
UNIVERSITY OF CALGARY 

 

 

Innate Immunity to Adeno- and Adeno-Associated Virus Vectors – Impact on Functional 

Apolipoprotein AI Gene Transfer 

 

by 

 

Anne Kathrin Zaiss 

 

 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF DOCTOR OF PHILOSOPHY 

 

 

DEPARTMENT OF BIOCHEMISTRY & MOLECULAR BIOLOGY 

CALGARY, ALBERTA 

APRIL, 2007 

 

© Anne Kathrin Zaiss 2007 



 ii 

UNIVERSITY OF CALGARY 

FACULTY OF GRADUATE STUDIES 

 

The undersigned certify that they have read, and recommend to the Faculty of Graduate 

Studies for acceptance, a thesis entitled "Innate Immunity to Adeno- and Adeno-

Associated Virus Vectors – Impact on Functional Apolipoprotein AI Gene Transfer" 

submitted by Anne Kathrin Zaiss in partial fulfilment of the requirements of the degree of 

Doctor of Philosophy. 

 

 

Supervisor, Norman C.W. Wong, 
Department of Medicine and 

Department of Biochemistry & 
Molecular Biology  

 
 
 

Supervisor, Daniel A. Muruve, 
Department of Medicine 

 
 
 

Supervisory Committee, David Hart, 
Department of Microbiology & 

Infectious Diseases 
 
 
 

Supervisory Committee, Derrick 
Rancourt, Department of Biochemistry 

& Molecular Biology 

 
 
 

Supervisory Committee, Frank 
Jirik, Department of Biochemistry & 

Molecular Biology 
 

 
 
 

‘Internal’ External Examiner, Lashitew 
Gedamu, Department of Biological 

Sciences 
 
 

 External Examiner, Gordon Francis, 
Department of Medicine, University of 

Alberta 
 
 
 

Date 
 

 
 



 iii 

Abstract 

Apolipoprotein AI (ApoAI) is the major protein component of high-density lipoproteins 

(HDLs). The abundance of HDLs and ApoAI correlates inversely with cardiovascular 

disease. The ability of these lipoproteins to protect against atherosclerosis is linked to 

their ability to mediate reverse cholesterol transport and to their anti-oxidant, anti-

inflammatory and anti-thrombotic functions in the vessel wall. Gene therapy strategies 

using intravenously administered adenovirus vectors to augment serum ApoAI are 

promising, but limited by potent liver inflammation and toxicity. The goal of this study 

was therefore to find alternative approaches for ApoAI gene therapy and to analyze some 

of the problems associated with vector-induced toxicity. Adeno-Associated Virus (AAV) 

vectors and lentiviral vectors have not been associated with significant toxicity in vivo 

and have been used successfully to express transgenes in muscle, which is a more easily 

accessible target organ. When injected into muscle of ApoE-/- mice, however, none of the 

vector systems was able to increase serum ApoAI sufficiently to induce measurable 

effects on the phenotype of atherosclerosis, suggesting that high doses of intravenously 

injected vectors are required for successful ApoAI gene therapy. In order to overcome the 

problems with vector-induced toxicity the mechanism of innate immune activation by 

adenovirus and AAV vectors was analyzed. The results showed that adenovirus vectors 

are activators of a recently discovered intracellular signaling complex, the 

inflammasome, which results in the activation of caspase-1 and the secretion of the pro-

inflammatory cytokine IL-1β. These results provide an explanation for the high 

immunogenicity of adenovirus vectors. AAV vectors induced a transient expression of 

inflammatory genes and leukocyte infiltration in mouse liver in vivo, which was entirely 
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dependent on the presence of resident macrophages. Furthermore, complement 

components enhanced virus interactions with macrophages. Complement receptor-

deficient mice had a severely impaired adaptive antibody response to the AAV vector 

capsid, suggesting that complement and macrophages are essential components in 

mediating the host response to AAV vectors. These results demonstrate for the first time, 

the involvement of the innate immune system in the host response to AAV vectors and 

provide a basis for their reduced inflammatory properties. Understanding the molecular 

mechanism underlying the activation of innate immune responses to gene therapy vectors 

might enable the design of safer and more-effective vectors and might help to make 

strategies such as ApoAI gene therapy a reality in medicine.    
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CHAPTER ONE: GENERAL INTRODUCTION 

Atherosclerosis and related diseases are the leading cause of premature death in the 

Western world [Breslow et al. 1997]. A great number of genes involved in the 

development of atherosclerosis have been identified and have been tested both in vitro 

and in vivo as potential new targets for therapy. One is the apolipoprotein AI (ApoAI) 

gene.  ApoAI is the major protein component of high-density lipoprotein (HDL). HDL 

and ApoAI correlate conversely with cardiovascular disease by mediating reverse 

cholesterol transport and by their anti-inflammatory effects in the vessel wall [Rader 

2002; Barter et al. 2004]. Intravenous injection of lipid free ApoAI can increase serum 

HDL and it has been shown that increasing serum ApoAI or a naturally occurring mutant 

form of ApoAI, ApoAIMilano leads to reduced lesion size and complexity in various 

animal models as well as in humans [Miyazaki et al. 1995; Rubin et al. 1991; Plump et 

al. 1994; Paszty et al. 1994; Duverger et al. 1996; Shah et al. 2001; Chiesa et al. 2002; 

Nissen et al. 2003]. These studies and epidemiologic studies, which show that high 

plasma levels of HDL protect against the development of atherosclerosis [Gordon et al. 

1977; Castelli et al. 1986] suggest that increasing HDL is probably one the most effective 

and promising therapies for cardiovascular disease to date. Recombinant ApoAI protein 

production however is economically challenging and drugs that raise ApoAI effectively 

do not exist. Therefore the goal of this study was to modify and improve gene therapy as 

an approach to raise serum ApoAI.  

In section 1-1 the role of ApoAI for the treatment and prevention of cardiovascular 

disease is reviewed. In section 1-2 the concept of gene therapy is introduced and 

background about the vector systems used in this study to deliver ApoAI is presented. 
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Section 1-3 reviews gene therapy strategies that have been used to deliver ApoAI thus far 

and in section 1-4 problems and limitations of gene therapy are discussed. A summary is 

stated in section 1-5. 

 

1-1 Apolipoprotein AI for the treatment and prevention of cardiovascular disease  

In the following sub-sections, the development of atherosclerosis is reviewed (1-1-1) and 

possible mechanisms by which ApoAI and HDL prevent and/or reverse atherosclerosis 

will be discussed. These include reverse cholesterol transport functions and direct anti-

inflammatory effects (reviewed in 1-1-2 and 1-1-3, respectively). Sub-section 1-1-4 

includes a review of strategies other than gene therapy, which have been used to augment 

ApoAI.  

 

1-1-1 The development of atherosclerosis  

Excess dietary uptake of fat results in increased serum level of cholesterol-containing 

low-density lipoproteins (LDLs) [Napoli et al. 1997; Simiunescu et al. 1986]. 

Atherosclerosis is initiated by an accumulation and subsequent oxidation of low-density 

lipoproteins (LDLs) in the arterial intima [Parthasarathy et al. 1989]. If the export of 

cholesterol fails to keep pace with its accumulation, the continuous lipid deposition in the 

artery wall leads to the development of atherosclerotic plaques. Furthermore, the oxidized 

LDL is a major cause of injury to the endothelium and underlying smooth muscle and 

stimulates endothelial cells to express adhesion molecules that, in turn, attract monocytes 

into the subendothelial space [Jonasson et al. 1986]. Monocytes differentiate into 

macrophages and take-up the oxidized LDLs and cholesterol in a process that converts 
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them into foam cells [Navab et al. 2004]. The early lesions or fatty streaks consist 

principally of lipid filled macrophages and smooth muscle cells (foam cells). Continued 

inflammation results in increased numbers of macrophages and lymphocytes, which 

emigrate from the blood. Activation of these cells leads to the release of cytokines, 

chemokines, and growth factors, which can induce further damage and eventually lead to 

focal necrosis [Ross 1999; Kher and Marsh 2004; Stoll and Bendszus 2006]. Cycles of 

accumulation of mononuclear cells, migration and proliferation of smooth-muscle cells, 

and formation of fibrous tissue lead to further enlargement and restructuring of the lesion, 

which subsequently become covered by a fibrous cap that overlies a core of lipid and 

necrotic tissue. Eventually, rupture in the weaker shoulder region of the so-called 

advanced, complicated lesion occurs, resulting in critical blockage of the vessel lumen 

and thus blood flow [Ross 1999; Kher and Marsh 2004; Stoll and Bendszus 2006].   

In addition to dietary habits enriched in saturated fats, other pro-atherogenic risk factors 

include smoking, hypertension, diabetes mellitus, abdominal obesity and stressful 

psychosocial factors [Yusuf et al. 2004; Rosengren et al. 2004; Teo et al. 2006]. Results 

of the recent INTERHEART study showed that collectively, these 6 risk factors and 3 

protective factors (daily consumption of fruits and vegetables, regular alcohol 

consumption, and regular physical activity) were predictive for 90% of myocardial 

infarctions in men and 94% in women [Yusuf et al. 2004]. 

In summary, atherogenesis is generally believed to be initiated by an accumulation of 

lipids in the arterial wall, which leads to an activation of endothelial cells, resulting in an 

inflammatory-fibroproliferative response. ApoAI and high-density lipoprotein (HDL) 

have functions that may explain the ability of these lipoproteins to protect against 
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atherosclerosis. The best recognized of these is the ability to promote the efflux of 

cholesterol from cells present in the arterial intima [Fielding and Fielding 1995, Ho et al. 

1980, Hara et al. 1991, Johnson et al. 1991, Tall et al. 2002]. This process may reduce 

the accumulation of foam cells in the artery wall. The mechanism whereby HDL/ApoAI 

take up cholesterol from atherosclerotic lesions is reviewed in the following sub-section. 

 

1-1-2 The role of Apolipoprotein AI and HDL in reverse cholesterol transport 

Intravenous injection of lipid free ApoAI or overexpression of ApoAI increases serum 

HDL in animal models in vivo [Benoit et al. 1999; Chiesa et al. 2002; Rubin et al. 1991]. 

HDL in turn acts as acceptor of excess cholesterol from peripheral cells, and carries it to 

the liver for metabolism and removal from the body via excretion in the bile [Ho et al. 

1980; Johnson et al. 1991; Fielding et al. 1995; Tall et al. 2002]. The macrophage is an 

important component of cholesterol accumulation in the periphery. Cholesterol and 

phospholipids are acquired during degradation of engulfed cellular material. In 

atherosclerosis, cellular cholesterol accumulates in macrophage foam cells in the 

atherosclerotic lesions, as described above. Macrophages dispose of the lipids by 

transferring them onto pre-ß-HDL, lipid-poor HDL that contains ApoAI as its sole 

protein moiety and is the most efficient initial acceptor of unesterified cholesterol [Hara 

et al. 1991; Fielding et al. 1995; Gillotte et al. 1998; Phillips et al. 1998]. The transfer of 

phospholipids and cholesterol to lipid-poor apolipoprotein AI (“pre-ß-HDL”) is mediated 

by the ATP binding cassette transporter 1 (ABCA1) [Tall et al. 2002; Marcil et al. 1999; 

Oram 2005]. ABCA1 is a member of a family of transmembrane proteins that couple 

ATP hydrolysis to drive vectorial transport of a variety of molecules across membranes 
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[Fitzgerald et al. 2002]. ABCA1 is widely expressed, including in the liver, adrenal 

tissue, digestive tissue, on neurons and in cholesterol-loaded macrophages [Wellington 

2002; Kielar et al. 2001]. Helical apolipoproteins in their lipid-poor form can stabilize 

ABCA1 by protecting it from protease-mediated degradation [Arakawa and Yokoyama 

2002; Wang et al. 2003]. Mice injected intravenously with ApoAI increase the cellular 

content of ABCA1 in vivo [Wang et al. 2003].  

Two other transporters, ABCG1 and SR-BI, have been implicated in cholesterol export to 

pre-formed HDL. ABCG1 is predominantly expressed in macrophages, endothelial cells 

and lymphocytes. SR-BI is most strongly expressed in the liver, where it mediates the 

selective uptake of cholesteryl esters, phospholipids and triglycerides from HDL and 

accelerates cholesterol excretion in bile [Rigotti et al. 2003]. SR-BI however, is also 

expressed in macrophages of murine and human atherosclerotic lesions [Chinetti et al. 

2000]. While ABCA1 exports cholesterol to lipid-poor ApoAI but little to HDL, ABCG1 

and SR-B1 require phospholipid-containing acceptors. Transfer of lipids to ApoAI 

mediated by ABCA1 activity is sufficient to generate efficient phospholipid-containing 

acceptors, which are then substrates for ABCG1- or scavenger receptor BI mediated 

cholesterol export [Ji et al. 1997; Vaughan and Oram 2005; Gelissen et al. 2006]. The 

upregulation of ABCA1 in macrophages inhibits the progression of atherosclerotic 

lesions in vivo [Singaraja et al. 2002; Van Eck et al. 2006], suggesting that the 

macrophage-mediated reverse cholesterol transport is essential for the prevention of 

atherosclerosis and cardiovascular disease.  

HDL however has anti-inflammatory and anti-oxidant properties that may also be anti-

atherogenic [Calabresi et al. 2003]. The anti-inflammatory, anti-oxidant and anti-
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thrombotic properties of HDL and its cholesterol efflux functions might be equally 

important for the protection against the development of atherosclerosis. The direct anti-

oxidant and anti-inflammatory functions of ApoAI/HDL are reviewed in the next sub-

section. 

 

1-1-3 Apolipoprotein AI and HDL have anti-oxidant and anti-inflammatory properties  

The oxidation of excess LDL in the artery wall is believed to be responsible for the 

initiation and progression of atherosclerosis [Heinecke 1998]. Oxidized LDL is 

chemotactic for monocytes and can upregulate the expression of pro-inflammatory genes 

in endothelial cells [Quinn et al. 1987; Rajavashisth et al. 1990; Leonard and Yoshimura 

1990]. HDL can inhibit the oxidation of LDL thereby reducing the atherogenicity of these 

lipoproteins [Hessler et al. 1979; Mackness and Durrington 1995; Navab et al. 2000]. 

This reducing activity is in part attributed to HDL associated paraoxonase, which can 

cleave oxidized fatty acids from phospholipids of oxidized LDL [Mackness et al. 1996].  

In addition, ApoAI might have anti-oxidant activity itself by reducing phospholipid 

hydroperoxides on HDL [Garner et al. 1998]. Other anti-oxidant functions of HDL are 

mediated by a transport mechanism that bind and carry lipid hydroperoxides to the liver 

[Bowry et al. 1992; Christison et al. 1996; Fluiter et al. 1996].  

In addition to its anti-oxidant functions, HDL also has direct anti-inflammatory properties 

[Cockerill et al. 1995; Calabresi et al. 1997; Park et al. 2003; Xia et al. 1999; Clay et al. 

2001; Dimayuga et al. 1999; Nicholls et al. 2005]. Activated endothelial cells express 

several adhesion proteins, including vascular cell adhesion molecule-1 (VCAM-1), 

intercellular adhesion molecule-1 (ICAM-1), and E-selectin [Laurence and Springer 
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1991; Davies et al. 1993; Springer 1990]. These adhesion proteins are expressed in 

arteries in vivo at sites of developing atherosclerosis, and soluble forms are present at 

increased concentrations in the plasma of human subjects with coronary heart disease 

(CHD) [Blankenberg et al. 2003; O`Brien et al. 1996]. HDL inhibits the cytokine-induced 

expression of VCAM-1, ICAM-1, and E-selectin in human umbilical vein endothelial 

cells (HUVECs) in a concentration-dependent manner within the range of physiological 

HDL levels [Cockerill et al. 1995; Calabresi et al. 1997; Park et al. 2003]. The inhibition 

of adhesion molecule expression is associated with a reduction in the mRNA levels of 

these proteins and the inhibition persists for several hours after the HDLs have been 

removed [Xia et al. 1999; Clay et al. 2001]. The ability of HDL to modify endothelial cell 

adhesion protein expression has also been demonstrated in vivo. Alternate daily infusions 

of recombinant HDL containing ApoAI and phosphatidylcholine to ApoE-deficient mice 

with carotid periarterial collars resulted in a 40% reduction in VCAM-1 expression and 

monocyte infiltration within one week [Dimayuga et al. 1999]. A single injection of lipid 

free ApoAI (8mg/kg) in rabbits inhibited the pro-oxidant and pro-inflammatory changes 

induced by a periarterial collar, which normally causes acute local inflammation. ApoAI 

downregulated local ICAM-1 and VCAM-1 expression, inhibited neutrophil oxidative 

burst and reduced reactive oxygen species [Nicholls et al. 2005]. A relationship between 

plasma concentrations of HDL cholesterol and soluble cell adhesion molecules has also 

been reported in humans [Calabresi et al. 2002]. In a study of subjects with a wide range 

of HDL cholesterol concentrations, it was found that the plasma levels of soluble ICAM-1 

and soluble E-selectin were significantly higher in subjects with low HDL levels 

compared with those with average or high HDL levels [Calabresi et al. 2002]. In addition 
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HDL inhibits monocyte transmigration in response to oxidized LDL [Navab et al. 1991], 

thereby reducing the infiltration of monocytes into the artery wall. Recently, a role for 

HDL in promoting progenitor-mediated endothelial repair by enhancing the engraftment 

of endothelial progenitor cells into the aortic endothelium has also been suggested [Tso et 

al. 2006]. 

In summary, atherosclerotic lesion development resembles in part an inflammatory 

reaction. The anti-inflammatory and anti-oxidant properties of ApoAI/HDL can reduce 

the initiation and progression of lesion development. This results in several mechanisms 

by which ApoAI and HDL reduce atherosclerosis; by reducing cholesterol content in 

pathologic lesions (through RCT) and by a reduction of inflammation in the lesions. 

Because of these properties, ApoAI and HDL are promising targets for the treatment and 

prevention of cardiovascular disease. Experimental evidence for the anti-atherogenic 

properties of ApoAI in vivo is discussed next. 

 

1-1-4 Anti-atherogenic effects of ApoAI augmentation  

Although the use of exogenous ApoAI has not reached the stage of general clinical use, 

published results are promising. Transgenic mice with the ability to over-express ApoAI 

and thus increased HDL levels are protected against the development of cardiovascular 

disease (CVD) [Rubin et al. 1991; Paszty et al. 1994; Plump et al. 1994; Duverger et al. 

1996]. Therapies such as apolipoprotein AIMilano, and apolipoprotein AI mimetic peptides 

show tremendous promise as treatments for atherosclerosis and therefore keen attention 

has been paid to the field of ApoAI augmentation.  



 

 

9 

Intravenous injection of 40-80 mg/kg of recombinant ApoAIMilano over a 5week period 

induced a significant reduction in aortic atherosclerosis in ApoE-/- mice compared with 

untreated controls [Shah et al. 2001]. Chiesa et al. (2002) showed that the infusion of 

lipid free recombinant ApoAIMilano exerted a significant inhibitory effect on the 

progression of atherosclerotic lesions with a parallel reduction of aortic cholesterol 

content in cholesterol fed rabbits [Chiesa et al. 2002].  ApoAIMilano combined with 

phospholipids (ETC-216) significantly decreased atherosclerosis after only 6 weeks of 

therapy in coronary heart disease patients [Nissen et al. 2003].  

A class of short synthetic peptides mimicking the amphipathic domain of ApoAI are also 

gaining prominence as a potential therapy for atherosclerosis. These mimetic peptides, in 

addition to facilitating reverse cholesterol transport, possess many of the anti-

inflammatory effects of ApoAI, and continual effort is being made to synthesize and test 

new molecules [Epand et al. 2004]. Only 20 minutes following oral administration of 

ApoAI mimetic peptide D-4F, ApoE-deficient mice showed a significant increase in pre- 

ß-HDL particles that possessed anti-inflammatory and oxidant-scavenging effects and 

facilitated reverse cholesterol transport [Navab et al. 2004]. Four weeks of D-4F 

treatment, after surgical vein grafting into the carotid artery, reduced atherosclerotic 

plaque size and reduced lipid and macrophage content in lesions of ApoE-deficient mice 

compared to controls [Li et al. 2004]. However, D-4F had no effect on native 

atherosclerotic lesions in non-grafted areas [Li et al. 2004].  

In summary, strategies that have been used to raise ApoAI further support the feasibility 

of such therapy for the treatment of atherosclerosis. A gene therapy approach to raise 

ApoAI does not require cost-intensive protein production and does not interfere 
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significantly with metabolic pathways. Gene therapy is a potential new way to target 

multiple factors playing a role in the development and progression of diseases, and pre-

clinical experiments have shown the feasibility and safety of several gene therapy vector 

systems [Verma and Weitzman 2005]. The concept of gene therapy and viral vector 

systems that were used in this study to encode and deliver ApoAI are discussed in the 

following section. 

 

1-2 Gene therapy and viral vectors  

Some monogenetic, inherited diseases, such as cystic fibrosis, are based on a genetic 

alteration that cannot be cured by conventional therapies.  One of the basic concepts of 

gene therapy is to replace a defective gene with an intact copy. Other therapeutic genes, 

encoding a therapeutic peptide, protein, or RNA may augment metabolic pathways or 

immune responses such as in the case of anticancer therapy. Genes can be transferred into 

target cells in vivo or into cells ex vivo, followed by implantation of the genetically 

engineered cells into the body. Currently, the most effective means of gene transfer are 

provided by genetic engineering of recombinant viruses, which have adapted to overcome 

natural barriers evolved to maintain the integrity of genetic information. Viruses have 

developed strategies to transport their genetic information into the nucleus either to 

become part of the host's genome or to constitute an autonomous genetic unit [reviewed 

in Young et al. 2006]. 

Based on the nature of the viral genome, these gene therapy vectors can be divided into 

RNA and DNA viral vectors. The majority of RNA virus-based vectors have been 

derived from retroviruses like murine leukemia virus.  Other retroviral vectors are 
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derived from lentiviruses, such as human immunodeficiency virus (HIV). The most 

commonly used DNA viral vectors are based on adenoviruses and adeno-associated 

viruses [reviewed in Verma and Weitzman 2005]. In general, genomes of replicating 

viruses contain coding sequences and cis-acting sequences [reviewed in Kootstra and 

Verma 2003]. Coding sequences contain genetic information of the viral structural and 

regulatory proteins required for propagation of infectious viruses. Cis-acting elements are 

non-coding sequences on the viral genome that are essential for regulation of gene 

expression (promoters), packaging of viral genomes (packaging signal) and, in the case of 

retroviruses, for integration into the host cell (integration attachment sites). To generate a 

replication-defective viral vector, the coding regions of the virus are replaced by the 

genetic information of a therapeutic gene, while leaving the cis-acting sequences intact. 

The viral vector transducing genome, containing the therapeutic gene and cis-acting 

regulatory sequences, is introduced into producer cells, typically called packaging cells 

that provide the structural viral proteins. This enables the viral vector to be packaged, 

resulting in the generation of virus particles containing the genetic information of a 

therapeutic gene, but which lack the essential components for viral propagation. 

Recombination between the transducing vector and the viral genes encoding the essential 

structural components present in the packaging cells can lead to the generation of 

infectious parental virus. Therefore it is important to remove or separate genes encoding 

viral components that are essential for viral propagation, in order to reduce the risk of 

generating infectious virus.   

The following sub-sections represent an overview of the virus derived vector systems, 

which were used to deliver Apolipoprotein AI. Three vector systems were chosen for the 
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delivery of ApoAI; the adenovirus (Ad) vector system (reviewed in sub-section 1-2-1), 

the adeno-associated virus (AAV) vector system (reviewed in sub-section 1-2-2) and the 

lentivirus vector system (reviewed in sub-section 1-2-3).  

 

1-2-1 The adenovirus vector system 

Adenovirus is a member of the Adenoviridae, one of five families in the group of double-

stranded DNA viruses. There are around ~ 51 identified human adenovirus serotypes, 

grouped in six species (A-F). Many human and animal adenoviruses are non-pathogenic 

for their natural hosts, or cause only mild infections of the upper respiratory tract, 

gastrointestinal tract, and the eye [Shenk 1996]. The non-enveloped, icosahedral 

adenovirus capsid is 70 nm in diameter. Most serotypes use the widely distributed 

cellular receptor CAR (coxsackievirus and adenovirus receptor) for primary attachment 

and virus entry occurs through clathrin-mediated endocytosis after binding to αV integrins 

as co-receptors [Bergelson et al. 1997; Wickham et al. 1993; Nemerow 2000]. Soon after 

the capsid enters the endosome, the drop in pH leads to a conformational change of the 

capsid proteins, thereby exposing hydrophobic regions, which enables the virus to 

penetrate the endosomal membrane and escape to the cytosol [Medina-Kauwe 2003]. The 

capsid then migrates to the nucleus and docks into the nuclear pore complex, where the 

DNA is delivered into the nucleus [Glotzer et al. 2001]. The double-stranded linear viral 

DNA genome of 26-45 kb (Ad5 35 kb) contains inverted terminal repeats (ITRs) at the 

ends of the genome, which serve as origins of replication [Horwitz 2001].  

Recombinant adenovirus vectors designed for gene therapy are deleted of the viral genes 

E1 and E3 [Berkner and Sharp 1983, Haj-Ahmad and Graham 1986, Bett et al. 1994]. 
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Deletion of the E1 and E3 region renders the virus replication-deficient and also 

eliminates potential oncogenicity [Horwitz 2001]. The gene of interest along with 

promoter and enhancer elements is engineered into these vectors into the E1 deletion site. 

To enable the production of E1-deleted, E3-deficient, viral vectors, cell lines are used, 

that stably express the E1 gene such as HEK293 cells (human embryonic kidney cells) 

[Graham et al. 1977].  So-called second-generation vectors have additional deletions in 

the E2 and/or E4 gene regions, which further increases the packaging capacity of the 

vector [Wang and Finer 1996, Yeh et al. 1996].   

More recently, helper-dependent (also referred to as gutless or third-generation) 

adenovirus vectors have been constructed, which are deleted of the entire viral coding 

sequences and only contain the terminal, cis-acting sequences, including ITRs and 

packaging signal, required for initiation of viral DNA replication and packaging 

[Kochanek et al. 1996; Parks et al. 1996]. To maintain the optimum packaging size of the 

vector, stuffer DNA has to be inserted for efficient vector production.  Helper-dependent 

adenovirus vectors (HD-Ad) can encode up to 37 kb of transgene, making them suitable 

for carrying multiple or large genes or genomic sequences (the HD-Ad vector encoding 

the genomic sequence of human ApoAI is shown in Figure 1-1A).  

Adenoviruses are among the most commonly used vectors for gene therapy and have 

certain advantages, such as efficient high titer production and high levels of transgene 

expression to provide therapeutic benefits [Hutchins et al. 2000]. Adenovirus vectors also 

display high transduction efficiencies for different quiescent and dividing cell types, such 

as epithelial cells, fibroblasts, hepatocytes, endothelial cells and stromal cells. Therefore 

clinical trials employing replication-defective adenovirus vectors have been conducted in 
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a wide spectrum of diseases, with a predominance of applications for cancer, but also for 

cardiovascular diseases and monogenic inherited disorders [Amalfitano and Parks 2002]. 

Disadvantages of using adenovirus vectors include the high (97%) prevalence of pre-

existing immunity against adenovirus in the human population [Chirmule et al. 1999]. 

Furthermore, transgene expression from first- and second-generation vectors is limited 

and usually disappears after 2-3 weeks, due to the onset of adaptive immune responses 

against the vector due to adenovirus protein expression [Dai et al. 1995]. Another major 

concern for using adenovirus vectors is the capsid-dependent induction of innate immune 

responses that result in inflammation and toxicity [Yang et al. 1994; Muruve et al. 1999; 

Schnell et al. 2001]. 
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Figure 1-1 Vector plasmids encoding human ApoAI.  

(A) Helper-dependent adenovirus vector with the genomic sequence of human ApoAI 
inserted between the ITRs, including the promoter (P) and polyadenylation signal (pA). 
HPRT and C346 serve as stuffer DNA. (B) AAV vector plasmid (pAAV-ApoAI) 
encoding Apolipoprotein AI. The expression cassette contains a CMV – promoter with β-
globin intron, the cDNA of human ApoAI and a human growth hormone polyadenylation 
signal (hGHpA). (C) The lentivirus transducing plasmid containing the human ApoAI 
cDNA under control of a CMV promoter.   
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1-2-2 Adeno-associated virus vectors 

Adeno-associated virus (AAV) is a member of the Parvoviridae family; a non-enveloped 

single stranded DNA virus, with particles of only 20–25 nm in diameter (parvus = small). 

AAV2 infection involves attachment to the cell surface receptor heparan sulfate 

proteoglycan. Internalization requires the presence of a co-receptor; αVβ5 integrin or 

fibroblast growth factor receptor 1 and activation of the small GTP-binding protein Rac1 

[Qing et al. 1999; Summerford et al. 1999]. Following internalization, transducing 

virions need to be routed as far as the late endosomal compartment, where pH dependent 

penetration of the endosome occurs and the virus traffics to the nucleus via 

microfilaments and microtubules [Douar et al. 2001; Sanlioglu et al. 2000; Bartlett et al. 

2000]. The 4860 bp single stranded linear DNA genome of AAV2 is flanked by T-shaped 

inverted terminal repeats (ITRs).  The ITRs contain the packaging signal and sequences 

for integration. They also provide an internal primer for replication and conversion of the 

ssDNA to dsDNA [Samulski et al. 1989]. The genome comprises two open reading 

frames (ORFs), encoding the rep (replication) and cap (capsid) genes and one 

polyadenylation signal at the 3’ end [Berns 1996].  

Recombinant AAV vectors for gene therapy are devoid of the entire viral coding 

sequences. The only cis-acting elements required for genome replication and packaging 

are the ITRs; rep and cap genes are replaced with an expression cassette for the 

therapeutic gene. While the ITR has been shown to possess mild promoter activity, for 

maximum levels of transgene expression, the cassette typically includes a 

promoter/enhancer combination, a small intron sequence, the cDNA of the therapeutic 

gene, and a polyadenylation signal. The expression cassette encoding human ApoAI 
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inserted in the AAV vector is shown in Figure 1-1B. AAV vectors are produced by 

double transfection of helper and transducing plasmids into human embryonic kidney 

cells (HEK293) [Grimm et al. 1998].  

In addition to the most commonly used AAV serotype 2 (AAV2), seven other naturally 

occurring serotypes of AAV (AAV1 and AAV3-8), which are structurally and 

functionally different from AAV2 have been identified. Strategies have been devised to 

cross-package an AAV2 vector genome into the capsids of the other AAV serotypes, 

resulting in a new generation of “pseudotyped” AAV vectors [Halbert et al. 2000]. 

Generally, AAV has many natural features that are attractive for a human gene therapy 

vector, such as the ability to infect dividing and non-dividing cells, prolonged gene 

expression following transduction, and a broad host range (human, simian, murine, 

canine and avian cells) [Carter and Samulski 2000]. In addition, AAV vectors were found 

to be substantially less likely to cause innate and adaptive immune responses compared to 

adenovirus vectors [Fisher et al. 1997; Xiao et al. 1996; Jooss et al. 1998] and have been 

successfully used for the long-term expression of therapeutic genes in animal models and 

in patients [Snyder 1999; Kessler et al. 1996; Wu et al. 2006]. AAV vectors are also 

known for their ability to efficiently deliver transgenes into muscle and to secrete the 

corresponding protein into the serum [Xiao et al. 1996; Kessler et al. 1996; Vincent-

Lacaze et al. 1999; Song et al. 1998; Kay et al. 2000]. The major limitations with AAV 

vectors are their inability to package DNA inserts greater than 4.7 kb and the relatively 

low efficiency of transgene expression. Furthermore, 35-80% of the population maintains 

antibodies to AAV2, according to age group and geographical location [Chirmule et al. 

1999; Moskalenko et al. 2000; Erles et al. 1999]. In contrast, the new serotypes are less 
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immunogenic with regard to pre-existing immunity compared to AAV2 and some have 

shown to be several hundred-fold more efficient in transgene delivery and expression 

[Gao et al. 2002]. 

 

1-2-3 The lentivirus vector system 

This sub-section is modified from a previously published bookchapter [Chang and Zaiss 

2002]. Lentiviruses, such as human immunodeficiency virus (HIV), are members of the 

Retroviridae, viruses with enveloped capsids and a plus-stranded RNA genome. Like all 

retroviruses, the RNA genome of lentivirus is converted to DNA by reverse transcription 

after infection and is subsequently stably integrated into the host cell genome. However, 

unlike other retroviruses, which mainly infect dividing cells, lentiviruses can infect both 

dividing and nondividing cells [Tang et al. 1999; Verma and Somia 1997; Fouchier and 

Malim 1999].  

Lentiviruses are classified as complex retroviruses because of the multiple regulatory 

steps involved in their life cycle. The lentivirus genome is a plus-stranded RNA that is 

reverse transcribed into DNA (called provirus) and integrated in the host cell 

chromosomes. The proviral genome is comprised of three conserved genes termed gag 

(group-specific antigen), pol (polymerase, reverse transcriptase, integrase), and env 

(envelope), which are flanked by elements called long terminal repeats (LTRs). Besides 

the structural proteins, gag, pol, and env, HIV-1 encodes for six additional accessory 

proteins (tat, rev, vif, vpr, nef, and vpu) that play an important role in the virus replication 

and persistence of infection. The LTRs (U3-R-U5) consist of untranslated regions (U), 

which contain the enhancer-promoter (in U3), the transcription start site, a 
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polyadenylation signal, and repeated sequences (R), important for reverse transcription 

and interaction with viral transactivator Tat. LTRs also contain the left and right 

integration attachment sites (attR and attL) that are recognized by the viral integrase and 

required for integration into the host genome. Immediately adjacent to the 5' and 3' viral 

LTR, respectively are the primer binding site (PBS) and polypurine tract (PPT), both of 

which are essential for reverse transcription. Another essential element to vector function 

is the viral packaging signal (psi) that interacts with capsid proteins during genome 

assembly. The packaging signal allows the viral RNA to be distinguished from other 

RNAs in the host cells during particle assembly [Coffin et al. 1997]. Lentiviral vectors 

are produced by co-transfection of three to four different plasmid constructs into human 

cell lines; the pHP helper plasmid; the plasmid encoding the VSV-G envelope, and pTY, 

the transducing plasmid, encoding the desired transgene [Burns et al. 1993]. An 

additional plasmid expressing Tat can be used to increase titer.  

The helper construct of the lentiviral vector system, pHP, contains a chimeric promoter 

that drives expression of Gag-Pol. The transducing construct, pTY, serves as a vehicle for 

transgene delivery. In pTY, the gene of interest under control of its own 

enhancer/promoter is inserted downstream of RRE, which is needed for genomic RNA 

expression and packaging. To improve safety, efficacy, and viral titer, self-inactivating 

(SIN) lentiviral vectors have been generated with extensive deletions in 3' U3 and U5 

[Iwakuma et al. 1999]. Because only the region between the two R’s in the viral genome 

is converted to DNA after reverse transcription, a 3′U3 deletion will be passed on to both 

LTRs after one round of reverse transcription. Furthermore, to prevent wild-type 

reversion, the 5′U3 is replaced with a heterologous enhancer/promoter. It is advantageous 
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that viral entry, reverse transcription of the RNA genome, and integration of the proviral 

DNA into the host cell chromosome is mediated entirely by proteins carried in the virus 

particle. Therefore, most sequences in the transducing vector construct can be deleted 

without affecting vector function. Only short sequences required for genome packaging, 

reverse transcription and integration are retained, leaving less than 5% of the viral 

genome in the vector construct. The lentivirus transducing plasmid encoding ApoAI is 

depicted in Figure 1-1C. 

