gal) epitopes on porcine ECs. Genetic engineering of pancreatic
islets prior to transplantation has the potential to improve islets’ survival through the
expression of genes encoding factors supporting islet acceptance by the host. The
lentiviral vector system, e.g. an HIV-1 based vector system, has been shown to
efficiently and stably transduce primary and post-mitotic cells.
The aims of this thesis were: (i) to investigate the activity and cell-specificity of
the human EC specific promoters of Flk-1, Flt-1, ICAM-2, thrombomodulin and vWf in
porcine cells; (ii) to evaluate the importance of lentiviral-mediated expression of α-Gal
on ECs for its interaction with human NK cells and monocytes, and to evaluate the
transduction efficiency in primary ECs; (iii) to investigate the ability of the lentiviral
vector to transduce isolated rat pancreatic islets and its effect on islet function.
The promoters for human Flk-1, Flt-1, ICAM-2, thrombomodulin, and vWf
supported similar levels of luciferase expression in human (HAECs) and porcine
(HAECs) aortic ECs, with the Flk-1 promoter being the strongest. The human ECspecific promoters all showed less activity in porcine kidney microvascular ECs than in
liver or brain microvascular ECs. The thrombomodulin and Flk-1 promoters exhibited
similar activity in porcine liver and kidney microvascular ECs, whereas the Flk-1
promoter was stronger in aortic and brain microvascular ECs. No difference was
detected between non-α-Gal and α-Gal expressing HAECs in terms of their
susceptibility to NK cell-mediated lysis, ability to stimulate IFN-γ production by NK
cells, or ability to support NK cell-adhesion under static and dynamic conditions. In
addition, the α-Gal epitope did not appear to contribute to increased monocyte adhesion
to, or migration across, endothelium. Human monocytes adhered less to PAECs than to
HAECs under flow following human, but not porcine, TNF-α stimulation. Lentiviral
transduction did not result in activation of HAECs, and transduced HAECs responded
as expected to TNF-α and IFN-γ stimulation. Lentivirus transduction did not affect rat
pancreatic islet’s viability and insulin secretion in vitro and its ability to restore
euglycemia in diabetic nude mouse in vivo. Furthermore, this vector sustained longterm expression of the transgene in islets.
Amongst the EC-specific promoters tested, the human Flk-1 and
thrombomodulin promoters are good candidate promoters for strong EC-specific gene
expression in genetically modified pigs. Our work on the interaction between α-Gal
epitopes and NK cells/monocytes suggest that efforts on preventing infiltration of these
leukocytes in organ xenograft need to be focused on adhesion receptor-ligand
interactions rather than on carbohydrate remodelling of donor pigs. In addition, the
lentivirus vector can be used as a gene carrier to modify primary ECs as well as cells in
pancreatic islets in order to improve engraftment and prevent rejection.
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LIST OF ABBREVIATIONS
α1,3GalT

α1,3-galactosyltransferase

α-Gal
γc

Galα1,3Galβ1,4GlcNAc
gamma chain

ψ

packaging signal

ALL
AVR
BIV
CA
CAR
CMV
DAF
DNA
EC
EF1α
EIAV
Env
FGF
FIV
Flk
Flt
GFP

acute lymphoblastic leukemia
acute vascular rejection
bovine immunodeficiency virus
capsid
Coxsackie-adenovirus receptor
cytomegalovirus
decay-accelerating factor
deoxyribonucleic acid
endothelial cell
elongation factor 1 α
equine infectious anemia virus
envelope glycoprotein
fibroblast growth factor
feline immunodeficiency virus
fetal liver kinase
fms-like tyrosine kinase
green fluorescent protein

HAEC

human aortic endothelial cell

HAR
HIV-1
HLA
HSV
IBMIR

hyperacute rejection
human immunodeficiency virus type 1
human leukocyte antigen
herpes simplex virus
immediate blood-mediated inflammatory reaction

ICAM-1

intercellular adhesion molecule-1

Ig

immunoglobulin

IL
IN
ITR
JAM
kb
KIR
LFA-1
LTR
MA
MCP-1
MHC
MLV
NC
NES
NK
PAEC
PBMEC

interleukin
integrase
inverted terminal repeat
junctional adhesion molecules
kilobases
killer cell Ig-like receptor
lymphocyte function associated antigen-1
long terminal repeat
matrix
monocyte chemottractant protein-1
major histocompatibility complex
murine leukemia virus
nucleocapsid
nuclear export signal
natural killer
porcine aortic endothelial cell
porcine brain microvascular endothelial cell

PCR
PD-L1
PECAM-1

polymerase chain reaction
programmed death-1 ligand 1
platelet endothelial cell adhesion molecule-1

PEG

polyethylene glycol

PEI
PERV
PKMEC
PLMEC
PR
R
RCV
RRE
RT
SCID-X1
SIN
SIV
SLA
SU
TAR
TM
TNF
TU
U5
VCAM-1
VEGF
VLA-4
VSV-G
vWf
XNA

poly-L-ornithine, polyethyleneimine
porcine endogenous retroviruses
porcine kidney microvascular endothelial cell
porcine liver microvascular endothelial cell
protease
Repeat
replication-competent virus
Rev-responsive element
reverse transcriptase
X-linked severe combined immune deficiency
self-inactivating
simian immunodeficiency virus
swine leukocyte antigen
surface subunit
transactivation response element
transmembrane
tumor necrosis factor
transduction units
unique 5’ region
vascular cell adhesion molecule-1
vascular endothelial growth factor
very late antigen-4
vesicular stomatitis virus G glycoprotein
von Willebrand factor
xenoreactive natural antibodies

1 INTRODUCTION
1.1

XENOTRANSPLANTATION

Organ or cell transplantation has been used to treat many human diseases (1). However,
due to the immune rejection, the failure of implanted grafts veils the merit of this
treatment. During past decades, following the improvements of the transplantation
procedures in respect of organ procurement, immunosuppressive protocols, and pretransplantation diagnostic techniques, there are more patients benefiting from
successful long-term survival of the grafts. However, the critical shortage of human
donor organs available for transplantation dramatically hampers the application of
allotransplantation (i.e. transplantations between genetically different individuals of the
same species). In the US, only about one third of patients on the transplantation waiting
list were transplanted with donor organs in year 2002 (2). To meet the challenge, one
attractive choice is to use xenogeneic cells, tissues and organs (from a non-human
species) as sources for transplantation (i.e. xenotransplantation).
In human xenotransplantation, grafts from a concordant species such as nonhuman
primates from the Old World (e.g. apes and baboons) will be more compatible than
those from a discordant species such as pig. However, in clinical practice, using
nonhuman primates as donors is hampered by a variety of hurdles, including long
gestation periods, costs and difficulties of breeding, the risk of transmitting infection
and ethical considerations. Pigs are considered as suitable xenograft donors because of
the anatomical and physiological similarities between pig and human organs and easy
breeding in pathogen-free conditions for clinical xenotransplantation. In addition, as
pigs are used for food production, the use of pigs as tissue donors is deemed ethically
acceptable. Even though pigs can be bred in pathogen-free conditions to minimize the
risks of transmission of animal pathogens, the risk of transmitting porcine endogenous
retroviruses (PERV) needs particular consideration. Either primary porcine cells or
transformed porcine cell lines have been shown to contain in their genomes multiple
copies of endogenous retroviruses (3-6). Because these viruses are inherited, breeding
of PERV-free pigs is considered to be technically difficult (7). In vitro studies have
shown that PERVs released from porcine primary cells or cell lines have the capability
to establish a productive infection in human cell lines and primary cells (7-10). Thus,
evaluating the risk of virus transmission is critical before xenotransplantation is
practiced. However, there is no direct evidence suggesting that humans can be infected
by PERV via exposure to porcine tissue (11-15).
1.1.1 Xenograft rejection
Following transplantation, rejection is the major hurdle preventing long-term function
of xenografts. Depending on the kinetics and histopathological picture of vascularized
organ xenograft rejection, it can be divided into hyperacute rejection (HAR), acute
vascular rejection (AVR), cellular rejection and chronic rejection. HAR is mediated by
xenoreactive natural antibodies (XNA) against α-Gal on porcine vascular endothelial
cells (ECs), whereas AVR is believed, at least in part, to be triggered by xenoreactive
induced Abs that can be α-Gal specific. The rejection of non-vascularized xenografts is
usually cell-mediated, and dependent on T-lymphocytes. Cellular grafts like pancreatic
islets transplanted by injection in the blood stream are usually damaged by an
immediate blood-mediated inflammatory reaction (IBMIR) triggered by complement
activation, coagulation and leukocyte (neutrophils and monocytes, mainly) infiltration.

1

1.1.1.1 Hyperacute rejection
The very early barrier of discordant xenotransplantion is a vigorous, rapid and
irreversible rejection, which is defined as hyperacute rejection. The pathology of
hyperacute rejection is characterized by intravascular thrombosis, interstitial
hemorrhage, and severe injury to endothelial cells (16). HAR is initiated by XNA
binding and complement activation along vascular ECs of the transplanted organ. XNA
bind carbohydrate residues, Galα1,3Galβ1,4GlcNAc (α-Gal), on porcine ECs. α-Gal is
produced by the α1,3-galactosyltransferase (α1,3GalT) (Fig. 1), the gene of which is
mutated in humans, apes, and Old World monkeys such that these species don’t express
α-Gal. In man, the production of anti-α-Gal antibodies (Abs) may be caused by
constant antigenic stimulation from α-Gal like epitopes located on the surface of
bacteria in the gut flora. The majority of these antibodies are IgM, whereas IgG and
IgA isotypes also exist, though at lower levels. Amongst these isotypes of XNAs, IgM
has high binding avidity and was believed to be the only isotype having the capability
to initiate HAR (17, 18). But recently, using an in vivo model, Yin D et al demonstrated
that IgG (IgG3 and IgG1) also triggered HAR via complement activation (19).

Galβ1,4GlcNAc-R + UDP-Gal

α1,3GalT
P

P

Galα1,3Galβ1,4GlcNAc-R + UDP

Fig. 1. The biosynthesis of α-Gal epitopes. UDP, uridine diphospate.

Activation of the complement system is the major outcome of XNA-binding to α-Gal
epitopes on porcine EC. The classical pathway of complement activation is initiated by
Ig and is the major activation pathway in pig-to-primate transplants (20). Across other
species barriers, e.g. guinea pig–to–rat, complement activation is via the alternative
pathway (21). The final product of complement activation is the formation of the C5-9
membrane attack complex (MAC), which forms a pore in the EC membrane leading to
lysis of the cell. Endothelial cell activation is important for the pathogenesis of HAR.
This activation induces EC retraction, von Willebrand factor translocation to the EC
surface, and loss of the antithrombotic phenotype (22). The changes of EC phenotype
lead to intravascular thrombosis, extravascular hemorrhage and edema (23).
To prevent HAR, efforts have been taken to remove XNAs prior to transplantation, to
prevent activation of the human complement system, and to reduce the expression of αGal epitopes on porcine ECs. Depletion of XNAs from the recipient’s circulation using
affinity columns bearing α-Gal could reliably prevent hyperacute rejection in pig-tobaboon xenograft models (24). In order to minimize complement activation, transgenic
pigs have been engineered in which complement regulatory proteins, such as decayaccelerating factor (DAF/CD55), membrane cofactor protein (CD46) and CD59, are
expressed (25-27). These pigs are less susceptible to XNA-mediated HAR (25-27).
Recently, α1,3GalT knockout pigs have been made, and kidneys and hearts from such
pigs transplanted into baboons did not suffer from HAR (28, 29).
1.1.1.2 Acute vascular rejection
Acute vascular rejection, also known as delayed xenograft rejection, begins within 24
hours and leads to graft malfunction over a period of days to weeks. AVR is
histologically characterized by EC swelling, focal ischemia, fibrinoid necrosis, diffuse
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intravascular thrombosis with thrombi consisting mainly of fibrin, and infiltration of
host inflammatory cells, e.g. monocytes, natural killer (NK) cells and neutrophils (30,
31).
When transplanted organs were derived from transgenic pigs expressing human DAF
and/or CD59, AVR was delayed following depletion of circulating XNAs by
immunadsorption and administration of the immunosuppressive agent
cyclophosphamide (32, 33). In a similar pig-to-baboon model, XNAs were seen
deposited in the transplanted porcine kidney (34). Thus in AVR, XNA including antiGal and anti-non-Gal Abs are important triggers of EC activation. This activation is
associated with an up-regulated transcription of genes encoding i) cell adhesion
molecules, e.g. E-selection (CD62E), vascular cell adhesion molecule-1 (VCAM1/CD106),
intercellular
adhesion
molecule-1
(ICAM-1/CD54),
ii)
cytokines/chemokines, e.g. interleukin (IL)-1, IL-6, IL-8, tumor necrosis factor (TNF)α and monocyte chemottractant protein (MCP)-1 and iii) prothromboic molecules (e.g.
tissue factor) (35, 36). In addition to XNAs, complement plays a role in triggering
AVR. In a pig-to-primate model, classic complement activation was observed during
the binding of XNAs to ECs of human DAF transgenic kidneys (37). In a similar
model, AVR was reversed when the recipient was treated with a complement fragment
C1-inhibitor (38). Furthermore, the incompatibility of porcine proteins with human
counter-receptors may be a factor in the initiation of AVR. One example is that the
porcine tissue factor pathway inhibitor poorly inhibits the human coagulation system
(39).
As a result of endothelial cell activation, cell adhesion molecules involved in the
recruitment of leukocytes into vascularized xenografts are up-regulated. Leukocyte
infiltration is accomplished by a leukocyte adhesion cascade that includes the steps
capture, rolling, firm adhesion, and transmigration. In the capture and rolling stages, Eand P-selectins on EC and L-selectin on leukocytes are engaged in the tethering and
rolling of leukocytes by binding to carbohydrate counter-ligands on ECs and
leukocytes, respectively. Activation of the rolling leukocyte by EC-bound chemokines
leads to a rapid increase in the binding affinity of leukocyte integrins, such as
CD11a/CD18 [lymphocyte function associated antigen-1 (LFA-1)], CD11b/CD18
(Mac-1) and CD11c/CD18 [very late antigen-4 (VLA-4)] which in turn bind to EC Ig
superfamily receptors, i.e. ICAM-1, ICAM-2, ICAM-3, and VCAM-1 (40). In the last
stage, transmigration is mediated by junctional molecules, i.e. platelet endothelial cell
adhesion molecule-1 (PECAM-1, CD31) (41, 42), junctional adhesion molecules
(JAM-A, -B and -C) (43) and CD99 (44). These juctional molecules may bind in a
homophilic or heterophilic fashion (41, 42, 45, 46). JAM is also a ligand for LFA-1
(43). In pig-to-human xenotransplantation, the compatibility of human adhesion
molecules with their specific porcine counter-receptors is likely to contribute to the
leukocyte infiltrate. Most of the receptor-ligand pairs studied so far appear to be
compatible(47-50), but it is still far from complete (51, 52).
Several types of cells, such as human neutrophils, NK cells, and monocytes, are
involved in AVR. The interaction between human neutrophils and porcine EC has been
described, and in one set of experiments this interaction required preactivation of EC
with complement (iC3b) and/or XNAs (53, 54), while other experiments have showed
that this interaction is independent of XNAs (55, 56). Recently, Cardozo et al. showed
that neutrophil-EC interactions may lead to biologically relevant phenomena such as
respiratory burst, diapedesis, and chemotaxis (56).
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NK cells are not only important innate immune cells, but also essential regulators of
adaptive immunity. They are usually defined as CD56+, CD16+ (FcγR III) and CD3-.
According to the “missing-self” hypothesis, cells with missing or incomplete
expression of host major histocompatibility complex (MHC) class I molecules are
susceptible to NK cell killing (57). This recognition is mediated by killer cell Ig-like
receptors (KIRs) and CD94/NKG2 C-type lectin receptors which recognize human
leukocyte antigen (HLA)-A, -B and -C (58-61), and non-classical class I molecules
(HLA-E) (62), respectively. The counterpart of HLA in pig is called swine leukocyte
antigen (SLA). Examination of the amino acid sequence of SLA has indicated that the
critical binding sites for human KIRs are missing, thus the incompatible SLA loses its
ability to protect porcine cells from the lysis of human NK cells (63). This may in part
explain the susceptibility of porcine cells to cytolysis by human NK cells. Seebach et
al. also demonstrated that SLA class I molecules did not appear to protect porcine cells
from human NK cell killing (64). By expression of human MHC class I molecules (e.g.
HLA-Cw, -E and -G) in porcine EC, the rolling adhesion, migration and lytic activities
of human NK cells were inhibited and porcine ECs were thus protected from lysis (6571). In addition, it has been shown that HLA-E and HLA-G on porcine EC use both
CD94/NKG2-dependent and –independent pathways to inhibit NK cells (71). That αGal could promote NK cell-binding was first suggested by Inverardi et al. who
demonstrated that human NK cells bound to COS-7 cells transfected with the porcine
α1,3GalT cDNA, but not to non-transfected COS-7 cells (72). In addition, NK cellmediated cytolysis of porcine EC was reduced when porcine EC expressed an
α1,2fucosyltransferase as a competitor of α1,3GalT to down-regulate the expression of
α-Gal epitopes (73). In contrast, Sheikh et al. reported that human NK cell recognized
porcine EC independently of α-Gal (74) and Baumann et al showed that NK cell
adhesion and antibody-independent cytotoxicity were not reduced by the removal of αGal from porcine cells (75). Moreover, in Paper II our data show that expression of αGal on human EC does not induce human NK cell cytotoxicity nor does it increase NK
cell adhesion or IFN-γ secretion in NK cells. Adhesion molecules, such as VLA-4 on
human NK cells and VCAM-1 on porcine EC, have been shown to be important for
both rolling and firm adhesion of human NK cells to porcine EC (76, 77). Human NK
cells may also kill porcine EC in the presence of antibodies through the so called
ADCC mechanism (78). In vitro experiments has revealed that cytolysis is mediated via
the perforin/granzyme B pathway (79).
In vivo models has also revealed T cell-independent monocyte/macrophage infiltration
in organ xenografts (80-84). The importance of graft-infiltrating macrophages for AVR
was further suggested by prolonged survival of guinea pig hearts transplanted into C6deficient rats in which the macrophages had been depleted prior to transplantation (85).
However, results presented by van Overdam et al indicated that NK cells and
macrophages infiltrating xenografts might not be important for rejection (86). The
adhesion of human monocytes to porcine EC has proven to be dependent on human
VLA-4 and porcine VCAM-1 interactions (77, 87). The α-Gal epitope on porcine EC
has been shown to participate in the direct binding of human monocytes (88-90).
However, using the static and dynamic adhesion models in Paper III, we demonstrated
that aberrant expression of α-Gal in human EC did not increase the binding of human
monocytes.
The protection of an organ from AVR in the presence of anti-graft antibodies and
complement is known as accommodation (91). Several observations of this
phenomenon have been reported in animal models of xenotransplantation (91, 92). In
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accommodation, graft endothelium has been shown to increase the expression of antiapoptotic genes bcl-xL, bcl-2, A20 and an oxidative stress-responsive gene heme
oxygenase-1 (91). In addition to anti-apoptotic effects, these genes also have the ability
to inhibit the activity of NF-κB, which in turn prevents the expression of proinflammatory cytokine genes (91, 93).
B