Although lentivirus vectors cannot be used for intravenous injections in vivo, due to rapid 

destruction of virions in plasma by the complement system, lentiviral vectors are able to 

successfully transduce cells of different vertebrate species (including mouse and human) 

and of different tissue origins (including muscle) [Miyoshi et al. 1997; Kafri et al. 1997]. 

Furthermore, the stable integration of therapeutic genes into the host cell chromosome 

after lentiviral vector gene transfer offers the potential for long-term cure and reduces the 

need for continued therapy. Therefore lentiviral vectors were included in the study as 

delivery vehicle for ApoAI. 

 

1-3 Gene Therapy with Apolipoprotein AI 

Previous studies have mainly used adenovirus vectors to enhance ApoAI expression in 

mouse models. For example, Kopfler et al. (1994) used an adenovirus containing a CMV 

promoter fused to the human ApoAI (hApoAI) gene to infect Balb/c mice.  The protein 

was expressed and incorporated into murine HDL. Both, HDL and total cholesterol were 

increased in serum within 5 days followed by a decline at 12 days after virus injection 

[Kopfler et al. 1994].  In other studies, De Geest et al. (2001) used adenovirus to achieve 
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long-term hApoAI expression with a liver-specific promoter. This approach avoided the 

infection of dendritic cells and by-passed an immune response against the transgene.   

HApoAI was detected in the mice for up to 6 months and reduced the neointimal 

formation step of atherogenesis [De Geest et al. 2000, De Geest et al. 2001].  Similar 

results were obtained by Benoit et al. (1999) who attempted to raise HDL using an 

injection of a hApoAI expressing adenovirus into ApoE-deficient and hApoAI-transgenic 

mice.  These mice are prone to atherosclerosis, and lack an immune response to hApoAI. 

Six weeks of adenovirus expression of hApoAI in these mice inhibited fatty streak 

formation by 56% in comparison to control [Benoit et al. 1999].   The studies of Tangirala 

et al. (1999) went one step further and tested the effect of ApoAI gene therapy on the 

regression of existing atherosclerotic lesions.  LDL receptor deficient mice were fed a 

western type diet for 5 weeks to induce athersclerotic lesions followed by a single 

injection of adenovirus that expressed hApoAI. Three days after injection the total ApoAI 

levels in serum were 3-fold higher compared to control, HDL-cholesterol level were only 

modestly increased.  But the total ApoAI/HDL cholesterol ratios were significantly 

increased suggesting that much of the ApoAI resided in particles that were smaller and 

less lipid-rich (pre-β-HDL). In these animals, there was a significant regression of 

atherosclerotic lesions [Tangirala et al. 1999].  

All of these studies used first- or second-generation adenovirus vectors for ApoAI 

delivery. Recent studies determined the effect of long-term (20-24 weeks) hepatic ApoAI 

expression on atherosclerotic lesion development by using a helper-dependent adenovirus 

vector encoding the human ApoAI gene to express hApoAI in LDL receptor-deficient 

and ApoE-deficient mice [Belalcazar et al. 2003, Pastore et al. 2004]. In ApoE-/- mice, 
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the analysis of aortic lesions 20 weeks after treatment, showed a significant reduction of 

lesion size in the treated mice compared to PBS treated control mice [Pastore et al. 2004]. 

Belalcazar et al. (2003) injected LDL receptor-deficient mice that were fed a high fat diet 

for six weeks with AdApoAI or saline and found that 24 weeks after injections the rate of 

lesion progression was reduced by > 50% in AdApoAI treated animals [Belalcazar et al. 

2003].  

Studies reviewed here add further support to the idea that enhancing ApoAI expression 

mediated by gene therapy is useful in the prevention and regression of vascular 

atherosclerosis.  Although adenovirus vectors have resulted in promising results for 

ApoAI delivery, the application of these vectors in humans is hampered by the 

development of innate immune reponses, resulting in significant toxicity and vector 

clearance [Yang et al. 1994; Schnell et al. 2001; Lehrman 1999]. Solving the problems 

associated with vector-induced immunity could therefore reduce vector toxicity and 

increase vector persistence, resulting in prolonged ApoAI expression. The development 

of innate immune responses to viral vectors is reviewed in the next section. 

 

1-4 Immune responses to viral vectors limit successful gene therapy 

One of the biggest challenges in optimizing viral vectors for gene therapy relates to the 

immune response of the host. Similar to wild-type viruses, viral vectors are detected by 

the immune system and generate an immune response. Innate immunity contributes to 

eliminating the vectors and infected cells from the body and can lead to significant 

toxicity. Furthermore, the innate immune response represents a prerequisite for the 

development of adaptive memory responses that thwart further efforts to use the same 
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vector or transgene. In order to avoid or to reduce innate and adaptive immune responses 

to viral vectors, we need to understand in more detail how they are generated. The second 

objective of this study was therefore to analyze the innate immune responses to the 

vectors used for ApoAI gene therapy. In the following sub-sections the innate immune 

responses to viral vectors in general (1-3-1) and innate responses to adenovirus and AAV 

vectors are reviewed (1-3-2). 

 

1-3-1 Innate immunity to gene therapy vectors 

The innate immune system is activated well before the onset of adaptive immunity, 

usually within minutes of an incoming infection and operates mainly at the primary site 

of infection. The purpose of the innate defenses is to block or inhibit initial infection, to 

eliminate virus-infected cells and to recruit other innate and adaptive immune cells to the 

site of infection, which in turn directs the onset and the type of adaptive response [Hoebe 

et al. 2004].  

The innate immune system consists of a number of soluble and cellular components, such 

as complement, cytokines and chemokines, monocytes and macrophages, natural killer 

cells (NK), natural killer T cells (NKT), dendritic cells (DC), granulocytes and 

polymorphonuclear leukocytes (PMN). Innate immune cells have extra- and intracellular 

pattern recognition receptors, such as toll like receptors (TLRs) or NOD-like receptors 

(NLRs), which are are specialized microbial and viral sensors [Meylan et al. 2006; 

Meylan and Tschopp 2006].  

A viral infection, sensed by target tissue cells or innate immune cells directly through 

extra- and/or intracellular pattern recognition receptors or indirectly through opsonizing 
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serum mediators, leads to the activation of the cell, which then releases danger signals, 

such as chemokines and cytokines at the site of infection. Cytokines activate local 

endothelium and recruit innate immune cells such as neutrophils and macrophages. After 

recruitment, innate cells are activated and produce reactive oxygen and nitrogen species, 

which can cause tissue injury [Guidotti and Chisari 2001]. The innate response also 

induces the maturation of dendritic cells (DCs) and leads to the upregulation of antigen 

processing and display of viral epitopes at the cell surface. DCs are highly specialized in 

capturing and presenting antigens to T cells, and via T helper cells in stimulating the 

differentiation and proliferation of B cells. Because of these functions, DCs are thought 

to be key modulators in the development of the adaptive immune response during viral 

infections [Reis and Sousa 2004].  

The cytokines and chemokines produced and the resultant adaptive immune response 

upon viral infection will depend on a number of variables. Among the most important are 

the precise cell types transduced by the vector (professional versus nonprofessional 

antigen presenting cells (APCs), immune versus target cells) and the cell biology of the 

vector. The burden of infectious particles in gene therapy being delivered to localized 

sites creates immune challenges that are hard to compare with natural infection. A better 

understanding of the factors that influence the establishment of innate immune responses 

against gene therapy vectors will lead to strategies on how to circumvent them, resulting 

in reduced toxicity and prolonged gene expression of therapeutic genes.  
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1-3-2 Innate immune responses to adenovirus and AAV vectors 

During viral entry, adenovirus vectors trigger signaling via the MAP kinase (ERK and 

p38) pathway and NFkB activation that result in the expression of inflammatory genes in 

epithelial cells [Amin et al. 1995; Bruder and Kovesdi 1997; Borgland et al. 2000; 

Bowen et al. 2002; Liu and Muruve 2003].  

Innate immune cells, such as neutrophils interact with adenovirus vectors additionally via 

opsonins [Cotter et al. 2005]. In DCs and bone marrow derived macrophages adenovirus 

vectors activate interferon regulatory factor-3 (IRF-3), which is in part responsible for the 

induction of type I interferons (IFNs) and the expression of pro-inflammatory cytokines 

[Nociari et al. 2007]. Furthermore, recent studies have shown that primary macrophages 

and dendritic cells can sense adenovirus vectors via Toll-like receptor 9 (TLR9) [Cerullo 

et al. 2007; Zhu et al. 2007; Basner-Tschakarjan et al. 2006].   

 In animal models in vivo adenovirus vectors induce acute inflammation after systemic 

administration, which is characterized by the induction of proinflammatory cytokine and 

chemokine expression in the liver, followed by infiltration of leukocytes, and results in 

necrosis and tissue damage [Muruve et al. 1999; Schnell et al. 2001; Kay et al. 2001]. 

Adenovirus vector-mediated acute toxicity is dose-dependent and independent of viral 

gene expression, indicating that the viral capsid is mainly responsible for the induction of 

innate immune responses [Muruve et al. 1999].  This is further confirmed by studies 

using helper-dependent adenoviral vectors. While adaptive immune responses generated 

by helper-dependent adenoviral vectors are attenuated in comparison to adaptive 

responses induced by earlier vectors [Morral et al. 1998; Morsy et al. 1998], helper-

dependent adenoviral vectors induce rapid expression of inflammatory cytokine and 
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chemokine genes in mouse liver and acute toxicity in baboons after intravenous injection 

in a pattern similar to that induced by first generation adenovirus vectors [Muruve et al. 

2004; Brunetti-Pierri et al. 2004; Parks et al. 1996].  

The presence of immune serum seems to further increase adenovirus vector-induced 

inflammatory reactions; administration of adenovirus vectors to previously immunized 

animals results in even higher hepatotoxicity compared to naïve animals [Varnavski et al. 

2005; Varnavski et al. 2002; Vlachaki et al. 2002]. Furthermore, significant mortality 

was observed when pre-immunized mice were inoculated systemically with a high dose 

of adenovirus vector in addition to the expected reduced efficiency of transgene delivery 

[Varnavski et al. 2005; Vlachaki et al. 2002]. Anti-adenoviral antibodies are found in 

over 97% of the population [Chirmule et al. 1999]. Therefore in the majority of potential 

patients receiving adenoviral gene therapy, the contact of virus particles and blood will 

lead to the formation of adenovirus-antibody complexes. These complexes may have the 

ability to induce inflammatory reactions equivalent to those observed in animals. In fact, 

adenovirus vectors also cause severe life-threatening inflammatory reactions in humans, 

which at high doses can manifest in systemic sepsis-like syndromes and even mortality  

[Raper et al. 2002; Lehrman 1999].  

Adeno-associated virus (AAV) vectors are considered less immunogenic compared to 

adenovirus vectors and have not been associated with significant inflammatory reactions 

following transduction in previous trials [Warrington and Herzog 2006]. The innate 

immune responses to AAV vectors however, have never been studied. Furthermore, a 

recent phase I trial for haemophilia B using intra-hepatic artery delivery of an AAV 

vector encoding factor IX had to be curtailed when concerns arose regarding possible 
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liver damage due to vector toxicity and immune responses to the vector [Manno et al. 

2006]. These results suggest that AAV vectors – although less immunogenic in 

comparison to adenovirus vectors – might have some ability to activate innate immune 

responses. In addition to causing toxicity and significant vector loss, innate immune 

responses also represent a prerequisite for the development of adaptive responses such as 

the development of neutralizing capsid antibodies. The lack of AAV-mediated gene 

transfer to patients with high neutralizing antibody titers shows that efficient or repeated 

ApoAI delivery with AAV vectors would not be possible [Manno et al. 2006].  

In summary, literature reviewed in this sub-section suggests that adenovirus and AAV 

vectors are limited to different extent by innate and adaptive immune responses. The 

analysis of the factors leading to the induction of immune responses, such as the 

identification of responsible cell types, receptors and signalling pathways is needed in 

order to optimize the use of these vectors for routine clinical use.  

 

 

 

1-5 Summary 

Atherosclerosis is initiated by an accumulation and subsequent oxidation of cholesterol-

containing LDLs in the arterial intima [Napoli et al. 1997; Simiunescu et al. 1986; 

Parthasarathy et al. 1989]. Oxidized LDL can activate local endothelium, which induces 

an inflammatory-fibroproliferative response and leads to the development of 

atherosclerotic plaques [Jonasson et al. 1986; Heinecke 1998; Navab et al. 2004]. ApoAI 

augmentation increases serum HDL in vivo [Benoit et al. 1999; Chiesa et al. 2002; Rubin 
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et al. 1991]. Increased HDL in turn protects against atherosclerosis based on the ability to 

promote reverse cholesterol transport, and anti-oxidant, anti-inflammatory and anti-

thrombotic functions in the vessel wall [Fielding et al. 1995; Cockerill et al. 1995; 

Calabresi et al. 1997; Park et al. 2003; Xia et al. 1999; Clay et al. 2001; Dimayuga et al. 

1999; Calabresi et al. 2003; Nicholls et al. 2005].  

One potential way to increase ApoAI in vivo is gene therapy. Gene therapy vectors based 

on adenovirus that target the liver for the expression of therapeutic genes are 

characterized by high efficiencies of transgene delivery and expression and have been 

used successfully for ApoAI delivery in animal models [Kopfler et al. 1994; De Geest et 

al. 2001; Benoit et al. 1999; Tangirala et al. 1999; Belalcazar et al. 2003; Pastore et al. 

2004].  Adenovirus is, however, impaired by significant toxicity in vivo [Kay et al. 2001; 

Lehrman 1999; Muruve et al. 1999]. Innate immune activation is largely responsible for 

the toxicity observed in response to adenovirus vectors. Adenovirus mediated ApoAI 

gene transfer in its current form cannot be translated into the clinic unless some of the 

problems associated with vector-induced toxicity and immune activation are solved. 

Animal studies and clinical trials with vectors based on adeno-associated virus (AAV) 

have shown that AAV vectors often elicit long-term expression of therapeutic genes 

without inducing potent immune responses or toxicity [Warrington and Herzog 2006; 

Flotte 2004]. This is likely due to their limited ability to transduce dendritic cells [Jooss 

et al. 1998]. Furthermore, AAV vectors have been used successfully to transduce muscle 

[Xiao et al. 1996, Kessler et al. 1996, Vincent-Lacaze et al. 1999, Song et al. 1998, Kay 

et al. 2000], which is a promising target tissue because it is easily accessible and allows 

for prolonged gene expression of therapeutic genes. Muscle might therefore be more 
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feasible for future clinical trials. AAV vectors however still induce the development of 

neutralizing capsid antibodies, which prevent repeated delivery of therapeutic genes. 

Lentivius vectors have also been successfully used for muscle gene therapy [Yanay et al. 

2006; Oh et al. 2006; Raoul et al. 2005].  

The main goal of this study was to address some of the limitations of ApoAI gene therapy 

by testing muscle-directed AAV and lentivirus vectors as alternative gene therapy 

approaches for ApoAI augmentation and by analyzing the mechanism of vector-induced 

immune activation. Only by understanding the molecular mechanisms underlying the 

immune activation by gene therapy vectors, strategies can be found to circumvent them 

and gene therapy applications such as ApoAI delivery can be improved. 

The use of AAV and lentiviral vectors for muscle-directed ApoAI delivery is addressed 

in chapter 3. In chapter 4 the activation of innate immune responses to adenovirus vectors 

is analyzed and in chapter 5 the role of the innate response in AAV vector-mediated gene 

therapy and antibody development will be determined. 
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CHAPTER TWO: MATERIALS AND METHODS 

 

2-1 Viruses and viral vectors  

2-1-1 Adeno-Associated Virus vectors  

High titer AAV vectors (1013 particles/ml) encoding GFP or lacZ were obtained through 

collaborations with Dr. J.S. Bartlett (Columbus Children's Hospital, Ohio). AAV vectors 

were produced from producer cell lines using wt Ad 5 as described [Clark et al. 1999].   

Vectors were purified by high-pressure liquid chromatography with a POROS HE/M 

heparin column. Final vector preparations were dialyzed against 4 liters of dialysis buffer 

containing 3% sucrose, 150 mM NaCl, 10 mM Tris (pH 7.4) and 1 mM MgCl2 for 4 

hours at 4ºC and stored at -70ºC.  The absence of replication competent adenovirus in the 

AAV preparations was assayed by passing 1% of the purified vector stock onto 293 cells 

and scoring for adenovirus cytopathic effect after 7 days.  Adenovirus contamination was 

consistently less than 1 infectious ad particle per 1012 AAV particles, when evidenced at 

all. DNase resistant particle values were determined using a Perkin Elmer Applied 

Biosystems (Foster City, Calif.) Prism 7700 sequence detector as described previously 

[Clark et al. 1999].     

 

2-1-2 Adenovirus and Adenovirus vectors 

The type 5, E1-deleted, E3-defective (pJM17-based) adenovirus encoding the GFP or 

lacZ transgene under the control of a cytomegalovirus promoter was generated using the 

Ad-EASY system (Stratagene), plaque purified twice and then propagated on human 

embryonic kidney cells (HEK293 cells). Vectors were purified on cesium chloride 
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gradients as previously described [Becker et al. 1994]. After purification, vectors were 

dialyzed against 4 liters of dialysis buffer containing 3% sucrose, 150 mM NaCl, 10 mM 

Tris (pH 7.4) and 1 mM MgCl2 for 4 hours at 4°C and stored at -70°C.  The particle titer 

was determined by measuring the optical density at 260 nm as described by Mittereder et 

al. (1996) and labeled as particle per cell (part/cell) [Mittereder et al. 1996]. Plaque assay 

on HeLa cells and PCR was used to test for replication competent adenovirus.  The 

concentration remained consistently <1 per 1010 particles.  Ps-Ad* is AdGFP, which was 

rendered transcription defective by UV/psoralen (UV/Ps) treatment as previously 

described [Borgland et al. 2000]. AdL.PB* and AdL.F* are tropism-modified E1-E3-

deleted Ad5-based vectors carrying the luciferase transgene in the E1 region under the 

control of the CMV promoter (kindly provided by T. Wickham and GenVec Inc.) 

[Tibbles et al. 2002]. AdL.PB* contains a deletion of the RGD motif in the penton base, 

and AdL.F* has the mutations R412S, A415G, E416G, and K417G in the AB loop of the 

fiber protein. Tropism modified vectors and wild-type serotype 5 adenovirus (Ad5wt, 

ATCC) were propagated as described above.  

 

2-1-3 Viral vectors encoding Apolipoprotein AI 

2-1-3-1 Helper-dependent Adenovirus vector - ApoAI 

Helper dependent adenovirus vector encoding human ApoAI (Ad-ApoAI) and empty 

control vector was obtained through collaborations with Dr. L.B. Chan (Department of 

Medicine, Baylor college of Medicine Houston, Texas) [Belalcazar et al. 2003]. The 

vector contains 10 kb of the human ApoAI genomic sequence, encoding the full length 

protein, including the promoter region. The human HPRTB gene (Genbank HumHPRTB, 
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bp 1799-17,853) and the cosmid C346 (Genbank L31948, bp3-4768) serve as stuffer 

DNA [Rubin et al. 1991].  

 

2-1-3-2 Adeno-Associated Virus vector – ApoAI 

The production and purification of the AAV vector encoding ApoAI was modified from a 

method by Zolotukhin et al. (1999) [Zolotukhin et al. 1999]. 

Generation of the AAV-ApoAI transducing plasmid 

The genomic sequence of wild type AAV2 was previously cloned and inserted into a 

plasmid backbone; the resulting plasmid was termed pSub201 (Appendix A-I). The 

vector system to generate AAV vector consists of two plasmids, a transducing plasmid 

encoding the promoter-transgene-polyA cassette inserted between the inverted terminal 

repeats (ITR’s) and a helper plasmid, pDG, encoding all necessary structural and 

regulatory genes from wt AAV2 (rep and cap genes) and adenovirus helper functions 

(E4, E2A and VA RNA) in trans. The transducing plasmid can be generated from 

pSub201 by restriction enzyme digest with Xba I, which releases the entire rep and cap 

gene cassette between the ITR’s. A promoter-transgene-polyA cassette can then be 

inserted. The plasmid without sufficient stuffer sequence between the ITR’s is unstable 

however, due to the ITR structure, which favors recombination events. Efforts towards 

inserting short multiple cloning sites have therefore been unsuccessful. Blunt-end 

ligations into the pSub201 plasmid at the Xba I site are equally difficult due to the ITR’s. 

Therefore a potential polylinker had to be, if possible, inserted into the pSub201 plasmid 

using the Xba I site (“sticky ligation”). The polylinker with two Xba I sites on either side 

was constructed as follows: 
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The multiple cloning site from pTYpL (Appendix A-II) was excised with Hind III and 

inserted into pBluescript (Appendix A-III), which was digested with Hind III and treated 

with calf intestine alkaline phosphatase (CIP) prior to ligation. Now a multiple cloning 

site was created, which could be excised with a single Xba I cut and inserted into the 

pSub201 plasmid by Xba I – Xba I ligation. The new AAV plasmid containing a multiple 

cloning site between the ITR’s was termed AAV-pL (Appendix A-IV). 

 

The cDNA of human ApoAI was kindly provided by Dr. J. Lam (University of Calgary) 

and was flanked by a Bam HI site and a Hind III site at the 5’ end and at the 3’ end, 

respectively. Therefore the following strategy was used to clone ApoAI into the AAV 

transducing plasmid (AAV-pL): 

First, pMCS-ApoAI was constructed (Appendix A-V) by inserting the ApoAI cDNA into 

the plasmid pCMV-MCS (Invitrogen), an expression plasmid which contains a multiple 

cloning site between a CMV-promoter and a polyadenylation (polyA) signal, flanked by 

Not I sites (Appendix A-VI).  The insertion was achieved by using the Hind III and Bam 

HI site on either end of the ApoAI cDNA and the corresponding sites in the multiple 

cloning site of pCMV-MCS. The resulting pMCS-ApoAI plasmid (Appendix A-V) has 

the ApoAI gene inserted downstream of a CMV promoter and upstream of a strong 

human growth hormone polyA (hGHpA) signal. The entire expression cassette (CMV-

ApoAI-pA) was excised by Not I, which is located on either side, and ligated into Not I 

digested and CIP-treated AAV-pL (Appendix A-IV).  Clones that have ApoAI inserted 

into pAAV-pL in either orientation were isolated and amplified as described in the 

following (Appendix A-VII and A-VIII). 
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Purification of vector plasmids by CsCl gradient centrifugation 

All vector plasmids for the production of recombinant AAV (and lentiviral vectors) were 

purified by a conventional alkaline lysis and cesium chloride gradient centrifugation.  

Briefly, bacteria (strain XL-10 Gold, Stratagene) were grown in 200 ml LB-broth and 

collected by centrifugation at 5000 rpm for 10 minutes at 4ºC. The pellet was 

resuspended in 5 ml lysis buffer (50 mM glucose, 25 mM Tris (pH 8.0), 10 mM EDTA) 

containing fresh, 5-mg/ml lysozyme (Sigma), and incubated on ice for 10 minutes. Then 

10 ml of freshly made 0.2 N NaOH/1% SDS was added to the lysate and the bottles were 

mixed well by vortexing and incubated at room temperature for 5 minutes. After adding 

7.5 ml of cold 7.5 M ammonium acetate (NH4OAc) pH 7.5 and a brief (5 minute) 

incubation on ice, the precipitate was removed by centrifugation at 8000 rpm for 15 

minutes at 4ºC. The supernatant was further purified by Ribonuclease A (Sigma) 

digestion for 1 hour at 37ºC and phenol-chloroform extraction to remove remaining 

proteins. The DNA was then precipitated with an equal volume of ice-cold isopropanol. 

The pellet was rinsed with 70% ethanol, vacuum-dried, and resuspended in 1.6 ml TE-

buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0). The 1.6 ml resuspended plasmid DNA 

was combined with 3 ml of a 1.2 g/ml cesium chloride (CsCl) stock solution and 

transferred into 5-ml quick-seal polyallomer ultracentrifuge tubes (Beckman). In order to 

visualize the plasmids after the ultracentrifugation, 100 µl ethidium bromide (5 mg/ml) 

was added. The tubes were filled completely with a solution of CsCl : H2O (2:1), sealed 

and placed in a TLA-100.4 rotor with adapters for centrifugation at 100K rpm at 19-22ºC 

overnight. After ultracentrifugation the second lower band was carefully extracted out of 

the tubes using a 21-gauge needle attached to a 3 ml syringe. Ethidium bromide was 
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extracted from the sample with equal volumes of sodium chloride (NaCl) - saturated 

isopropanol (2-propanol) several times, until the solution was completely clear. The DNA 

was again precipitated with isopropanol, and resuspended in 400 µl TE-buffer. The total 

amount of plasmid DNA was determined by measuring the optical density at 260 nm 

(OD260). The plasmid solutions were transferred into Eppendorf tubes, ethanol-

precipitated by adding 40 µl of 3 M sodium acetate (NaOAc) pH 5.2 and 1 ml of cold 

95% ethanol to the 400 µl DNA, and stored at –20°C until use. Ethanol-precipitated 

plasmid DNA can be stored for unlimited time, while staying both, sterile and stable.  

For use in transfections, the plasmids were centrifuged at full speed in a tabletop 

centrifuge for 10 minutes; the pellet was rinsed with 70% ethanol, vacuum-dried and 

resuspended to a final concentration of 1 µg/µl in sterile DNAse/RNase-free water 

(BRL). 

 

Transfections for AAV Vector Production 

Three plasmids were used for AAV vector production; the pDG helper plasmid, the 

transducing plasmid either encoding the lacZ (pAB-11) or the ApoAI (pAAV-ApoAI) 

transgene and a GFP expression plasmid (pHEF-eGFP), to monitor transfection 

efficiency.  

pDG was kindly provided by Dr. J. A. Kleinschmidt (Heidelberg, Germany) [Grimm et 

al. 1998], pHEF-eGFP was obtained from Dr. L.-J. Chang (University of Florida) [Chang 

et al. 1999] and pAB-11 from Dr. J.S. Bartlett (University of Ohio) [McCown et al. 

1996]. PDG helper plasmid, pAB-11 or pAAV-ApoAI transducing plasmid and GFP 

control plasmid were co-transfected into HEK293 cells, which leads to the assembling of 
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viral particles in the cytoplasm.  Vector particles were harvested by cell lysis and purified 

by a combination of iodixanol gradient centrifugation and heparin affinity 

chromatography. Iodixanol is a non-ionic gradient medium for bulk purification.  Heparin 

affinity purification is based on the ability of AAV to bind to cell surface heparan sulfate 

proteoglycan.  The combination of these two sequential purification methods produces 

vector that is 99% pure and has good recovery rates. 

In order to obtain optimal titers, the molar ratio of helper plasmid to transducing plasmid 

(pDG to pAB-11/pAAV-ApoAI) during transfections should be 1:1. Furthermore, the 

best calcium-phosphate-transfection efficiencies were obtained by using ~ 75 ug DNA 

per 150-mm plate. Therefore, for one batch of virus, fifty 150-mm plates were transfected 

with a total of 800 µg of transducing plasmid, 2350 µg pDG and 600 µg GFP (16 µg 

transducing plasmid, 47 µg pDG and 12 µg GFP per 150-mm plate). 

The transfection was based on the conventional calcium-phosphate transfection [Chen 

and Okayama 1987] with modifications: HEK293 cells were seeded into fifty 150-mm 

plates to ~60% confluency. On the day of the transfection, the medium was removed and 

replaced with fresh medium (20 ml per plate) at least one hour before starting the 

transfection procedure. Then, 10 polycarbonate tubes were prepared, and the transfection-

mix for 5 x 150-mm-plates was added to each in the following way:  

First, 1875 µl of RNase/DNase-free H2O (BRL), 250 µl CaCl2 [2.5M] and 375 µl DNA 

were mixed together by gentle vortexing. Then, 2.5 ml 2x BES buffered solution (BBS) 

pH 6.98 was added slowly (dropwise) and the solution was incubated at room 

temperature for 10 minutes. After adding 262.5 µl CaCl2 [2.5M] and 5 ml HEPES pH 
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7.08 a fine precipitate formed within 5-10 minutes. A total of 2 ml transfection-mix was 

added to each 150-mm plate while swirling the plate gently. 

 

Harvesting of Transfected Cells and Preparation of Crude Lysate 

Two to three days after transfection, the cells were harvested in 1 x PBS which was 

subsequently removed by centrifugation at 1000 g for 5 -10 minutes. The cells were then 

lysed in lysis buffer (150 mM NaCl, 50 mM Tris-Cl pH 8.5) by vortexing and two 

freeze/thaw cycles in dry-ice-ethanol and 37ºC water baths. Cells from 10 plates were 

usually collected into one 50-ml Falcon tube and lysed with 15 ml of lysis buffer. 

The lysate was clarified by centrifugation at 3000 g for 15 minutes, transferred to a new 

tube and incubated with 50 U/ml of benzonase (Sigma) for 30 minutes at 37ºC to digest 

nucleic acids. This incubation was followed by another incubation with 0.5% 

deoxycholic acid (final concentration) for 30 minutes at 37ºC, which prevents 

aggregation of viral particles. The crude lysate was then clarified a second time by 

centrifugation at 3000g for 15 minutes, the supernatant was collected and filtered through 

a 0.8 µm and a 0.45 µm low protein-binding filter (Millipore). 

 

Iodixanol Density Gradient Purification 

A discontinuous step gradient was formed by underlaying the less dense cell lysate with 

iodixanol. Iodixanol, 5,5’[(2-hydroxy-1-3-propanediyl)-bis-(acetylamino)] bis [N,N’-

bis(2,3dihydroxypropyl-2,4,6-triiodo-1,3-benzenecarboxamide] was prepared using a 

60% sterile stock solution (OtiPrep, Company). The 15 ml crude lysate was transferred 

into one Quick-Seal ultra-clear 25x89 mm centrifuge tube (Beckman) and carefully 
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underlayed with 9 ml of 15% iodixanol and 1 M NaCl in PBS-MK buffer (1 x phosphate-

buffered saline (PBS), 1 mM MgCl2 and 2.5 mM KCl). Another underlay followed by 

adding 6 ml of 25% iodixanol in PBS-MK buffer containing phenol red (2.5 µl of a 0.5% 

stock (Sigma) per ml of iodixanol solution), 5 ml of 40% iodixanol in PBS-MK buffer 

and 5 ml of 60% iodixanol with phenol red. The tubes were filled until the bottleneck 

with PBS-MK buffer, sealed and centrifuged at 350,000 g for 1:15 hours at 18ºC in a type 

70-Ti rotor (Beckman). AAV is distributed through the clear 40% density step. To 

recover the AAV, a 18 g needle was inserted 2 mm below the red 60% to clear 40% 

density junction and 4 ml were collected. 

 

Heparin Affinity Chromatography 

A pre-packed 2.5 ml Heparin-Agarose Type I column (Sigma) was equilibrated with 20 

ml PBS-MK buffer under gravity. The AAV iodixanol fraction (4 ml) was then applied to 

the column under gravity, and the column was washed with 10 ml PBS-MK buffer, 

followed by another wash with 10 ml PBS-MK/ 0.1 M NaCl under gravity. AAV was 

eluted with PBS-MK buffer containing 0.5 M NaCl under gravity; after applying the 

elution buffer, the first 2 ml of the eluate were discarded (column volume) and virus was 

collected with the next 3.5 ml of elution buffer.  One batch of virus (fifty 150-mm plates) 

results in 17.5 ml eluted virus.  

  

Dialysis and Concentration 

In order to desalt the eluted vector, the eluate was placed in snake-skin dialysis tubes (10 

K, Pierce) and dialyzed 4 x against 1 liter of 1 x TMN dialysis buffer (10 mM Tris pH 
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7.4; 1 mM MgCl2; 150 mM NaCl) for 1 hour each at 4°C. The dialysis buffer was 

prepared with endotoxin-free water (Baxter).  

After dialysis, the virus was concentrated by centrifugation using Amicon Ultra-15 ml 

100 K-filter units (Millipore). The filter membrane was pre-rinsed with dialysis buffer, 

then up to 15 ml of vector in dialysis buffer was applied to the filter device and 

centrifuged at 4000 g in a swinging bucket rotor at room temperature. Volumes of 15 ml 

of diluted virus can be concentrated to 200 µl in approximately 15 minutes. Concentrated 

samples were immediately collected after spinning, pooled, aliquoted and stored at -80ºC. 

 

Determination of AAV Vector Titers 

AAV vectors were titered by both, optical density measurement to determine the total 

particle number and by an infectious titer assay to determine the amount of infectious 

units.  

Quantification of AAV particles by optical density measurement was determined 

according to Sommer et al. [Sommer et al. 2003].  100 µl of vector sample or vehicle 

were denatured by addition of SDS to a final concentration of 0.1% and incubation at 

75ºC for 10 minutes. The optical density was measured at 260 and 280 nm. The amount 

of vector genomes (vg) /ml can then be calculated with the following formula: 

 

Vg/ml = [4.47 x 1019 (A260 – 0.59 A280)] / [1.33 x 106] 

 

1.33 x 106 is the estimated molecular weight of a ~4000-nt single stranded vector genome 

[Sommer et al. 2003]. 
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The number of infectious particles of AAV vectors encoding lacZ or GFP was 

determined by transducing HEK293 cells with serial dilutions of vector in the presence of 

wild-type adenovirus serotype 5 (Ad5wt). Ad5wt aids with the conversion of AAV single 

stranded DNA to double stranded DNA and increases therefore the transgene expression 

in transduced cells. Briefly, HEK293 cells were plated in a 24-well plate at about 95% 

confluency. Twenty four hours later the growth medium was replaced with 300 µl of 

medium per well, containing 2.3 x 108 particles of Ad5wt and serially diluted AAV 

vectors followed by incubation at 37ºC, 5% CO2 overnight. The next morning the cells 

were monitored by fluorescence microscopy or X-gal-staining depending on whether the 

cells were transduced with AAV-GFP or AAV-LacZ. Transgene expressing cells were 

counted directly under an inverted microscope. Virus encoding ApoAI was titered by 

optical density measurement and the functional expression of ApoAI was additionally 

evaluated by Western blotting. 

 

2-1-3-3 Lentivirus - ApoAI 

Lentivirus vectors are generally produced by transfecting the required plasmids into 

TE671 or HEK293 cells. The virus buds out of the cells and accumulates in the cell 

culture supernatant. Medium containing virus is harvested for 3 days after transfection, 

filtered, concentrated and aliquoted [Chang and Zaiss 2002]. The plasmids; pHP (helper 

plasmid), p-tat (expressing tat helper function), pHEF-VSVG (encoding the envelope 

glycoprotein), pTYEF-nlacZ (transducing plasmid encoding lacZ), pHEF-eGFP (GFP 

expressing plasmid for transfection controls) and the transducing vector shuttle pTY-pL 

were all kindly provided by Dr. L. J. Chang (University of Florida, USA) [the plasmids 



 

 

41 

are also available from the NIH AIDS Research and Reference Reagent Program, 

http://www.aidsreagent.org].  

 

Construction of the lentivirus transducing plasmid encoding ApoAI 

The Lenti-transducing plasmid encoding the ApoAI transgene under the control of a 

CMV promoter (pTY-ApoAI, Appendix A-IX) was constructed by releasing the CMV-

ApoAI promoter-gene cassette from the expression plasmid pMCS-ApoAI (Appendix A-

V) by restriction enzyme digestion with Mlu I and Hind III. The CMV-ApoAI fragment 

was treated with T4 DNA polymerase to create blunt ends, separated from the plasmid 

backbone by agarose gel electrophoreses, purified using a commercially available gel 

extraction kit (Qiagen) according to the manufacturer`s instructions and ligated into the 

pTY-pL lentivirus transducing vector backbone (Appendix A-II) by blunt-end ligation. 

pTY-pL was digested with Bam HI and Eco RI, T4 DNA polymerase treated and purified 

(gel extraction kit, Qiagen) prior to the ligation. All cloning for lentivirus vector plasmids 

was performed in DH5alpha competent E. coli cells. All restriction enzymes were 

obtained from New England Biolabs and were used with their corresponding 

recommended buffers.  

 

Production of Lentivirus Vectors 

Lentiviral vectors were generated by co-transfection of five plasmids (the transducing 

plasmid encoding the transgene, pTY; the helper plasmid pHP; the envelope plasmid 

pHEF-VSVG; the tat helper plasmid and the transfection control plasmid pHEF-eGFP) 
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into TE671 cells. All plasmids were purified by CsCl-banding and dissolved at a 

concentration of 1 µg/µl in RNase-free water as described above.  

The original protocol for lentiviral vector production was based on vector production in 

2-3 wells of a 6-well plate [Chang and Zaiss 2002]. In order to generate enough ApoAI 

vector for in vivo applications, the protocol was upscaled to six 100-mm plates. The ratio 

of the plasmids in the producer cells is important for obtaining optimal titers (2:1, 

pHP:pTY, w/w). Furthermore, the total DNA amount for optimal calcium-phosphate 

transfection in 100-mm plates is ~ 25 µg/plate. Both need to be taken into consideration 

when upscaling or downscaling the protocol for lentiviral vector production. Therefore 

the following quantities of DNA were used for the production of six 100-mm plates: 42.6 

µg pHP helper plasmid; 21 µg pTY-ApoAI transducing plasmid; 16.8 µg VSV envelope 

plasmid; 3.6 µg tat; 54 µg pHEFeGFP as transfection control; and 12 µg of empty 

pcDNA plasmid to obtain a total of 150 µg (25 µg DNA/100-mm-plate). 

The transfection protocol was based on the original calcium-phosphate transfection 

method with modifications: 

Approximately 20 hours before transfection, TE671 cells were seeded in six 100-mm 

plates at 90% confluency. One hour before transfection, the cells were fed with 8 ml of 

fresh medium per 100-mm plate. Subsequently, the transfection mix for the 6 plates was 

prepared by adding 975 µl of RNase/DNase-free water (BRL), 150 µl plasmid DNA and 

125 µl CaCl2 [2.5 M] into a clean 15-cc polycarbonate tube. The tube was gently 

vortexed to mix. An equal volume of 1.25 ml 2xBBS solution (pH 6.98) was added 

dropwise with gentle shaking. After a brief (10 minute) incubation at room temperature, 

131 µl of CaCl2 [2.5 M] and 2.5 ml of Hepes (pH 7.08) were added dropwise, leading to 
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the formation of a fine precipitate. The transfection mix was incubated at room 

temperature for 5–15 minutes depending on the turbidity of the DNA solution. Once a 

pale white suspension was visible, the precipitate (800 µl/plate) was added dropwise to 

the culture plates while swirling the plates with the other hand. Transfected cells were 

placed overnight in a 37°C, 5% CO2 incubator. 

 

Harvesting of Lentivirus Vectors 

Lentivirus particles bud out of their host cells, therefore the virus is secreted into the 

medium and can be harvested by collecting cell culture supernatant.  

Twenty-four hours after transfection, co-transfected green fluorescence protein (GFP) 

expression was monitored under an inverted fluorescent microscope. At least 70–80% 

cells (up to 100%) should express GFP. Then the medium was discarded and replaced 

with 4.5 ml per plate of fresh medium (the low volume increases the concentration of 

secreted virus).  From this time point on (15–20 hours after DNA addition) virus was 

harvested every 12 hours for 4 days by collecting the cell culture medium. The virus 

supernatant was filtered using a 0.45-µm low-protein-binding filter (Millipore) to remove 

cell debris and stored at –80°C until use.  

 

Concentration of Lentiviral Vectors 

Small volumes of lentiviral vectors were concentrated 30–50-fold by a centrifugation 

protocol using a microcentrifuge. Therefore, filtered virus supernatant was transferred in 

1-ml aliquots into 1.5-ml sterile screw-cap tubes (Sarstedt). In order to know later the 

position of the vector-pellet, one side of the tube was marked with a water-resistant pen. 
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With the marked side facing out, the tubes were centrifuged at 20,000g in a table-top 

microfuge for 2.5 hours at 4°C. The supernatant was carefully removed by pipeting 

(guiding the pipette-tip down the side of the tube, opposite the marking), leaving behind 

approximately 20–30 µl volume. Each tube was then rigorously vortexed for 20 seconds, 

followed by vortexing gently and continuously at 4°C for 2–4 hours.  The aliquots were 

pooled and re-aliquoted to avoid titer variations among different tubes and stored at –

80°C.  

Lentiviral vectors from larger batches were concentrated by filtration through Amicon 

filter units (see concentration of AAV vectors above). 10 ml of the harvested, 0.45 µm 

filtered tissue culture supernatant were directly added to the filter device and the volume 

was reduced to 200 µl in ~15 minutes by centrifugation. The concentrated virus was then 

pooled, re-aliquoted and stored at – 80°C.  

 

Titering of Lentiviral Vectors 

In order to determine the number of infectious particles per ml of virus carrying the lacZ 

reporter gene, TE671 cells were transduced with serial dilutions of virus, followed by 

fixing and staining of the cells with X-gal and counting of blue cells, similar to the 

infectious titer assay described for AAV-LacZ (see above).  Briefly, TE671 cells were 

seeded in a 24-well plate (approximately 90% confluent). Different volumes of virus 

stock (usually 2–20 µl for virus with an expected titer of 105–106/ml) were mixed with 

300 µl growth media containing 4–8 µg/ml polybrene (Sigma). The diluted virus was 

added to each well and the plate was incubated at 37°C in a 5% CO2 incubator overnight. 

The next morning, 0.5 ml of growth media was added to each well and the plate was 



 

 

45 

incubated for another 24 hours. For the lacZ enzyme assay, the cells were fixed and 

stained with X-gal staining solution (detailed protocol see below) and the plate was 

incubated at 37°C overnight. The virus titer was determined by counting blue cells 

directly using an inverted microscope. Lentiviral vectors encoding ApoAI as the 

transgene were produced side by side with a vector encoding lacZ, assuming that the 

titers are equivalent. Additionally, the performance of Lenti-ApoAI was assessed by 

Western blotting as described below.   

 

2-1-4 Endotoxin testing 

Low-endotoxin H2O, buffers, and tissue culture reagents were used for vector production 

and experiments. Adenovirus and AAV vectors were routinely tested for the presence of 

endotoxin using commercially available kits (Cambrex Bio Science). All vectors 

contained less than 0.1 units/ml of endotoxin.  

 

2-2 Cells and Culture Conditions 

2-2-1 General human and mouse cell lines 

The immortalized, nontransformed, epithelium-derived DBA/2 mouse kidney cell line 

(renal epithelium-derived cells [REC cells]) [Wuthrich et al. 1990], human embryonic 

kidney cells (HEK293 cells, ATCC), human cervical carcinoma epithelium cells (HeLa 

cells, ATCC) and TE671 (human muscle rhabdomyosarcoma, kindly provided by Dr. L.-

J. Chang, University of Florida) [Chang and Zaiss 2002] were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (5000 units/ml penicillin, 5000 µg/ml streptomycin in 0.85% 
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saline,  GIBCO, BRL). Human hepatocellular carcinoma cells (Hep G2, ATCC) were 

propagated in Minimum essential Eagle’s medium, supplemented with 0.1 mM sodium 

pyruvate, 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.  The murine 

myoblast cell line C2C12 (ATCC) was maintained in DMEM, with 10% FBS and 1% 

penicillin-streptomycin, adjusted to contain 1.5 g/l sodium bicarbonate and 4.5 g/l 

glucose. All cells were maintained in a humidified atmosphere with 5% CO2 at 37ºC. 

Cells were periodically tested for mycoplasma contamination. 

Viral transductions were performed in six-well-plates with 106 cells/well. Cells were 

incubated with 1 ml of medium per well containing viral vectors followed by incubation 

at 37ºC in 5% CO2. Cell extracts and supernatants were harvested for Western blot or 

DNA/RNA analysis at pre-determined time points. In some experiments with HeLa and 

HEK293 cells, the FBS in the culture medium was replaced by human serum (for details 

see 2-2-2). 

 

2-2-2 Cell culture with THP-1 monocytes 

Human THP-1 monocytic leukemia cells (ATCC) were grown in RPMI 1640 media, 

supplemented with 10% FBS, 1% penicillin and streptomycin, 1% MEM sodium 

pyruvate (100 mM) and 0.01% β-mercaptoethanol. THP-1 cell differentiation was 

achieved by resuspending the cells in growth medium containing 10-8 M phorbol-12-

myristate-13-acetate (PMA) [Schwende et al. 1996]. PMA was prepared as a stock 

solution (10-3 M) in dimethyl sulfoxide (DMSO) and diluted with growth medium to 

obtain the final concentration. Experiments were performed 48-72 hours after the 

addition of differentiation medium in normal growth medium. All cells were maintained 
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in a humidified atmosphere with 5% CO2 at 37ºC. Cells were periodically tested for 

mycoplasma contamination. 

Viral transductions were performed in six-well-plates or 24-well-plates with 106 

cells/well and 2 x 105 cells/well respectively. Cells were incubated with 1 ml of medium 

per 6-well or 0.3 ml of medium per 24-well containing viral vectors followed by 

incubation at 37ºC in 5% CO2. For selected experiments, the FBS in the cell culture 

medium was replaced by human serum (HS). Human serum was collected from 10 

healthy donors, pooled, and filtered through a sterile 0.45-µm mesh. For total inhibition 

of the complement system, HS was heat-inactivated for 30 minutes at 56ºC (referred to as 

HI-HS). For depletion of gamma globulin (IgG), serum aliquots were treated with an 

equal volume of protein G sepharose beads (Amersham Biosciences) as previously 

described (referred to as HS-IgG). C3-depleted human serum was purchased from 

CompTech (Tyler, Texas). 

In experiments involving the analysis of IL-1β processing, LPS and ATP were used as 

positive controls. Therefore, the medium was supplemented with 12.5 µg/ml LPS and 

ATP was added to the tissue culture medium 1 hour before harvesting in a final 

concentration of 6x10-3 M. In order to inhibit IL-1β processing, the cells were pretreated 

with medium containing 0.05 mM of caspase-1 inhibitor (zVAD) for 30 minutes before 

adding virus vectors or LPS/ATP. Cell extracts and supernatants or whole cells were 

harvested for either Western blot or RNA/DNA analysis at pre-determined time points.  
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2-2-3 Preparation of mouse primary bone marrow and peritoneal macrophages 

The protocol for isolation of primary mouse bone marrow macrophages was modified 

from a protocol obtained from Dr. Brent Winston (University of Calgary). Primary mouse 

bone marrow macrophages were obtained by isolating bone marrow stem cells from the 

tibias, femur and pelvic bones of C57BL6 mice (8-14 weeks of age), followed by 

differentiation into macrophages for 7 days in tissue culture. Briefly, mice were 

euthanized, the hind legs removed and tibias, femur and pelvis carefully separated while 

kept intact.  Bones were cleaned from muscle tissue with gauze sponges and bone 

marrow stem cells were flushed out by inserting a 26 g needle attached to a syringe with 

bone marrow medium into the bone marrow cavity. The cells were washed and seeded at 

1.4 x 106 cells per well of a 6-well-plate or 2.5 x 105 cells per well of 24-well-plate in 

bone marrow medium with a total volume of 3 ml and 0.8 ml per well, respectively. The 

plates were incubated for 5 days in a humidified atmosphere with 10% CO2 at 37ºC. The 

medium was replaced with fresh bone marrow medium on day 5 and the cells were used 

for experiments on the following 2-3 days. At this time, after 6-7 days in the 

differentiation medium, the cells did not look activated (no dendrite-like extensions) and 

were shown to express the murine macrophage differentiation marker F4/80 (Appendix 

B). This protocol does not require cell fractionation. Cells that do not differentiate in the 

differentiation medium (do not adhere) lift up and are removed when the medium is 

changed. Bone marrow medium consists of DMEM supplemented with 2% penicillin-

streptomycin, 10% FBS and 10% L-cell conditioned medium. Culture supernatant of the 

mouse fibroblast cell line L 929 (Conditiond medium) containes macrophage-colony-

stimulating factor (M-CSF), which is active on mouse bone marrow cells and is able to 
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stimulate their growth and differentiation [Austin et al. 1971; Mayer 1983]. L-cell 

conditioned media was produced by culturing L 929 cells in T-150 tissue culture flasks at 

0.24 x 10E6 cells per flask in 50 ml culture medium (DMEM supplemented with 1% 

penicillium-streptomycin and 10% FBS). Cells were incubated at 37ºC and 5% CO2. 

After 7 days the medium was collected, filtered through a 0.2 µm filter, and stored at – 

20ºC. Fresh medium was added onto the cells (50 ml per T-150 flask) and the cells were 

incubated for another 7 days. At the end of the second week, the medium was again 

collected and stored as above. The conditioned medium was used as a 50/50 mix of week 

1 and week 2 at 10% in bone marrow medium to provide the correct growth rate of the 

bone marrow derived macrophages.  

Primary macrophage cultures were transduced with viral vectors as described above. In 

some experiments the FBS in the bone marrow medium was replaced with mouse plasma 

(MP).  To obtain mouse plasma, naïve or immunized C57BL/6 mice (8-12 weeks of age) 

were completely anaesthetized by an intraperitoneal (i.p.) injection of ketamine 

hydrochloride (125 mg/kg; Rogarsetic; Pfizer Canada Inc., London, Ontario) and 

xylazine hdrochloride (12.5 mg/kg; Rompun; Bayer Inc., Toronto, Ontario). Whole blood 

was then collected into a heparinized (10 U/ml) syringe by cardiac puncture. Plasma was 

isolated from collected blood by centrifugation at 900 g for 5 minutes, pooled and stored 

at – 80ºC. For complete complement inhibition plasma was heat inactivated for 30 

minutes at 56ºC and referred to as HI-MP, mouse plasma from immunized mice was 

referred to as MP+Ig. 

For the isolation of mouse peritoneal macrophages, eight-to-twelve-week-old mice of 

indicated genotypes were injected intraperitoneally with 1 ml of a 10% thioglycollate 
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solution in distilled H2O, and macrophages were collected by peritoneal lavage 72 hours 

later. Cells were plated at the density of 8 x105 cells in 12-well dishes and non-adherent 

cells were removed after 3 h. Cells were cultured in RPMI medium complemented with 

10% FBS, sodium pyruvate, penicillin/streptomycin and L-glutamine. Twenty-four hours 

after isolation, the cells were transduced  with adenovirus vectors in RPMI medium 

supplemented with mouse plasma as indicated. Vector and control transductions were 

performed in the presence of 1 ng/ml ultra-pure LPS (Sigma). This treatment increases 

the phagocytic properties of the cells and induces a constitutive production of pro-IL-1β. 

Secreted and intracellular murine IL-1β was detected with a specific antibody by Western 

blotting as described below.  

 

2-2-4 Microscopy and flow cytometry 

In order to visualize GFP transgene expression and cell morphology in control cells or 

cells, transduced by viral vectors encoding the GFP transgene, tissue culture plates were 

monitored using the excitation/emission filter cubes of 490/528 nm of an Olympus IX70 

inverted epifluorescence microscope attached to a camera.  Images were obtained with 

Openlab software. 

For flow cytometry, Ad-GFP or control transduced cells were collected at predetermined 

time points, washed in PBS and resuspended in fixing buffer (2 % formalin in PBS). GFP 

expression was quantified by flow cytometry using a FACScan instrument and analyzed 

with Cellquest Pro software (Becton Dickinson). For simultaneous analysis of cell 

viability, propidium iodide was added to the fixed cells prior to FACS analysis. 
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2-3 Animal Studies 

2-3-1 Animals and diets 

All animal studies were performed in accordance with the Animal Care Committee 

guidelines at the University of Calgary. Male DBA/2 (H-2d) mice and male or female 

C57BL/6 mice, 6-8 weeks old were purchased from Charles River Laboratories and 

housed under single-barrier conditions. Mice were used for experiments at 9-12 weeks of 

age (20-30 g). Two homozygous breeding pairs of mice genetically deficient in both, 

complement receptor 1 (CR1) and complement receptor 2 (CR2) on a C57BL/6 

background were obtained from Drs. M. Holers and T. Lyubchenko (University of 

Colorado Health Science Center, Denver, Colorado, USA) [Molina et al. 1996]. The 

CR1/2-deficient mice were bred in the Mouse Single Barrier Unit (MSBU) at the 

University of Calgary. The first offspring was genotyped to confirm CR1/2-deficiency. 

Two sets of primers were used for genotyping; primers kc1 and kc2 confirmed the 

presence of the 400 bp knockout-construct (kc1 5’-CGCTGTTCTCCTCTTCCTCATC-

3’; kc2 5’-GATGGATACTTTCTCGGCAGGAGC-3’) and primers MC2.17 and MC2.28 

confirmed the absence of the 800 bp wt band (MC2.17 5’-

TGTCAGGCTCCTCCTAAAATTAT-3’ and MC2.28 5’-

CTTTACAAAGACGGATTTCTATA-3’) (Appendix E). Mice genetically deficient in 

ASC or NALP3 (ASC-/-, NALP3-/-) on a C57BL/6 background were kindly provided 

from Dr J. Tschopp (Universite de Lausanne, Switzerland) [Martinon et al. 2006]. All 

genetically modified mice and C57BL/6 wild type control mice were age-and sex-

matched for the experiments. Viral vectors were injected under general anesthesia via the 

femoral vein in a total volume of 100 µl (vector plus vehicle). Control animals received 
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vehicle alone. Animals were allowed to recover and then sacrificed at predetermined time 

points and the livers and sera were harvested for analysis. Animals were immunized by 

intravenous injection of 1 x 1011 vector particles per mouse and used for experiments 10 

days later. For Kupffer cell depletion experiments, gadolinium chloride (GdCl3) (10 

mg/kg of body weight in a total volume of 100 µl) was injected via the tail vein 48 and 24 

h prior to viral vector administration. 

ApoE-deficient mice, on a C57BL/6 background, were purchased from Jackson 

Laboratories. All mice were started on a modified high fat Clinton-Cybulsky diet 

supplemented with 1.25% cholesterol and 0.5% sodium cholate, and formulated with 

standard casein (D12109C, Research Diets Inc.) at 6-8 weeks of age. The 

supplementation of sodium cholate raises cholesterolaemia three-fold in ApoE-/- mice, 

compared to mice on a high-fat diet alone, resulting in increased lesion development 

[Zhang et al. 1994; reviewed in Osada et al. 2000]. 21 ApoE-/- mice were divided into 5 

treatment groups (high dose adenovirus vector encoding ApoAI (1 x 1011 part/mouse), 

n=5; low dose adenovirus vector encoding ApoAI (5 x 1010 part/mouse), n=5; untreated 

control mice, n=5; AAV-ApoAI (1 x 108 part/mouse), n=3; Lenti-ApoAI (1 x 108 

part/mouse), n=3).  Viral vectors were either injected intravenously as described above 

or, for intramuscular injections, mice were briefly anaesthetized by inhalation of 

methoxyflurane (Metofane; Janssen Pharmaceutica, Toronto, Ontario) and a total of 100 

µl of vector was injected into both hind legs through multiple injections into the femur 

muscle. Blood samples were collected monthly by saphenous vein puncture. Serum was 

obtained from blood by centrifugation at 1000 g for 5 minutes and stored at – 80ºC.  The 

development of atherosclerotic lesions was closely monitored by monthly magnetic 
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resonance imaging (MRI) of the abdominal aorta. Animals were sacrificed at 

predetermined time points and the livers, sera, and aortas were harvested for analysis. 

 

2-3-2 Magnetic Resonance Imaging (MRI) 

The MRI analysis was performed at the Experimental Imaging Centre (EIC) at the 

University of Calgary in accordance with the National Research Council, IBD(West) 

Animal Care Committee guidelines. The progression of atherosclerotic lesions in the 

aorta was monitored under anesthesia and animals were allowed to fully recover after the 

procedure. Anesthesia was induced with 4% isoflurane in 70% N2 and 30% O2 and 

maintained using 1-1.5% isoflurane.  Topical opthalmic ointment was placed on the 

corneas to prevent dessication.  The animals were thermo-regulated to a rectal 

temperature of 36.5°C with a warm air blower (Small Animal Instruments). Heart rate 

(ECG) and respiration were continuously monitored using the SA system and the 

anesthesia was adjusted to maintain a pulse between 400-600 bpm and a respiratory rate 

around 90 bpm. The animals were typically anesthetized for a total of approximately 2 

hours and 30 minutes. For imaging, the mice were placed in a 40 mm quadrature volume 

coil and five slices, 1.00 mm apart were performed, horizontally through the descending 

abdominal aorta (with respiratory and/or cardiac gating), starting at 1.00 mm superior to 

the iliac bifurcation as a reference point. The displaced field of view (FOV) was 

2.50x2.50 cm with a spacial resolution of 98 µm (imaging matrix: 256x256). The MR 

sequence imaging methods used, were heart-rate controlled gradient recalled echo 

(TE=2.8ms, TR=~200 ms, flip angle 30 degree) or respiration controlled spin echo (T2W 

SE, TE=30ms, TR=~2000ms). After imaging the animals were placed in a pediatric 
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incubator (AirShields), maintained at 30°C and monitored every 10 minutes until 

completely recovered. Following recovery, animals were monitored for an additional two 

hours to ensure that they displayed normal behaviour in terms of feeding, drinking and 

mobility.  MR images were analyzed with ImageJ software [Rasband 2004]. 

 

2-3-3 Aorta surgery and en-face aorta staining 

Mice were completely anesthetized using intraperitoneal ketamine hydrochloride and 

xylazine hydrochloride. Mouse plasma was harvested under anesthesia by cardiac 

puncture using a heparinized needle and syringe. Plasma was isolated from collected 

blood by centrifugation at 1000 g for 5 minutes and stored at – 80ºC. 

A midline incision was made through the chest, and lungs and inferior vena cava were 

carefully removed to expose the descending thoracic aorta. The remainder of the surgery 

was performed under a dissection microscope connected to a light source (Zeiss).  The 

aorta was gently isolated from surrounding fat and fascia and detached from the spine. A 

V-shaped incision was made using mini straight-spring scissors (Fine Science Tools, 

Foster City, CA) and the aorta was canulated by inserting a bevel-cut tube fitting tightly 

with the width of the vessel (inner diameter 0.75 mm, outer diameter 1.2 mm). A 4-mm 

micro-serrefine clamp (Fine Science Tools, Foster City, CA) was clamped on the aorta 

proximal to the incision site. Next, the two iliac arteries were exposed and cut, distal to 

the branching point with the aorta and the aorta was perfused with 1 x PBS/0.5 mM 

EDTA until all the blood was removed (perfusate was clear). The aorta was then fixed by 

changing the solution to a 1xPBS, 4 % paraformaldehyde, 7.5 % sucrose, 0.5 mM EDTA- 

solution and the perfusion was continued for an additional 15 minutes. The aorta was 
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washed by perfusing again with 1xPBS/0.5 mM EDTA-solution to remove all 

paraformaldehyde out of the vessel. Then, the aorta was carefully dissected out, using 

mini-scissors and forceps, from the original incision for canulation to the iliac 

bifurcation. Simultaneously any remaining adventitia was removed from the vessel with 

forceps and scissors. The cleaned vessel was split in situ by inserting scissors into the 

lumen of the artery. The cut was then continued anteriorly along the entire length of the 

vessel. The aorta was pinned onto a black wax dissection pan (Fisher Scientific) with the 

lumen facing up. A slight tension was placed on the vessel when pinning to allow the 

vessel to lay flat. The pan was filled with PBS to prevent the vessels from dehydrating. 

For staining, the PBS was drained and replaced by 70% ethanol for 5 minutes. The 70% 

ethanol was then drained and the aorta was incubated with Sudan IV solution (0.5% in 

ethanol) for 15 minutes, followed by destaining in 80% ethanol for 3 minutes. The 

vessels were then washed extensively with water to remove all ethanol. The pan was 

filled with filtered PBS with the liquid level covering the pins completely. Images were 

obtained using a digital camera and analyzed by ImageJ software [Rasband 2004]. 

 

2-3-4 Histology and liver function tests 

Mice were sacrificed, and livers or muscle were harvested, rinsed in PBS, and fixed in 

10% formalin. A portion of the liver was also snap-frozen in O.C.T. compound (Tissue 

Tek) and stored at -70°C. Formalin-fixed tissues were embedded in paraffin. Five-

micrometer-thick sections were stained with eosin and hematoxylin (for neutrophils, with 

chloroacetate esterase staining [Leder stain]) and analyzed by light microscopy in a 

blinded fashion.  
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Immunohistochemistry was performed by fixing 5-µm-thick frozen tissue sections for 10 

minutes in acetone at 4°C followed by three washes in cold PBS for 10 minutes each. 

Sections for F4/80 staining to detect Kupffer cells were quenched in 0.3% H2O2
 in PBS 

for 10 minutes. Sections were then blocked with rabbit serum for 30 minutes and avidin-

biotin for 10 minutes (Vector Laboratories, Burlingame, Calif.) and were then incubated 

with a 1:500 dilution of rat anti-mouse CD11b (Mac-1) antibody (BD Pharmingen) or 

1:100 dilution of the Kupffer cell-specific F4/80 (Serotec) for 1 hour at room 

temperature. After being washed with PBS, sections were incubated with rabbit anti-rat 

immunoglobulin G (IgG) antibody for 30 minutes at room temperature and then stained 

using the ABC protocol and DAB substrate (Vector Laboratories). Leukocyte numbers 

were determined by counting the number of positive-stained cells over 40 fields at a 

magnification of x40. The mean number of positive cells per high power field (hpf) was 

then calculated.  

Aspartate aminotransferase (AST/GOT) and alanine aminotransferase (ALT/GPT) 

determinations were performed on mouse serum using the Sigma Diagnostics 

transaminase kit as per the manufacturer protocol. Results are expressed as Sigma-

Frankel (SF) units per milliliter. 

 

2-4 Protein Analysis 

2-4-1 C3a-desArg complement assay 

C3a protein in human serum was quantified using an enzyme-linked immunosorbent 

assay (ELISA) against C3a-desArg as to the manufacturers instruction (BD OptEIA 

Human C3a ELISA, BD Biosciences, San Diego, USA). Briefly, 96-well ELISA plates 
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coated with anti-human C3a-desArg capture antibody were incubated with human serum 

sampes for 2 hours at room temperature. After being extensively washed, plates were 

incubated with biotinylated polyclonal anti-human C3a detection antibody and 

horseradish peroxidase-conjugated streptavidin. Plates were washed again and developed 

after addition of tetramethylbenzidine (TMB) and hydrogen peroxide substrate (BD 

Pharmingen) for 30 minutes at room temperature and the reaction was stopped by adding 

1 M H3PO4 as stop solution. Optical densities were determined spectrophotometrically at 

450 nm  (Benchmark microplate reader, Biorad). Purified recombinant C3a protein in 

serial dilutions served as standard. 

 

2-4-2 Quantitation of IL-1β in mouse serum 

IL-1β protein in mouse serum was quantified using a specific enzyme-linked 

immunosorbent assay (ELISA) as per the manufacturers instruction (BD OptEIA Mouse 

IL-1β Set, BD Biosciences, San Diego, USA). Briefly, 96-well ELISA plates (Falcon # 

353279) were coated with anti-mouse IL-1β capture antibody over night at 4°C, and non-

specific binding was blocked after incubation with blocking buffer (1 x PBS, 10% fetal 

bovine serum) for 1 hour at room temperature. Plates were then incubated with mouse 

serum for 2 hours at room temperature. After being extensively washed, plates were 

incubated with biotinylated anti-mouse Il-1β detection antibody and horseradish 

peroxidase-conjugated streptavidin. Plates were developed after addition of 

tetramethylbenzidine (TMB) and hydrogen peroxide substrate (BD Pharmingen) for 30 

minutes at room temperature and the reaction was stopped by adding 1 M H3PO4 as stop 

solution. Optical densities were determined spectrophotometrically at 450 nm  
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(Benchmark microplate reader, Biorad). Purified recombinant IL-1β protein in serial 

dilutions served as standard. 

 

2-4-3 Antibody titration 

To monitor the development of neutralizing AAV capsid antibodies in CR1/2 -deficient 

or wild type control mice, animals were immunized by intravenous injection of 2 x 1011 

particles of AAV-GFP and blood samples were collected periodically over time by 

saphenous vein puncture. Serum was obtained from blood by centrifugation at 1000 g for 

5 minutes and stored at – 80ºC until the time of analysis.  The titers of neutralizing 

antibodies were determined by the ability of serum to prevent AAV transduction and 

subsequent GFP-transgene expression in HEK293 cells. Murine serum samples were 

serially diluted in serum-free tissue culture medium and incubated with 8x109 particles of 

AAV for 10 minutes at 37ºC in a total volume of 100 µl. The AAV-serum mix was then 

applied to wells of a 24-well-plate seeded with 293 cells (~ 90% confluent). Another 100 

µl of complete tissue culture medium containing 2x108 particles of Ad5wt was added to 

each well to enhance transgene expression of transduced cells.  Cells were collected by 

trypsinization 48 hours later, washed in PBS and resuspended in fixing buffer (2% 

formalin in PBS). GFP expression was quantified by flow cytometry using a FACScan 

instrument (Becton Dickinson) and plotted against the total serum dilution. The antibody 

titer was determined as the highest serum dilution, which inhibited virus transduction by 

50%.  
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2-4-4 Immunoprecipitation 

To study the binding of complement component C3 to AAV capsids, 8 x 109 particles of 

AAV were incubated with 10 µl immune serum (pooled human serum) for 10 minutes at 

37°C to allow binding of complement and neutralizing serum immunoglobulin G (IgG) to 

the virus capsid. Antibody-capsid complexes were immunoprecipitated using Protein G 

sepharose beads (Amersham Bioscience), which have a high affinity for IgG. Sepharose 

beads were prepared before usage by exchanging the ethanol-containing storage buffer 

with a 1x Tris-buffered saline (TBS) buffer containing 1% Triton X-100 and 0.2 mg/ml 

BSA. Next, the AAV serum mix (10 µl), sepharose beads (10 µl) and 400 µl of wash 

buffer (TBS, 1% Triton-X 100) were combined, and incubated at 4°C for 1  

hour with “end over end” mixing. Sepharose beads were then washed 3 times with wash 

buffer, followed by 1 wash with PBS and one wash with 10 mM Tris pH 8.0.  Eluates, 

obtained by boiling of the sepharose in SDS loading buffer, were used for Western 

blotting as described below.  

 

2-4-5 Immunoblotting 

Cells were lysed directly in the wells of the culture plates with lysis buffer (60 mM Tris 

pH 7.5, 1% Triton X-100, 15 mM NaCl). All protein lysis buffers contained fresh 

proteinase inhibitors (1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 µg/ml aprotinin, 

0.5 µg/ml leupeptin). Muscle tissue was submerged in lysis buffer and extensively 

grinded using a polytron grinder device, followed by centrifugation to remove debris. 

Mouse serum was diluted in tris-buffered saline (TBS), 1% Triton X-100 (1:120). 

Proteins in cell lysates, supernatants, eluate from immunoprecipitations, mouse plasma or 
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muscle cell lysates were separated on a sodium dodecyl sulfate-10% polyacrylamide gel 

(SDS-PAGE) under reducing conditions and then transferred onto polyvinylidene 

difluoride (PVDF) transfer membranes (Amersham Bioscience). The membranes were 

then blocked with 5% nonfat dry milk powder in 1x PBS and 0.5% Tween-20 (PBS-T) 

and immunoblotted as follows:  

For the detection of complement component C3 in the immunoprecipitated eluates, the 

membranes were blocked overnight at 4°C. After washing briefly in PBS-T, the 

membranes were immunoblotted with a polyclonal goat anti-C3 antibody  (CompTech, 

Tyler, Texas, USA) in PBS-T (1:20,000) for 45 minutes at room temperature. Blots were 

washed 3 times in PBS-T, blocked again in PBS-T/5% milk for 15 minutes and then 

incubated in blocking buffer for 30 minutes at room temperature with HRP-conjugated 

donkey anti-goat IgG secondary antibody (Santa Cruz Biotechnology) (1:2,500). 

For the detection of human or mouse Il-1β, membranes were blocked for 1 hour at room 

temperature. After washing briefly in PBS-T, the membranes were then immunoblotted 

with either a specific rabbit anti-human IL-1β antibody directed against the cleaved 

epitope of the 17 kDa processed form of human IL-1β (Cell Signaling Technology, Inc.) 

in PBS-T (1:1,500) or with a polyclonal sheep anti-mouse IL-1β antibody  (kindly 

provided by Dr. J. Tschopp, Universite de Lausanne, Switzerland) in PBS-T (1:1,500) 

overnight at 4ºC. Blots were washed 3 times in PBS-T, blocked again in PBS-T/5% milk 

for 1 hour and then incubated in PBS-T containing either HRP-conjugated goat anti-

rabbit or bovine anti-sheep IgG secondary antibodies (Santa Cruz Biotechnology) 

(1:2,500), for 30 minutes at room temperature. 
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For the detection of ApoAI protein, membranes were blocked overnight at 4ºC. After 

washing briefly in PBS-T, the membranes were immunoblotted with either a specific 

polyclonal rabbit anti-human ApoAI antibody (Calbiochem) or a monoclonal mouse anti-

actin antibody directed against a highly conserved actin epitope, which reacts with actin 

from all species (Chemicon) in PBS-T (1:1,000) for 1 hour at room temperature. Blots 

were washed 3 times in PBS-T, blocked again in PBS-T/5% milk for 1 hour and then 

incubated in PBS-T for 30 minutes at room temperature with either a HRP-conjugated 

goat anti-rabbit (Santa Cruz Biotechnology) (1:2,500) or a sheep anti-mouse HRP-

conjugated secondary antibody (1:10,000).  