B

To prevent AVR, depletion of induced XNAs from the host or elimination of α-Gal on
the xenograft may be a strategy to facilitate graft survival (78, 94). Other strategies,
such as anti-leukocyte adhesion (77) and transgenic expression of anti-inflammatory
genes (e.g. hemoxygenase-1) in porcine EC (95) have also been considered.
1.1.1.3 Acute cellular rejection and chronic rejection
These stages of rejection follow HAR and AVR. Because organ xenografts are usually
lost in HAR and/or AVR, acute T cell-mediated xenograft rejection has been difficult to
study in vivo. However, there are evidence to suggest that T cells are involved in
xenograft rejection (96, 97). Dorling et al demonstrated that T cell recognition of
xenogeneic cells is mediated by both direct and indirect antigen presentation pathways
(98). Compared to allogeneic combinations, indirect presentation of porcine antigens to
human T cells led to a stronger primary response in cell cultures (98). Inhibition of T
cell activity by immunosuppressive drugs or by inducing T cell tolerance may protect
the graft from acute cellular rejection. There are to my knowledge no in vivo studies in
which chronic rejection has been studied across a xenogeneic barrier.
1.1.2 Islet xenograft rejection
As a non-vascularized tissue, the rejection of islet xenografts is different from that of a
rejection of vascularized organ xenografts. Without a vascular bed of donor origin islets
do not suffer from HAR and AVR, but are subjected to a cell-mediated rejection
following transplantation. Revascularization with vessels of host origin will occur
during the first 1-2 weeks after islet transplantation (99-101). If islet grafts are exposed
to host blood following intra-portal injection, they will trigger an instant blood
mediated inflammatory reaction (IBMIR) that might prevent engraftment. If engrafted,
islet xenografts are usually lost in a cell-mediated rejection executed by T-lymphocytes
and macrophages.
1.1.2.1 IBMIR
For clinical islet transplantation, intra-portal injection is the optimal route of
administration. Because islets is then directly exposed to blood, they trigger an IBMIR
characterized by activation of platelets, coagulation and complement systems, and
subsequent islet damage accompanied by infiltration of CD11+ leukocytes (102, 103).
The expression of tissue factor on human islets is believed to trigger coagulation, and
inhibiting tissue factor expression has been shown to protect islets from IBMIR (104,
105). However, whether porcine islets express tissue factor and if porcine tissue factor
can trigger IBMIR remains to be determined. Both in vitro and in vivo studies have
shown that complement is deposited on the porcine islet surface upon exposure to
human and cynomologus monkey blood, respectively. Porcine islet damage could be
avoided by pre-treatment of the recipient with either soluble complement receptor-1
and heparin or low molecular weight dextran sulfate (103, 106).
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1.1.2.2 Cellular rejection
In pig-to-rodent islet transplantation models, infiltration of macrophages and T cells is
seen in the islet graft. In mice depleted of CD4+ T-cells, prolonged survival of
transplanted porcine islet grafts was reported (107, 108). In an immunodeficient mouse
model, adoptively transferred human CD4+ T-cells could mediate rejection of fetal
porcine islet cell clusters suggesting an important role for this cell type in rejection
(109). Macrophages activated by CD4+ T-cells have been shown in mouse models to
be important for recognition and rejection of islet grafts, and the deletion of
macrophages will delay islet xenograft rejection (110-112). The MCP-1/CCR2
chemokine pathway was reported to be important regulators of CD4+ T-cell and
macrophage infiltration (113, 114). In a porcine to cynomologus monkey model, CD8+
T-cells were the major graft-infiltrating cells (115). This may imply that in clinical islet
transplantation, CD8+ T-cells can not be neglected. In addition, NK cells and
eosinophils have been reported to be of minor importance in the rejection of islet grafts
in mouse models (116, 117).
1.2

GENE THERAPY

Genes serve as functional units of heredity and control protein production. Many
disorders in man, including inherited and acquired diseases, are related to altered gene
function. The idea, to restore the defective gene, provides an attractive therapeutic
method for these diseases.
Gene therapy involves transferring genetic material into human cells for therapeutic
purposes. To date, many approaches for gene therapy have been evaluated in animal
models of human diseases and in clinical trials. In spite of disappointing results from
several clinical trials, including the occurrence of leukemia after gene therapy for Xlinked severe combined immune deficiency (SCID-X1) (118, 119), the effort to
improve the efficacy and safety of gene therapy has never been relented.
S

S

The success of gene therapy largely depends on the development of the gene transfer
vector which is a carrier for therapeutic genes to be introduced into target cells. An
ideal gene transfer vector is expected to induce efficient and stable expression of the
transgene without disturbing normal host genes. In addition, production and
manipulation of the vector should be easy. Further, the vector should not be toxic or
immunogenic. Generally, vectors used in gene therapy are either non-viral or viral.
Both vector classes have their advantages and disadvantages regarding their usage in
gene therapy (Table 1).
Table 1. Characteristics of non-viral and viral vectors.
Vector

Manipulation

Transfer
efficiency
in vivo

Chromosomal
integration

Duration of
expression

Transduction
of postmitotic
cells

Immunogenicity

Non-virus

easy

+

no

transient

yes

low

Adenovirus

complicated

++++

no

transient

yes

high

AAV

complicated

+++

yes

stable

yes

moderate

Retrovirus

complicated

++

yes

stable

no

low

Lentivirus

complicated

+++

yes

stable

yes

low

HSV

complicated

+++

no

transient

yes

moderate

AAV, adeno-associated virus; HSV, herpes simplex virus
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1.2.1 Non-virus vectors
Historically, non-viral vectors were developed earlier than viral vectors, although more
viral based-vectors have been used in clinical trials. As shown in Table 1, non-viral
vectors are easy to use and unlikely to be immunogenic. In addition, non-viral vectors
can be produced on a large scale. Non-viral, naked plasmid DNA (deoxyribonucleic
acid) can either be delivered by a physical method or combined with a chemical carrier
such as a cationic lipid or polymer.
1.2.1.1 Naked DNA delivery
The simplest method for naked plasmid DNA delivery is direct injection of DNA into
the tissue or via a vascular route. Wolff et al first reported that the skeletal muscle cell
expressed transgenes following direct intramuscular injection of naked DNA (120).
Since then, expression of transgenes delivered by naked DNA injection has been
accomplished in various tissues and organs, including the liver (121, 122), skin (123),
urological organs (124), and the thyroid (125). Systemic administration of DNA
through intravenous injection has also been reported (126). However, low transfer
efficiency limits the use of this method. Thus, different physical manipulations, e.g. the
gene gun, electroporation, and ultrasound, have been used in combination with direct
injection to improve gene transfer efficacy. It has been reported that the gene transfer
can be carried out by shooting (using gene gun) gold particles coated with DNA into
cells of different surgically exposed organs (127). Other in vivo applications involving
gene gun also showed successful expressions of transgenes (128, 129). Electroporation,
in which a controlled electric pulse is applied, can facilitate cell permeabilization and
uptake of injected naked DNA (130). That electroporation can facilitate uptake of DNA
has been reported in vivo in such organs as liver (131), muscle (132, 133), skin (134)
and melanoma (135). However, electroporation has been reported to damage the tissue
(136). Hartikka et al demonstrated that muscle lesions occurred after injection of
plasmid DNA followed by electroporation, and interestingly this damage was plasmiddependent (137). Recently, it was reported that the use of a syringe electrode
minimized the damage of the tissue without losing transfection efficiency (138). Micro
bubble-enhanced ultrasound has been used to facilitate naked DNA transfection and
exhibited little tissue damage (139-141). Phase I and/or II clinical trials conducted by
several groups have shown that naked DNA administration is a safe procedure (142145).
1.2.1.2 Cationic lipids
Cationic lipids have the capacity to interact with and compact the negatively charged
nucleic acids, therefore forming the self-assembled lipid/DNA complexes. These
complexes are slightly positively charged, so they are capable to interact efficiently
with the negatively charged cell membrane (146, 147). There are several kinds of
cationic lipids, quaternary ammonium detergents, cationic derivatives of cholesterol
and diacylglycerol, and lipid derivative of polyamines. The transfection by cationic
lipids can be optimized by using a neutral helper lipid such as the naturally available
dioleoyl phosphatidylethanolamine (DOPE), which facilitates the release of plasmid
DNA from the endosome after endocytic uptake of the complex (148). With different
administration pathways (e.g. airway, intravenous and intraperitoneal) , in vivo
experiments have shown gene expression in lung, heart, liver, spleen, kidney and tumor
following cationic lipid transfections (149-156).
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1.2.1.3 Cationic polymers
Different from the hydrophobic cationic lipids, cationic polymers are a group of water
soluble molecules including poly-L-lysine (PLL), poly-L-ornithine, polyethyleneimine
(PEI), chitosan, and starburst dendrimer. For gene transfer, three structural types, i.e.
linear, branched, and spherical, of cationic polymers have been used. Both branched
(25kDa) and linear (22kDa) types of PEI have been used for efficient transfection both
in vitro and in vivo. Boussif et al. suggested that the enriched nitrogen atoms in PEI
provided high buffering capacity which protected DNA from nuclease degradation in
the lysosome (157). PEI transfections have been achieved in major organs such as
brain, kidney, liver and lung (158-161). Wightman et al demonstrated that due to the
sensitivity to salt, linear PEI showed higher transfection capacity than branched PEI
when systemically administered in vivo where saltier conditions prevailed (162). In
Paper I, transfections with branched PEI (25kDa) was used in both primary cell cultures
and established cell lines. In paper II-IV, we used the PEI transfection method to
produce replication defective lentiviral infectious particles.
S

S

1.2.2 Virus vectors
As shown in Table 1, virus-derived vectors can transduce genes into target cells with
high efficiency and some types of viral vectors can stably integrate into the host cell
genome resulting in stable expression of the transgene. Some have the ability to infect
postmitotic cells. Generally, the development of a viral vector is a process in which
biosafety and virus biology has to be balanced. This is because it is necessary for safety
reasons to delete genes important for virus pathogenicity; genes that are usually also
essential for viral infectivity and thus gene transfer efficacy. A clinically useable vector
should meet both safety and efficiency criteria. The main viral vectors that have been
used for gene therapy purposes are adenovirus (Ad), adeno-associated virus (AAV),
herpes simplex virus (HSV), and retro- and lentivirus vectors. Viral vectors based on
Pox and Vaccinia viruses are also used in clinical trails.
1.2.2.1 Adenovirus vectors
The human Ad genome consists of a double stranded linear DNA molecule of
approximate 36 kilobases (kb) in length. Ads can infect a broad range of cell types,
including postmitotic cells. Based on neutralization assays, the viruses are classified
into more than 50 serotypes. The most commonly used recombinant human Ad vectors
are derived from serotype 2 (Ad2) and 5 (Ad5). The Ad genome is encapsidated in a
nonenveloped icosahedral capsid which consists of hexons and pentons (penton bases
and fiber monomers). The inverted terminal repeat sequences (ITRs), which are the cisacting origins of replication of the viral DNA, are located at each end of Ad genome.
By the gene expression time course in the viral replication, Ad genes are divided into
early (E1A, E1B, E2, E3, and E4), delayed (IX and IVa2), and late transcription units
(163). The infection of Ad is initiated by the binding of capsid proteins to the cell
surface receptors, i.e. Coxsackie-adenovirus receptor (CAR) or αvβ3 and αvβ5 integrins.
After this receptor-mediated endocytosis, the virus DNA is released from the
endosomal compartment by the lysis of the endosomal membrane, and subsequently
enters into the nucleus where the transcription and replication begin. However, the
virus genome does not integrate into the host cell genome. Next, viral DNA is
replicated and packaged into virions by self-assembly of the capsid proteins, and then
the infectious particle is released from the cell (164).
B
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The first generation of Ad vector was constructed by deleting the E1 region that is
necessary for trans-activating other genes (165). This deletion results in the prevention
of expression of early transcribed genes, thus further limiting the viral replication and
synthesis of late structural proteins. The production of the replication defective Ad is
conducted in the complementing human cell line which is transformed by the E1 gene
to provide E1 function in trans. Further, the deletion of the E3 gene in the first
generation Ad vector improved the capacity of gene insertion and yield of vector. These
vectors have been broadly used both for in vitro and in vivo gene transfers. However,
infected cell cytotoxicity and host immune responses to the virus vector limit the use of
Ad mediated gene transfer (166, 167). To overcome these drawbacks, more efforts have
been invested in order to generate so called second generation Ad vectors. Ad vectors
in which the E2 and E4 genes are further deleted are more efficient gene transfers with
less cytotocity and immunogenicity (168-170). In addition, the “gutless” vectors that
only contain ITRs and packaging signal have been developed (171-173). These
constructions facilitate increased gene insertions and significantly reduced host immune
responses. The vector propagation requires helper viruses to provide the functions for
replication and assembly.
Ad vectors have been used extensively in research and clinical applications. In animal
models, local and systemic administrations of Ad vectors have showed efficient gene
transfers in various organs, such as lung, liver, kidney and heart (166, 169, 174-176).
Large numbers of clinical trials world wide have also used Ad vectors (177).
1.2.2.2 Adeno-associated virus vectors
AAV is a single strand DNA virus belonging to the family of Parvoviridae. These
viruses are considered as nonpathogenic to human and their replication requires the
help of other viruses, usually Ad or herpes virus. Recombinant AAV derived from
AAV serotype 2 (AAV2) is the most frequently used AAV vector. The AAV2 genome
is composed of two open reading frames, rep which is required for virus genome
replication and cap which encodes a structural protein, flanked by ITRs.
The recombinant AAV2 is constructed by swapping target gene in the position of rep
and cap genes, thus only ITRs are derived from the original virus. The AAV2 vector
can deliver transgenes of about 5kb size, and this limits the usage of AAV for large
gene transfers. To supersede the initial protocol of production of AAV2 using Ad or
HSV as helper virus, AAV2 vectors are co-transfected with two helper plasmids
containing rep and cap genes, and a minimal number of adenoviral proteins required for
AAV production (E2A, E4ORF6, and VA RNA), respectively (178). Another
alternative approach is to generate packaging cell lines that contain the elements
required for AAV production (179, 180). After recombinant AAV enters the host cell,
it can either integrate randomly into the host genome or reside episomally. Both events
lead to stable gene expression (181-185). In vivo administration of recombinant AAV
has been shown to be associated with host immune responses to the virus, even though
the response is not as strong as that caused by Ad (186-188).
In animal models, AAV vector-mediated gene transfers have been achieved in liver
(189, 190), skeletal muscle (191, 192), heart (193), brain (194), and lung cells (195).
Clinical trials with AAV vectors to introduce therapeutic genes have been performed
on patients suffering from cystic fibrosis and hemophilia B (196, 197).
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1.2.2.3 Herpes simplex virus vectors
Human HSV is an enveloped large DNA virus with double-stranded genome which is
152kb in size and encodes at least 80 gene products. The virus infection results in a
latent infectious status in neurons where HSV persist episomally for the rest of the
host’s life. Two types of vectors, both derived from wild type HSV-1 and named
replication defective and amplicon vectors, respectively, have been developed for gene
delivery. The generation of replication-defective vectors is accomplished by depleting
predecessor genes, inducing replication incompetence and minimizing virus
cytotoxicity (198-200). Helping in trans with proper immediate-early genes in
complementing cells, replication-defective viruses can be produced. The HSV-1
amplicon vector system includes a plasmid DNA and a standard HSV-1virion. The
plasmid carries the trangene, a HSV-1 packaging/cleavage signal and the origin of
HSV-1 DNA replication. The production of these vectors is based on the finding that
HSV-1 has the capability to package the defective genome containing the origin of
replication and packaging signal (201). A drawback of using the amplicon vectors is the
contamination of helper virus. Recently, a helper-free amplicon vector was developed.
When this vector was used, the contaminant helper virus was reduced (202, 203).
Both replication defective- and amplicon HSV-1 vectors are used for gene transfer not
only to neurons, but also to a wide variety of other cell types. In vivo experiments have
shown that HSV-1 vectors can be used for the treatment of nervous system related
disorders, such as Parkinson’s disease (204, 205) and pain disorders (206-208).
1.2.2.4 Retrovirus vector
Retroviruses are single-stranded RNA viruses that replicate through a DNA-dependent
intermediate. These viruses can be classified into three subfamilies, i.e.
oncoretroviruses, lentiviruses and spumaviruses. These viruses have been found to be
associated with various diseases in human and many other mammals, such as
malignancies, immunodeficiencies, and autoimmune disease. In general, the vectors
derived from oncoretroviruses are known as oncoretrovectors, and those from
lentiviruses known as lentivirus vectors.
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Fig. 2. Structure of retrovirus RNA genome and proviral DNA. Ψ, packaging signal.
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The retrovirus infectious particle consists of the outer envelope and the inner core
which encapsids two identical single-stranded RNA genomes. The viral RNA genome
contains the following structures from the 5’ end: R (Repeat), U5 (unique 5’ region),
primer binding site, packaging signal (ψ), three essential structure genes (gal, pol and
env), U3, R, and poly (A) tail (Fig. 2). Following the reverse transcription of viral RNA
and the integration of viral DNA copies into host genome, the provirus is generated.
Due to the rearrangement in this process, the regions containing the proviral U3, R, and
U5 are formed on each end of the provirus (Fig. 2). These regions are nominated as
long terminal repeats (LTRs). The viral replication initiation elements, the promoter
and enhancer are located in the U3 region of 5’ LTR. The gag gene mainly encodes
three viral structural proteins: matrix (MA), capsid (CA), and nucleocapsid (NC). The
pol gene encodes the viral replication enzymes: protease (PR), reverse transcriptase
(RT), and integrase (IN). The env gene encodes the envelope glycoprotein (Env) which
is subprocessed into transmembrane (TM) and surface (SU) subunits (209).
The life cycle of retrovirus involves the sequential multiple steps, e.g. virus entry,
reverse transcription, integration, viral gene expression, and production of viral
particles (Fig. 3). By the interaction of viral envelope proteins with their receptors on
the host cell, the retrovirus adheres to and enters into the cytosol of host cell. Then, the
viral RNA genome is uncapsidated and the viral reverse transcriptase initiates the
reverse transcription to convert viral RNA into a double-stranded proviral DNA.
Thereafter, the proviral DNA translocates to the nucleus, where the integration of the
provirus into the cell genome occurs with the help of viral integrase. The translocation
of oncoretroviruses such as murine leukemia virus (MLV) needs the nuclear membrane
to loose its integrity during the mitogenic process of the cell. Thus, retroviruses infect
only dividing cells. The integration sites of proviral DNA are random. After the
integration, the promoter and enhancer in the 5’ LTR are triggered by host cell
transcription factors. As a result, the proviral DNA is transcribed. The transcription
generates two distinct viral RNAs, one full-length unspliced form (from 5’ R region to
3’ R region) which can be packaged as viral genome into the viral particles and also
serves as the template for gag and pol translation, and the other spliced form which acts
as template for env translation. The translation of gag and pol leads to generation of
two polyproteins, Gag and Gag-Pol precursors. Controlled by the packaging signal, two
copies of viral RNA together with Gag and Gag-Pol precursors are packaged into viral
particles. Further maturation of virions occur during or after the budding from host cell
membrane by processing of the Gag and Gag-Pol precursors by viral protease. In this
process, structural proteins (e.g. MA, CA and NC) and replication enzymes (e.g. RT
and IN) are generated by cleavage of Gag and Pol, respectively (209).
The oncoretrovirus vectors have been developed from different oncoretroviruses, such
as MLV, Rous sarcoma virus, spleen necrosis virus and avian leukosis virus (210-213).
Replication defective vectors derived from the MLV are the most commonly used
oncoretrovirus vectors. MLV vectors are generated from the proviral DNA form by
replacing the trans-acting genes, i.e. gag, pol and env, with the transgene of interest,
therefore only cis-acting genes of proviral DNA, i.e. LTRs, primer binding site, and ψ
are left. The inserted transgene can be promoted by the viral promoter located in U3
region of LTR or by an exogenous promoter, such as of the immediate-early
cytomegalovirus (CMV) or human elongation factor 1 α (EF1α) promoters, inserted
upstream of the transgene. The trans-acting elements are necessary for virus
replication, thus in the retrovirus vector system they are provided by the packaging
cells which either transiently or stably express these genes. The early versions of
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Fig. 3. The Retrovirus lifecycle. Retrovirus infection involves (i) Entry into host cells;
(ii) Reverse transcription of the viral RNA genome and generation of the doublestrand
proviral DNA; (iii) Integration of the proviral DNA into the host genome; (iv)
Transcription of the viral genes and synthesis of viral proteins; (v) Production of viral
particles.

packaging cell lines were generated by transfecting cells with the proviral DNA without
the packaging signal sequence, and selecting the cells with stable expression of the
transgene (214, 215). The retroviral particles can be efficiently produced in these helper
cells. However, the problem of producing replication-competent viruses limits the use
of these helper systems (216). This is due to homologous sequences between the vector
and packaging plasmid facilitating recombination. To circumvent this problem, the
packaging cells have been developed by stable transfection of two separate plasmids,
one encoding gag and pol, and the other env (217, 218). In this system, the cis-acting
elements are only located on the viral vector, whereas there are only trans-acting
elements on the two plasmids. These modifications dramatically reduce the chance of
recombination during virus propagation. Alternatively, high titer viruses can be
produced by transiently co-transfect the virus vector, the plasmid containing gag and
pol, and the plasmid containing env into a cell line (219, 220).
To improve the host range of the retrovirus vector, pseudotyped viruses have been
developed by using an envelope from another virus to substitute that of the vector virus.
A widely used envelope for pseudotyping is the G glycoprotein from vesicular
stomatitis virus (VSV-G) (221-224). The VSV-G envelope can bind to ubiquitous
phospholipid components of the cell membrane, therefore extending the host range of
the pseudotyped virus. The VSV-G pseudotyped virus can withstand the shearing force
of ultracentrifugation, making it appropriate for large scale production. Another
improvement related to the safety of using the virus vector is to generate selfinactivating (SIN) vectors (225, 226). In the SIN vectors, the deletion of
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promoter/enhancer sequences of the U3 region in the 3’ LTR results in the inhibition of
LTR-driven transcription. As a result, the expression of the transgene is only promoted
by the internal promoter.
The retrovirus vectors used in most clinical trials are derived from the Moloney MLV
(MoMLV). In addition to a tremendous number of applications in animal models of
human disease, the retrovirus vectors are used in a number of clinical trials targeting for
example adenosine deaminase (ADA) deficiency (227-230) and SCID-X1 (231). The
outcome from these clinical trials has been encouraging. However, in the SCID-X1
treatments, 2 of 11 patients developed T-cell lymphomas due to the insertion of a single
vector copy into the regulatory region of the LMO2 gene (118, 119). Thus, the
biosafety of retrovirus vectors needs to be further assessed.
1.2.2.5 Lentivirus vectors
Lentiviruses belong to the retrovirus family and infect a number of species, including
humans and other animals. Vectors derived from human immunodeficiency virus type
1 (HIV-1) are the most commonly used lentivirus vectors. Vectors have also been
developed from other lentiviruses, such as human immunodeficiency virus type 2
(HIV-2), simian immunodeficiency virus (SIV), feline immunodeficiency virus (FIV),
equine infectious anemia virus (EIAV), and bovine immunodeficiency virus (BIV). The
HIV-1 replication cycle is similar to that of oncoretroviruses, but involves more
regulatory genes and elements. In addition to gag, pol and env, HIV-1 carries two
regulatory genes, tat and rev, and four accessory genes, vif, vpu, vpr and nef (Fig. 4).
These additional elements facilitate virus replication and pathogenesis. Tat and Rev are
essential for virus replication. Tat binds to the specific transactivation response element
(TAR) in the R region of 5’ LTR to up-regulate transcription. Rev contains a nuclear
export signal (NES) and can interact with the Rev-responsive element (RRE) which is
located within the tat/rev intron and facilitate export of unspliced and singly-spliced
mRNAs that encode viral structural proteins. In the absence of either Tat or Rev, viral
replication is inefficient (232-234). The accessory elements, vif, vpu, vpr and nef, are
important for viral pathogenesis, but are not essential for viral replication in cell
culture. As for oncoretroviruses, the lentivirus genome can integrate into the host cell
genome and thus support stable expression of virus proteins.
HIV-1 Proviral DNA
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U5

ψ

gag

pol
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Fig. 4. HIV-1 proviral DNA. In addition to cis elements and structure genes, HIV-1
carries two regulatory genes, tat and rev, and four accessory genes, vif, vpu, vpr and
nef.

The principle for making lentivirus vectors for gene therapy is similar to that of
oncoretrovirus vectors. The lentivirus transfer vectors contain cis-acting sequences,
including the LTRs and ψ, and an internal promoter upstream of the gene of interest
(235-237). To improve the biosafety, SIN lentivirus vectors have been developed that
has a mutated U3 region of 3’ LTR (238, 239). The first generation of packaging
plasmids contain the structural genes, gag and pol, and all HIV regulatory and
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accessory genes (235). Thus, the resulting recombinant virus could potentially be
pathogenic and replication-competent (RCV). Therefore, efforts have been made to
delete accessory elements from the packaging plasmid without affecting the yield
ofrecombinant viruses and their gene transfer ability (240-242). These so called second
generation packaging plasmids carry structural elementsl, and the regulatory elements,
tat and rev. Further deletion of the tat gene and separation of the gag/pol and rev genes
on two separate expression plasmids generated the third generation packaging system
(243). These modifications improve biosafety by decreasing the pathogenesis of
recombinant viruses and the risk of generating RCV. The envelope plasmid carries a
gene encoding a heterogenous envelope, such as the VSV-G or lymphocytic
choriomeningitis virus envelope (241, 244, 245). In addition, packaging cell lines
which are stably transfected with the structural, regulatory and envelope genes have
been generated (246-249). To produce recombinant viruses, the common method is to
transiently co-transfect the three or four plasmids into packaging cells, such as 293T,
and then to collect the virus-containing supernatant (Fig. 5). Further, virion particles
can be concentrated by ultracentrifugation. The virus titer can be assessed by serial
dilutions on target cells (293T or HeLa cells). Other assays, such as polymerase chain
reaction (PCR) and real time PCR, have also been used for determining virus titers
(250, 251).
To date, many in vitro and in vivo applications with the lentivirus vector have been
reported. The capability of lentivirus vectors to infect postmitotic cells allows this
vector to support gene transfer in such cells as rat neurons (235), intact human islets
(252), and murine hepatocytes (253). Recently, it was reported on the first ongoing
clinical trial in which the lentivirus vector system is used for the treatment of HIV
(254).
Virus vector constructs
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Fig. 5. Schematic of the generation of lentiviral vector infectious particle and the
transduction of transgene into target cell.
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1.2.3 Clinical trials of gene therapy
Since the first gene therapy clinical trial in 1989 (255), thousand human gene therapy
trials have been completed or are ongoing in the world (177). The major human
diseases involved in clinical trials of gene therapy include cancer, inherited monogenic
diseases and vascular disease. Most of these clinical trials are in Phase I or II stages for
assessment of safety and therapeutic efficacy.
ADA-SCID patients were the first to be included in a clinical trial of gene therapy for
inherited human disease. These patients suffer from a deficiency of adenosine
deaminase which is an enzyme catalyzing the deamination of adenosine and
deoxyadenosine to inosine and deoxyinosine, respectively. The deficiency of this
enzyme results in an accumulation of metabolites which are toxic for developing T
cells, and trigger apoptosis of these cells, hence the clinical syndrome of SCID. If
available, transplantation of bone marrow or stem cells from a haploidentical donor is
the best treatment for ADA-SCID (256). Alternatively, exogenous enzyme replacement
is conducted by direct injection of human or bovine ADA covalently attached to
polyethylene glycol (PEG-ADA) (257). The first gene therapy trial in ADA deficiency
patients who were under PEG-ADA treatment was performed using retroviral vectors
carrying an ADA cDNA to transduce T lymphocytes (228). This study suggested that
retroviral vectors were safe, but only low levels of reconstituted T cells were identified
and no long term beneficial effect from the treatment was seen. Recently, successful
treatment of two ADA-SCID patients was accomplished by retrovirus vector-mediated
gene transfer to autologous CD34+ stem cells (230). In this clinical trail, the patients
received non-myeloablative conditioning prior to the infusion of gene-modified stem
cells. After the treatment, both patients showed reconstitution of multi-lineage
lymphocytes, the restoration of immune responses and reduction of toxic metabolites.
Another congenital disorder addressed successfully by gene therapy is X-linked SCID
(SCID-Xl). This X-linked hereditary disorder is caused by mutations in the gene
encoding the common cytokine receptor gamma chain (γc) which is a subunit of the
cytokine receptors for interleukins (IL) 2, 4, 7, 9, 15 and 21. Mutations in this receptor
block the development of T and NK cells. The disease can be cured by transplantation
of sibling bone marrow (256). For those who can not be treated with bone marrow
transplantation, gene therapy is a way to restore the immune activities. Recently,
Fischer’s group reported a gene therapy approach in which a MoMLV based retrovirus
vector encoding the γc cDNA was used to transduce autologous hematopoietic stem
cells that were reinfused into SCID-Xl patients (231, 258, 259). Of the 10 patients
treated with this protocol, 9 patients showed promising immunological reconstitution,
including restoration of functional T and NK cells. Apart from the success, undesired
incidents were reported in two patients after two and half years follow-up. Both patients
developed an uncontrolled clonal T cell lymphoproliferative syndrome, similar to acute
lymphoblastic leukemia (ALL) (119). By analyzing the insertion site of the retrovirus
vector, patients’ clonal T cells were shown to contain a single copy of the retroviral
provirus inserted into the promoter or the first intron of the LMO2 gene, which is a T
cell oncogene associated with the control of gene transcription (260). Thus, activation
of LMO2 is likely to contribute to T-cell leukemia of the SCID-Xl patients treated with
gene therapy. Recently, another SCID-Xl patient from the same treatment group was
reported to have cancer (261). Although the investigation of the cause is still underway,
the safety concerns of gene therapy are reinforced.
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Clinical trials in which gene therapy has been used to treat hemophilia, including Factor
VIII (F.VIII) deficiency (hemophilia A) and Factor IV (F.IV) deficiency (hemophilia),
have been reported (197, 262-264). Using different gene transfer methods, including
both virus vector-mediated and plasmid-mediated, genes encoding F.VIII and F.IV
were administrated to patients. The expression of these factors was modest, resulting in
limited efficacy in some of the patients. All of these clinical trials indicated that using
the vectors was safe for the patients.
Gene therapy of cancer has been extensively investigated in vitro and in animal models,
and the many encouraging preclinical studies have lead to the initiation of clinical gene
therapy trials on human cancer. A number of different treatment strategies, including
tumor growth suppression, boosting of host immunity, and killing cancer cells by
oncolytic vectors, have been investigated. Administration of recombinant Ad encoding
p53, a tumor suppressor, to tumor cells can suppress its growth and trigger apoptosis.
This strategy has been used in lung (265) and ovarian (266, 267) cancer treatment
clinical trials. Both of the trials showed that most of the patients expressed p53 in vivo.
In the former trial, complete and partial responses have been observed in 6 of 19
patients after three months of p53 gene administration. In addition, the strategy of using
conditionally replicating oncolytic viruses has been developed for cancer gene therapy.
This is based on the finding that Ad deleted of E1A would not replicate in normal cells,
but could grow in cells, e.g. tumor cells, lacking p53 leading the lysis of these cells.
Using E1A deleted Ad, a clinical trial has been reported in patients with head and neck
cancers and showed tumor regression in 21% of participating patients (268).
Alternative gene therapy attempts have focused on enhancing tumor immunogenicity
by introducing cytokine genes in the tumor. When plasmids carrying the IL-2 gene
were injected locally in head and neck tumors, good safety and tolerance were seen. In
terms of efficacy, however, only 1 of 11 patients benefited from the therapeutic gene
(269). In another trial, tumor cells collected from a patient were transduced by Ad
carrying the granulocyte/macrophage colony-stimulating factor (GM-CSF) gene and
then injected back into the same patient. As a result, anti-tumor immune responses were
seen (270).
Clinical trials of gene therapy for cardiovascular diseases have also been conducted.
Plasmids or Ads carrying the vascular endothelial growth factor (VEGF) or fibroblast
growth factor (FGF) genes were used in patients suffering from peripheral arterial
disease or myocardial ischemic disease, and all vectors appeared safe and clinical
treatment efficacy was accomplished (142, 271-276).
1.3

GENE THERAPY AND XENOTRANSPLANTATION

Genetic modification of xenograft donors or xenografts prior to transplantation has
been considered an efficient way to avoid rejection by the host and improve graft
function. Even though, currently there is no genetically modified xenograft that is used
in clinical transplantation, encouraging results from in vitro and in vivo experiments
foresee a promising future for this approach. To overcome xenorejection, different gene
therapy strategies have been developed for different stages of xenograft rejection. Due
to the strength of HAR and AVR, T cell-mediated rejection has been difficult to study
in vivo. Thus to date, attempts to prevent xenograft rejection by gene therapy have been
mainly directed against HAR and AVR.
Because of the importance of anti-Gal and its binding to α-Gal on porcine endothelium
for the development of HAR and AVR, a major goal has been to eliminate or down-
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regulate the expression of α-Gal on donor cells by genetic engineering. Two
predominant approaches have been used to accomplish this. Before it was possible to
use the nuclear transfer technology on pigs and to actually delete genes from the
genome by homologous recombination (277), various strategies by which injected
genetic material would prevent α-Gal biosynthesis was considered (Fig. 1). One such
strategy is based on the competition for the same lactobiose substrate (Nacetyllactosamine)
between
an
α1,2fucosyltransferase
and
the
α1,3galactosyltransferase.
Transgenic
mice
or
pigs
expressing
the
α1,2fucosyltransferase showed a reduction of α-Gal epitopes (278). In vitro and in vivo
studies have shown that this α-Gal epitope “knock-down” process increases the
resistance of xenogeneic cells to human serum-mediated lysis and prolongs the survival
of organ xenografts, respectively (279, 280). However, once the nuclear transfer
technology was adapted to pigs, the α1,3GalT encoding gene could be deleted by
homologous recombination in primary pig fibroblasts in culture. Nuclei from such cells
could then be transferred into fertilized, enucleated eggs from which a progeny was
derived that lacked theexpression of α-Gal in its tissues (281, 282). Kidneys and hearts
from α1,3GalT knock-out pigs transplanted into baboons pretreated by T-cell deletion
and the addition of anti-CD154 mAbs exhibited substantially prolonged survival times
suggesting that HAR was circumvented and AVR was weakened (28, 29). In addition,
RNA interference has been used to down-regulate α1,3GalT mRNA and thus α-Gal
expression in porcine endothelial cells (283). Whether this approach can be used also in
vivo remains to be shown.
Although the disruption of the interaction between α-Gal and its antibody can prevent
HAR and reduce AVR markedly, there may be additional donorantigens that can bind
to XNAs and trigger complement activation and subsequent xenorejection. Alternative
pathways of complement activation can also be involved. Therefore, inhibition and
prevention of the complement reaction may serve as a way to protect xenografts from
being destroyed by complement. In order to accomplish complement inhibition, the
complement regulatory proteins DAF, MCP and CD59 have been transgenically
expressed in pigs. In a pig-to-primate model, hearts from transgenic pigs co-expressing
human DAF and CD59 survived complement mediated HAR (26).
Donor organ EC activation plays pivotal role in both HAR and AVR, therefore
prevention of EC activation can weaken the rejection. It was reported that Ad mediated
gene transfer of IκBα to human and porcine EC blocked the NFκB signaling pathway,
and thereby inhibited the expression of VCAM-1, IL-1, -6, -8, and tissue factor. This
resulted in an inhibition of the adhesion of the human promyelocytic HL-60 cells to
ECs (284). When an EC stress response gene called A20 was transferred to PAEC via
Ad, the over expression of A20 protected EC from apoptosis induced by TNF-α,
Fas/CD95 and NK cells. This protection was due to the inhibition of caspase 8 by A20
(285).
Following injection of xenogenic and avascular pancreatic islets into the portal vein,
IBMIR may destroy the islet xenograft. IBMIR is characterized by platelet
consumption, complement activation and initiation of coagulation. Schmidt et al
reported that adult porcine islets expressing human DAF or CD59 following adenovirus
gene-transfer were partially protected from being lysed by human serum (286). The
same group also reported that the pancreatic islets isolated from a human DAF
transgenic pig was partially protected from lysis by human serum (287). Transduction
of the anti-apoptotic Bcl-2 gene into xenogenic islets has been shown to prolong the
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survival of transplanted islets by increased resistance to complement-mediated
cytotoxicity (288). Another strategy to protect xenogeneic islets from damage could be
to introduce into islets the gene encoding catalase, an enzyme protecting cells from
oxidative damage by converting hydrogen peroxide into water and oxygen. In vitro
experiments showed that the catalase gene when expressed in porcine pancreatic islets
partially reduced the islets’ susceptibility to oxidant stress (289). Other genes, such as
those encoding CTLA-4Ig and heme oxygenase-1, have been suggested to improve the
survival of transplanted xenogeneic islets. However, this has yet to be established.
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2 AIMS OF THE PRESENT STUDY
•

To investigate the activity and cell-specificity of the human endothelial cell
specific promoters of Flk-1, Flt-1, ICAM-2, thrombomodulin and vWf in
porcine cells

•

To assess the lentivirus transduction efficiency in, and its effects on, primary
endothelial cells

•

To evaluate the importance of lentiviral-mediated expression of α-Gal on
endothelium for its interaction with human NK cells and monocytes

•

To investigate the ability of lentiviral vector to transduce isolated rat pancreatic
islets and its effect on islet function in vivo

19

3 METHODOLOGICAL CONSIDERATIONS
Materials and methods utilized in this thesis have been described in detail in each paper
or manuscript. Here, I will give a brief description of some of the methods used.
3.1

PRIMARY ENDOTHELIAL CELLS

At 37°C in 5% CO2 and 95% humidified air, HAECs (Clonetics, Walkersville, MD;
Cascade Biologics, Portland, OR) were cultured in gelatin-coated tissue culture flasks
using EBM-2 (Clonetics) or Medium-200 (Cascade Biologics) medium. These media
were supplemented with extra components (Which components? If you don’t know,
remove this sentence) as recommended by the suppliers. HAECs used in this series of
experiments were propagated less than 13 passages.
B

B

Using established methods (What are the established methods, describe briefly),
porcine vascular and microvascular ECs were isolated from different sources, i.e. aorta
(PAEC), kidney (PKMEC), liver (PLMEC) and embryonic brain (PBMEC) (77, 290,
291). PAECs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum (FBS) or supplemented EBM-2 medium. PKMECs and
PLMECs were maintained in DMEM containing 10% FBS, whereas PBMECs were
cultured in MCDB 131 medium supplemented with 10% FBS and endothelial growth
supplements (EGM-2 single quots). All porcine ECs were cultured in gelatin (0.2%)
coated tissue culture flasks at 37°C in 5% CO2.
B