After washing in PBS-T, the signals were developed with ECL-Plus chemiluminescent 

substrate reagent (Amersham) to detect proteins. The bands were visualized by exposure 

of the membranes to BioMax film (Kodak). 

 

2-4-6 Assay for lacZ reporter gene expression 

Cells or tissues, which were transduced by viral vectors carrying lacZ as reporter gene, 

were fixed and stained using X-gal as substrate as described previously [Chang et al. 

1999]. Briefly, cells in culture were washed twice with phosphate buffered saline (PBS) 

and then fixed at room temperature with 1% formaldehyde and 0.2% glutaraldehyde 

(Sigma) in PBS for 5 minutes. After 3 more washes with PBS, X-gal staining solution 

was added and the cells were incubated at 37ºC overnight. The X-gal reaction substrate 

was prepared in PBS containing 4 mM K-ferrocyanide, 4 mM K-ferricyanide, 2 mM 

MgCl2, and 0.8 mg/ml X-gal. Blue-stained cells were monitored directly under an 

inverted microscope.  
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2-5 Nucleic Acid Analysis 

2-5-1 RNase protection assays (RPA) 

Total RNA from liver tissues or tissue culture cells was isolated using the RNeasy kit 

(Qiagen) according to the manufacturer’s protocol. RNase protection assays were carried 

out using the RiboQuant MultiProbe RNase protection assay system (BD Pharmingen). 

Briefly, the mCK3-mCK5c-mCK2b multiprobe template sets for mouse cells and hCK5–

hCK2b sets for human cells were used to transcribe radiolabeled antisense riboprobes for 

a set of murine or human cytokines and chemokines, followed by phenol-chloroform 

extraction and ethanol precipitation.  All template sets contained a probe for 

glyceraldehydes-3-phosphate dehydrogenase (GAPDH), which served as an internal 

control gene.  The concentration of the probes was adjusted to 3.1 x 105 (hCK5 and 

hCK2b) cpm/ul, 3 x 105 cpm/ul (mCK3) or 3.6 x 105 cpm/ul (mCK5c and mCK2b).  1-2 

µg of RNA (tissue culture) or up to 10 µg of RNA (liver tissue) per sample was 

hybridized to 6 x 105 cpm of total probe overnight at 56ºC. Samples were then digested 

with RNaseA, followed by proteinase K treatment, phenol-chloroform extraction and 

ethanol precipitation. Protected samples were separated on a 5% acrylamide-8M urea gel. 

After drying, the gels were visualized by autoradiography. For quantification, the gels 

were subjected to phosphorimager analysis by a Personal F/X Molecular Imager 

(BioRad), and the signal intensities were analyzed with Quantity One software (BioRad). 

Each intensity score was normalized to the intensity of the GAPDH gene and expressed 

as phosphorimager units % GAPDH.  
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2-5-2 DNA isolation, Slot- and Southern blot analysis 

To obtain total DNA from cell lines and macrophages, transduced cells were trypsinized 

for 5 minutes and washed several times with phosphate-buffered-saline (PBS) to remove 

bound virus from the cell surface. The cell pellet was subjected to processing for total 

DNA using the DNeasy kit (Qiagen) according to the manufacturer’s protocol. Briefly, 

the cells were resuspended in lysis buffer followed by a brief proteinase K treatment at 

50ºC. The DNA was then bound to a DNA mini spin column, washed and eluted in 

double distilled water. To obtain total DNA from liver tissue, liver samples were lysed in 

500 µl lysis buffer (100 mM NaCl, 10 mM Tris [pH 8.0], 25 mM EDTA [pH 8.0], 0.5% 

sodium dodecyl sulfate [SDS], 0.1 mg of proteinase K per ml) and incubated at 50°C 

overnight. Nucleic acids were thoroughly extracted with phenol-chloroform-isoamyl 

alcohol (25:24:1), and the aqueous layer was ethanol precipitated. The DNA was 

resuspended in double-distilled water. 

For Southern analysis 1-3 µg of DNA was digested with Hind III and separated on a 1% 

agarose gel. The gel was washed in 0.25 M HCl followed by another wash in a 0.4 M 

NaOH solution. The DNA was then alkaline transferred onto a positive charged Hybond 

XL nylon membrane (Amersham Pharmacia) over night.  A full length cDNA fragment 

of the adenovirus 5 fiber gene (332 bp), a 3,121-bp fragment spanning the entire lacZ 

gene, or a full length GFP cDNA fragment, was labeled with [32P]dCTP  using the 

Redprime random prime labeling system (Amersham Pharmacia). Hybridization was 

performed by using 2 ng of the labeled DNA probe per 5 ml of ExpressHyb Solution 

(Clontech) at 60ºC for 1 hour. The membrane was then washed 3x for 15 minutes in 2 x 

SSC, 0.1% SDS (1 x SSC is 0.15 M NaCl, 0.015 M sodium citrate) at 60ºC and exposed 
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to radiographic film for visualization. For quantification, the blots were subjected to 

phosphorimager analysis by a Personal F/X Molecular Imager (BioRad), and the signal 

intensities were analyzed with Quantity One software (BioRad). To correct for DNA 

loading, intensity scores were normalized to the density of total DNA in the agarose gel 

prior to membrane transfer and expressed as phosphorimager units.  

For slot blot analysis 1 µg of total DNA from tissue culture cells or 2 µg of total DNA 

from liver samples was diluted with NaOH and EDTA to a final concentration of 0.4 M 

NaOH and 10 mM EDTA, heat denatured, and fixed onto a positively charged Hybond 

XL nylon membrane (Amersham Pharmacia) using a slot blot manifold. The membrane 

was subsequently rinsed with 0.4 M NaOH and hybridized as described above. 

 

2-5-3 Polymerase Chain Reaction (PCR) 

A RT-PCR strategy was used to detect ApoAI expression in transduced mouse muscle. 

Muscle RNA was obtained using a modified protocol for isolation of total RNA from 

tissues such as heart, muscle and skin according to the manufacturer’s instructions 

(RNeasy kit, Qiagen). For the reverse transcription 1 µg of RNA was added to the 

reaction mix containing 1x reaction buffer, 10 mM DTT, 1 mM dNTPs, 0.04 µg/µl 

random primer (Invitrogen), 1 unit RNase Inhibitor (RNaseOut) and 10 units/µl M-MLV-

RT (Invitrogen) in a total volume of 40 µl. The reaction conditions were 25°C for 10 

minutes, 37°C for 50 minutes and 70°C for 15 minutes. Two µl of the completed RT-

reaction was then added to the PCR reaction mix containing a 0.4 µM concentration of 

each primer, 0.75 mM MgCl2, 4 mM dNTPs, 1x reaction buffer, 1 unit of Taq polymerase 

(Qiagen), and RNase-free water in a final volume of 25 µl. RNA alone served as negative 
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control (no RT in the RT reaction). The sequences of the primers for the ApoAI cDNA 

detection were as follows: forward, 5`-AGACAGCGGCAGAGACTATG–3`; reverse, 5`-

TCCTCCTGCCACTTCTTCTGGA-3`, with an expected amplification product of 263 

bp. Primers directed against GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were 

used as internal control. The reactions were performed at a denaturing temperature of 

94°C, with annealing at 55°C and extension at 72°C, 1 minute each for a total of 30 

cycles. Amplified DNA was visualized by agarose gel electrophoreses on 1% agarose 

gels, stained with ethidium bromide.  

 

2-6 Statistical Analysis 

Statistical analyses were performed using GraphPad Instat version 3.01. All data were 

expressed as mean +/- standard derivation (SD). The results were analyzed for statistical 

variance using an unpaired student`s t-test or one-way ANOVA as appropriate. Results 

were considered significant when p = <0.05 
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CHAPTER 3: APOLIPOPROTIN AI GENE TRANSFER – EFFECTS ON 

ATHEROSCLEROSIS AND INFLAMMATION 

 

 

3-1 Introduction 

Administration of recombinant ApoAI protein and its mutant form, ApoAIMilano, are some 

of the most promising treatments for cardiovascular disease [Shah et al. 2001; Chiesa et 

al. 2002; Nissen et al. 2003]. However, drugs such as ETC-216, a complex of 

recombinant ApoAIMilano and phospholipids, require frequent injections (weekly or 

monthly) and are associated with relatively high costs related to the production of 

recombinant proteins. Gene therapy in contrast does not require costly production of 

recombinant proteins and has the potential to reduce the need for repeated injections, 

which might increase the practical and widespread applicability of this approach in 

humans.  

Studies using adenovirus vectors that target the liver to express ApoAI in animals are 

intriguing, due to high efficiency of gene delivery and high expression level of ApoAI 

protein, which has been shown to reverse or prevent atherosclerosis in animal models 

[Kopfler et al. 1994; De Geest et al. 2001; Benoit et al. 1999; Tangirala et al. 1999; 

Belalcazahr et al. 2003; Pastore et al. 2004]. The use of adenovirus vectors for ApoAI 

gene therapy has two drawbacks however; the high toxicity of adenovirus vectors, due to 

the activation of innate immune responses [Kay et al. 2001; Muruve et al. 1999; Lehrman 

1999] and second the invasive approach required to access the liver. In order to improve 

ApoAI gene therapy it would therefore be advantageous to use a less-invasive target 
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organ, such as muscle and to use a vector system that is less toxic. Vector systems based 

on adeno-associated virus (AAV) are less immunogenic compared to adenovirus vectors 

[Fisher et al. 1997; Xiao et al. 1996; Jooss et al. 1998; Sarukhan et al. 2001; Flotte 2004] 

and have been used successfully to express various transgenes efficiently in muscle, 

resulting in high and persistent level of the corresponding secreted proteins in the serum 

[Xiao et al. 1996; Kessler et al. 1996; Vincent-Lacaze et al.1999; Song et al. 1998; 

Herzog et al. 1999; Kay et al. 2000; Ross et al. 2006].  

Lentiviral vectors are likewise attractive vectors for long-term expression due to their 

intrinsic ability to integrate, which might reduce the need for repeated therapy. 

Furthermore, lentiviruses are like AAV vectors not associated with immunogenicity and 

also have been used successfully for muscle gene therapy [Yanay et al. 2006, Oh et al. 

2006, Raoul et al. 2005]. Both, AAV- and Lenti-ApoAI gene therapy followed by an 

analysis of the impact on atherosclerosis has not previously been investigated.  

It was therefore hypothesized that muscle-directed ApoAI gene therapy using AAV or 

lentivirus vectors is able to increase serum ApoAI sufficiently to decrease lesion 

development without inducing significant toxicity.  

The objectives that need to be addressed in order to test this hypothesis include whether 

lenti and AAV vectors can express and secrete ApoAI from muscle cells in vitro and 

from mouse muscle in vivo, whether intramuscular injected AAV- and Lenti-ApoAI can 

increase serum ApoAI sufficiently to decrease atherosclerotic lesion development and 

whether any accompanying toxicity can be detected. In order to assess the performance of 

AAV and Lenti-ApoAI vectors, a helper dependent adenovirus vector encoding ApoAI 

was included as positive control.    
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Before presenting the results, the successful transduction of muscle by AAV vectors 

followed by the secretion of proteins into the serum will briefly be reviewed (sub-section 

3-1-1). 

 

3-1-1 AAV vectors for muscle gene therapy  

 Xiao et al. (1996) were the first to report the use of a recombinant LacZ expressing 

AAV, administered by multiple injections into muscle of immuno-competent mice, and 

expression persisted for >1.5 years [Xiao et al. 1996]. Kessler et al. (1996) used an AAV 

containing a gene for human erythropoietin and inserted it via two simultaneous 

injections into mouse muscle.  The transduced mice showed dose- dependent secretion of 

erythropoietin and corresponding increases in red blood cell production that persisted for 

up to 40 weeks [Kessler et al. 1996].  Similar results were obtained by another group, 

following a single vector injection [Vincent-Lacaze et al. 1999].  Song et al. (1998) 

inserted an AAV containing α1-antitrypsin (AAT) via two simultaneous injections into 

skeletal muscle of C57BL/6 mice. High-level expression resulted in sustained serum 

levels of over 400 µg/ml AAT for >15 weeks [Song et al. 1998] and a single 

intramuscular injection of AAV resulted in dose-dependent, stable expression of canine 

factor IX in hemophilia B dogs [Herzog et al. 1999]. Additionally, a phase I study in 

adults with severe haemophilia B showed a modest clinical response in patients [Kay et 

al. 2000]. Ross et al. (2004) showed that a single intramuscular administration of AAV 

serotype 1 vector encoding human lipoprotein lipase (LPL) resulted in complete, long-

term normalization of dyslipidemia in LPL-deficient mice [Ross et al. 2004]. 
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Furthermore, injection of the same vector into feline muscle was sufficient to completely 

correct dyslipidemia in LPL-deficient cats [Ross et al. 2006].  

 

3-2 Results 

The helper-dependent adenovirus encoding the genomic sequence of human ApoAI was 

provided through collaborations (Dr. L. Chan, Baylor College of Medicine, Texas, USA) 

[Belalcazar et al. 2003; Rubin 1991]. In order to create a lentivirus and AAV vector 

encoding ApoAI, a gene expression cassette containing the human ApoAI cDNA 

downstream from a cytomegalovirus (CMV) promoter and a β-globin intron was inserted 

into the AAV and lentivirus transducing plasmids (pAAV-ApoAI and pTY-ApoAI, 

respectively). The ApoAI cassette inserted into the AAV backbone also contained a 

human growth hormone polyadenylation signal (hGHpA). A schematic representation of 

the viral constructs is depicted in Figure 1-1, details about the cloning strategies are 

described in chapter 2, section 2-1-3. In order to test whether the AAV transducing 

plasmid (pAAV-ApoAI) can express and lead to the secretion of ApoAI protein, it was 

transfected into four cell lines; murine muscle myotubes (C2C12), human embryonic 

kidney cells (HEK293), human hepatocellular cacinoma cells (HepG2) and human 

muscle cells (TE671). Western blot analysis of cell lysate and cell culture supernatant 

showed that human ApoAI (28 kDa) was expressed in all cell lines and that the protein 

was secreted into the cell culture supernatant (Figure 3-1A). A β-tubulin control 

confirmed that ApoAI in the tissue culture supernatant was not due to cell death (Figure 

3-1A). HepG2 cells naturally express ApoAI, but the amount of expressed and secreted 

protein was increased by AAV-ApoAI transfection (Figure 3-1A, HepG2). ApoAI protein 
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was as well detected in cell culture supernatant of human muscle cells (TE671), 48 hours 

after transfections with the lentivirus transducing plasmid pTY-ApoAI (Figure 3-1B, 

media). The cell lysate of pTY-ApoAI transfected but not of mock transfected TE671 

cells also showed a band corresponding to ApoAI, which is visible slightly below the 28 

kDa mark due to a bend in the gel (Figure 3-1B, lysate). These results confirmed that the 

AAV and lentiviral plasmid constructs were functional, which was considered a 

prerequisite for the next step, the production of viral vectors.  
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Figure 3-1 AAV and lentivirus transducing constructs lead to ApoAI expression and 

secretion.  

(A) Western blots of cell lysate or tissue culture supernatant (media) from four cell lines 
that had been transfected with the AAV transducing plasmid (pAAV-ApoAI) 48 hours 
earlier, blotting for ApoAI or β-tubulin. -, mock transfected cells; +, pAAV-ApoAI 
transfected cells. 293, human embryonic kidney cells (HEK293); HepG2, human 
hepatocellular carcinoma cells; C2C12, murine myoblast cell line; TE671, human muscle 
(rhabdomyosarcoma) cell line (B) Western blot of cell lysate or tissue culture supernatant 
from TE671 cells, which had been transfected with the lentivirus transducing plasmid 
encoding ApoAI (pTY-ApoAI), blotting for ApoAI or actin. -, mock transfected cells; +, 
Lenti-ApoAI transfected cells. Data are representative samples of experiments performed 
at least three times.  
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3-2-1 ApoAI expression in vitro following transduction with adenovirus, AAV and 

lentivirus vectors.  

Next, adenovirus, AAV and lentiviral vectors were tested for their ability to transduce 

cells in vitro and lead to the expression and secretion of ApoAI protein. To test the 

performance of the helper-dependent adenovirus vector encoding ApoAI (Ad-ApoAI), 

four cell lines; human embryonic kidney (HEK293), human hepatocellular carcinoma 

cells (HepG2), murine muscle myotubes (C2C12) and human muscle cells (TE671) were 

transduced with 1 x 103 part/cell Ad-ApoAI and the expression and secretion of ApoAI 

was analyzed 24 hours later by Western blot analysis. The results showed that the protein 

was efficiently expressed in and secreted from all cell lines (Figure 3-2A). A β-tubulin 

control confirmed that the secreted ApoAI was not due to cell death. Basal ApoAI protein 

expression in HepG2 was augmented through viral transduction.  

AAV-ApoAI viral transductions in tissue culture are known to be rather inefficient. 

However, with high viral titers of 150 and 300 x 103 part/cell ApoAI expression was 

detected in human muscle cells 3 days after transduction with AAV-ApoAI, which 

increased more after 6 days (Figure 3-2B). Lenti-ApoAI transduction of human TE671 

muscle cells also lead to the expression and secretion of ApoAI 24 hours post-

transduction (Figure 3-2C). Lentivirus vector encoding lacZ (L-lacZ) served as negative 

control.  

These results confirmed that all virus vectors were able to express ApoAI in tissue culture 

cells in vitro. AAV vectors were less efficient in ApoAI delivery and expression 

compared to adenovirus and lentivirus vectors, possibly due to the rate limiting step of 
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converting the single stranded DNA genome into double stranded DNA [Ferrari et al. 

1996]. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-2 Adenovirus, AAV and lentiviral vector-mediated ApoAI expression in vitro.  

(A) Western blots of cell lysate or tissue culture supernatant (media) from four cell lines, 24 
hours after transduction with adenovirus encoding ApoAI (Ad-ApoAI), blotting for ApoAI or β-
tubulin. -, empty vector transduced cells; +, Ad-ApoAI transduced cells. 293, human embryonic 
kidney cells (HEK293); HepG2, human hepatocellular carcinoma cells; C2C12, murine myoblast 
cell line; TE671, human muscle (rhabdmyosarcoma) cell line (B) Western blots of cell lysate 
from human muscle cells (TE671), three and six days after transduction with AAV-ApoAI, 
blotting for ApoAI. (C) Western blot of cell lysate (lys) or tissue culture supernatant (med) from 
human muscle cells (TE671), 24 hours after transduction with lentivirus encoding ApoAI (L-
ApoAI), blotting for ApoAI or actin. Lentivirus encoding lacZ (L-lacZ) served as negative 
control. Data are representative samples of experiments performed at least three times.  
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3-2-2 ApoAI is expressed in mouse muscle and secreted into the serum after 

intramuscular administration of AAV-ApoAI  

The next experiments were designed to assess the performance of the viral vectors used 

in this study in vivo. To test the ability of the AAV vector to deliver and express ApoAI 

in mouse muscle, AAV-ApoAI (0.4 x 108 i.u./mouse) was administered to three C57BL/6 

mice by multiple injections into the femur muscle of both hind legs. Three control 

animals were injected with the same amount of AAV-LacZ. Three months after the 

injections, muscle tissue and serum were harvested for analysis. RT-PCR with specific 

primers for human ApoAI cDNA showed that AAV-ApoAI-injected muscle expressed 

ApoAI mRNA but muscle from control injected mice did not (Figure 3-3A). In addition, 

Western blot analysis of lysates from muscle tissue showed the presence of human 

ApoAI protein in AAV-ApoAI but not in control virus injected mice (Figure 3-3B). 

Furthermore, systemic circulating levels of ApoAI in mouse serum were increased in 

AAV-ApoAI injected animals compared to control animals (Figure 3-3C). Since the 

antibody cross reacts with murine ApoAI, the total amount of ApoAI protein in the serum 

was measured. In summary, these findings show that AAV vectors can deliver and 

express human ApoAI in mouse muscle in vivo, leading to the secretion of the protein 

into the serum. 
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Figure 3-3 ApoAI expression in mice after intramuscular injection with AAV-ApoAI.  

Infectious AAV particles were delivered by intramuscular injection into both hind legs of 
C57BL/6 mice. Three months later muscle tissue was analyzed for ApoAI RNA expression by 
PCR analysis (A) and for ApoAI protein by Western blotting (B). (C) Western blot analysis of 
mouse serum blotting for ApoAI. AAV-LacZ injected animals have a lower serum ApoAI level 
compared to AAV-ApoAI injected animals. Diluted human serum served as positive control. 
Results for n=3 AAV-ApoAI injected and n=3 AAV-LacZ injected control animals are shown.  
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3-2-3 Intramuscular injections of lentiviral vectors but not adenovirus vectors increase 

serum ApoAI.  

To test the helper-dependent adenovirus vector in vivo, three C57BL/6 mice were 

injected intravenously (IV) or intramuscularly (IM) with Ad-ApoAI (1 x 1011 

part/mouse), and six weeks post injections the serum was analyzed for ApoAI protein by 

Western blotting. Control mice were injected with empty vectors. The results showed a 

very high upregulation of serum ApoAI in all three mice, six weeks after intravenous 

injections but not following intramuscular injections compared to controls (Figure 3-4A). 

In order to determine the kinetics of ApoAI serum augmentation following intravenous 

injections, three mice were injected with Ad-ApoAI or empty vectors and blood samples 

were collected periodically by saphenous vein puncture. ApoAI in mouse serum 

increased rapidly up to 5-fold within 2 weeks and stayed upregulated for the entire length 

of the experiment (16 weeks) (Figure 3-4B). To assess lentivirus-mediated ApoAI 

delivery in vivo, three C57BL/6 mice were injected intramuscularly with 1 x 108 

i.u./mouse of Lenti-ApoAI or Lenti-LacZ and ApoAI in the serum was monitored over 

time by Western blot analysis. Four weeks after injections Lenti-ApoAI injected animals 

showed a ~2-fold increase in serum ApoAI, which stayed above baseline until 8 weeks 

post injections, but returned to baseline at 10 weeks, when the experiment was terminated 

(Figure 3-4C). In summary, AAV and lentivirus vectors encoding ApoAI were able to 

increase the amounts of ApoAI in the serum when injected into the femur muscle of 

mice. In contrast, intramuscular injected adenovirus was unable to increase serum ApoAI. 

The intravenously injected adenovirus vector, included as positive control,  lead to a 5-

fold upregulation of serum ApoAI, which stayed upregulated for at least 16 weeks.  



 

 

77 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 3-4. Legend see next page. 
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Figure 3-4 Serum ApoAI level following adenovirus and lentivirus injections. 

(A) Western blot analysis of mouse serum blotting for ApoAI. Mice were either intravenously 
(IV) or intramuscular (IM) injected with Ad-ApoAI and six weeks later the serum was analyzed 
for ApoAI protein by Western blotting. Results for n=3 IM and n=3 IV injected animals are 
shown. (B) ApoAI serum increase over time following intravenous injection of Ad-ApoAI, 
analyzed by Western blot analysis and corresponding quantification. Serum ApoAI is increased 
about 5-fold and stays upregulated for the entire length of the study (16 weeks). Serum was 
obtained by saphenous vein puncture. Values are expressed as mean +/- SD (n=3 animals per 
group). ApoAI serum levels in Ad-ApoAI injected animals (Ad-ApoAI) were significantly higher 
than in animals injected with empty vector (control), **p<0.01 week 2-16. (C) Relative ApoAI 
serum level in C57BL/6 mice after intramuscular injections of Lenti-ApoAI (L-ApoAI) or Lenti-
LacZ (L-lacZ). Values are expressed as mean +/- SD (n=3 animals per group). ApoAI serum 
levels in L-ApoAI injected animals are significantly higher than in animals injected with L-lacZ 
at 4 and 6 weeks, *p<0.05. 

 

 

3-2-4 Increased serum ApoAI reduces the progression of lesion development 

The previous results confirmed that ApoAI can be efficiently delivered intramuscularly 

by AAV and lentivirus vectors, which leads to an increased amount of ApoAI protein in 

the serum. The intravenously injected adenovirus, included as positive control, increased 

serum ApoAI up to 5-fold, equivalent to results obtained by others [Belalcazar et al. 

2003; Pastore et al. 2004]. The next experiments were designed to address if the 

increased serum level of ApoAI following AAV- or Lenti-ApoAI-mediated gene transfer 

were sufficient to reduce atherosclerotic lesion development. Wild type mice are 

protected from atherosclerosis.  The apolipoprotein E–deficient (ApoE-/-) mouse is one of 

the most common animal models for studying the genetics of atherogenesis [Meir and 

Leitersdorf 2004]. In the absence of ApoE, lipoprotein remnants are not carried to the 

liver, where they are normally metabolized, and the mice become hypercholesterolemic. 

When fed a high-fat diet, ApoE-/- mice rapidly develop lesions of atherosclerosis that are 
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similar to those found in humans [Zhang et al. 1994]. Therefore, ApoE-/- mice were 

chosen as the animal model to study atherosclerosis lesion development in response to 

different viral vector treatments.  

Twenty-one ApoE-/- mice of 6-8 weeks of age were started on a modified high-fat 

Clinton-Cybulsky diet and were divided into different treatment groups; three mice were 

injected intramuscularly with 1 x 108 i.u./mouse of AAV-ApoAI, and three 

intramuscularly with 1 x 108 i.u./mouse Lenti-ApoAI,  five intravenously with 1 x 1011 

part./mouse Ad-ApoAI as positive control,  five intravenously with a lower dose of Ad-

ApoAI (5 x 1010 part./mouse) and five untreated mice served as baseline control. The 

intramuscularly administered vectors were injected through multiple injections into the 

femur muscle of both hind legs and the intravenously administered vectors were injected 

into the femoral vein. Blood samples were collected periodically to monitor ApoAI in the 

serum. Serum ApoAI levels in ApoE-/- mice after viral vector administration or in control 

animals are shown in Figure 3-5.  Equivalent to the results obtained in wild-type 

C57BL/6 mice, the intravenously injected Ad-ApoAI (high dose) raised ApoAI level up 

to 4-fold over baseline (relative ApoAI protein content in serum: 1971 ± 458.5 AdH 

versus 553.6 ± 62.6 control at 4 weeks), which stayed upregulated during the entire 

length of the study (Figure 3-5, AdH). Intravenously injected low dose Ad-ApoAI raised 

serum ApoAI by ~2-fold (relative ApoAI protein content in serum: 879.6 ± 155.6 AdL 

versus 449.4 ± 113.5 control at 8 weeks) (Figure 3-5, AdL).  Intramuscularly injected 

Lenti-ApoAI raised ApoAI serum levels by ~1.5 fold 4 weeks and 8 weeks after 

injections (ApoAI protein content in serum: 730.3 ± 29.1 Lenti versus 449.4 ± 113.5 

control at 8 weeks), followed by a decline in ApoAI serum levels at 12 weeks (Figure 3-
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5, Lenti). Animals, injected intramuscularly with AAV-ApoAI started to show increased 

levels of ApoAI at about 8 weeks (relative ApoAI protein content in serum: 602.3 ± 76.2 

AAV versus 449.4 ± 113.5 control at 8 weeks) (Figure 3-5, AAV). However, AAV-

induced serum ApoAI levels were not significantly higher than ApoAI serum levels in 

control animals. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-5 ApoAI serum level in ApoE-/- mice.  

Relative ApoAI protein level in serum of ApoE-/- mice, which were injected intravenously with a 
low or high dose of Ad-ApoAI (AdL, AdH) or intramuscularly with AAV-ApoAI (AAV) or 
Lenti-ApoAI (Lenti) compared to untreated control mice (control). Serum was collected from 
mice periodically by saphenous vein puncture and analyzed by Western blot for ApoAI protein. 
Values are expressed as mean +/- SD (n=3-5 animals per group). ApoAI levels in high dose Ad-
ApoAI injected animals (AdH) were significantly higher than in control animals, ***p<0.001 
week 4-16. ApoAI serum levels in low dose Ad-ApoAI injected animals (AdL) were also 
significantly higher compared to control animals, **p<0.01 week 4-16. Lenti-ApoAI injected 
animals showed significantly higher ApoAI levels at 4 and 8 weeks post injections (**p<0.01). 
Serum ApoAI levels following AAV-ApoAI injections were not significantly higher compared to 
ApoAI serum levels in control animals (NS, p>0.05). 
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In summary, intravenously administered Ad-ApoAI raised serum levels of ApoAI from 

2-4-fold depending on the injected dose. Intramuscularly injected Lenti-ApoAI was able 

to raise serum ApoAI levels transiently by ~1.5 fold. AAV-ApoAI failed to increase 

ApoAI serum levels by more than ~0.5-fold, which was not statistically significant 

compared to baseline.  

The next objectives were to test whether any of the viral vector injections had effects on 

the development of atherosclerotic lesions in ApoE-/- mice. The development of 

atherosclerotic plaques was determined by two methods. It was non-invasively monitored 

throughout the study by magnetic resonance imaging (MRI) and at the endpoint of the 

study, at 16 weeks, by en face aorta staining. MRI is advantageous, because it allows real 

time analysis in live animals and does not require sacrifice of animals at predetermined 

time points. Lesion development was monitored by imaging horizontal cross sections 

through the descending abdominal aorta spaced 1-mm apart, starting 1-mm superior to 

the iliac bifurcation, which served as anatomic reference and was used to ensure that 

identical segments were analyzed at baseline and each follow-up. Images were obtained 

in monthly intervals. Figure 3-6 shows typical images of aorta cross-sections using 

“bright blood” imaging. Whereas the surrounding tissue appears black, moving blood 

appears white, allowing for visualization of the aortic lumen. Figure 3-6A shows a 

representative cross section of the aorta from Ad-ApoAI injected animals (high dose) at 

the time of injection and 2.5 months post injections; the lumen cross-sectional area 

resembles a circle with regular outer boundaries (Figure 3-6A).  Lesion development at 

the side of the vessel wall leads eventually to a decrease in cross-sectional luminal area. 

Figure 3-6B shows cross sections of aortas from control animals.  At 2.5 months after 
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begin of the study the luminal diameter starts to narrow due to atherosclerotic plaque 

formation (Figure 3-6B), resulting in a decrease of lumen cross-sectional area. By manual 

tracing of the lumen outer wall boundaries with ImageJ [Rasband 2004], the cross-

sectional areas of the lumen of the vessel were measured in each image slice. 

Quantitative analysis of the images revealed a significant reduction in luminal aortic area 

in control mice compared to high-dose Ad-ApoAI injected animals at week 14 (3.136 ± 

0.45 AdH versus 2.00 ± 0.31 controls, **p<0.01), indicating a loss of intravascular lumen 

due to formation of atherosclerotic lesions in the abdominal aorta (Figure 3-6C). Lumen 

mean cross-sectional area was not significantly different between groups at earlier time 

points (p>0.05). Low dose Ad-ApoAI and AAV-ApoAI injected animals showed no 

significant difference in luminal area compared to control animals at any time point 

(p>0.05) (Figure 3-6C). These results suggest that relatively high serum levels of ApoAI 

(more than 2-fold) are necessary to have an effect on lesion progression in this mouse 

model. 
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Figure 3-6. Legend see next page. 
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84 

Figure 3-6 Magnetic Resonance Imaging (MRI) of mouse aorta.  

(A, B) Horizontal cross-sections through the descending abdominal aorta (and vein) 
shown as bright blood image. (A) Aorta cross-section of Ad-ApoAI (high dose) injected 
animals at the time of injection and a cross section at the same position 2.5 months later. 
(B) Representative image of aorta cross-section in control animals at begin of the 
experiment and 2.5 months later. At 2.5 months, the lumen starts to occlude due to lesion 
development around the sides of the vessel, resulting in a reduction of lumen cross 
sectional area. (C) Quantitative analysis of lumen area over time in control animals or 
animals that were injected with viral vectors encoding ApoAI. AdH, high dose 
adenovirus injected animals, AdL, low dose adenovirus injected animals. All area 
measurements were given in arbitrary units. Values are expressed as mean±SD (n= 3-6 
animals). Note: Lenti-ApAI injected animals had to be housed in the biohazard unit and 
therefore were excluded from MRI analysis. 
 
 
 
 
At 16 weeks, the animals were sacrificed. In order to evaluate lesion development in 

ApoE-/- mice with a second method, the aortas were exposed and perfused (Figure 3-7A), 

surgically removed, cut longitudinally and stained by en face staining with Sudan IV. 

Figure 3-7B shows a representative example of en face stained aortas from mice injected 

with high dose Ad-ApoAI and untreated control mice, showing less lesion coverage in 

aortas from Ad-ApoAI injected animals compared to controls (lesions are stained in red). 

Quantitative analysis of the aortic lesion area in mice from different treatment groups 

(Figure 3-7C) showed that high-dose Ad-ApoAI injected animals had on average a ~25% 

reduced lesion area compared to control animals (mean lesion coverage 0.393 ± 0.108 for 

AdH compared to 0.525 ± 0.06 for control, *p<0.05) (Figure 3-7C). No significant 

difference was observed between low-dose Ad-ApoAI, AAV-ApoAI or Lenti-ApoAI 

injected animals and control animals (NS, p>0.05). These results were consistent with the 

results obtained by MRI and suggest that a relatively high serum level of ApoAI (more 

than 2-fold increase) is necessary to have a measurable effect on atherosclerotic lesion 
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development in ApoE-/- mice, when fed a high fat diet, and that intramuscularly injected 

AAV or lentivirus vectors are not able to increase serum ApoAI sufficiently. 
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Figure 3-7. Legend see next page. 
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Figure 3-7 Analysis of aortic lesions by en face aorta staining. 

(A) At the end of the study (16 weeks), the thoracic aorta was exposed and canulated. The iliac 
artery was then exposed and the aorta was perfused. The aortas were then carefully extracted, 
cleaned, dissected and pinned. (B) Representative Sudan IV stained aortas from untreated control 
ApoE-/- mice (control) and high-dose Ad-ApoAI injected animals, 16 weeks after injections. En 
face aortic preparations show distribution of atherosclerotic lesion areas (stained in red) in 
thoracic and abdominal aorta and iliac bifurcation. (C) Quantitative analysis of lesion areas. 
Aortic surfaces covered by lesions were measured using ImageJ software and expressed as a 
percent of total aortic area. Atherosclerotic lesion areas in aortas from ApoE-/- mice injected with 
either high dose Ad-ApoAI (AdH), low dose Ad-ApoAI (AdL) or intramuscular with AAV-
ApoAI (AAV) or Lenti-ApoAI (Lenti) and from untreated control mice are shown. Values are 
expressed as mean±SD (n=3-5 animals). High dose Ad-ApoAI injected animals have a 
significantly reduced lesion area compared to control animals (*p<0.05). 
 

 

3-2-5 Increased serum ApoAI reduces inflammation 

One of the major concerns for using adenovirus vectors relates to the toxicity induced by 

these agents. Adenovirus vectors, including helper-dependent vectors, induce acute 

inflammatory responses in mouse liver in vivo when injected intravenously [Kay et al. 