B

Porcine ECs were characterized by their cobble-stone morphology and the expression
of EC surface markers, i.e. CD31 and VCAM-1. It has been demonstrated that ECs
from different vascular beds exhibit phenotypic and functional differences (292). The
genetic inherence of different EC and the local microenvironment may cause these
differences. Indeed, in Paper I, the expression of CD31 and VCAM-1 was increased in
PLMECs and PAECs and decreased in PKMECs and PBMECs following a TNF-α
stimulation. For in vitro experiments, primary EC cultures are better than established
EC lines, as the latter may lose some EC features due to transformation and long-term
culture.
3.2

LUCIFERASE ASSAYS

A fragment was selected from each human EC specific promoter including the genes
encoding Flk-1 (fetal liver kinase-1), Flt-1 (fms-like tyrosine kinase), ICAM-2,
thrombomodulin, and vWf (von Willebrand factor), and was then cloned into the
promoter site of the pGL3-control plasmid encoding a luciferase gene. Using a
commercial kit (Promega, Madison, WI), dual-luciferase reporter assays were
performed to assess the activity of the promoter in question. Cells were co-transfected
with the pGL3 construct and an internal control plasmid, pRL-TK in a ratio of 50:1.
One day after transfection, cells were collected and lysed. After adding a substrate to
the cell lysates, the luciferase activity, which correlated to the promoter activity, was
measured using a luminometer. The luciferase reporter assay is sensitive and the
internal control included reduces intra- and inter-experimental variations.
3.3

LENTIVIRAL VECTOR SYSTEM

As described in preceding sections, in Paper II-IV, a three-plasmid lentivirus vector
system was used to introduce target genes into HAECs and rat pancreatic islets,
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respectively. The lentivirus transfer vector used included pHR’EF1αGFPSIN or
pHR’EF1αGalTSIN carrying the gene of interest controlled by the EF1α promoter. In
addition, a second generation packaging plasmid pCMVΔ8.91 containing virus
structural and regulatory genes, and an envelope plasmid pMD.G encoding a VSV-G
envelope were used (Fig. 6). In the transfer vector, the multiple cloning site is located
between restriction enzyme sites EcoRI and a 3’ KpnI flanked by the EF1α promoter
and a 3’SIN-LTR. To produce replication defective viral particles, the three plasmids
were co-transfected in 293T cells using the PEI transfection method. The cells were
then cultured in fresh culture media (2 % FCS) into which virion particles were
released. The medium was collected, filtered through a 0.45-μm filter, and concentrated
by ultracentrifugation. To determine the virus titer, 293T and HeLa cells were infected
by a virus suspension and infected cells were examined by FACS analysis. As the
transduction permissibility differs between cells, the titers determined in 293T cells
were higher than those in HeLa cells. Therefore, viral titers were determined mainly in
293T cells.
Target cells like HAECs and isolated pancreatic islets can be transduced by incubating
them with concentrated virions. However, in order to have efficient gene transfer in
different target cells, preliminary tests are needed to determine the viral transduction
efficacy. When HAECs were infected with viruses encoding green fluorescent protein
(GFP) at an MOI of 0.5, around 70% of the cells expressed GFP. Upon infection of rat
islets with viruses carrying the GFP gene at 5x103 transduction units (TU)/islet, 33% ±
8 islet cell expressed GFP.
P
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Fig. 6. The lentivirus vector system. (A) The HIV-1 transfer vector containing the
gene or cDNA of interest and the minimal cis-acting elements of HIV-1. (B) The
packaging plasmid containing the structural and regulatory genes. (C) The envelope
plasmid encoding the envelope glycoprotein of vesicular stomatitis virus (VSV-G).
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3.4

PURIFICATION OF HUMAN ANTI- α -GAL ANTIBODIES

Human anti-α-Gal Ab was purified form pooled AB serum using agarose beads with
covalently linked Gal1,3Gal disaccharides (Calbiochem, San Diego, CA). In brief, 200
ml of human serum was applied at 0.5 ml/min to a column (10 mm in diameter)
containing 4 ml of slurry (2 ml of packed beads). Thereafter, the column was
extensively washed with PBS, and bound Abs were eluted with 0.1 M glycine/HCl
(pH2.5) at 1 ml/min. Serial fractions (4 ml in each) were collected in tubes containing
0.4 ml of neutralizing buffer (1.5 M Tris/HCl, pH8.8). The absorption at 280 nm was
read spectrophotometrically, and tubes containing Abs were pooled, dialyzed against
1% PBS, lyophilized, and resuspended in distilled water. The protein concentration was
determined using the BCA Protein Assay kit (Pierce, Rockford, IL).
In this study, we used purified human anti-α-Gal Ab to assess α-Gal expression both
on cell surfaces (FACS analysis) and in whole-cell extracts (Western blotting). Purified
human anti-α-Gal Ab is more specific for α-Gal epitopes relevant to xenograft
rejection than the lectin, Griffonia simplicifolia I-B4, which has a broader specificity
and can also bind α-Gal epitopes that are not α-1,3-linked (293).
B

3.5

B

ADHESION ASSAYS

Static adhesion assays were performed by incubating one million human NK cells or
monocytes with transduced and non-transduced HAECs as well as PAECs for 15 min
at 37°C. Non-adhered cells were carefully removed by rinsing three times with
medium. The number of adhered cells was counted in ten visual fields at a
magnification of 100x.
Flow adhesion assay was carried out in a flow chamber (Glycotech, Rockville, MD)
mounted and held in place by vacuum on plastic culture dishes with confluent
monolayers of ECs. Human NK cells or monocytes in a density of 5x105 cells/ml were
perfused through the chamber at 1 Dyne/cm2 corresponding to the shear stress found in
post-capillary venules where the interactions studied are believed to occur. Following
15 min of perfusion, adhered cells were counted in ten visual fields at a magnification
of 100x.
P

P

3.6

P

P

RAT ISLET ISOLATION

Rat pancreatic islets were isolated by collagenase digestion from rats weighing 300-350
g. Briefly, under anesthesia, the abdomen was opened and the common bile duct was
clamped at both ends. The pancreas was distended by injection of 10 ml Hanks’ buffer
containing 10 mg of collagenase XI (Sigma) and 0.1 mg of DNase-1 (Sigma). The
pancreas was resected, incubated at 37°C for 15 min, and then vigorously shaken for 30
seconds. The dissociated islets were separated from exocrine debris either by handpicking or gradient centrifugation.
3.7

IN VIVO ISLET TRANSPLANTATION MODEL

In Paper IV, a rat islet-to-nude mouse xenotransplantation model was used to assess the
engraftment and function of transplanted, non-transduced and transduced rat islets.
Diabetes was induced in athymic nude mice by a single injection of streptozotocin
(STZ, 250 mg/kg body weight) via the penile vein. Rat islets, either non-transduced or
transduced with viruses encoding GFP, were cultured in vitro for 5 days, and then
transplanted under the kidney capsule of diabetic nude mice. Mice were kept for at least
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8 weeks. During this period, the mice were checked for changes in body weight, blood
glucose and glucose tolerance.
Nude mice are characterized by a low number of functional mature T-lymphocytes
because they lack a normal thymus. In this small mammal model, the innate immunity
components alone, such as complement, myeloid lineage leukocytes and NK cells, are
not sufficient to trigger the rejection of islet xenografts (294). As a result, xenografts
are accepted by nude mice. Thus, these rodents have been extensively used in various
models of xenografting aiming at investigating factors of importance of engraftment
and physiological function of islet xenografts in vivo.
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4 RESULTS AND DISCUSSION
4.1

HUMAN EC-SPECIFIC PROMOTERS OPERATE EQUALLY WELL IN
PORCINE EC AND EXHIBIT VASCULAR BED SPECIFIC
EXPRESSION LEVELS

In pig-to-human organ transplantation, the porcine vascular endothelium is one of the
premier targets of xenorejection. The activation of porcine EC plays a pivotal role for
subsequent interaction between the graft and the host immune system. Thus, genetic
modification of porcine EC, such as addition of genes encoding immunoregulatory
molecules, is believed to be a promising approach to reduce organ xenograft rejection.
To have the transgene selectively expressed in EC, it has to be controlled by ECspecific promoters. Because human EC-specific promoters are better characterized than
their porcine counterparts, using human EC specific promoters in pigs can save efforts
in isolating and characterizing the porcine counterparts of human sequences. In Paper I,
we investigated the activity and cell specificity of human EC specific promoters, i.e. the
Flk-1, Flt-1, ICAM-2, thrombomodulin and vWf promoters, in porcine ECs from
different vascular beds.

Fig.7. Functional analysis of the CMV, SV40, EF1α, Flk-1, Flt-1, ICAM-2,
thrombomodulin and vWf promoters in porcine and human aortic endothelial cells using
firefly luciferase reporter gene constructs. All constructs contained the pRL-TK vector
carrying the Renilla luciferase under the control of the Herpes simplex virus thymidine
kinase promoter to correct transfection efficiency. The luciferase activity was expressed
as a percentage of the luciferase activity seen when the CMV promoter in the pGL3
control vector was used. Both panels are essentially identical except for their Y-axis
scales.

According to the dual-luciferase reporter assay, the human Flk-1, Flt-1, ICAM-2,
thrombomodulin and vWf promoter sequences mediated expression of the luciferase
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reporter gene equally well in human and porcine primary aortic ECs. The Flk-1
promoter showed the strongest activity amongst the EC-specific promoters, followed
by the thrombomodulin, the Flt-1, the ICAM-2 and the vWf promoters (Fig. 7). The
activity of the EC-specific promoters investigated was lower in porcine non-endothelial
cell lines, e.g. PK-15 and ST, than in PAECs, which suggests that the activity of these
promoters is, to a certain degree, tissue- or cell-specific in pigs. The results indicate that
these human promoters regulate gene transcription in a similar manner in pigs, and the
interaction between transcription factors and these promoter sequences in pigs are
comparable to that in men.
However, there are reports that the regulatory mechanism of the Flk-1 sequence was
different between humans and mice (295, 296). It has been shown that the activities of
EC-specific promoters, such as those controlling transcription of tie-1, vWf and ICAM2, are discordant between in vitro and in vivo situations (297-300). Thus, our in vitro
data need to be verified in vivo in transgenic pigs to see if the promoters’ activity and
EC-specificity remain.
In Paper I, we also showed that the EC-specific promoters all had less activity in
PKMECs than in PLMECs and PBMECs. The Flk-1 and thrombomodulin promoters
showed similar activity in PLMECs and PKMECs. The Flk-1 promoter exhibited
stronger activity in PAECs and PBMECs than in other porcine ECs (Fig. 8).

Fig. 8. Functional analysis of the CMV, SV40, EF1α, Flk-1, Flt-1, ICAM-2,
thrombomodulin and vWf promoters by transfection of primary porcine aortic and
porcine liver, kidney, and brain microvascular endothelial cells with firefly luciferase
reporter gene constructs. All constructs contained the pRL-TK vector for correction of
transfection efficiency. The luciferase activity was expressed as a percentage of the
luciferase activity obtained with the CMV-pGL3 control vector. Both panels are
essentially identical except for their Y-axis scales.

Although our in vitro data show different activities of these promoters in ECs from
different vascular beds, this may not reflect the activity in different vascular beds in
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vivo because the microenvironment surrounding the cells in vivo is likely to be different
from that of in vitro cell culture and critical for EC transcriptional regulation (292).
Thus the activity of these promoters in ECs from different sources needs further
investigation.
4.2

LENTIVIRUS IS AN EFFICIENT GENE CARRIER FOR ISOLATED
HUMAN ENDOTHELIAL CELLS AND RAT PANCREATIC ISLETS

The difficulty of efficiently and stably introducing genes into primary cells and
postmitotic cells is well known. The, recently developed lentivirus vector for gene
transfer provides a tool for these tasks. In Papers II-IV, we have used a lentivirus vector
system to transduce primary HAECs and intact rat pancreatic islets.
In Papers II and III, primary HAECs were infected with virion particles carrying the
GFP reporter gene. At an MOI of 2.5, the fraction of GFP expressing HAECs reached
98.5%. Analysis of GFP expression in these cells following lentiviral transduction
showed that GFP expressing cells appeared one day after the infection. The proportion
of GFP positive cells increased in the following days, peaking on Day 5, and staying
high thereafter. The gradual increase in the number of transgene-expressing cells is
likely to be due to accumulating events at all stages of virus infection including virus
entry, reverse transcription, integration, viral gene expression, and production of target
protein. Because of random integration of viral DNA in the genome, transgene
expression levels will vary between cells within a transduced cell population. It has
been reported that rat EC become activated following Ad transduction, which precludes
the use of Ad for therapeutic purposes aiming at genetically modifying graft
endothelium (301). In present study (Paper II), using lentiviruses carrying the GFP
cDNA, we determined the effect of lentivirus transduction on EC by using flow
cytometry to detect the EC activation markers, E-selectin, VCAM-1 and MHC class II,
with or without TNF-α or IFN-γ stimulation. According to the data, lentivirus
transduction did not activate ECs and transduced HAEC were as responsive to
activation as non-transduced HAEC (Fig. 9). In Paper III, the data revealed that
following lentivirus-mediated α1,3GalT gene expression, the expression levels of Eselectin, VCAM-1 and ICAM-1 in resting as well as TNF-α stimulated ECs were as
expected with an increase in the expression of E-selectin and VCAM-1 following
activation. Thus, neither lentivirus transduction per se nor expression of the α1,3GalT
transgene influenced the expression levels of these adhesion molecules.
In order to draw a firm conclusion on the involvement of the α-Gal epitope in the
adhesion of NK cells to endothelium in our model system, it is of significance that the
α-Gal epitope density is similar between α1,3GalT-transduced HAECs and normal
PAEC. Flow cytometric analysis using human anti-α-Gal Abs revealed that the
fluorescence intensities of PAEC and α-Gal expressing HAEC were overlapping
indicating similar α-Gal epitope densities. Two populations of α-Gal epitope
expressing HAECs with distinct α-Gal epitope expression levels were identified by
flow cytometry using anti-α-Gal Abs. This may result from a regulatory event that was
not related to the expression of the transgene,
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Fig.9. Phenotypic analyses of GFP-transduced and non-transduced primary HAECs.
On Day 5, non-transduced (A, C) and transduced (B, D) primary HAECs were cultured
with or without TNF-α or IFN-γ. Following staining with PE-conjugated mAbs, the
expression of CD62E, CD106, MHC class I and II was assessed (Y axis) on GFPexpressing (B, D) and non-GFP-expressing (A, C) cells (X axis) by flow cytometry.
One representative experiment out of three is presented.
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but acted at an epigenetic level, for instance, carbohydrate precursor chain or activated
sugar-donor availability. Western blotting analysis using human anti-α-Gal Abs under
reducing conditions, PAEC and α1,3GalT transduced HAEC showed a very similar
staining pattern of the stained major protein components of 150 kDa and 155 kDa,
respectively. This finding indicates that proteins carrying precursor chains for the
α1,3GalT may be phylogenetically conserved and that the glycosylation of a particular
protein is tightly regulated.
4.3

NK CELLS AND MONOCYTES DO NOT DIRECTLY RECOGNIZE THE
α-GAL EPITOPE

Infiltration of NK cells and monocytes/microphages in xenografts is a common
phenomenon in AVR and has been suggested to involve the α-Gal epitope on the
endothelium of xenografts. However, the importance of the α-Gal epitope for leukocyte
binding and extravasation is controversial. In Papers II and III, we established an in
vitro model for studying the importance of this epitope for investigations on the
interaction between host NK cells or monocytes and endothelium.
In Papers II and III, HAECs were transduced with the α1,3GalT gene by lentivirusmediated gene transfer. The α-Gal expressing cells accounted for 70-95% of the whole
population. Using these α-Gal expressing HAECs, the effect of α-Gal epitope on
human NK cell and monocyte adhesion, and on NK cell cytotoxicity, was investigated.
No differences were seen between non-α-Gal- and α-Gal-expressing HAEC in terms of
their susceptibility to NK cell mediated lysis, capability to stimulate IFN-γ production
by NK cells, or ability to support NK cell or monocyte adhesion under static and
dynamic conditions, with or without TNF-α stimulation. Our observations are
discordant with some reports (72, 73) and concordant with others (74). There are
several potential explanations for the diversified results. First, there are many
phenotypic differences between human and porcine EC. One example is that the
porcine MHC class I molecules have been claimed to be incompatible with the NK cell
killer inhibitory receptors (63). Second, using COS cells aberrantly expressing α-Gal to
study the interaction between porcine EC and human leukocytes may not be relevant
because of the differences in the repertoire of α-Gal structures between the two
different cell types, and the lack of EC-specific cell adhesion molecules on COS cells.
Third, α-Gal binding lectins or IgG F(ab)’2 may sterically block α-Gal substituted
molecules which are involved in the conjugation of the NK cell to the target even
though the α-Gal epitope per se is not involved (302). The Griffonia simplicifolia I IB4
isolectin, has been shown to activate porcine ECs, which may affect their susceptibility
to NK cell-mediated lysis (303, 304). Finally, reducing the α-Gal epitope density on
porcine endothelium by over-expression of an α1,2 fucosyltransferase competing for
the same precursor as the α1,3GalT, or by treating ECs with an α-galactosidase
cleaving terminal α-Gal, may have profound effects on the glycosylation phenotype of
these cells. In addition, over-expression of an α1,2 fucosyltransferase may decrease the
level of sialylation thereby making the cell surface less negatively charged, which in
itself will decrease the repulsive forces between two opposing cells and thereby
increase adhesion (305, 306).
B

B

B

B
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Fig. 10. Transendothelial migration of human monocytes across PAECs, GalT-, GFPand nontransduced HAECs. The migration experiment was performed in Transwell®
inserts (pore size 8 μm, 6.5 mm in Ø) and the ECs were cultured for at least 5 days to
reach confluence. The ECs were treated with medium or human TNF-α (20 ng/ml) for
5 hrs before the assay. MCP-1 (50 ng/ml) was used as a chemotactic factor and was
added to the lower compartment. One million human monocytes were added to the
upper compartment and allowed to migrate for 2 hrs at 37°C. The migrated monocytes
were collected by centrifugation, fixed in 1% paraformaldehyde and counted in a
Bürker chamber. Results are expressed as mean ± SEM from three experiments.

In Paper III, porcine EC and non-α-Gal- and α-Gal-expressing HAEC showed similar
activity with regard to their ability to support human monocyte transendothelial
migration (Fig. 10), indicating that the α-Gal epitope expressed on porcine EC is not
directly involved in monocyte migration during xenograft rejection. In our previous
studies, porcine EC supported the migration of different human leukocytes including
monocytes, as well as did human endothelium (77). Even though porcine and human
endothelium supports monocyte migration equally well, the process may be different
on a molecular level. The migration across TNF-α-activated endothelium in the
presence of MCP-1 was decreased in all types of EC as compared with the addition of
MCP-1 alone. A possible explanation may be that TNF-α-activated endothelium
supports monocyte EC adherence to such a degree at which the cells’ migration is
prevented.
4.4

THE IN VIVO FUNCTIONAL CAPACITY OF LENTIVIRUSTRANSDUCED RAT ISLETS EQUALS THAT OF NON-TRANSDUCED
ISLETS.

Using GFP as a reporter, in Paper IV, we evaluated the transduction efficacy of the
lentivirus vector on isolated rat pancreatic islet and its effect on islet function in vitro
and in vivo. Following islet transduction with lentiviruses encoding GFP at a ratio of
5x103 TU/islet, all islets contained fluorescent cells at the end of the five-day
incubation period. Flow cytometric analysis of single cell suspensions prepared from
transduced islets showed that 33±8 % of dispersed islet cells expressed GFP. The
possible explanation for the relatively low transduction efficacy on a cellular level may
be attributed to the difficulty for the viruses to reach the islet core. However, if the
P

P

29

application is to express a secreted protein or a cell membrane bound protein that
excerts its function at the islet surface, expression limited to the peripheral cells of an
islet may suffice. Raising the number of infectious particles may facilitate the infection
of the islet core. However this may also increase the chance of multiple infections of
the same islet cells. Thus, finding the optimal ratio of virion particles to isolated
pancreatic islets is crucial to reach maximal transduction efficiency with minimal
multiple infection. Similar insulin secretion and similar ADP/ATP radios between
transduced and non-transduced rat pancreatic islets suggest that, the transduction per se
did not affect the viability and insulin secretion of the islet. In addition, we transplanted
intact and transduced rat pancreatic islets into nude mice with SZT-induced diabetes.
Transduced islets and control islets restored the animals’ euglycemia in a similar
manner. The euglycemia was maintained for at least 8 weeks until the islet-bearing
kidney was resected (Fig. 11). Under the fluorescent microscope, GFP-expressing cells
were seen in the removed kidney and in the cryosections prepared from the kidney.
Similar long term expression of transgene mediated by lentivirus in rodent pancreatic
islets has been reported by others (307).
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Fig. 11. Blood glucose levels of nude mice carrying transduced (A) or control islets
(B). Blood glucose levels were followed regularly for more than 8 weeks. Arrows
indicate the time of graftectomy.

One concern recently raised is the toxicity of the VSV-G pseudotypic viruses to islet
cells (245). However, in our in vivo transplantation studies transduced islets did not
perform worse than non-transduced islets with regard to islet engraftment and glucose
control. In hematoxylin and eosin stained paraffin sections of the islet-bearing kidney,
there was no sign of inflammatory cell infiltration into the transduced islet graft. Thus,
the lentivirus vector system used can carry out safe, stable and efficient gene transfer to
intact rat pancreatic islet.
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5 CONCLUSIONS
•

The human Flk-1, Flt-1, ICAM-2, thrombomodulin and vWf promoters
supported the same degree of luciferase activity in porcine and human ECs,
whereas the strength of these promoters is different in microvascular ECs from
porcine kidney, liver and brain.

•

In vitro, the Flk-1 and thrombomodulin promoters were the most active of the
promoters tested.

•

Lentiviruses constitute very efficient gene transfer vectors for primary EC and
lentivirus transduction does not influence the endothelial state of activation.

•

Neither under static nor flow conditions, does the α-Gal epitope contribute to
the interaction of ECs with human NK cells and monocytes. Upon human, but
not porcine, TNF-α stimulation, monocytes adhered less to porcine than to
human endothelium under the condition of flow.

•

Lentivirus transduction does not affect islet morphology or function in vitro or
in vivo, and can thus be used as a gene carrier to modify the cells in pancreatic
islets in order to improve engraftment and prevent rejection.
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6 FUTURE PROJECTS
•

The in vitro data shown in Paper I suggest the possible use of the human
endothelial-specific promoters in porcine ECs. Further in vivo investigations
need to be performed to confirm these in vitro conclusions. As shown in Papers
II and III, the lentivirus vector is an efficacious gene transfer vector for primary
endothelium. Thus, it would be interesting to subclone the human endothelialspecific promoters into the lentivirus vector and subsequently to introduce
systemically these promoter constructs followed by a reporter gene into pigs.
The EC specificity and activity will be assessed in vivo following infection.
Also producing transgenic pigs by using human endothelial-specific promoters
would be an attractive project to evaluate the specificity of these promoters in
vivo.

•

In Paper III, we have demonstrated that TNF-α from human and porcine have
different effects on the stimulation of porcine EC with regard to their ability to
support human monocyte adhesion. Even thought there is no difference in the
expression of adhesion molecules, i.e. E-selectin, VCAM-1 and ICAM-1, on
porcine EC upon stimulation with both human and porcine TNF-α, there may
be other differences in surface molecule expression following human and
porcine TNF-α stimulation. Therefore, further investigations of these
differences may indicate how monocyte migration and infiltration in AVR is
regulated in vivo.

•

We will further use the lentivirus vector to transduce rat islets with functional
genes such as programmed death-1 ligand 1 (PD-L1), which is the ligand of
programmed death-1, an inhibitory receptor expressed on activated T, B cells
and monocytes. The ability of PD-L1 expressed on the surface of islets to
perturb immune stimulation and cytotoxicity in vitro as well as to accomplish
prolonged graft survival in vivo will be investigated.

32

7 ACKNOWLEDGEMENTS
This work was performed at the Division of Clinical Immunology, Department of
Laboratory Medicine, Karolinska Institutet, Karolinska University Hospital at
Huddinge, Sweden. Here, taking this opportunity, I wish to express my sincere
gratitude to all the people who have supported me during the study, especially:
My supervisors, Associate Professor Jan Holgersson and Dr. Feng Wang, for being
excellent scientific guides and for constant support and encouragement. Jan: for
teaching me in the field of science by sharing your broad knowledge, for your
continuous considerations in all situations, and for creating a great scientific group.
Feng: for your intelligence and patience, for sharing your great knowledge both in
diabetes and in scientific writing, and for the moment of enjoying pizza together.
This thesis can not become true without detailed helps derived from you both. I am so
lucky to have you as my brother-like supervisors.
Professor Erna Möller and Professor Lennart Hammarström, former and the
present heads of the Department of Clinical Immunology, for sharing your vast
knowledge of immunology.
Present and former members of Jan’s group:
Yumei Ding, for introducing me to this lab and giving me the first introduction of the
department and the hospital. Jining Liu, for your great help of the lab work, for the
cheerful talk about the past and future, and for sharing your knowledge of molecular
biology and glycobiology. Cecilia Ehrnfelt, for your active collaboration and for
sharing the happy moment of making Jiao Zi. Jonas Löfling, for interesting in-labdiscussions of science, life and others. Anki Gustafsson, for your help of translating
Swedish and for the discussion on how to improve our memory of scientific theory.
Shushun Li and Cecilia Österholm, for the happy hours to establish and manage the
viral lab and for the moment with you to stay together with the viruses. Elenor
Hauzenberger, Lena Serrander, Rosemary She for diversified supports.
I appreciate all good moments with you all in and out of the lab.
Makiko Kumagai-Braesch, for your great help on lab work and for the invaluable
discussion of immunology.
Professor Johan Permert, for the financial support and the collaboration.
Dr. Jonas Mattsson, Anna Nordlander, Berit Sundberg, for your support and
enthusiastic collaboration.
Khalid B. Islam, Pontus Blomberg, Kristina Wikström, for your technical support
in my lentivirus vector system and for kindly providing the lab for the viral work.
All present and former colleagues in the Division of Clinical Immunology, especially:
Zhiwen Liu, for broad topics of talk ranging from science to life, from Sweden to
China and to the whole world, and for the moments of being together to play table
tennis and badminton. Yaofeng Zhao, for sharing your knowledge of molecular
biology and for being a good friend. Eva Bergdahl, for your enormous helps of all
33

situations, for your interesting talks about Swedes and Sweden and for being a
Swedish-to-English translator. Suchitra Sumitran-Holgersson, for sharing your
knowledge and experience on flow cytometry and endothelium, for providing many
important antibodies and for your tasteful spicy food. Gun-Britt Lindholm, for your
optimistic mood, vigor and unfailing help in my lab work. Mehmet Uzunel, Marie
Jaksch, Elin Norberg, Ida Rasmusson, for the happy moments of playing beach
volleyball. Bo Xu, Ellinor Lindeborg, Lotta Tammik, Carolina Holmén, Cecilia
Götherström, Dan Hauzenberger, Mats Remberger, Silvia Nava, Ami Strömberg,
Reka Conrad, Håkan Samuelsson, for creating a harmonious environment to work in.
Naradja Wissmar, Inger Hammarberg, Anita Löfgren and Monika Mäkinen, for
the great help of administrative affair.
All my Chinese friends, especially:
The family of Wenzhi Tian/Yumei Ding, for years of support and friendship. Families
of KeJun Li/Shujin Zhang, Xiaofeng Zhang/Hailing Wang for the pleasant
moments of being together, and for many supports and friendship. Families of Jinjing
Pei/ Huixin Wang, Yaofeng Zhao/Peipei Zhao, Xinjun Li/Qianren Jin, Sicheng
Wen/Jin Ding, Xiaolei Zhou/Pu Zhang, Qingyang Wu/Wenpeng Niu, Xiaoyang
Wang, Jun Nie/Hong Zhu, Yanzhong Hu/Yali Hou, Xin Ma/Qian Li, Ke
Yang/Liping Luo, Wenxin Huang/ Ping Huang, Xupeng Ge/Hongmei Li, Weihua
Zhang/Li Xu, Ming Chen/Wenjie Bao, Gensheng Wang, Zhihui Zhao, Zhiguo
Chen, for your support and encouragement.
Professor Hongxun Li, Professor Shen Chen, and Lingpo Li, for your great support
and encouragement. Professor Dongsheng Wang, Zongde Chen, Ying Du and
Xiangrong He, for your constant help. Cao Jianwei, Jie Li, Ke An, Zhe Tang, Min
Dai, Hongxiang Liu, for being close friends and for enormous encouragement.
My mother Yuanshan Shen, my brother Yu He, my sister-in-law, Lina Fu and two
lovely nieces; my parents-in-law, Yunqi Shi and Yingying Feng, and my brother-inlaw Yan Shi, for all your great love and for your years of support and encouragement. I
also wish to commit the present thesis to the memory of my late father, Junsen He. I
am glad that I conduct immunological research as he did. I think he IS as well.
U

U

Finally, my dear wife Yu Shi, for giving me a wonderful life in the past years.
This work was supported by the Juvenile Diabetes Research Foundation, the Knut &
Alice Wallenberg’s Foundation, the Swedish Diabetes Foundation, the Professor L.-E.
Gelin Foundation and the Swedish Research Council, no. K2002-06X-13031-01A. Jan
Holgersson holds a position within the program “Glycoconjugates in Biological
Systems” financed by the Swedish Foundation for Strategic Research.

34

8 REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

Shayan H. Organ transplantation: from myth to reality. J Invest Surg 2001; 14
(3): 135.
United Network for Organ Sharing (UNOS). 2003 Annual Report of the U.S.
Scientific Registry of Transplant Recipients and the Organ Procurement and
Transplantation Network: 2003 US Trends. Rockville, MD and Richmond, VA.
Armstrong JA, Porterfield JS, De Madrid AT. C-type virus particles in pig
kidney cell lines. J Gen Virol 1971; 10 (2): 195.
Todaro GJ, Benveniste RE, Lieber MM, Sherr CJ. Characterization of a type C
virus released from the porcine cell line PK(15). Virology 1974; 58 (1): 65.
Lieber MM, Sherr CJ, Benveniste RE, Todaro GJ. Biologic and immunologic
properties of porcine type C viruses. Virology 1975; 66 (2): 616.
Jin H, Inoshima Y, Wu D, Morooka A, Sentsui H. Expression of porcine
endogenous retrovirus in peripheral blood leukocytes from ten different breeds.
Transpl Infect Dis 2000; 2 (1): 11.
Patience C, Takeuchi Y, Weiss RA. Infection of human cells by an endogenous
retrovirus of pigs. Nat Med 1997; 3 (3): 282.
Wilson CA, Wong S, Muller J, Davidson CE, Rose TM, Burd P. Type C
retrovirus released from porcine primary peripheral blood mononuclear cells
infects human cells. J Virol 1998; 72 (4): 3082.
Wilson CA, Wong S, VanBrocklin M, Federspiel MJ. Extended analysis of the
in vitro tropism of porcine endogenous retrovirus. J Virol 2000; 74 (1): 49.
Martin U, Winkler ME, Id M, et al. Productive infection of primary human
endothelial cells by pig endogenous retrovirus (PERV). Xenotransplantation
2000; 7 (2): 138.
Heneine W, Tibell A, Switzer WM, et al. No evidence of infection with porcine
endogenous retrovirus in recipients of porcine islet-cell xenografts. Lancet
1998; 352 (9129): 695.
Paradis K, Langford G, Long Z, et al. Search for cross-species transmission of
porcine endogenous retrovirus in patients treated with living pig tissue. The
XEN 111 Study Group. Science 1999; 285 (5431): 1236.
Patience C, Patton GS, Takeuchi Y, et al. No evidence of pig DNA or retroviral
infection in patients with short-term extracorporeal connection to pig kidneys.
Lancet 1998; 352 (9129): 699.
Dinsmore JH, Manhart C, Raineri R, Jacoby DB, Moore A. No evidence for
infection of human cells with porcine endogenous retrovirus (PERV) after
exposure to porcine fetal neuronal cells. Transplantation 2000; 70 (9): 1382.
Xu H, Sharma A, Okabe J, et al. Serologic analysis of anti-porcine endogenous
retroviruses immune responses in humans after ex vivo transgenic pig liver
perfusion. Asaio J 2003; 49 (4): 407.
Rose AG, Cooper DK. Venular thrombosis is the key event in the pathogenesis
of antibody-mediated cardiac rejection. Xenotransplantation 2000; 7 (1): 31.
Kroshus TJ, Bolman RM, 3rd, Dalmasso AP. Selective IgM depletion prolongs
organ survival in an ex vivo model of pig-to-human xenotransplantation.
Transplantation 1996; 62 (1): 5.
Soares M, Lu X, Havaux X, et al. In vivo IgM depletion by anti-mu monoclonal
antibody therapy. The role of IgM in hyperacute vascular rejection of discordant
xenografts. Transplantation 1994; 57 (7): 1003.
Yin D, Zeng H, Ma L, et al. Cutting Edge: NK cells mediate IgG1-dependent
hyperacute rejection of xenografts. J Immunol 2004; 172 (12): 7235.
Sablinski T, Latinne D, Gianello P, et al. Xenotransplantation of pig kidneys to
nonhuman primates: I. Development of the model. Xenotransplantation 1995;
2: 264.
Pruitt SK, Baldwin WM, 3rd, Barth RN, Sanfilippo F. The effect of
xenoreactive antibody and B cell depletion on hyperacute rejection of guinea
pig-to-rat cardiac xenografts. Transplantation 1993; 56 (6): 1318.

35

22.
23.
24.
25.
26.

27.
28.
29.

30.
31.
32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.

36

Platt JL, Vercellotti GM, Lindman BJ, Oegema TR, Jr., Bach FH, Dalmasso
AP. Release of heparan sulfate from endothelial cells. Implications for
pathogenesis of hyperacute rejection. J Exp Med 1990; 171 (4): 1363.
Bach FH, Robson SC, Ferran C, et al. Endothelial cell activation and
thromboregulation during xenograft rejection. Immunol Rev 1994; 141: 5.
Xu H, Gundry SR, Hancock WW, et al. Prolonged discordant xenograft
survival and delayed xenograft rejection in a pig-to-baboon orthotopic cardiac
xenograft model. J Thorac Cardiovasc Surg 1998; 115 (6): 1342.
Adams DH, Kadner A, Chen RH, Farivar RS. Human membrane cofactor
protein (MCP, CD 46) protects transgenic pig hearts from hyperacute rejection
in primates. Xenotransplantation 2001; 8 (1): 36.
Byrne GW, McCurry KR, Martin MJ, McClellan SM, Platt JL, Logan JS.
Transgenic pigs expressing human CD59 and decay-accelerating factor produce
an intrinsic barrier to complement-mediated damage. Transplantation 1997; 63
(1): 149.
Cozzi E, Tucker AW, Langford GA, et al. Characterization of pigs transgenic
for human decay-accelerating factor. Transplantation 1997; 64 (10): 1383.
Kuwaki K, Tseng YL, Dor FJ, et al. Heart transplantation in baboons using
alpha1,3-galactosyltransferase gene-knockout pigs as donors: initial experience.
Nat Med 2005; 11 (1): 29.
Yamada K, Yazawa K, Shimizu A, et al. Marked prolongation of porcine renal
xenograft survival in baboons through the use of alpha1,3-galactosyltransferase
gene-knockout donors and the cotransplantation of vascularized thymic tissue.
Nat Med 2005; 11 (1): 32.
Blakely ML, Van der Werf WJ, Berndt MC, Dalmasso AP, Bach FH, Hancock
WW. Activation of intragraft endothelial and mononuclear cells during
discordant xenograft rejection. Transplantation 1994; 58 (10): 1059.
Platt JL, Lin SS, McGregor CG. Acute vascular rejection. Xenotransplantation
1998; 5 (3): 169.
Lin SS, Weidner BC, Byrne GW, et al. The role of antibodies in acute vascular
rejection of pig-to-baboon cardiac transplants. J Clin Invest 1998; 101 (8):
1745.
Waterworth PD, Cozzi E, Tolan MJ, et al. Pig-to-primate cardiac
xenotransplantation and cyclophosphamide therapy. Transplant Proc 1997; 29
(1-2): 899.
Gollackner B, Goh SK, Qawi I, et al. Acute vascular rejection of xenografts:
roles of natural and elicited xenoreactive antibodies in activation of vascular
endothelial cells and induction of procoagulant activity. Transplantation 2004;
77 (11): 1735.
Hancock WW. Delayed xenograft rejection. World J Surg 1997; 21 (9): 917.
Robson SC, Cooper DK, d'Apice AJ. Disordered regulation of coagulation and
platelet activation in xenotransplantation. Xenotransplantation 2000; 7 (3): 166.
Loss M, Vangerow B, Schmidtko J, et al. Acute vascular rejection is associated
with systemic complement activation in a pig-to-primate kidney xenograft
model. Xenotransplantation 2000; 7 (3): 186.
Vangerow B, Hecker JM, Lorenz R, et al. C1-Inhibitor for treatment of acute
vascular xenograft rejection in cynomolgus recipients of h-DAF transgenic
porcine kidneys. Xenotransplantation 2001; 8 (4): 266.
Kopp CW, Siegel JB, Hancock WW, et al. Effect of porcine endothelial tissue
factor pathway inhibitor on human coagulation factors. Transplantation 1997;
63 (5): 749.
Springer TA. Traffic signals for lymphocyte recirculation and leukocyte
emigration: the multistep paradigm. Cell 1994; 76 (2): 301.
Piali L, Hammel P, Uherek C, et al. CD31/PECAM-1 is a ligand for alpha v
beta 3 integrin involved in adhesion of leukocytes to endothelium. J Cell Biol
1995; 130 (2): 451.
Muller WA, Weigl SA, Deng X, Phillips DM. PECAM-1 is required for
transendothelial migration of leukocytes. J Exp Med 1993; 178 (2): 449.

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.
55.
56.
57.
58.

59.

60.

61.
62.