2001; Muruve et al. 2004; Parks et al. 1996]. In order to evaluate whether any liver 

toxicity was present in ApoE-/- mice injected with Ad-ApoAI compared to the mice that 

received vectors intramuscularly, chemokine and cytokine expression was analyzed in 

mouse livers of all animals by RNase protection assay (Figure 3-8A). Surprisingly, high-

dose Ad-ApoAI injected animals showed significantly less expression of MIP-2 and IP-

10 in mouse liver compared to control mice (Figure 3-8B). Low dose Ad-ApoAI and 

Lenti-ApoAI injected ApoE-/- mice also showed a lower mean expression of MIP-1β, 

MIP-2 and IP-10 compared to control mice, which however was not significant (Figure 3-

8B).  
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Figure 3-8 ApoAI reduces inflammatory gene expression in ApoE-/- mice.  

(A) RNAse protection assay of mouse liver RNA, showing inflammatory gene expression in three 
mice injected with the high dose Ad-ApoAI vector (AdH) and in two control mice (control). 
Control mice show higher expression of chemokines compared to mice injected with Ad-ApoAI. 
(B) Relative RNA expression of MIP-1β, MIP-2 and IP-10 in mouse liver of control mice 
(control), Ad-ApoAI injected mice (AdL, low dose and AdH, high dose) and mice injected 
intramuscularly with AAV-ApoAI (AAV) or Lenti-ApoAI (Lenti). Liver chemokine RNA 
expression was analyzed by RNAse protection assay as in A and quantified by phosphorimaging. 
Values are expressed as mean density ± SD (n=3-5 animals). MIP-2 expression in Ad-ApoAI 
(AdH) injected animals is significantly lower compared to control animals (*p<0.05) and IP-10 
expression in Ad-ApoAI (AdH) injected animas is significantly lower compared to control 
animals (**p<0.01, one-way ANOVA). 
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These results suggest that high doses of intravenously administered Ad-ApoAI did not 

induce significant liver inflammation measurable at the end-point of the study. Instead, 

liver inflammatory gene expression in ApoE-/- mice correlated inversely with ApoAI 

serum levels.  

Another inflammatory condition in ApoE-/- mice also seemed to be affected by ApoAI 

expression, the development of dermatitis. Dermatitis is an inflammatory skin disorder in 

mice of particular genotypes, including C57BL/6. All control animals started to show 

signs of dermatitis, characterized by an initial hair-loss behind ears and around the neck 

between 6 and 8 weeks after the begin of the study (12-16 weeks of age). The hair loss 

then expanded to include the abdomen and isolated bald patches on the back. At the end 

of the study at 16 weeks, scarring and inflammatory lesions were visible in all animals 

around ears and neck and also in bald patches on back and abdomen, caused in part 

through scratching by the animal (Figure 3-9A). Interestingly, mice injected with high-

dose Ad-ApoAI were completely protected from dermatitis (Figure 3-9B); four of the 

five animals had no signs of dermatitis until the end of the study at 16 weeks, one showed 

minor hair loss around the ears. Furthermore, all five low dose Ad-ApoAI injected 

animals and two of the three Lenti-ApoAI injected mice showed a three to four-week 

delay in the onset of dermatitis development compared to control mice. AAV-ApoAI 

injected ApoE-/- mice were not protected from dermatitis. These observations were 

unexpected and suggest that ApoAI might have protective effects against the systemic 

inflammatory state in these mice at later stages of the disease.  
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Figure 3-9 ApoAI protects against the development of dermatitis.  

(A) Photographic images of control ApoE-/- mice at the end point of the study (16 weeks). 
Control animals were severely affected by dermatitis, determined by hair loss and inflammatory 
skin lesions. (B) Photographic images of high-dose Ad-ApoAI injected animals at the end point 
of the study (16 weeks). High-dose Ad-ApoAI injected animals were protected from dermatitis.  
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3-3 Discussion 

Although adenovirus vectors encoding ApoAI have been used successfully for the 

treatment of atherosclerosis in animal models [Kopfler et al. 1994; De Geest et al. 2001; 

Benoit et al. 1999; Tangirala et al. 1999; Belalcazar et al. 2003; Pastore et al. 2004], 

these vectors are limited by toxicity and the invasive approach necessary to access the 

liver for expression. In order to solve the problems associated with adenovirus vector-

mediated hepatic gene expression, it was hypothesized that two alternative vector 

systems, AAV vectors and lentivirus vectors would be able to increase serum ApoAI 

sufficiently to decrease lesion development when injected into muscle. The rationale was 

based on studies showing that these vectors could express transgenes efficiently in 

muscle and lead to the secretion of the corresponding proteins into the serum without 

inducing significant toxicity [Xiao et al. 1996; Kessler et al. 1996; Song et al. 1998; 

Vincent-Lacaze et al. 1999; Herzog et al. 1999; Kay et al. 2000; Ross et al. 2006; Yanay 

et al. 2006; Raoul et al. 2005; Oh et al. 2006]. The results showed that although AAV 

and lentivirus vectors were able to express ApoAI in muscle cells in vitro and lead to the 

secretion of the protein into the serum when injected into muscle of ApoE-/- mice, the 

serum increase of ApoAI was modest (less than 2-fold) and insufficient to induce 

measurable changes in lesion progression. In contrast, the intravenously injected 

adenovirus vector, included as positive control, was able to increase serum ApoAI by 4-

5-fold, leading to a significant 25% decrease in lesion area. Furthermore, the ApoAI 

serum increase in adenovirus injected animals lead to reduced liver inflammatory gene 

expression and protected the mice against the onset of dermatitis.  
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The levels of circulating ApoAI protein achieved with AAV viral vectors in this current 

study are relatively low compared to those using adenoviral gene transfer. Sharifi et al. 

(2005) also analyzed AAV-mediated ApoAI expression in vivo. Intramuscular injections 

of an AAV vector encoding ApoAIMilano resulted in very low levels of circulating 

ApoAIMilano (~0.5-fold increase), equivalent to the results obtained in this study [Sharifi 

et al. 2005]. The authors, however, did not progress to determine the effects on 

atherosclerosis. Equivalent to the results obtained with AAV, lentivirus-mediated ApoAI 

gene transfer resulted in a rather modest serum increase of the protein (~ 2-fold) and 

adenovirus vectors did not result in any ApoAI serum increase when injected 

intramuscular. Low ApoAI serum levels following intramuscular injections are likely a 

reflection of low transduction efficiencies rather than due to limitations in ApoAI protein 

expression or secretion from muscle. This is further supported by studies showing that 

vector genomes encoding ApoAIMilano when packaged into AAV1 serotype capsids and 

injected intramuscular into mice, resulted in 15-fold higher serum protein levels, 

compared to when the same vector genomes were packaged in AAV2 capsids [Sharifi et 

al. 2005].  

Only one of the vectors tested in this study, the high-dose adenovirus vector was able to 

achieve protection from lesion development. These results suggest that relatively high 

serum levels of ApoAI are necessary to produce measurable therapeutic effects in the 

ApoE-/- mouse model. It is possible, however, that in humans smaller serum increases of 

ApoAI are sufficient to have beneficial effects. ApoAI augmentation results in increased 

serum HDL [Pastore et al. 2004; Benoit et al. 1999; Belalcazar et al. 2003] and data 

emerging from large epidemiological surveys have suggested that only a 1% increase in 
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HDL cholesterol plasma concentration results in an up to 4% decrease in CHD risk 

[Wilson 1990]. 

First and second-generation adenovirus vectors have been used for hepatic expression of 

ApoAI and were shown to inhibit progression [Benoit et al. 1999] and even induce 

regression [Tangirala et al. 1999] of atherosclerotic lesions in mice. These studies were 

limited however by the short duration of ApoAI transgene expression and only examined 

the effects of ApoAI on early stage fatty streaks. Compared to first and second-generation 

adenovirus vectors, the helper-dependent adenovirus vector used in this study allows for 

long-term expression of the transgene. Helper-dependent adenovirus vectors for ApoAI 

delivery have been used in two other studies. Pastore et al. (2004) studied ApoAI 

expression mediated by a helper-dependent adenovirus in ApoE-/- mice and obtained 

equivalent results to those obtained in this study; ApoAI serum levels were about 5-fold 

increased over baseline in injected mice. At the end of the study, 20 weeks after 

injections, the lesion area in Ad-ApoAI injected animals that were fed a high-fat diet was 

on average 30 % less compared to control animals. Interestingly, the reduction in 

atherosclerotic lesion size was more evident in mice fed with regular chow; in the mice 

fed with high-fat diet the atherosclerosis development was more pronounced regardless 

of the treatments, suggesting that ApoAI effects might be more visible when ApoE-/- 

mice are fed a normal chow diet as opposed to a high fat diet  [Pastore et al. 2004]. 

Belalcazar et al. (2003) used the same virus to examine its impact on lesion development 

in LDL receptor-deficient mice, a different mouse model of atherosclerosis. 24 weeks 

post-injections the progression of lesions was reduced by ~50% in ApoAI treated mice 
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compared to controls [Belalcazar et al. 2003]. However in both studies the authors only 

examined lesion development and did not report effects on inflammation.  

Unexpectedly, ApoAI augmentation reduced liver inflammatory gene expression and 

protected ApoE-/- mice from dermatitis. These systemic anti-inflammatory effects were 

probably due to raises in HDL. HDL has multiple anti-inflammatory effects [reviewed in 

Barter et al. 2004] and can block the expression of adhesion molecules in endothelial 

cells [Cockerill et al. 1995; Calabresi et al. 1997; Park et al. 2003]. Therefore, increased 

serum HDL might block the infiltration of leukocytes into the liver or the skin through 

inhibition of adhesion molecule expression in endothelial cells that line local blood 

vessels, resulting in an overall reduction of inflammation. Further studies are necessary to 

delineate the mechanism of dermatitis reduction through increased serum ApoAI.  

In conclusion, Lenti and AAV vectors were not efficient enough for ApoAI gene therapy, 

suggesting that higher doses and/or intravenous injections of these vectors are necessary 

for efficient ApoAI delivery. In contrast, the results obtained using adenovirus vectors 

add to the growing body of literature showing that adenovirus mediated ApoAI gene 

therapy is feasible for the treatment of atherosclerosis. Adenovirus-mediated gene 

therapy however is limited by significant toxicity as a result of the activation of innate 

immune responses. Problems associated with vector-induced innate immune responses 

have to be solved before gene therapy using adenovirus vectors can become a routine 

application in the clinic. Therefore in the following chapter, the innate immune responses 

to adenovirus vectors will be analyzed. 
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CHAPTER FOUR: INNATE IMMUNITY TO ADENOVIRUS VECTORS – ROLE 

OF THE INFLAMMASOME 

 

4-1 Introduction 

Ad-ApoAI gene therapy has been used successfully for the treatment of cardiovascular 

disease in animal models [Benoit et al. 1999; Tangirala et al. 1999; Belalcazar et al. 

2003; Pastore et al. 2004]. The results obtained in chapter 3 suggest that high doses are 

needed to obtain therapeutic effects. Gene therapy clinical trials using high doses of 

adenoviral vectors, however, have been overshadowed by acute toxicity as a result of the 

activation of innate immune responses by the adenovirus virion [Chirmule et al. 1999; 

Lehrman 1999; Kay et al. 2001]. To overcome this problem, a better understanding of the 

innate response to adenovirus vectors is needed. Therefore, one of the objectives was to 

analyze the innate response to adenovirus vectors. 

Previous studies indicate that adenovirus vectors activate acute inflammation in the 

absence of gene transcription [Muruve et al. 1999]. Furthermore, internalization of the 

virion appears to be a prerequisite for the induction of inflammatory gene expression 

[Zsengeller et al. 2000; Tibbles et al. 2002]. Known intracellular innate pattern 

recognition receptors (PRRs) that recognize viruses are predominantly members of the 

Toll-like receptor family (TLRs) and cytoplasmic helicases (RIG-1, MDA5); the 

engagement of these receptors results in the production of type I interferons. Although 

adenovirus vectors are sensed by TLR9 in specific cell types and induce type I interferons 

[Cerullo et al. 2007; Zhu et al. 2007], adenovirus-mediated innate and adaptive immune 

responses are mainly independent of TLR9, suggesting that additional innate receptors 



 

 

96 

are involved in recognizing adenovirus [Nociari et al. 2007; Zhu et al. 2007; Basner-

Tschakarjan et al. 2006]. This is further supported by the fact that wild type adenovirus 

does not induce type I IFNs, but still activates potent innate immune responses [Reich et 

al. 1988; Collins et al. 2004].  

The NALP proteins belong to a new family of PRRs, the NOD-like receptors (NLRs) 

[Harton et al. 2002; Inohara and Nunez 2001; Tschopp et al. 2003]. The best understood 

member is the NALP3 receptor, which is expressed mainly in macrophages and surveys 

the cytoplasm for invading pathogens. Upon activation, NALP3 leads to the processing 

and maturation of the pro-inflammatory cytokines IL-1β and IL-18. IL-1β induces potent 

inflammatory gene expression through the TIR-domain containing IL-1 receptor (IL-1R) 

[Dinarello 1998], consistent with the innate immune activation observed in response to 

adenovirus vectors. It is therefore possible that adenovirus is recognized by this innate 

receptor. Administration of adenovirus vectors to previously immunized animals results 

in higher toxicity compared to the responses observed in naïve hosts and even significant 

mortality [Vlachaki et al. 2002; Varnavski et al. 2002; Varnavski et al. 2005], suggesting 

that virus-specific antibodies can enhance adenovirus-mediated immune activation.  

It was therefore hypothesized that a) adenovirus vectors are recognized by an innate 

receptor such as the NALP3 receptor, which is responsible for the potent capsid-

dependent inflammation observed in response to adenovirus vectors and b) that virus-

specific antibodies can enhance this immune activation. 

The objectives that need to be addressed in order to test this hypothesis are whether 

adenovirus can induce the processing and activation of IL-1β in vitro and in vivo in a 

NALP3 dependent fashion and how the interaction of adenovirus with immune cells is 
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influenced by antibodies, in terms of transduction, uptake and activation of inflammatory 

gene expression.  

In the following sub-sections, before presenting the results, specific background 

information for this chapter will be briefly reviewed, including the role of IL-1β in innate 

immunity (4-1-1) and the mechanism of IL-1β processing by the inflammasome (4-1-2). 

 

4-1-1 Interleukin 1β in the innate immune response 

The IL-1 superfamily includes three different cytokines, IL-1α, IL-1β and IL-18 [Sims 

2002]. IL-1β is a proinflammatory cytokine produced by activated macrophages and 

monocytes, which affects nearly every cell type [Dinarello 1996]. It functions in the 

generation of systemic and local responses to infection, injury, and immunological 

challenges and is the primary cause of chronic and acute inflammation [Dinarello 1998]. 

IL-1α is a cell associated cytokine and believed to function as an autocrine messanger 

[Dinarello 1996]. IL-1α is found in the circulation in cases of severe illness; it is thought 

that it is generated by lysed cells and cleaved by extracellular proteases [Wakabayashi et 

al. 1991]. IL-1α and β are synthesized as proteins of 35 kDa (pro-IL-1α, β). Pro Pro-IL-

1α can be cleaved by calpain protases into its mature form [Kobayashi et al. 1990]. On 

binding to IL-1 receptors IL-1α and β induce similar effects.  

The extracellular domains of the main IL-1 receptor, IL-1 receptor type I (IL-1RI) is a  

member of the Ig superfamily composed of three IgG like domains [Greenfeder et al. 

1995]. IL-1 binds to the IL-1RI with low affinity, an IL-1 receptor accessory protein (IL-

1RAcP) is then recruited to form a high affinity complex with IL-1 and IL-1R, resulting 
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in signal transduction [Greenfeder et al. 1995; Liege et al. 2000; Casadio et al. 2001]. IL-

1Rs belong together with the Toll-like receptors (TLR) to a receptor superfamily, which 

is characterized by a highly conserved protein sequence in the cytoplasmic tail, the 

Toll/IL-1R (TIR) domain [Dunne and O`Neill 2003].  

The IL-1R is found prominently on endothelial cells, smooth muscle cells, epithelial 

cells, hepatocytes, fibroblasts, keratinocytes, DC and T lymphocytes [Dinarello 1996]. 

Due to the efficient activation of multiple signaling pathways in response to IL-1β, it is a 

highly potent cytokine. The intravenous injection of only a few hundred nanograms into 

humans evokes fever, leukocytosis, thrombocytosis, hypotension, and the production of 

cytokines, which in turn, induces the synthesis of hepatic acute phase proteins, serum 

amyloid A (SAA) and C-reactive protein [Crown et al. 1991; Dinarello 1996]. Although 

the production of IL-1β is critical for the control of pathogenic infections, excessive 

cytokine production is harmful to the host and can even be fatal [Dinarello 1996]. 

Therefore IL-1β production is tightly regulated. Several signaling pathways lead to the 

transcriptional upregulation of IL-1β and the synthesis of the inactive pro-IL-1β protein 

(p35), including IL-1β itself, TNFα and toll like receptor ligands [Dinarello 1998]. 

Caspase-1 is required for cleavage of the precursor 35 kDa-pro-IL-1β into the mature 17 

kDa IL-1β ready for secretion [Cerretti et al. 1992; Thornberry et al. 1992]. Active 

caspase-1 in turn is generated from inactive procaspase-1 by a caspase-1-activating 

complex termed the inflammasome [Agostini et al. 2004]. How the inflammasome is 

activated is reviewed in the next section.  
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4-1-2 The inflammasome - intracellular pattern recognition receptor 

Pattern recognition receptors (PRRs) are receptors of the innate immune system, which 

recognize conserved molecular patterns on foreign organisms, such as viruses, bacteria, 

fungi and parasites, and initiate anti-pathogen signalling cascades [Janeway and 

Medzhitov 2002]. Toll-like receptors comprise a family of PRRs, which are located in the 

outer cell or endosomal membrane and are specialized in sensing extracellular microbes 

[Medzhitov 2001]. Recently, a new family of PRRs was described, the NLRs (NOD-like 

receptors) [Harton et al. 2002; Inohara and Nunez 2001; Tschopp et al. 2003]. Unlike 

TLRs, these families consist of intracellular, soluble proteins that survey the cytoplasm 

for signs of invaders or danger signals. The biological significance of most of the NLRs 

remains to be determined. NLRs are organized in three sub-classes, one of which are the 

NALP proteins (proteins containing NACHT, LRR and PYD domains)  [Meylan et al. 

2006]. The NALP3 protein is primarily expressed in monocytes and macrophages 

[Hoffman et al. 2001; Wang et al. 2002] and has distinct domains: an amino-terminal 

pyrin effector domain (PYD), a nucleotide-binding and oligomerization domain (the so-

called 'NACHT' domain), and a variable number of carboxy-terminal leucine rich repeats 

(LRRs) (Figure 4-1) [Martinon and Tschopp 2004]. The PYD domain is a member of the 

death-fold family. Proteins containing a death-fold domain bind to another member of the 

same family via homotypic interactions [Fesik 2000; Hofmann 1999]. NALP3 is 

synthesized in an inactive form. The LRR domain folds back onto the remainder of the 

protein, thereby blocking NACHT-mediated oligomerization. Direct or indirect binding 

of ligands to the LRR, induces a conformational change which releases the autorepressive 

form and allows NACHT-dependent oligomerization and formation of higher-order 
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complexes [Agostini et al. 2004]. Upon activation, the PYD domain of NALP3 interacts 

with the PYD domain of the adaptor protein ASC, which in turn interacts with caspase-1 

through protein-protein interaction of their caspase recruitment (CARD) domains (Figure 

4-1). A second caspase-1 is recruited by the participation of another protein called 

Cardinal. Cardinal contains both, a FIIND and a CARD domain and can function as a 

molecular bridge, by simultaneously binding NACHT via the FIIND domain and 

caspase-1 through CARD. Caspase-1 is constitutively expressed in phagocytic cells as an 

inactive proenzyme, binding of CARD leads to autocatalysis of pro-caspase-1 by 

caspase-1 and to the formation of the active heterodimer. Once activated, capase-1 

processes pro-IL-1β to its active and secreted form [Agostini et al. 2004; Martinon and 

Tschopp 2004; Martinon et al. 2004]. 

Signals and mechanisms leading to inflammasome activation seem to be diverse and are 

still poorly understood. The best characteized activators of the NALP3 inflammasome are 

LPS and ATP. TLR agonists like LPS induce pro-IL-1β synthesis and ATP stimulates 

caspase-1 dependent cleavage and secretion of IL-1β. ATP activates the nucleotide 

receptor P2X7, which initiates the efflux of potassium ions from the cell. The efflux of 

potassium results into an influx of calcium ions, which activates phospholipases. This 

facilitates the secretion of IL-1β [Mariathasan et al. 2006]. Extracellular ATP might 

represent a physiological response that occurs when ATP is released from dying cells or 

through degranulation of leukocytes.  
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Figure 4-1 The inflammasome.  

Schematic representation of inflammasome formation. The innate receptor NALP3, the 
scaffold proteins ASC and Cardinal and the protease Caspase-1 are present in the cytosol 
as inactive precursors. Recognition of pathogenic patterns or danger signals by the LRR 
domain on NALP3 triggers a conformational change that results in oligomerization of 
NALP3 with the scaffold proteins ASC and Cardinal and caspase-1 through death-fold 
domains (PYD, CARD, FIIND, NACHT).  This protein scaffold leads to the autocatalytic 
cleavage and dimerization of caspase-1, which then cleaves IL-1β into its active form. 
[Adapted from Martinon and Tschopp 2004.] 
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4-2 Results 

4-2-1 Pooled human serum abrogates adenovirus vector transduction of epithelial cells.  

Based on previous studies showing increased adenovirus-induced toxicity in immunized 

mice, it was hypothesized that antibodies enhance adenovirus-induced immune activation 

of effector leukocyes [Vlachaki et al. 2002; Varnavski et al. 2002; Varnavski et al. 2005]. 

Macrophages play a key role in detecting infectious organisms and in orchestrating the 

initial innate host response to infection. Macrophages are also the predominant cell type 

to take up immune complexes such as antibody-coated adenovirus virions [Lieber et al. 

1997; Zhang et al. 2001].   Little is known about the ability of adenovirus vectors to 

interact with macrophages directly, and how components of the plasma, such as 

immunoglobulins (Ig) directed against adenovirus vectors may interfere in this 

interaction. The mechanism of adenovirus entry into macrophages and monocytes is 

unknown since these cells lack the receptors used by adenovirus for entry into epithelial-

derived cells, cocksackie and adenovirus receptor (CAR) and αv-integrins. To address 

some of these questions we decided to determine the role of serum immunoglobulin in 

macrophage-adenovirus interactions directly in vitro. The prevalence of neutralizing 

antibodies against adenovirus serotype 5 in humans is high (97 %) [Chirmule et al. 1999]. 

Therefore pooled human serum was used as a source of anti-adenovirus antibodies. First, 

the ability of the pooled human serum to neutralize adenovirus vectors was tested. 

Transduction of HeLa cells with 1 x 104 part/cell of an E1-deleted, E3-defective, serotype 

5-based adenovirus vector encoding green fluorescent protein (GFP) resulted in strong 

expression of the transgene as determined by fluorescent-microscopy and FACS analysis 

24 hours post transduction (Figure 4-2A).  In contrast, when the tissue culture medium 
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was supplemented with 20% pooled human serum, GFP transgene expression was almost 

completely abrogated (Figure 4-2A). Southern blot analysis of HeLa cell DNA, blotting 

for the adenovirus-fiber gene showed that internalized vector genomes correlated with 

GFP transgene expression; vector DNA could not be detected when the cells were 

transduced in the presence of 20% pooled human serum, suggesting that AdGFP failed to 

enter the cells (Figure 4-2B). These results confirm that pooled human serum contains 

anti-adenovirus antibodies that neutralize viral entry and infection in non-hematopoietic 

cells such as HeLa cells.  
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Figure 4-2 Pooled human serum abrogates adenovirus vector transduction and transgene 
expression in epithelial cells in vitro.  

(A) GFP transgene expression in HeLa cells 24 hours after transduction with AdGFP (1 x 
104 part/cell) in the presence of normal tissue culture medium or tissue culture medium 
containing 20% pooled human serum (HS). Quantification based on FACS analysis. 
Values represent the mean±SD. Unpaired student’s t-test. **p<0.002. n=3. (B) Southern 
blot analysis of HeLa cells, transduced with AdGFP as in A, probing for the adenovirus-
fiber gene, showing internalized vector genomes. Data are representative samples of 
experiments performed at least three times. 
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4-2-2 Serum immunoglobulin increases adenovirus vector uptake, but abrogates 

transgene expression in THP-1 cells and primary macrophages in vitro.  

Next, the pooled human serum was used to analyze the interaction of adenovirus vectors 

with macrophages in the presence of immune serum directly. Therefore bone marrow 

stem cells were isolated from mice and differentiated into macrophages in tissue culture. 

To also include human macrophages, THP-1 cells were used, a human monocytic cell 

line. Transduction of THP-1 cells with 1 x 104 part/cell of an adenovirus vector encoding 

GFP (AdGFP) in the presence of normal tissue culture medium, supplemented with FBS 

(FBS), resulted in GFP transgene expression (Figure 4-3A). Equivalent to the result 

obtained in HeLa cells, GFP expression was almost completely abrogated in the presence 

of 20% pooled human serum, as determined by fluorescent microscopy and FACS 

analysis (Figure 4-3A and B). In addition, the cells changed from a smooth to a more 

activated, granular phenotype in the presence of human serum (Figure 4-3A, inserts) and 

underwent increased cell death (Figure 4-3B). THP-1 cells incubated with pooled human 

serum alone did not undergo cell death (Figure 4-3 supplement, Appendix D). Depletion 

of serum IgG (HS-Ig), but not heat-inactivation (HS-HI) could reverse these effects, 

suggesting that serum immunoglobulin, but not complement was responsible for the 

observations.  

Adenovirus vector transduction of primary mouse bone marrow macrophages (pr. MO), 

in the presence of immune mouse serum also caused morphological changes and 

abrogated transgene expression (Figure 4-3C-D). 
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Figure 4-3. Legend see next page. 
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Figure 4-3 Adenovirus vector transduction of THP-1 cells and primary mouse bone marrow 
macrophages in the presence of neutralizing antibodies.   

(A) Fluorescent and light microscopy images of THP-1 cells, 24 hours after transduction with 1 x 
104 part/cell of AdGFP in the presence of normal tissue culture medium (FBS), medium 
containing 20% human serum (HS) or 20% IgG-depleted human serum (HS-Ig). (B) Quantitative 
analysis of GFP transgene expression and cell death in AdGFP transduced THP-1 cells 
determined by FACS analysis. HS-HI, heat inactivated human serum. Adenovirus vector 
transduction of THP-1 cells in the presence of pooled human serum causes morphological 
changes, cell-death and abrogates transgene expression. The effect is reversed when IgG is 
depleted. Values represent mean±SD, n=3. Cells transduced in the presence of 20% HS or HS-HI 
showed significant less GFP expression and significant more cell death compared to cells 
transduced in the presence of FBS or 20% HS-Ig (***p<0.001). Differences between HS and HS-
HI or between FBS and HS-Ig were not significant (p>0.05). One-way ANOVA (with Tukey-
Kramer Multiple Comparisons Test). See also additional controls in Figure 4-3 supplement 
(Appendix D). (C) Adenovirus vector transduction of primary mouse bone marrow macrophages. 
Cells were transduced with 1 x 104 part/cell AdGFP in the presence of either FBS containing 
tissue culture medium (FBS), medium containing 10% mouse serum (MS), or 10% mouse serum 
from mice that had been immunized with 1 x 1011 part/mouse Ad-GFP 10 days earlier (referred to 
as immune serum, MS+Ig). Immune serum abrogates transgene expression and causes 
morphological changes in AdGFP transduced primary mouse bone marrow macrophages. (D) 
Quantification of GFP expression in AdGFP transduced primary mouse bone marrow 
macrophages by FACS analysis. MS-HI, heat inactivated mouse serum. Values represent 
mean±SD, n=3.  Cells transduced in the presence of immune serum (MS+Ig) showed significant 
less GFP expression compared to cells transduced in the pesence of  MS or MS-HI (***p<0.001). 
Differences between MS and MS-HI were not significant (p>0.05). One-way ANOVA (with 
Tukey-Kramer Multiple Comparisons Test). 
 

 

To determine if the abrogated transgene expression in the presence of serum 

immunoglobulin was due to decreased viral uptake, THP-1 cells or primary mouse bone 

marrow macrophages were transduced with 1 x 104 part/cell of AdGFP for 6 hours and 

the amount of intracellular vector genomes was analyzed by Southern blot, blotting for 

the adenovirus fiber gene. In contrast to the observed reduction in GFP expression, the 

amount of intracellular vector genomes was increased up to 10-fold in THP-1 cells in the 

presence of human serum (HS) and heat-inactivated human serum (HS-HI) compared to 

the amount of intracellular vector genomes following transductions in the presence of 

IgG-depleted human serum or tissue culture medium supplemented with FBS (FBS) 
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(Figure 4-4A). In primary mouse bone marrow macrophages, the presence of immune 

mouse serum (MS+Ig) increased adenovirus vector uptake by up to 2-fold, compared to 

mouse serum alone (MS), heat-inactivated mouse serum (MS-HI), serum-free medium 

(SF) or normal tissue culture medium, supplemented with FBS (FBS) (Figure 4-4B). 

These results show that in the presence of neutralizing antibodies, the uptake of 

adenovirus vectors by macrophages is significantly enhanced, without leading to 

transgene expression. 
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Figure 4-4 Adenovirus vector genome uptake by THP-1 cells and primary bone marrow 
macrophages is enhanced in the presence of neutralizing antibodies.  

(A) Southern blot analysis of AdGFP transduced THP-1 cells blotting for the adenovirus fiber 
gene and corresponding quantification (based on phosphorimaging). Cells were transduced with 
AdGFP vector (1 x 104 part/cell) for 6 hours either in the presence of normal tissue culture 
medium containing 10% FBS (FBS), medium containing 10% pooled human serum (HS), 
medium containing 10% heat-inactivated pooled human serum (HS-HI) or medium containing 
10% IgG-depleted pooled human serum (HS-Ig). Values represent mean density±SD, n=3. The 
amount of internalized vector DNA was significantly higher when the cells were transduced in 
the presence of HS or HS-HI compared to when the cells were transduced in the presence of FBS 
or HS-Ig (***p<0.001). Differences between FBS and HS-Ig or between HS and HS-HI were not 
significant (p>0.05). One-way ANOVA (with Tukey-Kramer Multiple Comparisons Test). (B) 
Increased virus vector uptake by primary mouse bone marrow macrophages in the presence of 
immunized mouse serum. Southern blot analysis of internalized vector genomes six hours after 
AdGFP (1 x 104 part/cell) transduction of primary mouse bone marrow macrophages blotting for 
the adenovirus fiber gene and corresponding quantification (based on phosphorimaging). The 
tissue culture medium was serum-free (SF), or supplemented with 10% FBS (FBS), mouse serum 
(MS), heat-inactivated mouse serum (MS-HI) or immune mouse serum (MS+Ig). Values 
represent mean density±SD, n=3. Viral vector uptake by primary macrophages was significantly 
higher in the presence of immune mouse serum (MS+Ig) than in the presence of serum-free 
medium (**p<0.01), mouse serum (*p<0.05), or heat-inactivated mouse serum (**p<0.01). One-
way ANOVA (with Tukey-Kramer Multiple Comparisons Test). 
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4-2-3 Serum immunoglobulin enhances adenovirus vector-induced inflammatory gene 

expression in macrophages.  

Viral internalization is a prerequisite for adenovirus induction of innate immune 

responses [Zsengeller et al. 2000; Tibbles et al. 2002]. Therefore the next experiments 

were designed to analyze whether the increased internalization of adenovirus virions in 

the presence of immunoglobulin co-incides with increased activation of inflammatory 

gene expression in these cells. THP-1 cells and primary mouse bone macrophages were 

transduced with Ad-GFP in different serum conditions. Six hours following transduction 

total RNA was harvested and analyzed for the induction of chemokine and cytokine 

expression by RNAse protection assay. In THP-1 cells, AdGFP induced the expression of 

IP-10, MIP-1β, MIP-1α, MCP-1 and IL-8. The transduction in the presence of 20% 

pooled human serum resulted in further increased expression of these chemokines (Figure 

4-5A). Ad-GFP-induced chemokine expression returned to baseline when the serum was 

IgG-depleted (Figure 4-5A). Ad-GFP also induced the expression of TNF-α and IL-1β 

RNA expression in the presence of human serum in THP-1 cells (Figure 4-5B). In 

primary mouse bone marrow macrophages AdGFP induced the expression of RANTES, 

MIP-1β, MIP-1α, MIP-2, IP-10, and TCA-3 in the presence of 10% mouse serum (MS), 

heat-inactivated mouse serum (MS-HI) and immune mouse serum containing anti-

adenovirus antibodies (MS+Ig) (Figure 4-5C). Consistent with the results obtained in 

THP-1 cells, the expression of chemokines and cytokines in these cells in response to Ad-

GFP was several fold increased in the presence of immune mouse serum (MS+Ig). These 

results suggest that adenovirus leads to an enhanced activation of inflammatory genes in 

macrophages in the presence of immune-serum. 
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In order to determine the role of the adenovirus capsid and the role of viral gene 

expression in adenovirus-induced inflammatory gene expression in macrophages, 

modified adenovirus vectors were used to transduce primary bone marrow macrophages 

and the induction of inflammatory gene expression was analyzed by RNAse protection 

assay as above. Ps-Ad is a AdGFP vector, which was rendered transcription-defective by 

UV-psoralen treatment as previously described [Cotton et al. 1994]. AdLF and AdLPB 

have mutations in the fiber gene (AdLF) and in the RGD peptide in the penton base 

(AdLPB), which ablates their interaction with the adenovirus receptor CAR and co-

receptor integrins for internalization, respectively [Tibbles et al. 2002]. These vectors are 

therefore also referred to as tropism modified vectors. The result as depicted in Figure 4-

5D, shows that the chemokine expression induced by modified adenovirus vectors in 

primary macrophages was comparable to the expression of chemokines induced by Ad-

GFP (Figure 4-5C vs. 4-5D). Consistent with the results obtained using Ad-GFP, tropism 

modified and transcription-defective vectors showed an increased expression of 

chemokines in primary macrophages in the presence of immune serum (+) as opposed to 

mouse serum from naïve animals (-) (Figure 4-5D). These results show that the induction 

of chemokine expression by adenovirus vectors in macrophages in the absence or in the 

presence of neutralizing serum IgG is independent of viral gene transcription and CAR 

and integrin-binding domains on the viral capsid. The results further confirm that 

adenovirus vectors interact with macrophages in a different way than with epithelial 

derived target cells. 
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Figure 4-5. Legend see next page. 
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Figure 4-5 Adenovirus vector induced chemokine and cytokine expression in THP-1 cells 
and primary mouse bone marrow macrophages in vitro.  