Ostermann G, Weber KS, Zernecke A, Schroder A, Weber C. JAM-1 is a
ligand of the beta(2) integrin LFA-1 involved in transendothelial migration of
leukocytes. Nat Immunol 2002; 3 (2): 151.
Schenkel AR, Mamdouh Z, Chen X, Liebman RM, Muller WA. CD99 plays a
major role in the migration of monocytes through endothelial junctions. Nat
Immunol 2002; 3 (2): 143.
Kostrewa D, Brockhaus M, D'Arcy A, et al. X-ray structure of junctional
adhesion molecule: structural basis for homophilic adhesion via a novel
dimerization motif. Embo J 2001; 20 (16): 4391.
Naik UP, Naik MU, Eckfeld K, Martin-DeLeon P, Spychala J. Characterization
and chromosomal localization of JAM-1, a platelet receptor for a stimulatory
monoclonal antibody. J Cell Sci 2001; 114 (Pt 3): 539.
Rollins SA, Evans MJ, Johnson KK, et al. Molecular and functional analysis of
porcine E-selectin reveals a potential role in xenograft rejection. Biochem
Biophys Res Commun 1994; 204 (2): 763.
Tsang YT, Stephens PE, Licence ST, Haskard DO, Binns RM, Robinson MK.
Porcine E-selectin: cloning and functional characterization. Immunology 1995;
85 (1): 140.
Rollins SA, Johnson KK, Li L, Birks C, Matis LA, Rother RP. Role of porcine
P-selectin in complement-dependent adhesion of human leukocytes to porcine
endothelial cells. Transplantation 2000; 69 (8): 1659.
Stocker CJ, Sugars KL, Yarwood H, et al. Cloning of porcine intercellular
adhesion molecule-1 and characterization of its induction on endothelial cells
by cytokines. Transplantation 2000; 70 (4): 579.
Simon AR, Warrens AN, Sykes M. Efficacy of adhesive interactions in pig-tohuman xenotransplantation. Immunol Today 1999; 20 (7): 323.
Robinson LA, Tu L, Steeber DA, Preis O, Platt JL, Tedder TF. The role of
adhesion molecules in human leukocyte attachment to porcine vascular
endothelium: implications for xenotransplantation. J Immunol 1998; 161 (12):
6931.
Vercellotti GM, Platt JL, Bach FH, Dalmasso AP. Neutrophil adhesion to
xenogeneic endothelium via iC3b. J Immunol 1991; 146 (2): 730.
Ehrnfelt C, Serrander L, Holgersson J. Porcine endothelium activated by antialpha-GAL antibody binding mediates increased human neutrophil adhesion
under flow. Transplantation 2003; 76 (7): 1112.
Sheikh S, Parhar R, Al-Mohanna F. Rapid static adhesion of human naive
neutrophil to naive xenoendothelium under physiologic flow is independent of
Galalpha1,3-gal structures. J Leukoc Biol 2002; 71 (6): 932.
Cardozo LA, Rouw DB, Ambrose LR, et al. The neutrophil: the unnoticed
threat in xenotransplantation? Transplantation 2004; 78 (12): 1721.
Ljunggren HG, Karre K. In search of the 'missing self': MHC molecules and
NK cell recognition. Immunol Today 1990; 11 (7): 237.
Moretta A, Vitale M, Bottino C, et al. P58 molecules as putative receptors for
major histocompatibility complex (MHC) class I molecules in human natural
killer (NK) cells. Anti-p58 antibodies reconstitute lysis of MHC class Iprotected cells in NK clones displaying different specificities. J Exp Med 1993;
178 (2): 597.
Vitale M, Sivori S, Pende D, et al. Physical and functional independency of p70
and p58 natural killer (NK) cell receptors for HLA class I: their role in the
definition of different groups of alloreactive NK cell clones. Proc Natl Acad Sci
U S A 1996; 93 (4): 1453.
Pende D, Biassoni R, Cantoni C, et al. The natural killer cell receptor specific
for HLA-A allotypes: a novel member of the p58/p70 family of inhibitory
receptors that is characterized by three immunoglobulin-like domains and is
expressed as a 140-kD disulphide-linked dimer. J Exp Med 1996; 184 (2): 505.
Colonna M, Samaridis J. Cloning of immunoglobulin-superfamily members
associated with HLA-C and HLA-B recognition by human natural killer cells.
Science 1995; 268 (5209): 405.
Braud VM, Allan DS, O'Callaghan CA, et al. HLA-E binds to natural killer cell
receptors CD94/NKG2A, B and C. Nature 1998; 391 (6669): 795.
37

63.
64.
65.

66.
67.
68.
69.
70.
71.
72.

73.

74.
75.

76.
77.

78.
79.

80.

38

Sullivan JA, Oettinger HF, Sachs DH, Edge AS. Analysis of polymorphism in
porcine MHC class I genes: alterations in signals recognized by human
cytotoxic lymphocytes. J Immunol 1997; 159 (5): 2318.
Seebach J, Yamada K, McMorrow I, Sachs D, DerSimonian H. Xenogeneic
human anti-pig cytotoxicity mediated by activated natural killer cells.
Xenotransplantation 1996; 3: 188.
Seebach JD, Comrack C, Germana S, LeGuern C, Sachs DH, DerSimonian H.
HLA-Cw3 expression on porcine endothelial cells protects against xenogeneic
cytotoxicity mediated by a subset of human NK cells. J Immunol 1997; 159 (7):
3655.
Sasaki H, Xu XC, Smith DM, Howard T, Mohanakumar T. HLA-G expression
protects porcine endothelial cells against natural killer cell-mediated xenogeneic
cytotoxicity. Transplantation 1999; 67 (1): 31.
Forte P, Matter-Reissmann UB, Strasser M, Schneider MK, Seebach JD.
Porcine aortic endothelial cells transfected with HLA-G are partially protected
from xenogeneic human NK cytotoxicity. Hum Immunol 2000; 61 (11): 1066.
Dorling A, Monk NJ, Lechler RI. HLA-G inhibits the transendothelial
migration of human NK cells. Eur J Immunol 2000; 30 (2): 586.
Dorling A, Monk N, Lechler R. HLA-G inhibits the transendothelial cell
migration of human NK cells: a strategy for inhibiting xenograft rejection.
Transplant Proc 2000; 32 (5): 938.
Forte P, Pazmany L, Matter-Reissmann UB, Stussi G, Schneider MK, Seebach
JD. HLA-G inhibits rolling adhesion of activated human NK cells on porcine
endothelial cells. J Immunol 2001; 167 (10): 6002.
Sasaki H, Xu XC, Mohanakumar T. HLA-E and HLA-G expression on porcine
endothelial cells inhibit xenoreactive human NK cells through CD94/NKG2dependent and -independent pathways. J Immunol 1999; 163 (11): 6301.
Inverardi L, Clissi B, Stolzer AL, Bender JR, Sandrin MS, Pardi R. Human
natural killer lymphocytes directly recognize evolutionarily conserved
oligosaccharide ligands expressed by xenogeneic tissues. Transplantation 1997;
63 (9): 1318.
Artrip JH, Kwiatkowski P, Michler RE, et al. Target cell susceptibility to lysis
by human natural killer cells is augmented by alpha(1,3)-galactosyltransferase
and reduced by alpha(1, 2)-fucosyltransferase. J Biol Chem 1999; 274 (16):
10717.
Sheikh S, Parhar R, Kwaasi A, et al. Alpha-gal-independent dual recognition
and activation of xenogeneic endothelial cells and human naive natural killer
cells. Transplantation 2000; 70 (6): 917.
Baumann BC, Forte P, Hawley RJ, Rieben R, Schneider MK, Seebach JD. Lack
of galactose-alpha-1,3-galactose expression on porcine endothelial cells
prevents complement-induced lysis but not direct xenogeneic NK cytotoxicity.
J Immunol 2004; 172 (10): 6460.
Schneider MK, Strasser M, Gilli UO, Kocher M, Moser R, Seebach JD. Rolling
adhesion of human NK cells to porcine endothelial cells mainly relies on
CD49d-CD106 interactions. Transplantation 2002; 73 (5): 789.
Hauzenberger E, Hauzenberger D, Hultenby K, Holgersson J. Porcine
endothelium supports transendothelial migration of human leukocyte
subpopulations: anti-porcine vascular cell adhesion molecule antibodies as
species-specific blockers of transendothelial monocyte and natural killer cell
migration. Transplantation 2000; 69 (9): 1837.
Liu J, Qian Y, Holgersson J. Removal of xenoreactive human anti-pig
antibodies by absorption on recombinant mucin-containing glycoproteins
carrying the Gal alpha1,3Gal epitope. Transplantation 1997; 63 (11): 1673.
Matter-Reissmann UB, Forte P, Schneider MK, Filgueira L, Groscurth P,
Seebach JD. Xenogeneic human NK cytotoxicity against porcine endothelial
cells is perforin/granzyme B dependent and not inhibited by Bcl-2
overexpression. Xenotransplantation 2002; 9 (5): 325.
Hancock WW, Miyatake T, Koyamada N, et al. Effects of leflunomide and
deoxyspergualin in the guinea pig-->rat cardiac model of delayed xenograft

81.

82.

83.
84.
85.

86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.

98.

rejection: suppression of B cell and C-C chemokine responses but not induction
of macrophage lectin. Transplantation 1997; 64 (5): 696.
Candinas D, Belliveau S, Koyamada N, et al. T cell independence of
macrophage and natural killer cell infiltration, cytokine production, and
endothelial activation during delayed xenograft rejection. Transplantation 1996;
62 (12): 1920.
Itescu S, Kwiatkowski P, Artrip JH, et al. Role of natural killer cells,
macrophages, and accessory molecule interactions in the rejection of pig-toprimate xenografts beyond the hyperacute period. Hum Immunol 1998; 59 (5):
275.
Lin Y, Vandeputte M, Waer M. Contribution of activated macrophages to the
process of delayed xenograft rejection. Transplantation 1997; 64 (12): 1677.
Xia G, Ji P, Rutgeerts O, Waer M. Natural killer cell- and macrophage mediated
discordant guinea pig-->rat xenograft rejection in the absence of complement,
xenoantibody and T cell immunity. Transplantation 2000; 70 (1): 86.
Wu G, Korsgren O, van Rooijen N, Wennberg L, Tibell A. The effect of
macrophage depletion on delayed xenograft rejection: studies in the guinea pigto-C6-deficient rat heart transplantation model. Xenotransplantation 1999; 6
(4): 262.
van Overdam KA, Verbakel CA, Kouwenhoven EA, et al. Negligible role for
NK cells and macrophages in delayed xenograft rejection. Transpl Int 2000; 13
Suppl 1: S504.
Kwiatkowski P, Artrip JH, Ankersmit J, et al. Importance of CD49d-VCAM
interactions in human monocyte adhesion to porcine endothelium.
Xenotransplantation 1998; 5 (1): 67.
Kwiatkowski P, Artrip JH, Edwards NM, et al. High-level porcine endothelial
cell expression of alpha(1,2)-fucosyltransferase reduces human monocyte
adhesion and activation. Transplantation 1999; 67 (2): 219.
Kwiatkowski P, Artrip JH, Michler RE, et al. Human monocytes bind to ligands
on porcine endothelium containing the gal alpha (1,3)-Gal antigen. Transplant
Proc 2000; 32 (5): 931.
Kwiatkowski P, Artrip JH, Wang SF, Michler RE, Itescu S. Human monocytes
bind to two distinct carbohydrate capping structures on porcine endothelium.
Transplant Proc 2000; 32 (5): 927.
Bach FH, Ferran C, Hechenleitner P, et al. Accommodation of vascularized
xenografts: expression of "protective genes" by donor endothelial cells in a host
Th2 cytokine environment. Nat Med 1997; 3 (2): 196.
Lin Y, Soares MP, Sato K, et al. Accommodated xenografts survive in the
presence of anti-donor antibodies and complement that precipitate rejection of
naive xenografts. J Immunol 1999; 163 (5): 2850.
Badrichani AZ, Stroka DM, Bilbao G, Curiel DT, Bach FH, Ferran C. Bcl-2
and Bcl-XL serve an anti-inflammatory function in endothelial cells through
inhibition of NF-kappaB. J Clin Invest 1999; 103 (4): 543.
Costa C, Brokaw JL, Wang Y, Fodor WL. Delayed rejection of porcine
cartilage is averted by transgenic expression of alpha1,2-fucosyltransferase.
Faseb J 2003; 17 (1): 109.
Soares MP, Brouard S, Smith RN, Bach FH. Heme oxygenase-1, a protective
gene that prevents the rejection of transplanted organs. Immunol Rev 2001;
184: 275.
Sebille F, Guillet M, Brouard S, et al. T-cell-mediated rejection of vascularized
xenografts in the absence of induced anti-donor antibody response. Am J
Transplant 2001; 1 (1): 21.
Yamada K, Sachs DH, DerSimonian H. Human anti-porcine xenogeneic T cell
response. Evidence for allelic specificity of mixed leukocyte reaction and for
both direct and indirect pathways of recognition. J Immunol 1995; 155 (11):
5249.
Dorling A, Lombardi G, Binns R, Lechler RI. Detection of primary direct and
indirect human anti-porcine T cell responses using a porcine dendritic cell
population. Eur J Immunol 1996; 26 (6): 1378.

39

99.
100.
101.
102.
103.

104.
105.
106.

107.
108.
109.
110.

111.
112.
113.
114.
115.
116.
117.

40

Andersson A, Korsgren O, Jansson L. Intraportally transplanted pancreatic
islets revascularized from hepatic arterial system. Diabetes 1989; 38 Suppl 1:
192.
Menger MD, Jaeger S, Walter P, Feifel G, Hammersen F, Messmer K.
Angiogenesis and hemodynamics of microvasculature of transplanted islets of
Langerhans. Diabetes 1989; 38 Suppl 1: 199.
Vajkoczy P, Menger MD, Simpson E, Messmer K. Angiogenesis and
vascularization of murine pancreatic islet isografts. Transplantation 1995; 60
(2): 123.
Bennet W, Sundberg B, Groth CG, et al. Incompatibility between human blood
and isolated islets of Langerhans: a finding with implications for clinical
intraportal islet transplantation? Diabetes 1999; 48 (10): 1907.
Bennet W, Sundberg B, Lundgren T, et al. Damage to porcine islets of
Langerhans after exposure to human blood in vitro, or after intraportal
transplantation to cynomologus monkeys: protective effects of sCR1 and
heparin. Transplantation 2000; 69 (5): 711.
Moberg L, Johansson H, Lukinius A, et al. Production of tissue factor by
pancreatic islet cells as a trigger of detrimental thrombotic reactions in clinical
islet transplantation. Lancet 2002; 360 (9350): 2039.
Moberg L, Olsson A, Berne C, et al. Nicotinamide inhibits tissue factor
expression in isolated human pancreatic islets: implications for clinical islet
transplantation. Transplantation 2003; 76 (9): 1285.
Goto M, Johansson H, Maeda A, Elgue G, Korsgren O, Nilsson B. Low
molecular weight dextran sulfate prevents the instant blood-mediated
inflammatory reaction induced by adult porcine islets. Transplantation 2004; 77
(5): 741.
Simeonovic CJ, Ceredig R, Wilson JD. Effect of GK1.5 monoclonal antibody
dosage on survival of pig proislet xenografts in CD4+ T cell-depleted mice.
Transplantation 1990; 49 (5): 849.
Simeonovic CJ, Wilson JD, Ceredig R. Antibody-induced rejection of pig
proislet xenografts in CD4+ T cell-depleted diabetic mice. Transplantation
1990; 50 (4): 657.
Friedman T, Smith RN, Colvin RB, Iacomini J. A critical role for human CD4+
T-cells in rejection of porcine islet cell xenografts. Diabetes 1999; 48 (12):
2340.
Fox A, Koulmanda M, Mandel TE, van Rooijen N, Harrison LC. Evidence that
macrophages are required for T-cell infiltration and rejection of fetal pig
pancreas xenografts in nonobese diabetic mice. Transplantation 1998; 66 (11):
1407.
Wu G, Korsgren O, Zhang J, Song Z, van Rooijen N, Tibell A. Pig islet
xenograft rejection is markedly delayed in macrophage-depleted mice: a study
in streptozotocin diabetic animals. Xenotransplantation 2000; 7 (3): 214.
Yi S, Hawthorne WJ, Lehnert AM, et al. T cell-activated macrophages are
capable of both recognition and rejection of pancreatic islet xenografts. J
Immunol 2003; 170 (5): 2750.
Solomon MF, Kuziel WA, Mann DA, Simeonovic CJ. The role of chemokines
and their receptors in the rejection of pig islet tissue xenografts.
Xenotransplantation 2003; 10 (2): 164.
Ehrnfelt C, Kumagai-Braesch M, Uzunel M, Holgersson J. Adult porcine islets
produce MCP-1 and recruit human monocytes in vitro. Xenotransplantation
2004; 11 (2): 184.
Soderlund J, Wennberg L, Castanos-Velez E, et al. Fetal porcine islet-like cell
clusters transplanted to cynomolgus monkeys: an immunohistochemical study.
Transplantation 1999; 67 (6): 784.
Karlsson-Parra A, Ridderstad A, Wallgren AC, Moller E, Ljunggren HG,
Korsgren O. Xenograft rejection of porcine islet-like cell clusters in normal and
natural killer cell-depleted mice. Transplantation 1996; 61 (9): 1313.
Simeonovic CJ, Townsend MJ, Wilson JD, et al. Eosinophils are not required
for the rejection of neovascularized fetal pig proislet xenografts in mice. J
Immunol 1997; 158 (5): 2490.

118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.

129.
130.
131.
132.
133.
134.

135.
136.
137.
138.
139.

Hacein-Bey-Abina S, Von Kalle C, Schmidt M, et al. LMO2-associated clonal
T cell proliferation in two patients after gene therapy for SCID-X1. Science
2003; 302 (5644): 415.
Hacein-Bey-Abina S, von Kalle C, Schmidt M, et al. A serious adverse event
after successful gene therapy for X-linked severe combined immunodeficiency.
N Engl J Med 2003; 348 (3): 255.
Wolff JA, Malone RW, Williams P, et al. Direct gene transfer into mouse
muscle in vivo. Science 1990; 247 (4949 Pt 1): 1465.
Hickman MA, Malone RW, Lehmann-Bruinsma K, et al. Gene expression
following direct injection of DNA into liver. Hum Gene Ther 1994; 5 (12):
1477.
Budker V, Zhang G, Knechtle S, Wolff JA. Naked DNA delivered intraportally
expresses efficiently in hepatocytes. Gene Ther 1996; 3 (7): 593.
Condon C, Watkins SC, Celluzzi CM, Thompson K, Falo LD, Jr. DNA-based
immunization by in vivo transfection of dendritic cells. Nat Med 1996; 2 (10):
1122.
Yoo JJ, Soker S, Lin LF, Mehegan K, Guthrie PD, Atala A. Direct in vivo gene
transfer to urological organs. J Urol 1999; 162 (3 Pt 2): 1115.
Sikes ML, O'Malley BW, Jr., Finegold MJ, Ledley FD. In vivo gene transfer
into rabbit thyroid follicular cells by direct DNA injection. Hum Gene Ther
1994; 5 (7): 837.
Zhang G, Budker V, Wolff JA. High levels of foreign gene expression in
hepatocytes after tail vein injections of naked plasmid DNA. Hum Gene Ther
1999; 10 (10): 1735.
Yang NS, Burkholder J, Roberts B, Martinell B, McCabe D. In vivo and in
vitro gene transfer to mammalian somatic cells by particle bombardment. Proc
Natl Acad Sci U S A 1990; 87 (24): 9568.
Yoshida S, Kashiwamura SI, Hosoya Y, et al. Direct immunization of malaria
DNA vaccine into the liver by gene gun protects against lethal challenge of
Plasmodium berghei sporozoite. Biochem Biophys Res Commun 2000; 271 (1):
107.
Kuriyama S, Mitoro A, Tsujinoue H, et al. Particle-mediated gene transfer into
murine livers using a newly developed gene gun. Gene Ther 2000; 7 (13): 1132.
Somiari S, Glasspool-Malone J, Drabick JJ, et al. Theory and in vivo
application of electroporative gene delivery. Mol Ther 2000; 2 (3): 178.
Heller R, Jaroszeski M, Atkin A, et al. In vivo gene electroinjection and
expression in rat liver. FEBS Lett 1996; 389 (3): 225.
Aihara H, Miyazaki J. Gene transfer into muscle by electroporation in vivo. Nat
Biotechnol 1998; 16 (9): 867.
Bettan M, Emmanuel F, Darteil R, et al. High-level protein secretion into blood
circulation after electric pulse-mediated gene transfer into skeletal muscle. Mol
Ther 2000; 2 (3): 204.
Zhang L, Li L, Hoffmann GA, Hoffman RM. Depth-targeted efficient gene
delivery and expression in the skin by pulsed electric fields: an approach to
gene therapy of skin aging and other diseases. Biochem Biophys Res Commun
1996; 220 (3): 633.
Rols MP, Delteil C, Golzio M, Dumond P, Cros S, Teissie J. In vivo electrically
mediated protein and gene transfer in murine melanoma. Nat Biotechnol 1998;
16 (2): 168.
Suzuki T, Shin BC, Fujikura K, Matsuzaki T, Takata K. Direct gene transfer
into rat liver cells by in vivo electroporation. FEBS Lett 1998; 425 (3): 436.
Hartikka J, Sukhu L, Buchner C, et al. Electroporation-facilitated delivery of
plasmid DNA in skeletal muscle: plasmid dependence of muscle damage and
effect of poloxamer 188. Mol Ther 2001; 4 (5): 407.
Liu F, Huang L. A syringe electrode device for simultaneous injection of DNA
and electrotransfer. Mol Ther 2002; 5 (3): 323.
Danialou G, Comtois AS, Dudley RW, et al. Ultrasound increases plasmidmediated gene transfer to dystrophic muscles without collateral damage. Mol
Ther 2002; 6 (5): 687.

41

140.
141.
142.

143.

144.
145.

146.
147.

148.
149.
150.
151.

152.
153.
154.
155.
156.
157.
158.

42

Taniyama Y, Tachibana K, Hiraoka K, et al. Local delivery of plasmid DNA
into rat carotid artery using ultrasound. Circulation 2002; 105 (10): 1233.
Lu QL, Liang HD, Partridge T, Blomley MJ. Microbubble ultrasound improves
the efficiency of gene transduction in skeletal muscle in vivo with reduced
tissue damage. Gene Ther 2003; 10 (5): 396.
Comerota AJ, Throm RC, Miller KA, et al. Naked plasmid DNA encoding
fibroblast growth factor type 1 for the treatment of end-stage unreconstructible
lower extremity ischemia: preliminary results of a phase I trial. J Vasc Surg
2002; 35 (5): 930.
Fortuin FD, Vale P, Losordo DW, et al. One-year follow-up of direct
myocardial gene transfer of vascular endothelial growth factor-2 using naked
plasmid deoxyribonucleic acid by way of thoracotomy in no-option patients.
Am J Cardiol 2003; 92 (4): 436.
Kim HJ, Jang SY, Park JI, et al. Vascular endothelial growth factor-induced
angiogenic gene therapy in patients with peripheral artery disease. Exp Mol
Med 2004; 36 (4): 336.
Losordo DW, Vale PR, Hendel RC, et al. Phase 1/2 placebo-controlled, doubleblind, dose-escalating trial of myocardial vascular endothelial growth factor 2
gene transfer by catheter delivery in patients with chronic myocardial ischemia.
Circulation 2002; 105 (17): 2012.
Gao X, Huang L. Cationic liposome-mediated gene transfer. Gene Ther 1995; 2
(10): 710.
Miller CR, Bondurant B, McLean SD, McGovern KA, O'Brien DF. Liposomecell interactions in vitro: effect of liposome surface charge on the binding and
endocytosis of conventional and sterically stabilized liposomes. Biochemistry
1998; 37 (37): 12875.
Farhood H, Serbina N, Huang L. The role of dioleoyl
phosphatidylethanolamine in cationic liposome mediated gene transfer.
Biochim Biophys Acta 1995; 1235 (2): 289.
Lee ER, Marshall J, Siegel CS, et al. Detailed analysis of structures and
formulations of cationic lipids for efficient gene transfer to the lung. Hum Gene
Ther 1996; 7 (14): 1701.
Wheeler CJ, Felgner PL, Tsai YJ, et al. A novel cationic lipid greatly enhances
plasmid DNA delivery and expression in mouse lung. Proc Natl Acad Sci U S
A 1996; 93 (21): 11454.
Hong K, Zheng W, Baker A, Papahadjopoulos D. Stabilization of cationic
liposome-plasmid DNA complexes by polyamines and poly(ethylene glycol)phospholipid conjugates for efficient in vivo gene delivery. FEBS Lett 1997;
400 (2): 233.
Li S, Huang L. In vivo gene transfer via intravenous administration of cationic
lipid-protamine-DNA (LPD) complexes. Gene Ther 1997; 4 (9): 891.
Liu F, Qi H, Huang L, Liu D. Factors controlling the efficiency of cationic
lipid-mediated transfection in vivo via intravenous administration. Gene Ther
1997; 4 (6): 517.
Liu Y, Mounkes LC, Liggitt HD, et al. Factors influencing the efficiency of
cationic liposome-mediated intravenous gene delivery. Nat Biotechnol 1997; 15
(2): 167.
Templeton NS, Lasic DD, Frederik PM, Strey HH, Roberts DD, Pavlakis GN.
Improved DNA: liposome complexes for increased systemic delivery and gene
expression. Nat Biotechnol 1997; 15 (7): 647.
Yu D, Matin A, Xia W, Sorgi F, Huang L, Hung MC. Liposome-mediated in
vivo E1A gene transfer suppressed dissemination of ovarian cancer cells that
overexpress HER-2/neu. Oncogene 1995; 11 (7): 1383.
Boussif O, Lezoualc'h F, Zanta MA, et al. A versatile vector for gene and
oligonucleotide transfer into cells in culture and in vivo: polyethylenimine. Proc
Natl Acad Sci U S A 1995; 92 (16): 7297.
Abdallah B, Hassan A, Benoist C, Goula D, Behr JP, Demeneix BA. A
powerful nonviral vector for in vivo gene transfer into the adult mammalian
brain: polyethylenimine. Hum Gene Ther 1996; 7 (16): 1947.

159.
160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.

172.
173.
174.
175.
176.
177.

Ferrari S, Moro E, Pettenazzo A, Behr JP, Zacchello F, Scarpa M. ExGen 500 is
an efficient vector for gene delivery to lung epithelial cells in vitro and in vivo.
Gene Ther 1997; 4 (10): 1100.
Boletta A, Benigni A, Lutz J, Remuzzi G, Soria MR, Monaco L. Nonviral gene
delivery to the rat kidney with polyethylenimine. Hum Gene Ther 1997; 8 (10):
1243.
Gharwan H, Wightman L, Kircheis R, Wagner E, Zatloukal K. Nonviral gene
transfer into fetal mouse livers (a comparison between the cationic polymer PEI
and naked DNA). Gene Ther 2003; 10 (9): 810.
Wightman L, Kircheis R, Rossler V, et al. Different behavior of branched and
linear polyethylenimine for gene delivery in vitro and in vivo. J Gene Med
2001; 3 (4): 362.
Shenk T. Adenoviridae: the viruses and their replication. In: Fields B, Howley
P, Griffin D, et al., eds. Virology. Philadelphia: Lippincott Williams & Wilkins,
2001: 2265.
McConnell MJ, Imperiale MJ. Biology of adenovirus and its use as a vector for
gene therapy. Hum Gene Ther 2004; 15 (11): 1022.
Berkner KL. Development of adenovirus vectors for the expression of
heterologous genes. Biotechniques 1988; 6 (7): 616.
Simon RH, Engelhardt JF, Yang Y, et al. Adenovirus-mediated transfer of the
CFTR gene to lung of nonhuman primates: toxicity study. Hum Gene Ther
1993; 4 (6): 771.
Yang Y, Li Q, Ertl HC, Wilson JM. Cellular and humoral immune responses to
viral antigens create barriers to lung-directed gene therapy with recombinant
adenoviruses. J Virol 1995; 69 (4): 2004.
Engelhardt JF, Ye X, Doranz B, Wilson JM. Ablation of E2A in recombinant
adenoviruses improves transgene persistence and decreases inflammatory
response in mouse liver. Proc Natl Acad Sci U S A 1994; 91 (13): 6196.
Gao GP, Yang Y, Wilson JM. Biology of adenovirus vectors with E1 and E4
deletions for liver-directed gene therapy. J Virol 1996; 70 (12): 8934.
Yeh P, Dedieu JF, Orsini C, Vigne E, Denefle P, Perricaudet M. Efficient dual
transcomplementation of adenovirus E1 and E4 regions from a 293-derived cell
line expressing a minimal E4 functional unit. J Virol 1996; 70 (1): 559.
Kochanek S, Clemens PR, Mitani K, Chen HH, Chan S, Caskey CT. A new
adenoviral vector: Replacement of all viral coding sequences with 28 kb of
DNA independently expressing both full-length dystrophin and betagalactosidase. Proc Natl Acad Sci U S A 1996; 93 (12): 5731.
Fisher KJ, Choi H, Burda J, Chen SJ, Wilson JM. Recombinant adenovirus
deleted of all viral genes for gene therapy of cystic fibrosis. Virology 1996; 217
(1): 11.
Clemens PR, Kochanek S, Sunada Y, et al. In vivo muscle gene transfer of fulllength dystrophin with an adenoviral vector that lacks all viral genes. Gene Ther
1996; 3 (11): 965.
French BA, Mazur W, Geske RS, Bolli R. Direct in vivo gene transfer into
porcine myocardium using replication-deficient adenoviral vectors. Circulation
1994; 90 (5): 2414.
Li Q, Kay MA, Finegold M, Stratford-Perricaudet LD, Woo SL. Assessment of
recombinant adenoviral vectors for hepatic gene therapy. Hum Gene Ther 1993;
4 (4): 403.
Moullier P, Friedlander G, Calise D, Ronco P, Perricaudet M, Ferry N.
Adenoviral-mediated gene transfer to renal tubular cells in vivo. Kidney Int
1994; 45 (4): 1220.
Journal of Gene Medicine Clinical Trials Website.
http://www.wiley.co.uk/genetherapy/clinical/.
Xiao X, Li J, Samulski RJ. Production of high-titer recombinant adenoassociated virus vectors in the absence of helper adenovirus. J Virol 1998; 72
(3): 2224.
Liu X, Voulgaropoulou F, Chen R, Johnson PR, Clark KR. Selective Rep-Cap
gene amplification as a mechanism for high-titer recombinant AAV production
from stable cell lines. Mol Ther 2000; 2 (4): 394.
HTU

178.
179.

UTH

43

180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.
194.
195.
196.

197.
198.
199.

44

Qiao C, Li J, Skold A, Zhang X, Xiao X. Feasibility of generating adenoassociated virus packaging cell lines containing inducible adenovirus helper
genes. J Virol 2002; 76 (4): 1904.
Fisher KJ, Jooss K, Alston J, et al. Recombinant adeno-associated virus for
muscle directed gene therapy. Nat Med 1997; 3 (3): 306.
Nakai H, Iwaki Y, Kay MA, Couto LB. Isolation of recombinant adenoassociated virus vector-cellular DNA junctions from mouse liver. J Virol 1999;
73 (7): 5438.
Wu P, Phillips MI, Bui J, Terwilliger EF. Adeno-associated virus vectormediated transgene integration into neurons and other nondividing cell targets. J
Virol 1998; 72 (7): 5919.
Malik AK, Monahan PE, Allen DL, Chen BG, Samulski RJ, Kurachi K.
Kinetics of recombinant adeno-associated virus-mediated gene transfer. J Virol
2000; 74 (8): 3555.
Nakai H, Yant SR, Storm TA, Fuess S, Meuse L, Kay MA. Extrachromosomal
recombinant adeno-associated virus vector genomes are primarily responsible
for stable liver transduction in vivo. J Virol 2001; 75 (15): 6969.
Chirmule N, Xiao W, Truneh A, et al. Humoral immunity to adeno-associated
virus type 2 vectors following administration to murine and nonhuman primate
muscle. J Virol 2000; 74 (5): 2420.
Xiao W, Chirmule N, Berta SC, McCullough B, Gao G, Wilson JM. Gene
therapy vectors based on adeno-associated virus type 1. J Virol 1999; 73 (5):
3994.
Zaiss AK, Liu Q, Bowen GP, Wong NC, Bartlett JS, Muruve DA. Differential
activation of innate immune responses by adenovirus and adeno-associated
virus vectors. J Virol 2002; 76 (9): 4580.
Xiao W, Berta SC, Lu MM, Moscioni AD, Tazelaar J, Wilson JM. Adenoassociated virus as a vector for liver-directed gene therapy. J Virol 1998; 72
(12): 10222.
Snyder RO, Miao CH, Patijn GA, et al. Persistent and therapeutic
concentrations of human factor IX in mice after hepatic gene transfer of
recombinant AAV vectors. Nat Genet 1997; 16 (3): 270.
Rivera VM, Ye X, Courage NL, et al. Long-term regulated expression of
growth hormone in mice after intramuscular gene transfer. Proc Natl Acad Sci
U S A 1999; 96 (15): 8657.
Xiao X, Li J, Samulski RJ. Efficient long-term gene transfer into muscle tissue
of immunocompetent mice by adeno-associated virus vector. J Virol 1996; 70
(11): 8098.
Kaplitt MG, Xiao X, Samulski RJ, et al. Long-term gene transfer in porcine
myocardium after coronary infusion of an adeno-associated virus vector. Ann
Thorac Surg 1996; 62 (6): 1669.
During MJ, Samulski RJ, Elsworth JD, et al. In vivo expression of therapeutic
human genes for dopamine production in the caudates of MPTP-treated
monkeys using an AAV vector. Gene Ther 1998; 5 (6): 820.
Conrad CK, Allen SS, Afione SA, et al. Safety of single-dose administration of
an adeno-associated virus (AAV)-CFTR vector in the primate lung. Gene Ther
1996; 3 (8): 658.
Wagner JA, Nepomuceno IB, Messner AH, et al. A phase II, double-blind,
randomized, placebo-controlled clinical trial of tgAAVCF using maxillary sinus
delivery in patients with cystic fibrosis with antrostomies. Hum Gene Ther
2002; 13 (11): 1349.
Kay MA, Manno CS, Ragni MV, et al. Evidence for gene transfer and
expression of factor IX in haemophilia B patients treated with an AAV vector.
Nat Genet 2000; 24 (3): 257.
Krisky DM, Wolfe D, Goins WF, et al. Deletion of multiple immediate-early
genes from herpes simplex virus reduces cytotoxicity and permits long-term
gene expression in neurons. Gene Ther 1998; 5 (12): 1593.
Samaniego LA, Neiderhiser L, DeLuca NA. Persistence and expression of the
herpes simplex virus genome in the absence of immediate-early proteins. J
Virol 1998; 72 (4): 3307.

200.

201.
202.
203.
204.
205.

206.
207.
208.
209.
210.
211.
212.
213.
214.
215.
216.
217.
218.
219.

Wu N, Watkins SC, Schaffer PA, DeLuca NA. Prolonged gene expression and
cell survival after infection by a herpes simplex virus mutant defective in the
immediate-early genes encoding ICP4, ICP27, and ICP22. J Virol 1996; 70 (9):
6358.
Sena-Esteves M, Saeki Y, Fraefel C, Breakefield XO. HSV-1 amplicon vectors-simplicity and versatility. Mol Ther 2000; 2 (1): 9.
Logvinoff C, Epstein AL. A novel approach for herpes simplex virus type 1
amplicon vector production, using the Cre-loxP recombination system to
remove helper virus. Hum Gene Ther 2001; 12 (2): 161.
Olschowka JA, Bowers WJ, Hurley SD, Mastrangelo MA, Federoff HJ. Helperfree HSV-1 amplicons elicit a markedly less robust innate immune response in
the CNS. Mol Ther 2003; 7 (2): 218.
During MJ, Naegele JR, O'Malley KL, Geller AI. Long-term behavioral
recovery in parkinsonian rats by an HSV vector expressing tyrosine
hydroxylase. Science 1994; 266 (5189): 1399.
Sun M, Zhang GR, Kong L, et al. Correction of a rat model of Parkinson's
disease by coexpression of tyrosine hydroxylase and aromatic amino acid
decarboxylase from a helper virus-free herpes simplex virus type 1 vector. Hum
Gene Ther 2003; 14 (5): 415.
Goss JR, Mata M, Goins WF, Wu HH, Glorioso JC, Fink DJ. Antinociceptive
effect of a genomic herpes simplex virus-based vector expressing human
proenkephalin in rat dorsal root ganglion. Gene Ther 2001; 8 (7): 551.
Goss JR, Harley CF, Mata M, et al. Herpes vector-mediated expression of
proenkephalin reduces bone cancer pain. Ann Neurol 2002; 52 (5): 662.
Yeomans DC, Jones T, Laurito CE, Lu Y, Wilson SP. Reversal of ongoing
thermal hyperalgesia in mice by a recombinant herpesvirus that encodes human
preproenkephalin. Mol Ther 2004; 9 (1): 24.
Goff S. Retroviridae: the viruses and their replication. In: Fields B, Howley P,
Griffin D, et al., eds. Virology. Philadelphia: Lippincott Williams & Wilkins,
2001: 1871.
Cherington V, Morgan B, Spiegelman BM, Roberts TM. Recombinant
retroviruses that transduce individual polyoma tumor antigens: effects on
growth and differentiation. Proc Natl Acad Sci U S A 1986; 83 (12): 4307.
Hughes S, Kosik E. Mutagenesis of the region between env and src of the SR-A
strain of Rous sarcoma virus for the purpose of constructing helper-independent
vectors. Virology 1984; 136 (1): 89.
Weighous TF, Cornette JC, Sharma SK, Tarpley WG. Secretion of
enzymatically active human renin from mammalian cells using an avian
retroviral vector. Gene 1986; 45 (2): 121.
Federspiel MJ, Swing DA, Eagleson B, Reid SW, Hughes SH. Expression of
transduced genes in mice generated by infecting blastocysts with avian leukosis
virus-based retroviral vectors. Proc Natl Acad Sci U S A 1996; 93 (10): 4931.
Mann R, Mulligan RC, Baltimore D. Construction of a retrovirus packaging
mutant and its use to produce helper-free defective retrovirus. Cell 1983; 33 (1):
153.
Cone RD, Mulligan RC. High-efficiency gene transfer into mammalian cells:
generation of helper-free recombinant retrovirus with broad mammalian host
range. Proc Natl Acad Sci U S A 1984; 81 (20): 6349.
Miller AD, Buttimore C. Redesign of retrovirus packaging cell lines to avoid
recombination leading to helper virus production. Mol Cell Biol 1986; 6 (8):
2895.
Markowitz D, Goff S, Bank A. A safe packaging line for gene transfer:
separating viral genes on two different plasmids. J Virol 1988; 62 (4): 1120.
Dougherty JP, Wisniewski R, Yang SL, Rhode BW, Temin HM. New
retrovirus helper cells with almost no nucleotide sequence homology to
retrovirus vectors. J Virol 1989; 63 (7): 3209.
Pear WS, Nolan GP, Scott ML, Baltimore D. Production of high-titer helperfree retroviruses by transient transfection. Proc Natl Acad Sci U S A 1993; 90
(18): 8392.