(A) RNase protection assay of THP-1 cell RNA six hours following transduction with 1 x 104 
part/cell Ad-GFP in different serum conditions. Ad-GFP induced expression of IP-10, MIP-1β, 
MIP-1α, MCP-1 and IL-8 mRNA is several fold higher in the presence of 20% pooled human 
serum compared to FBS containing normal tissue culture medium, but returns to baseline 
activation when the human serum is IgG-depleted. (B) Upregulation of IL-1β and TNF-α mRNA 
in Ad-GFP transduced THP-1 cells in the presence of human serum. (C) RNase protection assay 
of primary mouse bone marrow macrophage RNA, six hours following transduction of these cells 
with 1 x 104 part/cell of Ad-GFP. Cells were transduced in tissue culture medium supplemented 
with 10% mouse serum (MS), 10% immune mouse serum (MS+Ig) or 10% heat-inactivated 
mouse serum (MS-HI). Ad-GFP induced the expression of RANTES, MIP-1β, MIP-1α, MIP-2, 
TCA-3 and IP-10. Ad-induced chemokine and cytokine expression was highest in the presence of 
immune serum. (D) RNAse protection assay showing chemokine mRNA expression in primary 
mouse bone marrow macrophages 6 hours following transduction with modified adenovirus 
vectors in the presence or absence of immune serum. Ps-Ad, transcription-defective adenovirus 
vector; AdL-PB, mutant adenovirus vector, lacking the RGD motive in the penton base; AdL.F, 
adenovirus vector, containing mutations in the fiber protein. Vector-induced expression of 
chemokine and cytokine mRNA is increased in the presence of mouse serum containing 
neutralizing antibodies (+) compared to mouse serum alone (-). Data are representative samples 
of 3-4 experiments. 
 

 

In summary, in the presence of immune serum, adenovirus vector transduction of THP-1 

cells or primary mouse bone marrow macrophages resulted in abrogated transgene 

expression, and up to 10-fold increased viral uptake, which coincided with increased 

activation of inflammatory gene expression in these cells.  

 

 

4-2-4 Adenoviral vectors and wild type adenovirus induce IL-1β processing in 

differentiated THP-1 cells.  

The correlation of internalized vector genomes with cellular activation suggests that 

adenovirus vectors could directly activate an intracellular innate receptor system. One of 

the candidate receptors is the NOD-like receptor NALP3. Engagement of NALP3 leads 
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to the processing and secretion of IL-1β  protein, a highly proinflammatory cytokine, 

which could be in part responsible for the observed potent inflammation in response to 

adenoviruses. To test this hypothesis, differentiated THP-1 cells were transduced with 1 x 

104 part/cell of an adenovirus vector encoding the gene for β-galactosidase (Ad-LacZ) in 

normal tissue culture medium or medium containing 20% pooled human serum (HS) and 

six hours later the cell culture supernatant and cell extracts were analyzed for IL-1β by 

Western blots. Mature 17 kDa IL-1β protein was indeed detected in cell extracts (ext) and 

cell culture supernatants (sup) of THP-1 cells, which were transduced with Ad-LacZ in 

the presence of human serum (Figure 4-6A). The known activators of the inflammasome, 

LPS and ATP served as positive control and human serum with virus vehicle served as 

negative control. The results suggest that Ad-LacZ is able to activate the inflammasome, 

leading to activation of caspase-1, which then cleaves pro-IL-1β into its active form. The 

caspase-1 dependency of the pro- IL-1β cleavage was further confirmed by addition of 

the caspase-1 inhibitor zVAD, which completely blocked Ad-LacZ induced IL-1β 

activation in the presence of human serum (Figure 4-6B). zVAD also abolished IL-1β 

processing in response to ATP and LPS.  

To determine the role of the viral capsid and viral gene transcription in the activation of 

IL-1β processing and secretion, differentiated THP-1 cells were transduced with 1 x 104 

part/cell of modified adenovirus vectors (Ps-Ad, transcription-deficient adenovirus 

vector; AdL-PB, mutant adenovirus vector, lacking the RGD motive in the penton base; 

AdL.F, adenovirus vector with mutations in the fiber protein in the capsid). Equivalent to 

the results obtained using Ad-LacZ; Ps-Ad, AdL-PB and AdLF all induced the 

processing and secretion of IL-1β in differentiated THP-1 cells in a caspase-1 dependent 
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manner (Figure 4-6C), confirming that adenovirus vector induced IL-1β processing is 

independent of viral gene transcription and capsid interactions with CAR or integrins. As 

observed with Ad-LacZ, IL-1β processing and secretion was greatly enhanced in the 

presence of human serum.  

To investigate a possible role of the inflammasome in wild type adenovirus infections, 

differentiated THP-1 cells were also transduced with wild type adenovirus serotype 5 

(Ad5) (moi 2.3 x 103) for 2 or 4 hours in the presence of tissue culture medium 

supplemented with FBS or 10% pooled human serum (HS). In contrast to the results 

obtained with the gene therapy vector, Ad5 WT efficiently induced maturation of IL-1β 

in the absence of human serum (Figure 4-6D). IL-1β processing was enhanced by human 

serum and increased with time, probably due to viral replication.   
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Figure 4-6. Legend see next page. 
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Figure 4-6 Adenovirus vector and wild type adenovirus induce IL-1β processing in 
differentiated THP-1 cells.  

Western blots of cell extract (ext) or tissue culture supernatant (sup) from differentiated THP-1 
cells blotting for IL-1β. (A) Cells were transduced with 1 x 104 part/cell Ad-LacZ for six hours in 
normal tissue culture medium or medium containing 20% pooled human serum (HS). LPS/ATP, 
12.5 µg/ml LPS and 6 x 10-3 M ATP served as positive control. Vehicle treated cells served as 
negative control (VH). (B) Cells were transduced with Ad-LacZ for six hours as in A, in the 
presence or absence of the pan-caspase inhibitor zVAD (0.05 mM). Ad-LacZ induced IL-1β 
processing and secretion in the presence of human serum is caspase dependent. (C) IL-1β-
Western blot of differentiated THP-1 cells transduced with modified adenovirus vectors (1x104 
part/cell). Ps-Ad, transcription-defective adenovirus vector; AdL-PB, mutant adenovirus vector, 
lacking the RGD motive in the penton base; AdL.F, adenovirus vector, containing mutations in 
the fiber protein. (D) IL-1β-Western blot of cell extracts or supernatants from THP-1 cells, which 
were infected with wild type adenovirus serotype 5 (Ad5) for 2 or 4 hours in the presence of 
tissue culture medium supplemented with FBS or 10% pooled human serum (HS). Data are 
representative samples of experiments performed 4-6 times. 
 

 

 

4-2-5 Induction of IL-1β processing by adenovirus vectors in WT, but not in ASC-/- or 

NALP3-/- peritoneal mouse macrophages.  

Adenovirus infection in macrophages strongly activated IL-1β processing and secretion, 

which was dependent on caspase-1. Activation of caspase-1 in turn occurs upon assembly 

of an intracellular complex, designated the inflammasome, which is composed of a 

scaffold of interacting proteins (Figure 4-1).  

In order to provide direct evidence for the involvement of the inflammasome in 

adenovirus vector induced inflammation, we analysed peritoneal macrophages derived 

from mice deficient in either ASC or NALP3 for their ability to generate mature IL-1β in 

response to transduction with Ad-LacZ. ASC is a crucial adaptor protein required for the 

recruitment of caspase-1 to the NALP platform of inflammasomes. The receptor NALP3 
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is expressed in both monocytes and macrophages and is well conserved in human and 

mouse.  

Consistent with our previous findings in differentiated THP-1 cells, LPS-primed murine 

peritoneal macrophages stimulated with Ad-LacZ or ATP activated caspase-1 and 

secreted mature IL-1β (Figure 4-7A). IL-1β maturation was abolished in peritoneal 

macrophages from ASC-deficient mice, or mice lacking the innate receptor NALP3, 

suggesting that adenovirus vectors directly and specifically activate the NALP3 

inflammasome. IL-1β induction by ATP was also dependent on NALP3 and ASC (Figure 

4-7A). Transduction of peritoneal macrophages with a lower titer of Ad-LacZ confirmed 

that the processing of IL-1β in response to the vector can be enhanced by the presence of 

immune serum (Figure 4-7B). These results suggest that adenovirus and adenovirus 

vectors are recognized specifically by the innate receptor NALP3 in macrophages. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

119 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-7 Adenovirus vector induced IL-1β processing is abrogated in peritoneal 
macrophages from ASC-/- or NALP3-/- mice.  

Western blots of cell extracts (ext) or supernatants (sup) from LPS primed peritoneal 
macrophages six hours following transduction with Ad-LacZ, blotting for IL-1β. ATP served as 
positive control. (A) Lack of ASC, one of the scaffold proteins of the inflammasome or lack of 
the innate receptor NALP3 abrogates Ad-LacZ or ATP induced IL-1β processing and secretion. 
(B) IL-1β Western blot of peritoneal macrophages, transduced with Ad-LacZ in the presence of 
10% mouse serum (MS) or 10% immune mouse serum (MS+Ig), containing neutralizing 
adenovirus antibodies. Ad-LacZ induced IL-1β processing is enhanced in the presence of immune 
serum. [Note: This Figure was generated by Dr. D.A. Muruve in Switzerland at the University of 
Lausanne in the laboratory of Dr. J. Tschopp who kindly provided the ASC and NALP knockout 
mice, see acknowledgements). Data are representative samples of experiments performed at least 
three times. 
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4-2-6 Increased serum IL-1β in immunized mice compared to naïve mice upon 

adenovirus vector administration.  

The previous results show that adenovirus vectors and wt adenovirus induce IL-1β 

processing and secretion in a NALP3 dependent manner in tissue culture in vitro.  

Furthermore, inflammatory gene expression and IL-1β secretion in macrophages was 

enhanced in the presence of serum immunoglobulin. To confirm and test the relevance of 

these observation in vivo, naïve or previously immunized C57BL/6 mice were injected 

intravenously with 1 x 1011 part/mouse Ad-LacZ and 6 hours later the serum and livers 

were harvested for analysis. RNase protection assays of total liver RNA showed the 

upregulation of several chemokines, including RANTES, MIP-1β, MIP-1α, MIP-2 and 

IP-10 in response to Ad-LacZ injections in mouse liver in naïve mice (Figure 4-8A). The 

expression of RANTES, MIP-1β, MIP-1α, MIP-2 and IL-1β was up to 10-fold increased 

in immunized mice compared to naïve mice in response to viral vector administration, 

indicating the presence of a potent inflammatory response (Figure 4-8A). Furthermore, 

Western blot analysis or ELISA of mouse plasma showed increased amounts of IL-1β 

protein in plasma of immunized mice compared to naïve mice (Figure 4-8B). These 

results suggest that Ad-LacZ viral vectors are able to activate the inflammsome in vivo 

and that the activation of the inflammasome in vivo is enhanced in the presence of 

neutralizing antibodies, consistent with the results obtained in vitro.  
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Figure 4-8 Increased liver inflammatory gene expression and serum IL-1β in immunized 
mice compared to naïve mice after intravenous injection of Ad-LacZ  

(A) RNase protection assay of mouse liver RNA from naïve or previously immunized mice (+Ig), 
six hours following intravenous Ad-LacZ administration (1 x 1011 part/mouse). Quantifications 
are based on phosphorimaging and are GAPDH normalized. Values represent mean density±SD 
(n=3 naïve mice, n=5 immunized mice). Ad-LacZ-induced expression of RANTES (**p<0.01), 
MIP-1β (**p<0.01), MIP-1α (*p<0.02), MIP-2 (*p<0.05), and IL-1β (****p<0.0001) RNA was 
significantly higher in immunized mice compared to naïve mice. Unpaired student’s t-test. (B) 
Western blot of mouse serum from the same mice as in A, blotting for IL-1β and IL-1β ELISA of 
mouse serum. Adenovirus vector induced increased IL-1β protein in serum of immunized mice 
compared to naïve mice. Values represent mean IL-1β protein concentration ±SD, *p<0.05. 
Unpaired student’s t-test. 
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4-3 Discussion 

Adenovius vectors trigger inflammatory gene expression in a capsid-dependent, 

transcription-independent manner but many of the mechanisms including the receptors 

that mediate this response have remained elusive. It is unclear also how antibodies to the 

adenovirus virion enhance innate immunity. The objective of this chapter was to answer 

some of these questions and to gain a better understanding of the innate response 

triggered by adenovirus vectors. It is shown here that wild type adenovirus serotype 5 and 

adenovirus vectors are able to directly induce the processing and secretion of IL-1β. 

Adenovirus-induced IL-1β processing was dependent on caspase-1 and abrogated in 

macrophages from NALP3-/- or ASC-/- mice, suggesting that adenovirus vectors are 

activators of the NALP3-inflammasome, a member of the NOD-like receptor (NLR) 

protein family of innate pattern recognition receptors (PRRs). In addition, this study 

confirmed that adenovirus interacts with effector leukocytes, such as macrophages in a 

transcription-, CAR- and RGD-independent manner. Neutralizing antibodies enhance 

viral uptake by macrophages, which increases the engagement with NALP3, and results 

in further increased IL-1β secretion and inflammatory gene expression.  

Phagocytosis of pathogens by macrophages represents one of the key effector 

mechanisms of the innate immune response [Ravetch and Bolland 2001].  In the course 

of a primary viral infection the generation of anti-viral IgG prevents subsequent re-

infection and enables the capture of small quantities of antigen thereby enhancing viral 

clearance. The enhanced interactions of adenovirus vectors with macrophages in the 

presence of immune serum observed in this study included enhanced antibody-mediated 

activation of the inflammasome. These results suggest that IgG-opsonized viral antigen is 
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not only specifically targeted to phagocytes, but also causes a potent and rapid 

upregulation of antiviral immune responses. This finding shows an amplification of the 

innate response by the adaptive response, which might be essential for efficient and rapid 

viral clearance during secondary viral infections. This is further highlighted in vivo by the 

increased serum IL-1β levels in immunized mice. IL-1β levels were only slightly 

increased in naïve mice receiving adenovirus vectors, showing a higher activation of the 

inflammasome after the onset of the adaptive reponse, in a later stage of the host antiviral 

response when virus specific antibodies are present. 

TLR9 and NALP3 are the first innate receptors identified for adenovirus [Cerullo et al. 

2007; Basner-Tschakarjan et al. 2006]. Although many NALP members are identified, 

their function and ligands, especially in regards to viral recognition are not yet known. 

Nevertheless, a role in antiviral immunity likely exists, given the recent finding that 

myxoma virus encodes a PYD-containing protein termed M13L [Johnston et al. 2005]. 

M13L-PYD can interact with ASC-1 through a PYD-PYD association, which disrupts the 

ability of ASC-1 to form the bridge between caspases and various NALPs, resulting in 

the inhibition of caspase-1 activation and abrogated secretion of IL-1β [Johnston et al. 

2005]. The importance of IL-1β in clearance of viruses is further suggested by the fact 

that vaccinia and cowpox virus genes encode for a protein with a high amino acid 

homology to the type II IL-1-receptor. This protein binds IL-1β and therefore prevents 

signal transduction [Alcami and Smith 1992; Spriggs et al. 1992]. The mechanism 

whereby endocytosed or phagocytosed adenovirus is sensed by the NALP3 

inflammasome is currently not known, nor is it clear whether the virion or single capsid 

components directly interact with NALP3 or whether sensing occurs via intermediary 
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proteins. Adenovirus DNA might be responsible for NALP3 activation; several studies 

have shown that total RNA from bacteria (Escherichia coli, Listeria monocytogenes and 

Legionella pneumophila), but not total RNA from mouse liver induced secretion of IL-1β 

[Kanneganti et al. 2006]. Furthermore,  double stranded RNA from influenza virus has 

also been reported to be an activator of NALP3 [Kanneganti et al. 2006]. NALPs are not 

only able to recognize pathogens but also abnormal self or danger signals [Martinon et al. 

2006]. It is possible that cell membrane disruptions through viral entry, or adenovirus-

induced endosomal lysis is the trigger in adenovirus-mediated NALP activation. It has 

been shown that NALP3 activates caspase-1 in response to membrane disruptions 

[Mariathasan et al. 2006]. Further studies are needed to fully understand the molecular 

mechanism by which adenovirus induces caspase-1 activation through NALP3. Based on 

previous studies, it was hypothesized that adenovirus is recognized by an innate receptor 

and that neutralizing antibodies enhance adenovirus-induced immune activation. The 

results presented in this chapter confirm the hypothesis; adenovirus activates the NALP3 

inflammasome in vitro and in vivo, which leads to the processing and secretion of the 

pro-inflammatory cytokine IL-1β. Antibodies enhance viral uptake and engenagement 

with the recepor, resulting in increased IL-1β release and inflammation.  These studies 

identify a novel mechanism of adenovirus innate recognition and the discovery of a novel 

‘inverse’ crosstalk between innate and adaptive immunity – the activation of a specific 

innate receptor facilitated by the humoral adaptive immune system. Furthermore, the 

results deliver an explanation for both, the high immunogenicity of adenovirus vectors in 

general as well as the increased toxicity in the presence of immune serum. A better 
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understanding of the host response to adenovirus vectors will lead to novel strategies that 

can improve gene therapy applications such as ApoAI delivery.  
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CHAPTER FIVE: INNATE IMMUNITY TO ADENO-ASSOCIATED VIRUS 

VECTORS 

 

5-1 Introduction  

AAV vectors encoding ApoAI were not able to increase ApoAI protein levels in mouse 

serum sufficiently to induce measurable changes in the phenotype of atherosclerosis 

when injected into muscle (chapter 3). Therefore AAV vectors need to be used 

intravenously, at higher doses and/or through repeated injections in order to improve 

ApoAI gene therapy. Using AAV2 intravenously is expected to result in higher protein 

levels compared to the intramuscular route [Sharifi et al. 2005; Kitajima et al. 2005]. 

Although AAV vectors are generally associated with low immunogenicity and toxicity 

compared to adenovirus vectors [Jooss et al. 1996; Fisher et al. 1997; Warrington and 

Herzog 2006], the induction of innate immune responses by AAV vectors has never been 

studied. It is therefore not clear how safe these vectors are when injected at high doses 

intravenously. In a recent clinical trial unexpected AAV-induced liver toxicity was noted 

in two patients following intra-hepatic administration of AAV2, suggesting that AAV 

vectors induce at least some innate responses [Manno et al. 2006]. Furthermore, the 

innate response represents a prerequisite for the development of adaptive responses, such 

as the development of antibodies to the virus capsid. AAV vectors induce neutralizing 

capsid antibodies, which severely compromise the efficiency of AAV gene therapy 

[Manno et al. 2006; Cottard et al. 2004; Warrington and Herzog 2006].  
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It was therefore hypothesized that a) AAV vectors activate the innate immune system, 

however to a lesser extent than adenovirus vectors and that b) the innate response to 

AAV vectors is partly responsible for the development of anti-AAV neutralizing 

antibodies.  

A gene therapy vector that is recognized in vivo by epithelial-derived target cells and/or 

innate immune cells as an invading pathogen triggers the expression of pro-inflammatory 

chemokines and cytokines, which then orchestrate the infiltration of leukocytes and the 

resulting inflammatory response. The objectives that need to be addressed in order to test 

the hypothesis are therefore whether AAV vectors induce the expression of chemokines 

and cytokines in vitro and in vivo in comparison to adenovirus, which cell types are 

involved (target cells versus innate immune cells), whether a potential inflammatory gene 

expression is accompanied with an infiltration of leukocytes and toxicity in vivo and 

whether potential links to the development of an adaptive antibody response exist.  

The serum complement system represents a chief component of innate immunity. 

Because complement was found to play a role in AAV activation of immune responses, 

specific background about the role of complement in the immune response will briefly be 

reviewed before presenting the results (sub-section 5-1-1). 

 

5-1-1 The role of complement in immune response and antibody development 

The complement system consists of over 20 soluble and cell surface proteins that react to 

the exposure to foreign antigens by initiating a regulated cascade of reactions [Song et al. 

2000]. The complement system evolutionary predates the adaptive immune response but 

has adapted to mediate crosstalk between the adaptive and innate responses [Zarkadis et 
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al. 2001]. Many of the components are inactive pro-enzymes circulating in serum; they 

are activated through highly regulated enzymatic cascades. Complement activation can 

result from activation of at least three different pathways, the lectin, the alternative and 

the classical pathway [Walport 2001]. All pathways result in the formation of the C3 

convertases (C4b2a or C3bBb), which cleave C3 into C3a and C3b. The fate of C3b is 

critical to the regulation of the complement cascade. Persistence of C3b allows further 

binding of factor B and hence amplified C3 cleavage. In contrast, catabolism of C3b into 

C3bi inhibits amplification of C3 cleavage and results in downregulation of complement 

activation [Lutz and Jelezarova 2006].  

Complement is an important mediator of inflammation and plays important protective 

roles against viral infection [Blue et al. 2004]. Viruses can activate all pathways of 

complement activation [Blue et al. 2004]. The resulting enzymatic cleavage of 

complement components C3, C4 and C5 results in the production of the anaphylatoxins 

C3a, C4a and C5a, respectively, which are pro-inflammatory mediators [Ember and 

Hugli 1997]. Complememnt may therefore play a significant role in vector induced 

inflammatory responses. Furthermore, enveloped viruses, such as lentiviruses are 

susceptible to lysis by the membrane attack complex (MAC). The complement 

components from C5b to C9 combine and insert into the viral envelope to form a 

transmembrane channel. The channel disrupts viral integrity and eventually leads to 

osmotic lysis of the virion [Spear et al. 1993]. In gene therapy, lentivirus vectors cannot 

be used intravenously due to complement lysis. Deposition of C3 fragments, such as C3b 

and C3bi on viral surfaces leads to opsonization, resulting in enhanced phagocytosis, 

immune complex clearance, adhesion, and cytokine production [Frank and Fries 1991]. 



 

 

130 

Most such activities depend upon the engagement of specific complement receptors. 

These include complement receptor 1 (CR1, CD21), complement receptor 2 (CR2, 

CD35), CR3 (CD11b/CD18) and CR4 (CD11c/CD18). All complement receptors bind 

C3bi. CR1 and CR2 are thought to participate mainly in particle binding. CR3 and 4 are 

involved in phagocytosis of C3b and C3bi opsonized pathogens [Krych-Goldberg and 

Atkinson 2001; Pramoonjago et al. 1993; Molina et al. 1994; Ehlers 2000; Cabanas et al. 

1999]. In addition to its role in innate immunity, increasing evidence supports the role of 

complement in regulation of B-lymphocytes and in contributing to the development of 

humoral immunity [Chen et al. 2000; Carroll 2004; Fang et al. 1998; Fischer et al. 1998]. 

On B cells, CR1 (CD21) forms a co-receptor with the signaling molecule CD19 and 

receptor CD81. Co-engagement of the CD21/CD19/CD81 receptor complex with the B 

cell antigen receptor (BCR) enhances B cell responses by lowering substantially the 

threshold for B cell activation [Matsumoto et al. 1991]. Co-recognition of the BCR and 

CD21 leads to increased cell proliferation and differentiation and enhanced antibody 

production. Engagement of CR2 is especially critical when suboptimal doses of antigen 

are present or the affinity of the antibody is low as is the case during primary immune 

responses. In summary, C3b deposits continuously on all surfaces in contact with blood. 

In viral infections, C3 and C4 products can directly coat virions and thereby prevent 

infection of target cells, target the virus to immune cells for phagocytosis through 

complement receptors, increase inflammation, reduce the threshold for B cell activation 

or result in direct lysis of the virus.  
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5-2 Results 

Note: Figures 5-1 through 5-8 are modified from a publication [Zaiss et al. 2002].  

The objective of this chapter was to analyze the innate immune response following high 

titer intravenous AAV vector administration. The initial onset of an inflammatory 

response is characterized by the expression of chemokines in cells that encounter a 

pathogen [Schluger and Rom 1997]. Therefore, the first question to be addressed was 

whether AAV vectors activate the expression of chemokines in epithelial-derived target 

cells. 106 REC cells [Wuthrich et al. 1990] and human HeLa cells were transduced with 

increasing doses of Ad-LacZ and AAV-LacZ. At 6 hours following transduction, total 

RNA was analyzed for the induction of chemokine expression by RNase protection 

assay. Adenovirus vectors efficiently induced the expression of RANTES and IP-10 in 

REC cells at titers as low as 5 x 103 part/cell. Ad-LacZ also induced the expression of 

MIP-1ß and MIP-2 but to a lower extent and at higher titers (25 x 103 to 70 x 103 

part/cell). Transduction with AAV-LacZ using titers as high as 200 x 103 part/cell failed 

to increase chemokine expression compared to vehicle-treated cells (Figure 5-1A). The 

titer (200 x 103 part/cell) of AAV is 40-fold greater than that of the lowest concentration 

of adenovirus required to induce chemokine expression. In HeLa cells, Ad-LacZ 

efficiently induced the expression of RANTES and interleukin-8 (IL-8) in a dose-

dependent manner. IP-10 and MIP-1α mRNAs were also increased following 

transduction with Ad-LacZ but to a much lower extent. As in REC cells, AAV-LacZ 

failed to increase expression of these chemokines above baseline despite transduction 

with higher titers (Figure 5-1B). Chemokine induction was not detected in REC or HeLa 

cells 1 hour following transduction with either AAV-LacZ or Ad-LacZ (data not shown). 



 

 

132 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1 Adenovirus and AAV vector-induced chemokine expression in vitro determined 
by an RNase protection assay of Ad-LacZ- or AAV-LacZ-transduced cells.  

(A) REC cells were transduced with increasing titers of Ad-LacZ (1 x 103 to 70 x 103 part/cell) or 
AAV-LacZ (15 x 103 to 200 x 103 part/cell). Ad-LacZ induced the expression of RANTES, MIP-
1ß, MIP-2, and IP-10 in a dose-dependent manner. In contrast, AAV-LacZ failed to induce 
chemokine expression above baseline at titers 40-fold greater. (B) HeLa cells transduced with 
increasing titers of Ad-LacZ (1 x 103 to 70 x 103 part/cell) are induced to express RANTES, IP-
10, MIP-1α, and IL-8 in a dose-dependent manner. AAV-LacZ (15 x 103 to 200 x 103 part/cell) 
does not induce chemokine expression in HeLa cells. VH, sucrose vehicle. Data are 
representative samples of at least three experiments. 



 

 

133 

One potential explanation for the differential chemokine induction by Ad-LacZ and 

AAV-LacZ may be from differences in cell transduction. To examine this possibility, we 

compared the transductions of HeLa cells and REC cells by Ad-LacZ and AAV-LacZ 

from total DNA harvested 6 hours following transduction. Vector genomes in total DNA 

were probed for the LacZ transgene in slot blot analyses. To ensure that equivalent 

amounts of total cell DNA were loaded in each slot, the blot was also hybridized with the 

housekeeping gene control glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

Results (Figure 5-2A) showed that the signal corresponding to Ad-LacZ vector DNA 

increased with increasing titers in both REC and HeLa cells. Total DNA from AAV-

LacZ-transduced REC and HeLa cells demonstrated a very strong lacZ signal 

corresponding with the high titers used (2 x 1011 to 4 x 1011 part/cell) (Figure 5-2A). 

These findings confirmed that vector genomes in AAV-LacZ- and Ad-LacZ-transduced 

REC and HeLa cells correlated with the infecting particle number. 
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Figure 5-2 Transduction efficiency of adenovirus and AAV vectors in vitro.  

(A) Slot blot analysis of total DNA from Ad-LacZ- and AAV-LacZ-transduced REC and HeLa 
cells. Probing for the lacZ reporter gene confirms that cellular viral genome content correlates 
directly with vector titer. (B) Southern blot of transduced cells probing for the lacZ reporter gene. 
Total DNA from Ad-LacZ-transduced REC and HeLa cells reveals a 7,500-bp fragment of 
adenovirus DNA containing the lacZ gene. AAV-LacZ-transduced cells demonstrate multiple 
genome conformations characteristic of early AAV infection. SS, single-stranded vector genome; 
M, monomer. 
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Following cell entry, single-stranded AAV vector genomes slowly convert to double-

stranded forms and concatemers. This process results in various intermediate forms 

during early infection [Ferrari et al. 1996; Malik et al. 2000]. Thus, to confirm that AAV-

LacZ genomes were intracellular as opposed to due to background contamination from 

cell surface-bound virus, we analyzed the DNA samples using Southern blot analyses. 

Probing for the lacZ transgene in HindIII-digested total DNA, a single 7,500-bp fragment 

was detected in Ad-LacZ-transduced REC and HeLa cells. The abundance of this band 

correlated with increasing titers of adenovirus vector used to transduce the cells (Figure 5-

2B). In contrast to the low-molecular-weight appearance of uninternalized AAV genomes 

[King et al. 2001], large-molecular-weight AAV vector genomes of various sizes were 

detected in AAV-LacZ-transduced cells, characteristic of the early stages of AAV 

infection [Ferrari et al. 1996; Fisher et al. 1996; Malik et al. 2000]. Together these results 

demonstrate that in contrast to Ad-LacZ, AAV-LacZ effectively transduces epithelium-

derived target cells without inducing the expression of chemokines.  

 

5-2-1 AAV vectors induce the expression of chemokines and cytokines in vivo. 

The preceding studies were performed in cell culture and provided the basis for studies in 

whole animals. To determine the host response to AAV vectors in vivo, hepatic 

chemokine and cytokine mRNA levels were measured in DBA/2 mice following 

administration of adenovirus or AAV vectors. DBA/2 mice were injected intravenously 

with 2.5 x 109, 2.5 x 1010, or 2.5 x 1011 particles of Ad-LacZ or AAV-LacZ. Animals 

were sacrificed at 1, 6, and 24 hours following injection of virus. Both livers and sera 

were collected for analysis. As previously reported, Ad-LacZ induced the expression of 



 

 

136 

many inflammatory chemokines in the liver as determined by RNase protection assay 

[Muruve et al. 1999]. Results (Figure 5-3A) showed that MIP-1ß, MIP-2, MCP-1, and IP-

10 mRNAs were induced in a dose-dependent manner as early as 1 hour following the 

administration of Ad-LacZ. Furthermore, chemokine mRNA levels increased from 1 to 6 

hours and remained elevated for the duration of the experiment that was terminated at 24 

hours (Figure 5-3A). Surprisingly, AAV-LacZ also induced the expression of chemokine 

mRNAs in vivo. One hour following the intravenous administration of 2.5 x 1011 particles 

of AAV-LacZ, RANTES, MIP-1ß, MIP-2, MCP-1, and IP-10 mRNA levels were 

significantly upregulated. In contrast to what was observed with Ad-LacZ, however, 

chemokine mRNA expression was not induced following transduction with lower titers 

(2.5 x 109 and 2.5 x 1010 particles of AAV-LacZ), suggesting a higher and more distinct 

threshold for AAV-LacZ-induced chemokine expression in vivo. Interestingly, AAV-

LacZ-induced chemokine mRNA expression was transient and returned to undetectable 

levels within 6 hours. Similar patterns of induction (Figure 5-3B) were seen with the 

cytokines lymphotoxin ß (LTB-ß) and tumor necrosis factor alpha (TNF-α ).  

At 6 hours postinjection 2.5 x 1011 particles of Ad-LacZ induced the expression of TNF-α 

and LTB-ß mRNAs with the highest level of induction. The same titer of AAV-LacZ up-

regulated TNF-α and LTB-ß mRNAs at 1 hour following vector administration but 

returned to baseline before 6 hours (Figure 5-3B). Transcripts for IL-6 and gamma 

interferon (data not shown) were not detectable at any time following the administration 

of AAV-LacZ. These results show that AAV vectors induce the expression of 

chemokines and cytokines in vivo but that the response is transient and occurs at a higher 

threshold titer than that for adenovirus vectors. This finding confirms that AAV vectors 
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are less immunogenic compared to adenovirus vectors when injected intravenously at 

equivalent titers, suggesting that AAV vectors might be safer for gene therapy 

applications such as ApoAI delivery. 
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Figure 5-3. Legend see next page. 
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Figure 5-3 Adenovirus and AAV vector-induced chemokine and cytokine expression in vivo.  

RNase protection assay of DBA/2 mouse liver RNA following the intravenous administration of 
2.5 x 109, 2.5 x 1010, and 2.5 x 1011 particles of Ad-LacZ or AAV-LacZ. (A) Chemokine mRNA 
expression. One, six, and twenty-four hours following injection, Ad-LacZ induced the expression 
of RANTES, MIP-1ß, MIP-2, MCP-1, and IP-10 in a dose-dependent manner. AAV-LacZ 
induced the expression of proinflammatory chemokines only 1 hour following the administration 
of 2.5 x 1011 particles. Chemokine mRNA was not increased in mouse liver 6 and 24 hours 
following the administration of 2.5 x 1011 particles of AAV-LacZ. (B) Cytokine mRNA 
expression. LTB-ß and TNF-  mRNAs are induced in a pattern similar to that of chemokines 
following Ad-LacZ and AAV-LacZ administration. Data are representative samples of 
experiments performed with three animals per time point. 
 
 
To confirm that both AAV-LacZ and Ad-LacZ transductions of liver were equivalent, 

total liver DNA was analyzed using slot and Southern blot analysis for the LacZ 

transgene. Slot blot analysis revealed equivalent quantities of Ad-LacZ and AAV-LacZ 

vector genomes in mouse livers at 1, 6, and 24 hours following transduction (Figure 5-

4A). Furthermore, Southern blot analysis confirmed the variable sizes of AAV vector 

genomes typical of its intracellular location (Figure 5-4B). These data show that 

differential inductions of chemokine and cytokine expression arising from adenovirus and 

AAV vectors are not due to differences in transduction efficiency. These findings further 

confirm that AAV vectors, while delivering equivalent amounts of transgene induce less 

inflammatory gene expression compared to adenovirus vectors, suggesting that this 

vector system might be better suited for human gene therapy trials, such as ApoAI. 
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Figure 5-4 Analysis of adenovirus and AAV vector transduction in vivo.  

(A) Slot blot analysis of mouse liver total DNA 1, 6, and 24 hours following transduction with 
2.5 x 1011 particles of Ad-LacZ or AAV-LacZ. Probing for the lacZ reporter gene reveals 
equivalent amounts of AAV and adenoviral genome DNA in transduced mouse livers. (B) 
Southern blot analysis of mouse liver total DNA 1, 6, or 24 hours after injection of 2.5 x 1011 
particles of Ad-LacZ or AAV-LacZ. Probing for the lacZ gene reveals a 7,500-bp fragment of 
adenovirus DNA in Ad-LacZ-transduced mice. AAV-LacZ-transduced livers demonstrate 
multiple genome conformations characteristic of early AAV infection. SS, single-stranded vector 
genome; M, monomer. Data are representative samples of experiments performed with three 
animals per time point. 
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5-2-2 AAV vectors induce transient hepatic leukocyte infiltration in vivo. 

To determine whether AAV vector induction of chemokines and cytokines in the liver 

was associated with the recruitment of leukocytes and/or toxicity, livers of vector-injected 

animals were analyzed histologically. The intravenous administration of 2.5 x 1011 

particles of Ad-LacZ increased both neutrophil (Figure 5-5A) and CD11b+ (Figure 5-5B) 

cell (neutrophils, natural killer cells, monocytes) recruitment to the liver over 1 hour. 