45

220.
221.

222.

223.
224.
225.
226.
227.
228.
229.

230.
231.
232.
233.
234.
235.
236.

237.
238.
239.

46

Soneoka Y, Cannon PM, Ramsdale EE, et al. A transient three-plasmid
expression system for the production of high titer retroviral vectors. Nucleic
Acids Res 1995; 23 (4): 628.
Burns JC, Friedmann T, Driever W, Burrascano M, Yee JK. Vesicular
stomatitis virus G glycoprotein pseudotyped retroviral vectors: concentration to
very high titer and efficient gene transfer into mammalian and nonmammalian
cells. Proc Natl Acad Sci U S A 1993; 90 (17): 8033.
Yang Y, Vanin EF, Whitt MA, et al. Inducible, high-level production of
infectious murine leukemia retroviral vector particles pseudotyped with
vesicular stomatitis virus G envelope protein. Hum Gene Ther 1995; 6 (9):
1203.
Yee JK, Friedmann T, Burns JC. Generation of high-titer pseudotyped retroviral
vectors with very broad host range. Methods Cell Biol 1994; 43 Pt A: 99.
Sharma S, Cantwell M, Kipps TJ, Friedmann T. Efficient infection of a human
T-cell line and of human primary peripheral blood leukocytes with a
pseudotyped retrovirus vector. Proc Natl Acad Sci U S A 1996; 93 (21): 11842.
Yu SF, von Ruden T, Kantoff PW, et al. Self-inactivating retroviral vectors
designed for transfer of whole genes into mammalian cells. Proc Natl Acad Sci
U S A 1986; 83 (10): 3194.
Hawley RG, Covarrubias L, Hawley T, Mintz B. Handicapped retroviral
vectors efficiently transduce foreign genes into hematopoietic stem cells. Proc
Natl Acad Sci U S A 1987; 84 (8): 2406.
Bordignon C, Notarangelo LD, Nobili N, et al. Gene therapy in peripheral
blood lymphocytes and bone marrow for ADA- immunodeficient patients.
Science 1995; 270 (5235): 470.
Blaese RM, Culver KW, Miller AD, et al. T lymphocyte-directed gene therapy
for ADA- SCID: initial trial results after 4 years. Science 1995; 270 (5235):
475.
Kohn DB, Hershfield MS, Carbonaro D, et al. T lymphocytes with a normal
ADA gene accumulate after transplantation of transduced autologous umbilical
cord blood CD34+ cells in ADA-deficient SCID neonates. Nat Med 1998; 4
(7): 775.
Aiuti A, Slavin S, Aker M, et al. Correction of ADA-SCID by stem cell gene
therapy combined with nonmyeloablative conditioning. Science 2002; 296
(5577): 2410.
Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, et al. Gene therapy of
human severe combined immunodeficiency (SCID)-X1 disease. Science 2000;
288 (5466): 669.
Dayton AI, Sodroski JG, Rosen CA, Goh WC, Haseltine WA. The transactivator gene of the human T cell lymphotropic virus type III is required for
replication. Cell 1986; 44 (6): 941.
Fisher AG, Feinberg MB, Josephs SF, et al. The trans-activator gene of HTLVIII is essential for virus replication. Nature 1986; 320 (6060): 367.
Malim MH, Bohnlein S, Hauber J, Cullen BR. Functional dissection of the
HIV-1 Rev trans-activator--derivation of a trans-dominant repressor of Rev
function. Cell 1989; 58 (1): 205.
Naldini L, Blomer U, Gallay P, et al. In vivo gene delivery and stable
transduction of nondividing cells by a lentiviral vector. Science 1996; 272
(5259): 263.
Naldini L, Blomer U, Gage FH, Trono D, Verma IM. Efficient transfer,
integration, and sustained long-term expression of the transgene in adult rat
brains injected with a lentiviral vector. Proc Natl Acad Sci U S A 1996; 93 (21):
11382.
Miyoshi H, Takahashi M, Gage FH, Verma IM. Stable and efficient gene
transfer into the retina using an HIV-based lentiviral vector. Proc Natl Acad Sci
U S A 1997; 94 (19): 10319.
Miyoshi H, Blomer U, Takahashi M, Gage FH, Verma IM. Development of a
self-inactivating lentivirus vector. J Virol 1998; 72 (10): 8150.
Zufferey R, Dull T, Mandel RJ, et al. Self-inactivating lentivirus vector for safe
and efficient in vivo gene delivery. J Virol 1998; 72 (12): 9873.

240.
241.
242.
243.
244.
245.
246.
247.
248.
249.
250.
251.
252.
253.
254.
255.

256.
257.
258.
259.
260.
261.

Zufferey R, Nagy D, Mandel RJ, Naldini L, Trono D. Multiply attenuated
lentiviral vector achieves efficient gene delivery in vivo. Nat Biotechnol 1997;
15 (9): 871.
Kafri T, Blomer U, Peterson DA, Gage FH, Verma IM. Sustained expression of
genes delivered directly into liver and muscle by lentiviral vectors. Nat Genet
1997; 17 (3): 314.
Kim VN, Mitrophanous K, Kingsman SM, Kingsman AJ. Minimal requirement
for a lentivirus vector based on human immunodeficiency virus type 1. J Virol
1998; 72 (1): 811.
Dull T, Zufferey R, Kelly M, et al. A third-generation lentivirus vector with a
conditional packaging system. J Virol 1998; 72 (11): 8463.
Beyer WR, Westphal M, Ostertag W, von Laer D. Oncoretrovirus and lentivirus
vectors pseudotyped with lymphocytic choriomeningitis virus glycoprotein:
generation, concentration, and broad host range. J Virol 2002; 76 (3): 1488.
Kobinger GP, Deng S, Louboutin JP, et al. Transduction of human islets with
pseudotyped lentiviral vectors. Hum Gene Ther 2004; 15 (2): 211.
Kafri T, van Praag H, Ouyang L, Gage FH, Verma IM. A packaging cell line
for lentivirus vectors. J Virol 1999; 73 (1): 576.
Klages N, Zufferey R, Trono D. A stable system for the high-titer production of
multiply attenuated lentiviral vectors. Mol Ther 2000; 2 (2): 170.
Ni Y, Sun S, Oparaocha I, et al. Generation of a packaging cell line for
prolonged large-scale production of high-titer HIV-1-based lentiviral vector. J
Gene Med 2005.
Xu K, Ma H, McCown TJ, Verma IM, Kafri T. Generation of a stable cell line
producing high-titer self-inactivating lentiviral vectors. Mol Ther 2001; 3 (1):
97.
Scherr M, Battmer K, Blomer U, Ganser A, Grez M. Quantitative determination
of lentiviral vector particle numbers by real-time PCR. Biotechniques 2001; 31
(3): 520.
Sastry L, Johnson T, Hobson MJ, Smucker B, Cornetta K. Titering lentiviral
vectors: comparison of DNA, RNA and marker expression methods. Gene Ther
2002; 9 (17): 1155.
Giannoukakis N, Mi Z, Gambotto A, et al. Infection of intact human islets by a
lentiviral vector. Gene Ther 1999; 6 (9): 1545.
Pfeifer A, Kessler T, Yang M, et al. Transduction of liver cells by lentiviral
vectors: analysis in living animals by fluorescence imaging. Mol Ther 2001; 3
(3): 319.
Manilla P, Rebello T, Afable C, et al. Regulatory considerations for novel gene
therapy products: a review of the process leading to the first clinical lentiviral
vector. Hum Gene Ther 2005; 16 (1): 17.
Rosenberg SA, Aebersold P, Cornetta K, et al. Gene transfer into humans-immunotherapy of patients with advanced melanoma, using tumor-infiltrating
lymphocytes modified by retroviral gene transduction. N Engl J Med 1990; 323
(9): 570.
Buckley RH. Molecular defects in human severe combined immunodeficiency
and approaches to immune reconstitution. Annu Rev Immunol 2004; 22: 625.
Hershfield MS. PEG-ADA replacement therapy for adenosine deaminase
deficiency: an update after 8.5 years. Clin Immunol Immunopathol 1995; 76 (3
Pt 2): S228.
Hacein-Bey-Abina S, Fischer A, Cavazzana-Calvo M. Gene therapy of Xlinked severe combined immunodeficiency. Int J Hematol 2002; 76 (4): 295.
Hacein-Bey-Abina S, Le Deist F, Carlier F, et al. Sustained correction of Xlinked severe combined immunodeficiency by ex vivo gene therapy. N Engl J
Med 2002; 346 (16): 1185.
McCormack MP, Rabbitts TH. Activation of the T-cell oncogene LMO2 after
gene therapy for X-linked severe combined immunodeficiency. N Engl J Med
2004; 350 (9): 913.
Check E. Gene therapy put on hold as third child develops cancer. Nature 2005;
433 (7026): 561.

47

262.
263.
264.
265.

266.
267.
268.

269.
270.
271.

272.
273.

274.
275.
276.
277.
278.
279.

280.

48

Manno CS, Chew AJ, Hutchison S, et al. AAV-mediated factor IX gene transfer
to skeletal muscle in patients with severe hemophilia B. Blood 2003; 101 (8):
2963.
Powell JS, Ragni MV, White GC, 2nd, et al. Phase 1 trial of FVIII gene transfer
for severe hemophilia A using a retroviral construct administered by peripheral
intravenous infusion. Blood 2003; 102 (6): 2038.
Roth DA, Tawa NE, Jr., O'Brien JM, Treco DA, Selden RF. Nonviral transfer
of the gene encoding coagulation factor VIII in patients with severe hemophilia
A. N Engl J Med 2001; 344 (23): 1735.
Swisher SG, Roth JA, Komaki R, et al. Induction of p53-regulated genes and
tumor regression in lung cancer patients after intratumoral delivery of
adenoviral p53 (INGN 201) and radiation therapy. Clin Cancer Res 2003; 9 (1):
93.
Wen SF, Mahavni V, Quijano E, et al. Assessment of p53 gene transfer and
biological activities in a clinical study of adenovirus-p53 gene therapy for
recurrent ovarian cancer. Cancer Gene Ther 2003; 10 (3): 224.
Buller RE, Runnebaum IB, Karlan BY, et al. A phase I/II trial of rAd/p53 (SCH
58500) gene replacement in recurrent ovarian cancer. Cancer Gene Ther 2002;
9 (7): 553.
Nemunaitis J, Ganly I, Khuri F, et al. Selective replication and oncolysis in p53
mutant tumors with ONYX-015, an E1B-55kD gene-deleted adenovirus, in
patients with advanced head and neck cancer: a phase II trial. Cancer Res 2000;
60 (22): 6359.
O'Malley BW, Jr., Li D, McQuone SJ, Ralston R. Combination nonviral
interleukin-2 gene immunotherapy for head and neck cancer: from bench top to
bedside. Laryngoscope 2005; 115 (3): 391.
Kusumoto M, Umeda S, Ikubo A, et al. Phase 1 clinical trial of irradiated
autologous melanoma cells adenovirally transduced with human GM-CSF gene.
Cancer Immunol Immunother 2001; 50 (7): 373.
Baumgartner I, Pieczek A, Manor O, et al. Constitutive expression of
phVEGF165 after intramuscular gene transfer promotes collateral vessel
development in patients with critical limb ischemia. Circulation 1998; 97 (12):
1114.
Lathi KG, Vale PR, Losordo DW, et al. Gene therapy with vascular endothelial
growth factor for inoperable coronary artery disease: anesthetic management
and results. Anesth Analg 2001; 92 (1): 19.
Losordo DW, Vale PR, Symes JF, et al. Gene therapy for myocardial
angiogenesis: initial clinical results with direct myocardial injection of
phVEGF165 as sole therapy for myocardial ischemia. Circulation 1998; 98
(25): 2800.
Rajagopalan S, Shah M, Luciano A, Crystal R, Nabel EG. Adenovirusmediated gene transfer of VEGF(121) improves lower-extremity endothelial
function and flow reserve. Circulation 2001; 104 (7): 753.
Vale PR, Losordo DW, Milliken CE, et al. Left ventricular electromechanical
mapping to assess efficacy of phVEGF(165) gene transfer for therapeutic
angiogenesis in chronic myocardial ischemia. Circulation 2000; 102 (9): 965.
Grines CL, Watkins MW, Helmer G, et al. Angiogenic Gene Therapy
(AGENT) trial in patients with stable angina pectoris. Circulation 2002; 105
(11): 1291.
Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KH. Viable offspring
derived from fetal and adult mammalian cells. Nature 1997; 385 (6619): 810.
Sharma A, Okabe J, Birch P, et al. Reduction in the level of Gal(alpha1,3)Gal in
transgenic mice and pigs by the expression of an alpha(1,2)fucosyltransferase.
Proc Natl Acad Sci U S A 1996; 93 (14): 7190.
Costa C, Zhao L, Burton WV, et al. Expression of the human alpha1,2fucosyltransferase in transgenic pigs modifies the cell surface carbohydrate
phenotype and confers resistance to human serum-mediated cytolysis. Faseb J
1999; 13 (13): 1762.
McKenzie IF, Li YQ, Patton K, Sandrin MS. Fucosyl transferase (H) transgenic
heart transplants to Gal-/- mice. Transplantation 2000; 70 (8): 1205.

281.
282.
283.
284.

285.
286.

287.

288.
289.
290.
291.
292.
293.
294.
295.
296.
297.

298.
299.
300.
301.

Phelps CJ, Koike C, Vaught TD, et al. Production of alpha 1,3galactosyltransferase-deficient pigs. Science 2003; 299 (5605): 411.
Thall AD, Maly P, Lowe JB. Oocyte Gal alpha 1,3Gal epitopes implicated in
sperm adhesion to the zona pellucida glycoprotein ZP3 are not required for
fertilization in the mouse. J Biol Chem 1995; 270 (37): 21437.
Zhu M, Wang SS, Xia ZX, et al. Inhibition of xenogeneic response in porcine
endothelium using RNA interference. Transplantation 2005; 79 (3): 289.
Wrighton CJ, Hofer-Warbinek R, Moll T, Eytner R, Bach FH, de Martin R.
Inhibition of endothelial cell activation by adenovirus-mediated expression of I
kappa B alpha, an inhibitor of the transcription factor NF-kappa B. J Exp Med
1996; 183 (3): 1013.
Daniel S, Arvelo MB, Patel VI, et al. A20 protects endothelial cells from TNF-,
Fas-, and NK-mediated cell death by inhibiting caspase 8 activation. Blood
2004; 104 (8): 2376.
Schmidt P, Goto M, Le Mauff B, Anegon I, Korsgren O. Adenovirus-mediated
expression of human CD55 or CD59 protects adult porcine islets from
complement-mediated cell lysis by human serum. Transplantation 2003; 75 (5):
697.
Bennet W, Bjorkland A, Sundberg B, et al. Expression of complement
regulatory proteins on islets of Langerhans: a comparison between human islets
and islets isolated from normal and hDAF transgenic pigs. Transplantation
2001; 72 (2): 312.
Contreras JL, Bilbao G, Smyth C, et al. Gene transfer of the Bcl-2 gene confers
cytoprotection to isolated adult porcine pancreatic islets exposed to
xenoreactive antibodies and complement. Surgery 2001; 130 (2): 166.
Benhamou PY, Moriscot C, Richard MJ, et al. Adenovirus-mediated catalase
gene transfer reduces oxidant stress in human, porcine and rat pancreatic islets.
Diabetologia 1998; 41 (9): 1093.
Sumitran S, Liu J, Czech KA, Christensson B, Widner H, Holgersson J. Human
natural antibodies cytotoxic to pig embryonic brain cells recognize novel nonGalalpha1,3Gal-based xenoantigens. Exp Neurol 1999; 159 (2): 347.
Sumitran-Holgersson S, Brevig T, Widner H, Holgersson J. Activated porcine
embryonic brain endothelial cells induce a proliferative human T-lymphocyte
response. Cell Transplant 2003; 12 (6): 637.
Aird WC. Endothelial cell heterogeneity. Crit Care Med 2003; 31 (4 Suppl):
S221.
Goldstein IJ, Winter HG. The Griffonia simplicifolia I-B4 isolectin. A probe for
alpha-D-galactosyl end groups. Subcell Biochem 1999; 32: 127.
Rayat GR, Gill RG. Pancreatic islet xenotransplantation: barriers and prospects.
Curr Diab Rep 2003; 3 (4): 336.
Patterson C, Perrella MA, Hsieh CM, Yoshizumi M, Lee ME, Haber E. Cloning
and functional analysis of the promoter for KDR/flk-1, a receptor for vascular
endothelial growth factor. J Biol Chem 1995; 270 (39): 23111.
Ronicke V, Risau W, Breier G. Characterization of the endothelium-specific
murine vascular endothelial growth factor receptor-2 (Flk-1) promoter. Circ Res
1996; 79 (2): 277.
Aird WC, Jahroudi N, Weiler-Guettler H, Rayburn HB, Rosenberg RD. Human
von Willebrand factor gene sequences target expression to a subpopulation of
endothelial cells in transgenic mice. Proc Natl Acad Sci U S A 1995; 92 (10):
4567.
Cowan PJ, Shinkel TA, Fisicaro N, et al. Targeting gene expression to
endothelium in transgenic animals: a comparison of the human ICAM-2,
PECAM-1 and endoglin promoters. Xenotransplantation 2003; 10 (3): 223.
Jahroudi N, Lynch DC. Endothelial-cell-specific regulation of von Willebrand
factor gene expression. Mol Cell Biol 1994; 14 (2): 999.
Korhonen J, Lahtinen I, Halmekyto M, et al. Endothelial-specific gene
expression directed by the tie gene promoter in vivo. Blood 1995; 86 (5): 1828.
Charreau B, Tesson L, David A, et al. Adenovirus-mediated expression of
human CD59 on xenogeneic endothelial cells: protection against human

49

302.
303.
304.
305.

306.
307.

50

complement-mediated lysis and induction of cellular activation by adenoviral
transduction. Xenotransplantation 1997; 4: 212.
Holzknecht ZE, Platt JL. Identification of porcine endothelial cell membrane
antigens recognized by human xenoreactive natural antibodies. J Immunol
1995; 154 (9): 4565.
Palmetshofer A, Galili U, Dalmasso AP, Robson SC, Bach FH. Alphagalactosyl epitope-mediated activation of porcine aortic endothelial cells: type I
activation. Transplantation 1998; 65 (6): 844.
Palmetshofer A, Galili U, Dalmasso AP, Robson SC, Bach FH. Alphagalactosyl epitope-mediated activation of porcine aortic endothelial cells: type
II activation. Transplantation 1998; 65 (7): 971.
Sepp A, Skacel P, Lindstedt R, Lechler RI. Expression of alpha-1,3-galactose
and other type 2 oligosaccharide structures in a porcine endothelial cell line
transfected with human alpha-1,2-fucosyltransferase cDNA. J Biol Chem 1997;
272 (37): 23104.
Shinkel TA, Chen CG, Salvaris E, et al. Changes in cell surface glycosylation in
alpha1,3-galactosyltransferase knockout and alpha1,2-fucosyltransferase
transgenic mice. Transplantation 1997; 64 (2): 197.
Lu Y, Dang H, Middleton B, et al. Bioluminescent monitoring of islet graft
survival after transplantation. Mol Ther 2004; 9 (3): 428.