Quantifying (Figure 5-5C and D) the number of cells 1 hour following viral 

administration showed that the livers transduced with Ad-LacZ contained 7.0 ± 0.5 (mean 

± standard deviation [SD]) neutrophils per high-power field (hpf) (x40). This parameter 

increased to a maximum of 36.0 ± 1.0 cells/hpf followed by a decline to 13.0 ± 0.2 

cells/hpf at 6 and 24 hours, respectively (Figure 5-5C). The recruitment of CD11b+ cells 

to the liver mirrored that of neutrophils. At 1 hour following the administration of 2.5 x 

1011 particles of Ad-LacZ, 7.1 ± 1.7 CD11b+ cells/hpf were detected in the liver. 

Recruitment of CD11b+ cells in the liver increased to 73.0 ± 30.0 cells/hpf followed by a 

reduction to 65.0 ± 11.0 cells/hpf at 6 and 24 hours after Ad-LacZ administration, 

respectively (Figure 5-5D). 
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Figure 5-5 Leukocyte infiltration following adenovirus or AAV vector transduction in vivo.  

(A) Leder (esterase) stain of liver sections showing infiltrating neutrophils in normal (+KC) or 
Kupffer cell-depleted (-KC) DBA/2 mice 1 hour following the intravenous administration of 2.5 x 
1011 particles of Ad-LacZ or AAV-LacZ. (B) CD11b+ immunohistochemistry of liver sections 
showing infiltrating leukocytes in normal (+KC) or Kupffer cell-depleted (-KC) DBA/2 mice 1 
hour following the intravenous administration of 2.5 x 1011 particles of Ad-LacZ or AAV-LacZ 
(magnification, x40). Arrowheads indicate one representative stained cell. Quantitative analysis 
of neutrophil (C) and CD11b+ (D) cell infiltration in mouse liver 1, 6, or 24 hours after 
intravenous administration of 2.5 x 1011 particles of Ad-LacZ or AAV-LacZ. Black bars, with 
Kupffer cells; grey bars, depleted of Kupffer cells. Values represent mean cells per high power 
field ± SD (n = 3). 
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In contrast, the same titer of AAV-LacZ only transiently induced leukocyte recruitment to 

the liver (Figure 5-5A and B). At 1 hour postinjection, AAV-LacZ-transduced livers 

contained 7.5 ± 1.1 CD11b+ cells/hpf and 4.0 ± 2.0 neutrophils/hpf, similar to the 

leukocyte recruitment induced by Ad-LacZ. At 6 hours following transduction, the 

number of infiltrating leukocytes had returned to baseline, similar to that of vehicle-

treated animals (Figure 5-5C and D). Morphologically, the administration of 2.5 x 1011 

particles of Ad-LacZ induced extensive hepatic necrosis at 24 hours as determined by 

hematoxylin and eosin staining. In contrast, the livers of animals that received vehicle or 

2.5 x 1011 particles of AAV-LacZ were histologically normal at 24 hours (Figure 5-6A). 

The lack of liver toxicity arising from the administration of AAV-LacZ was consistent 

with reduced serum liver transaminase levels measured 24 hours following vector 

administration (aspartate aminotransferase levels were 81 ± 28 SF units/ml for vehicle 

versus 221 ± 48 SF units/ml for Ad-LacZ versus 124 ± 4 SF units/ml for AAV-LacZ 

[n=3]; alanine aminotransferase levels were 31 ± 10 SF units/ml for vehicle versus 199 ± 

27 SF units/ml for Ad-LacZ versus 26 ± 2 SF units/ml for AAV-LacZ [n=3]) (Figure 5-

6B). These results show that although AAV vectors induce leukocyte recruitment 

following liver transduction in vivo, it is transient and not associated with significant liver 

inflammation or toxicity. In contrast, adenovirus vectors are associated with a prominent 

and persistent host inflammatory response. 
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Figure 5-6 Liver morphology following adenovirus or AAV vector transduction in vivo.  

(A) Liver necrosis (seen as pale patchy areas) is detected at 24 hours in mice administered 2.5 x 
10 11 particles of Ad-LacZ, but not in AAV- or vehicle-treated animals (hematoxylin and eosin 
stain; magnification, x20). Data are representative samples of experiments performed with three 
animals. (B) Serum aspartate aminotransferase (AST/GOT) (black bars) and alanine 
aminotransferase (ALT/GPT) (grey bars) levels in mice 24 hours following the administration of 
2.5 x 1011 particles of Ad-LacZ or AAV-LacZ. VH, vehicle-treated animals. Values represent 
mean SF units ± SD (n=3). 
 
 
 
5-2-3 AAV vector-induced chemokine expression and leukocyte recruitment are Kupffer 

cell dependent. 

The source of chemokine and cytokine expression following the administration of AAV 

and adenovirus vectors may originate from transduced hepatocytes, Kupffer cells, or 

infiltrating inflammatory cells. Kupffer cells have been shown to play an instrumental 
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role in the innate immune response to adenovirus vectors [Lieber et al. 1997; Zhang et al. 

2001]. Therefore, the abilities of both viral vectors to induce chemokine and cytokine 

expression and to recruit leukocytes in the absence of Kupffer cells were tested. DBA/2 

mice were depleted of Kupffer cells by using a modified GdCl3 protocol [Hardonk et al. 

1992]. Mice were injected intravenously with GdCl3 (10 mg/kg) 48 and 24 hours prior to 

the intravenous administration of vehicle or 2.5 x 1011 particles of Ad-LacZ or AAV-

LacZ. At 24 hours following the last injection of GdCl3, liver Kupffer populations were 

reduced by >90%. This value was determined by using the Kupffer cell-specific antibody 

F4/80 in immunohistochemical analysis of the samples (Figure 5-7B). Blinded 

quantification of liver Kupffer cells revealed 0.9 ± 1 F4/80-positive cells/hpf (x40) in 

GdCl3-treated animals compared to 98 ± 22 F4/80-positive cells/hpf in normal animals. 

In vehicle-treated animals, liver chemokine and cytokine mRNA expression was not 

increased over baseline at 1, 6, and 24 hours as determined by RNase protection assay. 

This finding confirmed that GdCl3 did not affect basal gene expression in the liver. 

Kupffer cell depletion did not affect Ad-LacZ-induced chemokine mRNA expression in 

the liver at 1 hour following intravenous administration (Figure 5-7A). In contrast, the 

induction of chemokines following intravenous administration of AAV-LacZ was 

completely abolished in Kupffer cell-depleted animals at 1 hour (Figure 5-7A). 

Additionally, the expression of LTB-ß and TNF-α mRNA was absent following AAV-

LacZ but not Ad-LacZ administration in Kupffer cell-depleted animals (Figure 5-7C). 

Consistent with these results, Kupffer cell depletion also reduced AAV-LacZ-induced 

hepatic leukocyte recruitment at 1 hour to baseline (Figure 5-5). Adenovirus vector-

induced leukocyte recruitment to the liver was only slightly reduced in Kupffer cell-
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depleted animals. These results show that AAV but not adenovirus vector-induced 

chemokine and cytokine expression and leukocyte recruitment in the liver are dependent 

solely on Kupffer cells. 
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Figure 5-7 Adenovirus and AAV vector-induced chemokine and cytokine expression in 
Kupffer cell-depleted mice.  

(A) RNase protection assay of mouse liver RNA, 1 hour following intravenous administration of 
2.5 x 1011 particles of Ad-LacZ or AAV-LacZ in normal mice (+KC) or GdCl3-treated mice (-
KC). Kupffer cell depletion abolishes AAV-LacZ-induced chemokine mRNA expression at 1 
hour. VH, vehicle. Data are representative samples of experiments performed with four animals 
per group (results for two representative animals are shown). (B) Kupffer cell 
immunohistochemistry in mouse liver following gadolidium chloride treatment. Liver Kupffer 
cells are reduced over 90% in mice receiving GdCl3. (C) LTB-ß and TNF-α  mRNA expression in 
GdCl3-treated mice (-KC) 1 hour following the administration of 2.5 x 1011 particles of Ad-LacZ 
or AAV-LacZ. 
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To determine whether the reduction in chemokine and cytokine expression following 

Kupffer cell depletion in AAV-LacZ-infected mice was due to decreased liver 

transduction, viral genomes were assessed by slot and Southern blot analysis of total liver 

DNA. Probing for the LacZ transgene, slot blot analysis revealed similar amounts of 

AAV-LacZ and Ad-LacZ genomes in the livers of Kupffer cell-depleted animals at 1 hour 

(Figure 5-8A). Southern blot analysis of total liver DNA again revealed multiple species 

of AAV genomes, confirming its intracellular location (Figure 5-8B). These data confirm 

that Kupffer cell depletion does not substantially reduce the transduction of liver by 

AAV-LacZ. 
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Figure 5-8 Analysis of adenovirus and AAV vector transduction in Kupffer cell-depleted 
mice.  

(A) Slot blot analysis of mouse liver total DNA 1 hour following the administration of 2.5 x 1011 
particles of Ad-LacZ or AAV-LacZ to normal (+KC) and GdCl3-treated (-KC) animals. Probing 
for the lacZ reporter gene reveals equivalent amounts of AAV and adenoviral genome DNA in 
transduced mouse livers. Data are representative samples of experiments performed with four 
animals per group (results for two representative animals are shown). (B) Southern blot analysis 
of mouse liver total DNA, 1 hour following the administration of 2.5 x 1011 particles of Ad-LacZ 
or AAV-LacZ to Kupffer cell-depleted mice. Probing for the lacZ gene reveals a 7,501-bp 
fragment of adenovirus DNA in Ad-LacZ-transduced mice. AAV-LacZ-transduced livers 
demonstrate multiple genome conformations, characteristic of early AAV infection. SS, single-
stranded vector genome; M, monomer; VH, vehicle. 
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In summary the data show that AAV vectors when injected intravenously at high titers 

(2.5 x 1011 particles/mouse), induce a transient upregulation of inflammatory gene 

expression and leukocyte recruitment in mouse liver. Furthermore, AAV-induced innate 

immune responses in vivo are entirely dependent on Kupffer cells, suggesting that 

macrophages play a key role in initiating the innate immune response to AAV vectors. 

Although less prominent than the innate response to adenovirus, AAV-induced 

inflammation might still cause toxicity in human gene therapy trials [Manno et al. 2006] 

and might represent a prerequisite for the development of neutralizing capsid antibodies. 

Therefore, in order to analyze the interaction of AAV vectors with macrophages further, 

bone marrow stem cells were isolated from mice and differentiated into macrophages in 

tissue culture. Primary mouse bone marrow macrophages were shown to express the 

murine macrophage differentiation marker F4/80 (Appendix B).  To also include human 

macrophages, THP-1 cells were used, a human monocytic cell line, which can be 

differentiated by exposure to phorbol-12-myristate-13-acetate (PMA) [Schwende et al. 

1996].  After PMA treatment, THP-1 cells obtain a differentiated phenotype according to 

morphology, adherence, phagocytic activity, loss of proliferation and expression of 

CD11b and CD14. Differentiated THP-1 cells also express Fc receptors and C3b 

receptors [Tsuchiya et al. 1980]. Transduction of primary mouse bone marrow 

macrophages (pr. MO), THP-1 cells and differentiated THP-1 cells with 1 x 104 part/cell 

of an AAV vector encoding green fluorescent protein (GFP), did not result in significant 

GFP transgene expression (Figure 5-9A). TE671 cells, a human muscle cell line 

(rhabdomyosarcoma), transduced side by side with the same amount of AAV vector 
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resulted in strong expression of GFP in these cells, confirming that the virus was 

functional. In contrast to AAV, 1 x 103 part/cell of an adenovirus vector encoding the 

same transgene (Ad-GFP), efficiently transduced and expressed GFP in all cell types 

tested (Figure 5-9B). Furthermore, Ad-GFP, but not AAV-GFP changed the phenotype of 

primary mouse bone marrow macrophages upon transduction. After Ad-GFP 

transduction, primary mouse bone marrow macrophages changed from being smooth and 

rounded to being more “dentritic” shaped, and formed net-like structures (Figure 5-9A 

and B, inserts).  
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Figure 5-9 Transduction of macrophage cell lines and primary macrophages by an AAV or 
adenovirus vector encoding GFP.  

(A) Transduction of primary mouse bone marrow macrophages (pr. MO), the human monocytic 
cell line THP-1 or differentiated THP-1 cells (diff. THP-1) by an AAV vector encoding GFP 
(AAV-GFP). TE671; human muscle cells transduced side by side with the same amount of AAV-
GFP (1 x 104 part/cell). (B) Transduction of THP-1 cells, primary mouse bone marrow 
macrophages and TE671 cells by an adenovirus vector encoding GFP (1 x 103 part/cell). In 
contrast to Ad-GFP, AAV-GFP does not efficiently transduce macrophage cell lines or primary 
macrophages and does not induce any phenotypic change. Data are representative for at least four 
independent vector transductions. 
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5-2-4 AAV vectors induce the expression of chemokines and cytokines in differentiated 

macrophages in vitro.  

AAV vectors did not induce the expression of chemokines in epithelial derived cells in 

vitro (Figure 5-1), but transiently induced the upregulation of chemokine and cytokine 

expression in mouse liver in vivo, which was dependent on the presence of liver 

macrophages (Kupffer cells) (Figure 5-3 and 5-7).  Therefore the activation of primary 

macrophages and differentiated THP-1 cells by AAV vectors in vitro was analyzed next.  

Viral vectors might interact with innate immune cells differently compared to epithelial 

derived target cells. The interaction of innate cells with viral vectors might require or be 

modified by serum opsonins. Therefore AAV vector transductions of primary mouse 

bone marrow macrophages and differentiated THP-1 cells in the presence of 10% mouse 

plasma and 10% human serum were included, respectively, in replacement of the 10% 

fetal bovine serum (FBS) in the corresponding tissue culture medium. Additionally, in 

order to inactivate complement, some of the serum or plasma was heat-inactivated by 

incubation at 56°C for 30 minutes. 

To determine the ability of AAV vectors to induce the expression of chemokines and 

cytokines, primary bone marrow macrophages were transduced with AAV-GFP for 90 

minutes and the total RNA was analyzed by RNase protection assay. AAV-GFP induced 

the expression of MIP-1β, MIP-1α and MIP-2 in these cells; MIP-2 (macrophage 

inflammatory protein -2) showed the most prominent upregulation (Figure 5-10A). 

Interestingly, MIP-2 RNA expression was significantly enhanced in the presence of 10% 

mouse plasma (MP), but not in the presence of 10% heat-inactivated mouse plasma (HI- 
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MP), serum-free medium (S-free) or normal tissue culture medium containing 10% FBS 

(Figure 5-10A, right panel). Equivalent to the results obtained in primary mouse 

macrophages, transduction of differentiated THP-1 cells for 90 minutes with 1 x 105 

part/cell of AAV-GFP in the presence of medium containing 10% FBS, 10% human 

serum or 10% heat-inactivated human serum induced the expression of multiple 

chemokines and cytokines (Figure 5-10B). Furthermore, MIP-1β, MIP-1α, IL-8 and IL-

1β RNA expression in response to AAV vector transduction was significantly higher in 

differentiated THP-1 cells in the presence of human serum, compared to heat-inactivated 

human serum or FBS containing medium (Figure 5-10B). These results show that in 

contrast to epithelial-derived target cells, AAV vectors induce the expression of 

chemokines and cytokines in macrophage cell lines and primary macrophags in vitro and 

suggest that complement components might enhance the interaction of AAV vectors with 

macrophages. 

 

 

 

 

 

 

 

 

 

 



 

 

155 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-10. Legend see next page. 
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Figure 5-10 AAV vector-induced chemokine and cytokine expression in differentiated THP-
1 cells and primary macrophages in vitro.  

(A) RNA expression 90 minutes after AAV-GFP transduction of primary mouse bone marrow 
macrophages. Cells were transduced either in the presence of normal tissue culture medium 
containing 10% FBS (FBS), serum free medium (S-free), medium containing 10% mouse plasma 
(MP), or medium containing 10% heat-inactivated mouse plasma (HI-MP). Quantification of 
MIP-2 expression is based on phosphorimaging of RNase protection assays and normalized 
against GAPDH. Values are mean±SD. In the presence of mouse plasma (MP) AAV induced the 
expression of MIP-2 significantly above baseline (VH) (***p<0.001). Furthermore, AAV-
induced MIP-2 expression is significantly higher in the presence of mouse plasma (MP) than in 
the presence of normal tissue culture medium (FBS), serum-free medium (S-free) or medium 
containing 10% heat-inactivated mouse plasma (HI-MP) (***p<0.001. n=3). One-way ANOVA 
(with Tukey-Kramer Multiple Comparisons Test).  (B) RNase protection assay of differentiated 
THP-1 cell RNA, 90 minutes after transduction of these cells with 1 x 105 part/cell of AAV-GFP. 
Quantification of chemokine/cytokine expression is based on phosphorimaging of RNA blots and 
normalized against GAPDH. Cells were transduced in tissue culture medium supplemented with 
either 10% FBS (FBS), 10% human serum (HS) or 10% heat-inactivated human serum (HI-HS). 
Values are mean±SD. AAV-induced expression of MIP-1β, IL-8 and IL-1β in the presence of 
human serum (HS) was significantly higher than in the presence of FBS (*p<0.05, MIP-1β; 
**p<0.01, IL-8; ***p<0.001, IL-1β. n=3) or in the presence of heat-inactivated human serum 
(HI-HS) (**p<0.01, MIP-1β; ***p<0.001, IL-8 and IL-1β. n=3). One-way ANOVA (with Tukey-
Kramer Multiple Comparisons Test). 
 

 

5-2-5 Complement component C3 enhances AAV vector transduction of differentiated 

THP-1 cells.  

AAV-GFP transduction of primary macrophages or THP-1 cells did not result in 

significant GFP expression (Figure 5-9A); AAV however, induced chemokine and 

cytokine expression in these cells (Figure 5-10). To further characterize the interaction of 

AAV vectors with primary macrophages and differentiated THP-1 cells, intracellular 

vector genomes were analyzed by Southern blot, blotting for the GFP transgene. Primary 

bone marrow macrophages were transduced with 1 x 104 part/cell AAV-GFP in the 

presence of normal tissue culture medium containing 10% fetal bovine serum (FBS), 

serum-free medium (S-free), 10% mouse plasma (MP) or 10% heat-inactivated mouse 
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plasma (MP-HI). Six hours post transduction AAV vector genomes were detected in 

primary macrophages, as indicated by two bands representing the single and double 

stranded AAV DNA genome, respectively (Figure 5-11A). AAV entry into primary 

macrophages was up to 2-fold enhanced in the presence of mouse plasma and returned to 

baseline when the plasma was heat-inactivated, further suggesting a possible role of 

complement in virus-macrophage interactions (Figure 5-11A).  To more specifically 

determine the effect of complement, the entry of AAV vectors into differentiated THP-1 

cells was analyzed in the presence of standard tissue culture medium (FBS), human 

serum (HS) or human serum deprived of complement component C3 (HS-C3). C3 is a 

key component of the complement cascade; in the absence of C3 any complement 

activation is blocked. Transduction was significantly higher in the presence of complete 

human serum compared to FBS or C3-depleted human serum (Figure 5-11B).  

In summary, AAV vectors transduced and activated primary macrophages and 

differentiated THP-1 cells, but did not express GFP transgene. Activation and entry were 

enhanced in the presence of serum, but returned to baseline when the serum was heat-

inactivated or deprived of complement component C3. 
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Figure 5-11 Analysis of AAV vector genome uptake by differentiated THP-1 cells and 
primary macrophages in different serum conditions in vitro.   

(A) Southern blot analysis of intracellular vector genomes, blotting for the GFP transgene, 6 
hours after transduction of primary mouse bone marrow macrophages with AAV-GFP. Cells 
were transduced either in the presence of normal tissue culture medium containing 10% FBS 
(FBS), serum free medium (S-free), medium containing 10% mouse plasma (MP), or medium 
containing 10% heat-inactivated mouse plasma (HI-MP). Values are mean±SD. Vector genome 
uptake is significant higher in the presence of mouse plasma (MP) than in the presence of normal 
tissue culture medium (FBS), serum-free medium (S-free) or medium containing 10% heat-
inactivated mouse plasma (MP-HI) (**p<0.01; ***p<0.001. n=3). Differences between FBS, S-
free and MP-HI were not significant (p>0.05. n=3). One-way ANOVA (with Tukey-Kramer 
Multiple Comparisons Test). (B) Southern blot showing internalized AAV vector genomes in 
differentiated THP-1 cells blotting for the GFP transgene. Cells were transduced in tissue culture 
medium supplemented with either 10% FBS (FBS), 10% human serum (HS) or 10% human 
serum depleted of complement component C3 (HS-C3). DNA quantities were determined by 
phosphorimaging. Ss, single stranded vector genome; ds, double stranded monomer. Values are 
mean±SD. Vector genome uptake is significant higher in the presence of human serum (HS) than 
in the presence of normal tissue culture medium (FBS) C3-depleted human serum (HS-C3) 
(*p<0.05. n=3). Differences between FBS and HS-C3 were not significant (p>0.05. n=3). One-
way ANOVA (with Tukey-Kramer Multiple Comparisons Test). 
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5-2-6 Adenovirus and AAV capsids bind C3 derived complement components.  

The previous results suggest that AAV vectors interact with macrophages significantly 

through complement opsonins. During the early phase of complement activation, the 

anaphylotoxin C3a is generated as a cleavage product of C3. C3a is instable and is 

quickly converted into C3a-desArg, which can be measured by ELISA. To determine if 

AAV vectors can directly activate the complement cascade, human serum samples were 

challenged with 1 x 1010 or 1 x 1011 part/ml AAV-GFP at 37°C for 90 minutes and the 

generation of C3a-desArg was determined by ELISA. Complement activation can occur 

by antigen-antibody complexes (classical pathway) or directly after serum contact with 

the pathogen surface (alternative pathway). Since human serum contains neutralizing 

AAV antibodies (Figure 5-12B), AAV induced complement activation was also analyzed 

in the absence of antibodies, in IgG-depleted human serum (HS-IgG). Adenovirus vectors 

have been shown to activate complement [Cichon et al. 2001], therefore Ad-GFP in a 

concentration of 5 x 1010 part/ml was included as positive control, and vehicle served as 

negative control (VH). In pooled human serum (HS), 1 x 1011 part/ml AAV vector did 

not generate any significant C3a above baseline (1.21 x 105 ± 0.08 x 105 ng/ml versus 

0.98 x 105 ± 0.34 x 105 ng/ml, NS, p>0.05), whereas five times less adenovirus (5 x 1010 

part/ml) lead to a substantial further increase of complement activation (2.01 x 105 ± 0.3 x 

105 ng/ml versus 0.98 x 105 ± 0.34 x 105 ng/ml, **p<0.01) (Figure 5-12A). In the absence 

of serum antibodies, none of the vectors significantly increased the amount of C3a above 

baseline (Figure 5-12A, HS-IgG, NS, p>0.05). 
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To determine whether complement components directly interact with the viral capsid, 

AAV-GFP was incubated with human serum and immunoprecipitated, followed by 

analysis of C3 complement components in the precipitate. The prevalence of serum 

antibodies against AAV in the population is between 35-80%, according to age group and 

geographical location [Chirmule et al. 1999; Moskalenko et al. 2000; Erles et al. 1999]. 

Pooled human serum can abrogate AAV-GFP transduction in 293 cells (Figure 5-12B, 

left panel). When the pooled human serum was treated with sepharose G to deplete IgG, 

transduction was recovered (Figure 5-12B left panel, HS versus HS-IgG). A Southern 

blot of internalized vector genomes, suggested that the abrogated transgene expression 

was a result of neutralization of virus particles and reduced entry into these cells (Figure 

5-12B, right panel). Therefore, for the immunoprecipitation (IP), AAV-GFP vector was 

simply incubated with pooled human serum for 30 minutes at 37°C to allow neutralizing 

IgG to bind followed by treatment with protein G-sepharose beads as IP-vehicle. The 

beads were then washed and recovered protein was analyzed by Western blot, blotting for 

C3 complement cleavage products with a polyclonal anti-C3 antibody. The adenovirus 

capsid has been shown to bind C3-derived fragments [Shayakhmetov et al. 2005; Jiang et 

al. 2004]. Ad-GFP therefore was included as a positive control. Vehicle served as 

negative control. The negative control compensates for any complement component that 

binds to the beads or to the antibodies alone. Immunoprecipitate of human serum treated 

with AAV showed the presence of two C3 cleavage products of ~70 kDa and ~40 kDa 

(Figure 5-12D), likely corresponding to the β/α1 chains (75 and 67 kDa) and the α2 

chain (40 kDa), respectively (Figure 5-12C). This indicates the deposition of C3bi on the 

AAV capsid. C3bi is generated when the α’ chain (107 kDa) of C3b is cleaved (Figure 5-
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12C). Adenovirus containing precipitate also resulted in the presence of ~40 and ~70 kDa 

fragments in addition to a faint band of ~100 kDa, suggesting that adenovirus binds C3b 

and C3bi. Similar amounts of the heavy and light chains of human IgG in the precipitate 

of the three samples indicated equal protein loading (Figure 5-12 D, anti-IgG). Pathogens 

opsonized with C3b and C3bi are subject to immune adherence and phagocytosis, which 

delivers a possible explanation for the enhanced interactions of AAV vectors with 

macrophages in the presence of serum.  
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Figure 5-12 – A and B 
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Figure 5-12 - C and D 
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Figure 5-12 Analysis of AAV capsid interaction with complement.  

(A) Complement activation in human serum after stimulation with adenovirus or AAV vectors in 
the presence or absence of neutralizing antibodies. Numbers above bars represent the 
concentration of vector particles per ml human serum. Vehicle or vector was incubated with 
human serum in the indicated concentration for 90 minutes at 37°C. The reaction was stopped by 
adding EDTA and C3a-desArg levels were determined by ELISA. HS, human serum; HS-IgG, 
IgG-depleted human serum. Values represent mean C3a concentration ± SD (n=3). In IgG-
depleted human serum AAV and adenovirus vectors did not generate a significant increase of C3a 
above baseline (NS, p>0.05). In pooled human serum adenovirus vectors increased C3a 
significantly over baseline (2.01 x 105 ± 0.30 x 105 ng/ml versus 0.98 x 105 ± 0.34 x 105 ng/ml, 
**p<0.01). 1 x 1011 particles/ml of AAV did not generate a significant increase of C3a above 
baseline in human serum (1.21 x 105 ± 0.08 x 105 ng/ml versus 0.98 x 105 ± 0.34 x 105 ng/ml, NS, 
p>0.05). (B) Pooled human serum contains neutralizing anti-AAV immunoglobulin G (IgG) 
antibodies. Left panel: Transduction of HEK293 cells with AAV-GFP in the presence of either 
tissue culture medium supplemented with 10% fetal bovine serum (FBS), 10% pooled human 
serum (HS) or 10% IgG-depleted human serum (HS-IgG). Transduced cells expressing the GFP 
transgene appear green under UV light. Pooled human serum abrogates GFP transgene 
expression. Right panel: Southern blot of internalized AAV vector genomes blotting for the GFP 
transgene. HEK293 cells were transduced with AAV-GFP and 6 hours later total DNA was 
harvested and analyzed for AAV vector genomes. Pooled human serum abrogates viral vector 
entry into 293 cells. Representative Southern blot of at least three independent experiments. (C) 
Diagram of C3 structure. C3 is composed of two chains, α and β. Upon activation C3a is 
released, leaving C3b, consisting of the truncated α’ chain (107 kDa) and the β chain (75 kDa). 
Factor I cleaves the α’ chain at two locations, creating C3bi, which consists of β-, α1- and α2 
chains (75, 67, 40 kDa). (D) Immunoprecipitation of AAV capsids blotting for C3 complement 
components. AAV vectors were incubated with immune serum for 30 minutes at 37°C allowing 
the AAV capsid to bind to neutralizing IgG antibodies. Then immune serum was 
immunoprecipitated using sepherose beads, which display high affinity for IgG. Precipitated IgG 
was then washed and the eluent was run on a Western blot blotting for C3 components with a 
polyclonal anti-C3 antibody. Vehicle and adenovirus in replacement of AAV served as negative 
and positive controls respectively. Staining for human IgG heavy and light chain served as 
loading control. Representative blot from two independent experiments. 
 

 

5-2-7 Reduced innate immune responses and attenuated antibody responses to AAV in the 

absence of complement receptor 1 and 2 in vivo.  

To determine whether the interaction of complement with AAV has any effects on the 

immune response to the vector in vivo, the development of innate and adaptive immune 

responses to AAV vectors was compared in wild type and in mice deficient of 

complement receptor 1 (CR1) and 2 (CR2) (referred to CR2-deficient mice) [Molina et 
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al. 1996]. The murine Cr2 gene encodes for both CR1 and CR2 transcripts by alternative 

splicing. Previously it was shown that AAV activated the innate immune system 

transiently in vivo (Figure 5-3). Therefore CR2-deficient mice and age and sex-matched 

control mice were injected with 2.5 x 1011 part/mouse of AAV-GFP and 90 minutes later 

the liver expression of inflammatory cytokines and chemokines was analyzed by RNAse 

protection assay. Consistent with previous results (Figure 5-3) AAV activated the 

expression of chemokines and cytokines in wt mice (Figure 5-13A). Liver chemokine and 

cytokine expression was modestly lower in CR2-/- mice compared to the wt background 

strain as shown for IL-1β and RANTES (Figure 5-13A).  

Despite poor innate responses to AAV in vivo, AAV vectors have been shown to induce a 

prominent adaptive response in the form of neutralizing antibodies to the virus capsid. To 

determine if complement receptors play a role in the humoral immune response to AAV, 

the development of neutralizing AAV antibodies was analyzed in wt and CR2-deficient 

mice. AAV-GFP transduction of HEK293 cells in the presence of tissue culture medium 

supplemented with 5% serum from C57/BL6 wild type mice that had been immunized 

intravenously with 2.5x1011 particles of AAV-GFP 7 days earlier, completely abrogated 

GFP transgene expression, indicating the presence of neutralizing anti-AAV antibodies 

(Figure 5-13B, left panel, wt). In contrast, 5% naïve mouse serum or 5% serum from 

CR2-deficient mice, which had been immunized in the same way did not abrogate AAV-

GFP transgene expression in these cells (Figure 5-13B, left panel, +control and CR2-/- 

versus wt), suggesting that wild-type mice but not CR2-deficient mice developed 

neutralizing antibodies against AAV. 5% serum from both, adenovirus immunized wild-

type mice and CR2-deficient mice abrogated adenovirus GFP transgene expression in 
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TE671 cells, suggesting that adenovirus induced neutralizing antibodies in both mouse 

strains (Figure 5-13B, right panel).  

To evaluate whether complement facilitates virus-specific antibody production to AAV 

and adenovirus vectors over time, the kinetics of neutralizing antibody responses in wild 

type and CR2-deficient mice were assessed. AAV specific neutralizing antibodies were 

first detected at day 7 after injection in wild-type mice (mean titer 1:136.2), rising to a 

mean titer of 1:3,423 by day 14 (Figure 5-13C, wt, left panel). CR2-deficient mice 

demonstrated a 1 week delay in the onset of antibody development and the titers were 

significantly lower (1:154 at day 14, **p<0.01) than those produced in wild type mice 

(Figure 5-13C, left panel). In contrast, wild type and CR2-deficient mice that had been 

immunized with adenovirus, showed no difference in titers of neutralizing antibodies 

within the first two weeks after vector injections; high titers of neutralizing antibodies 

were developed rapidly within 7 days (1:783 wt versus 1:912 CR2-/-, NS, p>0.05), 

followed by a drop to 1:428 wt (1:412 CR2-/-, NS, p>0.05) within the following week 

(Figure 5-13C, right panel).  

These experiments demonstrate that a deficiency in CR1 and 2 results in defects in the 

production of virus-specific neutralizing antibodies. The blunted anti-AAV antibody 

response suggests that complement activation is necessary for the initial development of a 

protective humoral response during primary infections, whereas the initial (first 2 weeks) 

development of anti-adenovirus humoral responses is unchanged in the absence of 

complement. 
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Figure 5-13. Legend see next page. 
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Figure 5-13  Analysis of innate and adaptive immune responses to AAV vectors in CR1/2-
deficient mice.  

(A) RNase protection assay of mouse liver RNA from CR2-deficient mice or wild type C57BL/6 
mice 90 minutes after intravenous injection of 2.5 x 1011 particles of AAV-GFP. The RNA blot 
probing for IL-1β is shown. Quantification of IL-1β and RANTES expression is based on 
phosphorimaging of RNA blots and normalized against GAPDH. Values are mean±SD. AAV 
induced IL-1β RNA expression is significantly lower in CR2-/- mice compared to wild-type mice 
(*p<0.05). Unpaired student’s t-test. (B) AAV-GFP transduction of HEK293 cells (left panel) or 
Ad-GFP transduction of TE671 cells (right panel) in the presence of tissue culture medium 
supplemented with either 5% naïve mouse serum (+ control), 5% serum from C57/BL6 wild type 
mice that had been immunized intravenously with 2.5 x 1011 particles of AAV-GFP 7 days earlier 
(wt) or 5% serum from CR2-deficient mice, which had been immunized in the same way (CR2-/-
). Untransduced cells served as negative control (–control). Serum from immunized wild type 
mice, but not serum from CR2-deficient immunized mice abrogates AAV transgene expression in 
HEK293 cells. Adenovirus transgene expression is abrogated by serum from both, wt and CR2-/- 
mice. Representative images of at least three independent transductions.  (C) AAV (left panel) 
and adenovirus (right panel) neutralizing antibody titer development over time in immunized wild 
type (black squares) and CR2-deficient mice (open circles). Antibody titer is displayed as the 
inverse of the serum dilution, which inhibited transgene expression 50% in tissue culture and was 
determined by serial dilutions of immune serum followed by FACS analysis of transduced 
HEK293 or TE671 cells. Values are mean±SD. Neutralizing antibody titer were significantly 
higher in AAV-GFP injected wild-type mice at 2 weeks (**p<0.01, n=3) compared to CR2-/- 
mice. Ad-GFP injected wt and CR2-/- animals showed no significant difference in the 
neutralizing antibody titer within the first two weeks post injections. One-way ANOVA (with 
Tukey-Kramer Multiple Comparisons Test). 

 

 

5-3 Discussion 

AAV vectors based on serotype 2 (AAV2) are currently not efficient enough for 

successful ApoAI gene therapy. Higher doses and intravenous injections are likely 

neccessary to achieve sufficient ApoAI serum levels in vivo.  Under these circumstances 

however, innate immune responses might be induced, which could lead to toxicity in vivo 

and to the development of neutralizing capsid antibodies. Therefore, in order to assess 

some of these problems the innate immune response to AAV vectors was characterized. 

In summary, it was shown that in contrast to adenovirus vectors, AAV vectors induced 

only a transient expression of inflammatory genes and leukocyte infiltration in mouse 
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liver in vivo, which did not lead to measurable liver toxicity. The innate immune response 

induced by AAV vectors was entirely dependent on the presence of resident 

macrophages. In vitro, AAV interacted with macrophages in a complement-dependent 

fashion. Furthermore, complement receptor-deficient mice had a severely impaired 

adaptive antibody response to the AAV vector capsid, suggesting that macrophages and 

the complement system are essentiel components that mediate the innate and humoral 

immune response to AAV vectors.  

The results of our studies in vitro showed that adenovirus but not AAV vectors induced 

the expression of chemokines and cytokines in epithelial-derived target cells, despite 

exposure of cells to AAV titers that were 40-fold higher than the lowest titer of 

adenovirus required to initiate the response. Stilwell and Samulski reported the effects of 

AAV2 and adenovirus vectors on cellular gene expression in lung fibroblasts in studies 

using DNA microarray technology [Stilwell and Samulski 2001]. Their findings parallel 

the results in this report. AAV demonstrated minimal effects on cellular gene expression 

in transduced cells, while adenovirus vectors increased the mRNA levels of many genes 

including those encoding cytokines and chemokines and stress response genes. Unlike the 

adenovirus, AAV vectors may lack features that enable them to activate signal 

transduction pathways following viral cell entry. It is possible that differences in surface 

receptor usage, virus internalization, or intracellular trafficking may result in differential 

activation of signaling pathways by these two vectors. For example, there is evidence 

suggesting that AAV particles enter the nucleus prior to uncoating and this pathway 

differs from the entry of adenovirus particles [Bartlett et al. 2000]. Furthermore, AAV 

virions may need to be routed as far as the late endosome before penetration into the 
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cytosol. This route contrasts with the early endosome escape during adenovirus infection 

[Douar et al. 2001].  

The inability of AAV vectors to induce the expression of host inflammatory genes in 

target cells may in part explain the truncated immune response induced by these agents in 

vivo. Although AAV vectors induced transient chemokine and cytokine expression and 

leukocyte recruitment to the liver in vivo, this response did not result in detectable tissue 

damage or inflammation. In contrast, the induction of chemokines and cytokines by 

adenovirus vectors was greater in magnitude, prolonged, and associated with widespread 

liver inflammation. These findings suggest that a sustained increase in chemokine and 

cytokine expression appears to be required to trigger more-severe inflammation in the 

liver.  

The results of our studies in vivo further show a Kupffer cell-dependent activation of 

innate immune responses following AAV vector administration. The depletion of Kupffer 

cells abolished AAV but not adenovirus vector-induced chemokine and cytokine 

expression in the liver. Yet, AAV vector transduction of the liver was not affected by 

Kupffer cell depletion, suggesting that AAV vectors did not activate other cells in the 

liver, such as hepatocytes, which is consistent with the in vitro data demonstrating the 

induction of chemokine expression by AAV vectors in macrophage cell lines, but not in 

non-macrophage target cells. While this outcome is unexpected, it is not surprising given 

the role of Kupffer cells in the first line of defense against invading pathogens in the liver 

[Laskin et al. 2001]. These results also show that macrophages play a key role in AAV 

induced innate responses. Interestingly, AAV did not express transgene in primary 

macrophages or differentiated THP-1 cells in vitro. Impaired transduction by AAV 
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vectors has also been reported in dendritic cells (DCs) and in hematopoietic progenitor 

cells, due to a failure of the virus to efficiently perform second-strand DNA synthesis 

[Jooss et al. 1998; Qing et al. 2001; Hansen et al. 2000; Zhong et al. 2004]. Southern 

blots of DNA from primary macrophages and differentiated THP-1 cells transduced with 

AAV vectors lacked multiple AAV genome species, which were typically observed in 

epithelial derived cells and result from the conversion of single stranded DNA into 

double stranded forms. This observation suggests that the inability of AAV to express 

transgenes in macrophages results from a block in or before second strand synthesis, 

equivalent with what has been observed in DCs and hematopoietic progenitor cells. 

While transgene expression was absent, AAV vectors induced the expression of 

inflammatory genes in macrophages in vitro. AAV vector transduction of primary mouse 

bone marrow macrophages increased predominantly the RNA expression of macrophage 

inflammatory protein 2 (MIP-2), a potent chemotactic factor for neutrophils, which is 

secreted during the early stages of innate immunity [Driscoll 2000].  

Both, AAV vector uptake and activation of inflammatory genes in macrophage cell lines 

and primary macrophages were enhanced in the presence of serum, but returned to 

baseline when the serum was heat-inactivated or depleted of complement component C3, 

which strongly suggests that AAV interacts with macrophages in the presence of serum 

via complement opsonins. Complement opsonins bound to antigen can crosslink 

complement receptors on target cells, leading to signal transduction and phagocytosis 

[Frank and Fries 1991]. The role of complement receptor engagement in the development 

of innate and adaptive immune responses against AAV was analyzed in vivo using CR2-

deficient mice. Liver expression of IL-1β and RANTES 90 minutes following 
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intravenous administration of AAV vector was only modestly lower in CR2-deficient 

mice compared to wild type mice, possibly reflecting the redundancy of complement 

receptors expressed by macrophaghes. CR1, 3 and 4 are all expressed on macrophages 

and are all implicated in binding and/or phagocytosis [Ehlers 2000; Cabanas et al. 1999].  

Engagement of CR3 (CD11b/CD18 or Mac-1), the receptor for C3bi by soluble ligands 

has been shown to induce the expression of chemokines and cytokines, including IL-1β 

in human monocytes [Shi et al. 2001]. In a recent issue of Cell, Helmy et al. (2006) 

described the discovery of a new complement receptor of the Ig superfamily, termed 

CRIg, which is the predominant phagocytic receptor for complement-dependent 

clearance of blood-borne pathogens [Helmy et al. 2006]. Interestingly, we tried to 

identify the complement receptor responsible for increased AAV vector uptake by 

primary macrophages in the presence of serum by blocking complement receptors during 

vector transduction with blocking antibodies. None of the blocking antibodies against 

known complement receptors had any effect on the increased AAV vector uptake by 

these cells (data not shown), suggesting a possible role of CRIg in AAV-macrophage 

interactions.   

Although less relevant in inflammation, CR1 and 2 play a substantial role for the 

development of humoral responses. The antiviral humoral response to AAV in CR2-

deficient mice was delayed in its onset and resulted in significant lower titers of 

neutralizing antibodies compared to wild type controls. Complement enhances B-cell 

responses. Complement bound to viral antigen can induce cross-linking of the B-cell 

receptor (BCR) with CR2 on the B-cell surface, which substantially lowers the threshold 

for B-cell activation [Matsumoto et al. 1991]. Adenovirus vectors induce potent 
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inflammatory responses in vivo, probably providing enough co-stimulation for B-cell 

activation even in the absence of complement. In contrast, the adjuvant effect of 

complement might be crucial for the initial B-cell activation by the less immunogenic 

AAV, which would explain the delay in antibody development to AAV in the absence of 

complement. A similar role of complement in the development of humoral responses to 

viral infections has been observed by others. For example, CR2-deficient mice showed an 

impaired humoral reponse to infectious HSV-1 virus [Verschoor et al. 2003] and 

antibody responses to polyomavirus infection in CR2-deficient mice showed 40-80% 

reduced antiviral IgG responses compared to those in wild type mice [Szomolanyi-Tsuda 

et al. 2006].  Equivalent to the results obtained in our studies, the addition of complement 

enhanced West Nile Virus infection in macrophages and was neccessary for the efficient 

induction of a protective antibody response in mice. Neutralizing antibody titer against 

West Nile Virus reached 1:2000 within 8-10 days compared to only 1:200 in C3-/- mice. 

In CR2-/- mice anti-viral antibodies were not detectable within the first 10 days after 

infection [Mehlhop et al. 2005].  

In conclusion, the results in this chapter demonstrate for the first time the involvement of 

the innate immune system in the host response to AAV vectors and provide a basis for 

the reduced inflammatory properties exhibited by these agents. Furthermore, complement 

and macrophages were identified as key players in mediating the host response to AAV 

vectors in vivo. The increased insight into the mechanism of innate immune induction by 

AAV vectors may allow for strategies to minimize the humoral adaptive responses to 

AAV permitting the re-administration of these vectors in vivo.  
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CHAPTER 6: GENERAL CONCLUSIONS 

 

6-1 Summary and Significance 

Numerous animal experiments have shown that ApoAI gene therapy with adenovirus 

vectors can elevate ApoAI protein in vivo and protects against the development of 

atherosclerosis [Kopfler et al. 1994; De Geest et al. 2001; Benoit et al. 1999; Tangirala et 

al. 1999; Belalcazar et al. 2003; Pastore et al. 2004]. The results in this study confirmed 

such findings. In ApoE-/- mice, a helper-dependent adenovirus encoding ApoAI 

efficiently increased serum ApoAI levels 4-5-fold, which lead to a reduction in lesion 

progression and had anti-inflammatory effects.  The application of adenovirus based gene 

therapy strategies in humans however is problematic. Limitations include the invasive 

approach to access the liver and the toxicity that arises as a result of immune activation in 

response to vector injections. The objective of this study was therefore to analyze some 

of the problems associated with adenovirus-based gene therapy. It was hypothesized that 

by using AAV and lentivirus vectors, which are expected to express transgenes 

efficiently in muscle, the limitations associated with adenovirus-mediated liver 

expression could be overcome without compromising the efficiency of gene transfer. This 

approach however did not prove successful; although AAV and lentivirus were able to 

secrete ApoAI into the serum when injected into muscle of ApoE-/- mice, the serum 

increase was modest and insufficient to induce measurable changes in lesion progression. 

These results indicate that for successful ApoAI gene therapy higher doses of 

intravenously injected vectors are required. In order to solve the problems associated with 
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adenovirus-induced toxicity directly, the mechanism of immune activation by these 

agents was analyzed next.   

Conserved motifs in many microbial products are known to stimulate innate immune 

responses through the engagement of extra- and intracellular innate receptors [Janeway 

and Medzhitov 2002]. The results of chapter 4 suggest that after infecting macrophages, 

adenovirus vectors and wild type adenovirus elicit a potent innate immune response 

mediated by caspase-1 that involves recognition of virion components in the host cytosol 

by NALP3, and results in the processing and secretion of IL-1β. Furthermore, 

neutralizing antibodies enhance the engagement of NALP3 by adenovirus virions and the 

secretion of IL-1β.  

These findings have considerable impact for virus biology as well as for gene therapy. 

The identification of NALP3 as the innate receptor for adenovirus uncovers a previously 

unknown mechanism of antiviral immunity. Activation of caspase-1 might be essential to 

protect the host against respiratory infection by wild type adenovirus and most probably 

plays a role in rapid viral clearance during secondary infections.  The findings also 

suggest that the adaptive response can have an instructive role on the type and strength of 

the innate response and that innate and adaptive responses are not as sequentially 

engaged as previously believed; the innate response plays an important role throughout 

the course of the adaptive response rather than just during the onset of an infection. In 

addition, the discovery of an innate receptor for adenovirus explains the immunogenicity 

of adenovirus vectors used for gene therapy and equally delivers an explanation for the 

increased toxicity observed in the presence of neutralizing antibodies. Furthermore, the 

identification of NALP3 as the innate signalling mechanism resulting in IL-1β secretion 



 

 

176 

comes with a tool for its specific blockage; the IL-1 receptor antagonist (IL-1Ra). IL-1Ra 

has been applied successfully to patients who, due to a mutation in the NALP-3 gene, are 

characterized by constitutive IL-1β secretion [Agostini et al. 2004]. The simple 

administration of the IL-1Ra to these patients lead to specific inhibition of IL-1β, 

resulting in almost immediate relief from all symptoms and a near complete reversal of 

the pathological consequences [Pascual et al. 2005, Economides et al. 2003, Hoffman et 

al. 2004]. IL-1Ra treatment simultaneously with viral vector administration is expected to 

benefit gene therapy patients by reducing inflammation and toxicity in response to the 

vector, in particular in hosts with pre-existing immunity. If proven successful this 

strategy might lead to a re-consideration of adenovirus vectors for human gene therapy. 

As determined in chapter 3, AAV vectors were not efficient enough for ApoAI gene 

therapy when injected intramuscularly. However, AAV vectors might be suitable for 

ApoAI gene therapy when injected intravenously [Sharifi et al. 2005]. Whether AAV 

vectors induce innate immune responses when injected intravenously at high doses, as 

suggested by a recent clinical trial [Manno et al. 2006], is unknown. Furthermore, higher 

doses of AAV vectors elicit the development of antibodies against the virus capsid 

[Halbert et al. 1998; Manning et al. 1998]. The third objective was therefore to 

characterize the innate immune response to AAV vectors in order to evaluate the safety 

of AAV vectors for ApoAI gene therapy.  

The results in chapter 5 demonstrate, for the first time, the involvement of the innate 

immune system in the host response to AAV vectors. AAV vectors failed to induce 

inflammatory gene expression in epithelial cells and, in contrast to equivalent doses of 

adenovirus vectors, only transiently activated innate immune responses in vivo, without 
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leading to liver necrosis or toxicity. The amounts of intracellular vector genomes were 

equivalent between the two vectors, suggesting that AAV vectors are less immunogenic 

in comparison to adenovirus vectors while displaying equivalent transduction 

efficiencies. Transduction, however, might not equal protein expression; AAV is a single 

stranded DNA virus, which needs to complete second strand conversion before the onset 

of protein expression [Ferrari et al. 1996]. A direct comparison of the two vector systems 

is needed to compare circulating protein levels following injections.  The results of 

chapter 5 further indicated that macrophages play a key role in orchestrating AAV 

induced innate immune responses in vivo, and studies in vitro showed that AAV 

interactions with macrophages are influenced by complement. Furthermore, complement 

was in part responsible for the efficient development of humoral responses against AAV. 

These results increase the understanding of the molecular mechanism underlying the 

activation of immune responses to AAV vectors and may allow for strategies to minimize 

humoral adaptive responses to these vectors.  

To conclude, ApoAI gene therapy holds tremendous promise for the treatment of 

atherosclerosis. However, despite numerous clinical trials the effectiveness of human 

gene transfer has remained disappointingly low, which is largely accountable to vector-

induced immunity and toxicity. The results reviewed in this thesis provide valuable new 

insights into the host responses to the vectors, which not only increased the understanding 

of how these responses are generated but also uncovered ways on how to circumvent 

them. Therefore this work is relevant as it is expected to help make gene therapy 

strategies such as ApoAI delivery a reality in the near future.  
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6-2 Future Directions 

 

6-2-1 ApoAI gene therapy 

AAV-mediated ApoAI gene therapy 

Intramuscular injected AAV-ApoAI vectors were not able to increase ApoAI serum 

levels sufficiently to induce measurable changes in lesion progression. Several strategies 

can be undertaken to increase the efficiency of AAV-mediated ApoAI gene therapy. The 

most obvious next step is to use AAV intravenously; circulating levels of ApoAI are 

expected to be at least 4-fold higher following intravenous injections compared to when 

the vector is applied intramuscularly [Sharifi et al. 2005] and the results obtained in 

chapter 5 suggest that the vector is less immunogenic than equivalent doses of 

adenovirus, when injected intravenously.  

Another strategy would be to use a different AAV serotype. The AAV vector used in this 

study was based on serotype 2 (AAV2), the most common AAV serotype used in gene 

therapy. Numerous studies demonstrate that by modifying the serotype, the efficiency of 

AAV-directed transgene expression can be significantly increased [Chao et al. 2000; Gao 

et al. 2002; Sharifi et al. 2005; Kitajima et al. 2005]. Sharifi et al. (2005) showed that 

circulating level of ApoAIMilano were ~15-fold higher in mice injected intramuscular with 

AAV1 and ~9-fold higher in mice injected with AAV5 compared to mice injected with 

AAV2. When injected intravenously, AAV1 lead to over twice as much serum 

ApoAIMilano than AAV2 [Sharifi et al. 2005]. In addition, the new serotypes are less 
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immunogenic with regard to pre-existing immunity compared to AAV2 [Gao et al. 2002; 

Halbert et al. 2000; Peden et al. 2004].  

 

Adenovirus-mediated ApoAI gene therapy 

The next step in adenovirus-mediated ApoAI gene therapy would be to apply the findings 

from chapter 4, and to evaluate whether a block of NALP3 activation has an effect on 

ApoAI gene therapy efficiency and vector-induced toxicity.  This can be achieved by 

injecting naïve or immunized NALP3-/- mice and wild type control mice with Ad-ApoAI, 

followed by a comparison of ApoAI serum level, adenovirus vector persistence, and 

inflammation in the liver. IL-1β activation will likely contribute to vector clearance and 

toxicity, resulting in an overall improvement of ApoAI gene therapy in the knockout 

mice, characterized by increased transduction efficiencies and ApoAI levels and reduced 

inflammation compared to wild type controls.  

 

Lentivirus-mediated ApoAI gene therapy 

Equivalent to the results obtained using AAV-ApoAI, lentivirus-mediated ApoAI gene 

therapy resulted in insufficient serum increases to have measurable effects on lesion 

progression. Lentivirus transduction of muscle might be enhanced by an ex vivo 

approach. Li et al. (2005) achieved only low level of muscle transduction through direct 

injections. In contrast, transduction of myogenic progenitor cells with a lentivirus vector 

and subsequent transplantation of the cells into skeletal muscle resulted in high level of 

transgene expression [Li et al. 2005]. Sustained level of transgene expression was also 
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achieved by transplanting lentivirus transduced bone marrow stem cells into the hind leg 

muscles of mice [Sugiyama et al. 2005]. 

 

ApoAIMilano: Increased protection from CVD  

In order to further improve AAV or adenovirus-mediated ApoAI gene therapy it might be 

advantageous to exchange ApoAI with a naturally occurring mutant form of ApoAI; 

ApoAIMilano. Although a direct comparison has not been conducted, epidemiologic 

evidence suggests that carriers of ApoAIMilano are protected from cardiovascular disease 

and are characterized by apparent longevity, independent of lifestyle and serum HDL 

levels [Gualandri et al. 1985; Sirtori et al. 2001].  

 

The role of ApoAI in dermatitis 

The results obtained in chapter 3 showed that ApoAI augmentation protected the mice 

from a seemingly unrelated inflammatory disorder – dermatitis. Further studies should be 

carried out to delineate the mechanism. Atopic dermatitis is a common chronic 

inflammatory skin disease with a strong genetic background, which involves a complex 

series of interactions between resident skin cells and infiltrating cells orchestrated by 

proinflammatory cytokines and chemokines [Boguniewicz and Leung 2006]. In 

dermatitis, keratinocytes in the skin produce abnormal amounts of cytokines and 

chemokines, including higher levels of GM-CSF, TNF-α, and RANTES [Girolomoni et 

al. 2001]. RANTES may have a role in promoting the accumulation of Th1 lymphocytes 

in the skin, which is observed during later stages of the disease [Girolomoni et al. 2001]. 

The molecular mechanism responsible for the abnormal production of proinflammatory 
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mediators by resident skin cells is not known. Elevated production of cytokines may be 

secondary to dysregulated signal transduction or upregulated activation of transcription 

factors [Pastore et al. 2000]. The observed reduction of dermatitis in animals with 

increased serum ApoAI is probably due to raises in HDL. HDL can block the infiltration 

of leukocytes to sites of inflammation by reducing the expression of adhesion molecules 

[Navab et al. 1991; Cockerill et al. 1995; Calabresi et al. 1997; Park et al. 2003; Nicholls 

et al. 2005]. Likewise, HDL might block the infiltration of leukocytes into the skin in 

dermatitis through inhibition of adhesion molecule expression in endothelial cells that 

line the local blood vessels. Therefore, as a first step it would be advantageous to analyze 

whether ApoAI augmentation correlates with a raise in serum HDL. Next, to see whether 

ApoAI/HDL directly block the expression of inflammatory genes in skin keratinocytes, 

chemokine expression in the skin and serum inflammatory markers could be analyzed. 

Alternatively, ApoAI/HDL might block the infiltration of leukocytes into the skin despite 

inflammatory gene expression due to downregulation of adhesion molecules. Histology 

on skin tissue biopsies could be performed to answer this question. Depending on the 

results obtained further studies can delineate the mechanism in more detail and evaluate 

whether ApoAI has effects on other inflammation-related diseases such as arthritis. 

 

6-2-2 Innate immunity to gene therapy vectors 

NALP3 activation by the adenovirus virion 

The data in chapter 4 show that adenovirus and adenovirus vectors engage and activate 

the innate receptor NALP3, resulting in IL-1β secretion. The mechanism whereby 

adenovirus is sensed by the NALP3 receptor is not known. The adenovirus virion 
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activates IL-1β processing and secretion in the absence of transcription, suggesting that 

capsid components, the adenovirus DNA or both might interact with the receptor directly 

or indirectly via intermediary proteins. Further experiments could be performed to answer 

this question by treating macrophages with complete adenovirus vectors, empty capsids, 

naked adenovirus DNA or control DNA followed by an analysis of IL-1β processing. 

Depending on the results, virus components from related viruses could also be tested for 

their ability to activate the inflammasome. 

 

The role of NALP3 in wild type virus infections 

The role of the inflammasome in the host response to a wild type adenovirus infection 

can be examined using mouse adenovirus-1 (MAV-1, ATCC) as a model, provided that 

MAV-1 activates NALP3, which needs to be tested first. MAV-1 causes primarily a non-

lethal acute respiratory infection in mice [Weinberg et al. 2005; Kajon et al. 1998]. In 

order to determine the role of NALP3 in clearance of primary and secondary viral 

infections, pre-immunized or naïve wt mice and NALP3-/- mice can be infected with 

various doses of MAV-1.  Then, the lungs could be examined at different time points for 

tissue viral loads and inflammation. Additionally, titers of virus-specific antibodies and 

cytotoxic T-lymphocytes could be determined. It is predicted that mice that lack the 

machinery to activate the inflammsome display increased viral loads and mortality.   
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The role of NALP3 in adenovirus vector-inuced inflammation 

Adenovirus vectors are likely able to induce inflammatory gene expression by activating 

several signalling pathways in addition to the NALP3 receptor. The relative contribution 

of the NALP3 pathway and other innate signalling pathways in the host response to 

adenovirus should be determined. Therefore NALP3-/- mice and wt control mice could be 

injected side by side with adenovirus vectors, followed by an analysis of inflammatory 

gene expression, tissue toxicity and the development of virus-specific antibodies. The 

same experiment could be performed in immunized mice. The results will provide an 

indication of the safety of adenovirus vectors in the absence of NALP3 activation.  

 

The role of complement in the immune response to AAV 

Mice deficient of complement receptors 1 and 2 (CR2-deficient mice) were used to 

determine the role of CR1/2-signalling in the immune response to AAV. CR2-deficient 

mice had an impaired adaptive antibody response to AAV vectors, and the liver 

expression of inflammatory genes following intravenous administration of AAV was 

modestly lower compared to wild type mice. However, other complement receptors such 

as CR3, CR4 and CRIg are also involved in binding and/or phagocytosis of complement-

opsonized pathogens [Frank and Fries 1991; Cabanas 1999; Ehlers 2000; Helmy et al. 

2006]. Therefore, to clearly determine the role of the complement system in the immune 

response to AAV, complement-deficient mice (C3-/- mice, Jackson Laboratories) should 

be used.  AAV-induced liver inflammation and antibody development in C3-/- mice 

compared to wt controls will determine the role of complement in AAV-induced innate 

and adaptive immune responses. 
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The role of complement deposition on the AAV capsid 

C3b continuously deposits on all surfaces in contact with blood. Persistence of C3b on a 

pathogen surface results in amplification of the complement cascade. In contrast, 

catabolism of C3b into C3bi by factor I and a co-factor results in downregulation of 

complement activation [Lutz and Jelezarova 2006]. Many viruses have evolved 

mechanisms to evade direct activation of the complement system by mimicking the co-

factor, required for cleavage of C3b by factor I. For example, vaccinia virus encodes a 

protein (VCP), which binds to C3b and induces its cleavage into C3bi by acting as a co-

factor for factor I [McKenzie et al. 1992; Sahu et al. 1998]. AAV did not activate the 

complement cascade and IPs of AAV virions suggested that C3bi was bound to the AAV 

vector capsid. It is possible that AAV binds C3bi directly or alternatively that C3b is 

deposited on the virus capsid, which then itself acts as a co-factor for factor I contributing 

to C3b cleavage into C3bi. This could be determined by incubating AAV with C3b and 

factor I in a serum-free system followed by an analysis of C3b conversion to C3bi. If 

confirmed, this would represent a mechanism of immune escape. 
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Appendix A-I pSub201 

AAV genome containng plasmid. To construct the gene therapy transducing plasmid, an 
expression cassette can be inserted between the ITR’s using the XbaI sites [Plasmid 
obtained from Dr. JS Bartlett]. 

SUB201

8310 bps
2000

4000

6000

8000

Xba I,184
PpuMI,348

SfiI,535
NruI,655

Ecl 136,809
Sac I,809

SgrAI,957
Bcl I,963

BamHI,1044
StuI,1059

SexAI,1167

AccI,1427
Sal I,1427

AsuII,1622
BstEII,1699

HindIII,1881

EcoNI,2591

Spl I,3253

MIBsp,4160
IXba,4494

INae,5219
MINgo,5219

ICla,5645

LITR

Rep

Cap

RITR

F1

AmpR
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Appendix A-II pTY-poly-Linker 

Lentivirus transducing vector shuttle. Genes and promoters can be inserted into the poly 
Linker (multiple cloning site) [Plasmid obtained from Dr. L-J Chang].  

PTYpLinker

7296 bps

1000

2000

3000

4000

5000

6000

7000

BspMII,18
HindIII,388

BssHII,568

Nsi I,1104
Ppu10I,1104

Swa I,1194

BsaBI,1659

MunI,1759

HindIII,2245

2331
NotI
Xma III
NheI
Sal I
Sma I
Xma I
BamHI
Sac II
Spe I
EcoRI
Bpu1102
2384

HindIII,2465
Asp718,2471
KpnI,2471

Nae I,3044
NgoMI,3044

NcoI,3263

1105Eam,5044

3IEsp,6100
AIBsa,6203

INde,6271

1107Bst,6639

IIIDra,6909
IBcl,7231

CMV-TATA-TAR

RRE

polyL

dl.U3R
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Appendix A-III pBluescript 

pBluescript with multiple cloning site [Plasmid commercially available (Stratagene)]. 
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Appendix A-IV pAAV-polyLinker 

AAV transducing plasmid with multiple cloning site between the ITRs for insertion of 
gene cassettes. Plasmid was made by ligation of pTYpL (HindIII-HindIII) into 
pBluescript, then releasing it out of pBluescript with XbaI and ligating it into pSub201 
cut with XbaI. 

AAV-pL

4257 bps

1000

2000

3000

4000

Spe I,6
BamHI,12
PstI,24
EcoRI,30
EcoRV,36
HindIII,42

128
NotI
Xma III
NheI
Sal I
BamHI
Sac II
Spe I
EcoRI
Bpu1102
181

Xba I,257

EcoRI,510

Nae I,982

Cla I,1408

EcoRI,1780

IXba,4257

pL

RITR

F1

AmpR

LITR
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Appendix A-V pMCS-hApoAI  

Human ApoAI expression plasmid. ApoAI was inserted into pCMV-MCS using the 
BamHI and HindIII site. 

pMCS-hApoAI

5291 bps

1000

2000

3000

4000

5000

NotI,1
Mlu I,9

NdeI,252
NcoI,379

Sac II,670

Cla I,1178
Sma I,1191
Xma I,1191
BamHI,1196
Sap I,1231

Ehe I,1829
Kas I,1829
NarI,1829

StuI,1921
EcoRV,2010
HindIII,2016

BglII,2044
SphI,2364
Nsi I,2366

BstEII,2540
NotI,2560

IPvu,3947

ISca,4058

IXmn,4175

INae,5079

CMV

b-globin-intron

hApoAI

hGHpApUC ori

ampR

f1 ori
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Appendix A-VI pCMV-MCS 

Expression plasmid with multiple cloning site for insertion of genes between a CMV 
promoter and a polyA signal [Plasmid commercially available (Stratagene)]. 

pCMV-MCS

4495 bps

1000

2000

3000

4000

NotI,1
Mlu I,9

NdeI,252
NcoI,379

Sac I,582

Sac II,670

1178
Cla I
EcoRI
Sma I
Xma I
BamHI
Xba I
AccI
HincII
Sal I
BspMI
PstI
HindIII
Eco47-3
1235

BglII,1248

SphI,1568
Nsi I,1570

BstEII,1744
NotI,1764

IPvu,3151

ISca,3262

IXmn,3379

INae,4283

CMV

b-globin-intron

MCS

hGHpA

pUC ori

ampR
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Appendix A-VII pAAV-hApoAI #5 

AAV vector transducing plasmid with inserted human ApoAI expression cassette. ApoAI 
expression cassette was released from pMCS-ApoAI by NotI and inserted into pAAV-pL, 
cut with NotI. Clone #5 has the ApoAI expression cassette in the same orientation as the 
AAV rep and cap genes in wild type AAV (from left ITR towards right ITR). 

AAV-ApoAI#5

6816 bps

1000

2000

3000
4000

5000

6000

Mlu I,7
NdeI,250

NcoI,377

Sac II,668

Cla I,1176
EcoRI,1183
BamHI,1194

EcoRI,2002
EcoRV,2008
HindIII,2014
BglII,2042

SphI,2362

BstEII,2538

2558
NotI
NheI
Sph I
Sal I
BamHI
Sac II
Spe I
EcoRI
2603

Xba I,2687

EcoRI,2940

INae,3412
INde,3802

ICla,3838

RIEco,4210
INde,4263

IXba,6687++
HIBam,6699

IPst,6711
RIEco,6717

RVEco,6723
dIIIHin,6729

INot,6815

CMV

b-globin-intron

hApoAI

hGHpA

RITR

F1

AmpR

LITR
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Appendix A-VIII pAAV-hApoAI #2 

AAV vector transducing plasmid with inserted human ApoAI expression cassette. ApoAI 
expression cassette was released from pMCS-ApoAI by NotI and inserted into pAAV-pL, 
cut with NotI. Clone #2 has the ApoAI expression cassette in the inverse orientation 
(from right ITR towards left ITR). 

AAV-ApoAI#2

6816 bps

1000

2000

3000
4000

5000

6000

Mlu I,7
NdeI,250

NcoI,377

Sac II,668

Cla I,1176
EcoRI,1183
BamHI,1194

EcoRI,2002
EcoRV,2008
HindIII,2014
BglII,2042

SphI,2362
Nsi I,2364

NotI,2558
HindIII,2646
EcoRV,2652
EcoRI,2658
PstI,2664
BamHI,2676
Spe I,2682
Xba I,2688

INde,5112
RIEco,5165

ICla,5537
INde,5573

INae,5963

RIEco,6435
IXba,6688

6772
RIEco
ISpe
IISac

HIBam
ISal
ISph
INhe
INot

6815

CMV

b-globin-intron

hApoAI

hGHpA

LITRAmpR

F1

RITR
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Appendix A-IX pTY-CMV-ApoAI 

Lentivirus vector transducing plasmid with inserted human ApoAI transgene. CMV-
ApoAI was excised from pMCS-ApoAI with MluI and HindIII and inserted into pTYpL 
by blunt-end ligation between BamHI and EcoRI. 
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Appendix A-X pHEF-eGFP 

GFP expression plasmid. Promoter: Human Elongation Factor 1α. The plasmid was co-
transfected during viral vector production as a control for transfection efficiency [Plasmid 
obtained from Dr. L-J Chang]. 
 

SacI 1086

PstI 1079

SacII 859

BglII 827

PstI 573

SacII 508

SphI 247

HindIII 0

XhoI 1227

XbaI 1489

NotI 1490

NcoI 1491

NcoI 1665

BamHI 1865

BamHI 2042

PvuII 2050NotI 2218

EcoRI 2220

BamHI 2240

AflIII 2705

PvuII 2527

BamHI 2240

EcoRI 2220

SalI 4596

ClaI 4618

EF1a Enhancer

eGFP

SVpA

Amp

pHEF eGFP

4640 bp

Plasmid name: pHEFeGFP

Plasmid size: 4640 bp

Constructed by: Long

Construction date: 6-19-98

Comments:  pHEF1a cut with NotI and CIP, ligated with NotI cut 745 bp enGFP or 
enBFP or 670 bp eBFP or eGFP.    
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Appendix B:  F4/80 staining of primary bone marrow macrophages 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primary mouse bone marrow macrophages express the macrophage differentiation 

marker F4/80. Flow cytometric analysis of differentiated primary mouse bone marrow 

macrophages, using FACScanTM instrumentation and CellQuest Pro software (BD 

Biosciences). The cells were isolated and differentiated for five days as described in 

Material and Methods (section 2-2-3).  The cells were then collected, incubated with anti-

mouse F4/80 antibody and FITC-labeled secondary antibody, or controls as indicated. 

100 101 102 103 104

FL1-H

Key Name

April 12 05 F4/80 antigen.001

April 12 05 F4/80 antigen.004

April 12 05 F4/80 antigen.006

April 12 05 F4/80 antigen.008

Primary macrophages: no serum, F4/80 antigen expression

autofluorescence

FITC secondary alone

Isotype control ab + FITC secondary

anti-F4/80 ab + FITC secondary
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Appendix C: List of Publications and Conference Presentations 

The following is a list of publications, abstracts and conferenc presentations. Publications 

and presentations that arose from the thesis project are marked with asterix. 

 

Publications 

1. *ZAISS A.K., Cotter M.J., White L.R., Clark S.A., Wong N.C.W., Holers M.V., 
Bartlett J.S. and Muruve D.A. (2007). Complement and Complement Receptors 
1/2 are an Essential Component of the Innate and Adaptive Immune Response to 
Adeno-Associated Virus Vectors (manuscript in preparation) 

 
2. *ZAISS A.K., Cotter M.J., White L.R., Clark S.A., Wong N.C.W. and Muruve 
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Appendix D: Figure 4-3 Supplement 

In order to test if the exposure of THP-1 cells to different serum conditions affects cell 

death, THP-1 cells were cultered in medium exposed to 20 % HS, HS-Ig or heat 

inactivated serum. Cells were exposed to Ad or VH and cell death was examined 24 

hours later. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-3 Supplement.  

Quantitative analysis of cell death in THP-1 cells 30 hours after transduction with 1 x 104 
part/cell AdGFP (black bars) or vehicle (grey bars) determined by flow cytometry. Cells were 
transduced either in the presence of normal tissue culture medium (FBS), medium containing 
20% human serum (HS), 20% IgG-depleted human serum (HS-Ig) or 20% heat-inactivated 
human serum (HS-HI). Values are mean±SD. AdGFP transduced cells in the presence of 20% HS 
and HS-HI showed significantly higher cell death compared to cells transduced in the presence of 
FBS or HS-Ig (***p<0.001. n=3). Differences between HS and HS-HI, FBS and HS-Ig or 
between untransduced cells (grey bars) are not significant (p>0.05, n=3). One-way ANOVA (with 
Tukey-Kramer Multiple Comparisons Test). 
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Appendix E: Genotyping of CR1/2-deficient Mice 

To confirm that the complement receptor 1 and 2 -deficient mice used as breeding pairs 

were homozygous for CR1/2-deficiency, the first offspring was genotyped by polymerase 

chain reaction (PCR), using DNA from tailsnips. Two primerpairs were used, which 

show the presence of the 400 bp neo band (left panel) and the absence of the 800 bp wt 

band in 6 pups (right panel), respectively. 

 
 


