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Recombinant adenoviruses, commonly used in gene therapy and vaccine 

applications, compromise the expression and function of hepatic CYP3A for 14 days. 

When given with docetaxel (DTX), plasma clearance of DTX (3.38 ± 0.22 l/kg.h) was 

significantly lower than those given DTX alone (6.41 ± 1.10 l/kg.h). The area under the 

plasma concentration-time curve of DTX in rats given virus (2,987.37 ± 197.97 ng/ml.h) 

was significantly greater than those given drug alone (1,666.59 ± 317.04 ng/ml.h).  The 

virus extended the half-life of DTX three-fold.  This may explain why adenoviral vectors 

improve chemotherapy. PEGylation of the virus reduced interleukin-6 (IL-6), IL-12, 

tumor necrosis factor alpha (TNF-α), aspartate transaminase (AST) and lactate 

dehydrogenase (LDH) levels in mice and non-human primates. PEGylation dramatically 

reduced transduction efficiency of virus in the baboon liver and did not alter hepatic 

transgene expression in the mouse. Unmodified and PEGylated virus (3 x 1012 vp/kg) 

reduced hepatic CYP3A4 protein by 60% and 40%, respectively 96 hours after virus 
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administration. Catalytic activity was decreased by 55% and 45% with respect to an 

untreated control by the native and PEGylated viruses respectively. This suggests that 

changes in hepatic CYP3A during infection is not entirely due to the immune response 

and these observed effects most likely occur in humans. The effects of adenovirus on 

hepatic CYP3A expression and function in mice, however, resolved at a faster rate than 

that in baboons. HC-04 cells are a suitable in vitro model to study virus infection and 

hepatic CYP3A function. A panel of adenoviruses inhibited CYP3A catalytic activity and 

induced changes in expression and distribution of retinoid X receptor alpha (RXRα), 

pregnane X receptor (PXR) and constitutive androstane (CAR) receptors. Virus (1.5 x 

1011 vp) inhibited CYP3A in the mouse. When the ability of the virus to bind to integrins 

was removed, changes in CYP were not detected. Treatment with a RGD peptide, that 

binds to integrins, reduced CYP3A activity in a manner similar to the virus. Silencing of 

β3 and β5 integrins also resolved changes in CYP3A activity during infection, suggesting 

that simple engagement of integrin receptors can initiate changes in CYP3A.  
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CHAPTER ONE 

INTRODUCTION 

Adenovirus Infection and Hepatic Drug Metabolism 

 

1.1 ADENOVIRUS 

1.1.1 Basic biology 

Adenoviruses are non-enveloped, icosahedral viruses containing a double 

stranded DNA genome. The capsid of this virus consists of three major proteins: hexon, 

penton base, and fiber (Figure 1.1). Cellular entry primarily occurs through interaction of 

the fiber and penton proteins with the cellular target (Figure 1.2) [1]. The majority of 

human adenovirus serotypes infect target cells by directly binding of the fiber knob to the 

coxsackie and adenovirus receptor (CAR) on the cell surface [2]. Besides CAR, 

adenovirus can bind to the α2 domain of the human major histocompatibility complex 

class I (MHC I) molecule and heparan sulfate glycosaminoglycans (HS GAGs) [3, 4]. 

After initial binding, the virus is then internalized through the interaction of the highly 

conserved Arg-Gly-Asp (RGD) motif within the penton proteins with cellular integrins 

αvβ3, αvβ5 and others [5, 6]. After entry, the virus rapidly escapes from the endosome, 

and migrates to the nucleus.  Once at the nucleus, the virus capsid docks at the nuclear 

core and the viral genome enters the nucleus through nuclear complexes leaving capsid 

proteins behind in the cytoplasm. The adenovirus genome is linear and flanked by two 

inverted terminal repeats (ITRs), or replication origins, situated at each end of the 

molecule (Figure 1.3). The genome is divided into two large groups of genes: early viral 

genes (E1A, E1B, E2, E3 and E4), transcribed prior to the onset of viral DNA replication  
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Figure 1.1 Schematic representation of major structural components of adenovirus 

capsid. The 36-kilobase double-stranded DNA genome is packaged within an icosahedral 

protein capsid. The major structural protein of the capsid is the hexon. Protein pIX and 

pIIIa, minor proteins that fit between hexon proteins, maintain capsid integrity. Penton 

capsomers are localized at each of the twelve vertices of the adenoviral capsid and hold 

fiber proteins in place. (Adapted from Glasgow et al., Cancer Gene Ther  2006; 13: 830-

844).  
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and late genes (L1- L5), transcribed after DNA replication is initiated. During infection, 

the E1A gene is the first transcribed. It contains sequences for proteins that further 

activate transcription and induce the host cell to enter the S-phase of the cell-cycle. 

Transcription of the E1B gene produces proteins that cooperate with E1A products to 

further modify the host cellular environment to accommodate virus replication, primarily 

through prevention of apoptosis. E2 genes encode for DNA polymerase and pre-terminal 

and single-stranded DNA binding proteins, all of which function directly in DNA 

replication. The E3 gene encodes for glycoproteins (gp) 19K, 10.4K, 14.5K and 14.7K 

that modulate the host response to adenovirus infection [7]. The E3 gp 19K protein 

accomplishes this by preventing transport of major histocampatibility complex (MHC) 

class I antigens to the surface of the infected cell. The remaining three proteins serve to 

prevent apoptosis through the tumor necrosis factor receptor 1 (TNFR1), tumor necrosis 

factor alpha (TNF-α), and Fas (apoptosis associated) pathways. The E4 gene produces a 

number of proteins related to the regulation of viral and cellular protein expression 

including DNA replication, mRNA transport and splicing, induction of late gene 

transcription and apoptosis regulation [8]. After the onset of DNA replication, the late 

unit is transcribed to generate five families of late mRNAs (L1-L5) that encode proteins 

involved in the production and assembly of the native structural capsid component [9]. 
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Figure 1.2 The adenovirus infection cycle. Adenovirus infection begins with binding of 

the knob domain of the fiber capsid protein to the coxsackie-adenovirus receptor (CAR). 

Interaction between RGD peptide motifs within the penton base and cellular integrin 

receptors promotes virus uptake by clathrin-dependent receptor-mediated endocytosis. 

Acidification of the endosome induces virus uncoating and release into the cytoplasm. 

Once in the cytoplasm, virions travel along the microtubule toward the nucleus where 

they subsequently dock with the nuclear pore complex and enter the nucleus. (Adapted 

from Horwood et al., Arthritis Res 2002; 4: S215-S225). 
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1.1.2 Vectors for gene transfer 

To date, more than 50 serotypes of human adenoviruses have been identified. Of 

these, subgroup C serotypes 2 and 5 are predominantly used as vectors for gene transfer 

because they have not been found to be associated with any severe disease in humans and 

are the most extensively studied and well characterized [10]. Adenoviruses offer may 

advantages for gene delivery, including their ability to infect both dividing and non-

dividing cells, ease of large scale production, and their capacity to accommodate large 

DNA inserts [11]. In the first recombinant adenoviral vectors used for gene transfer, only 

the E1 region of the genome was removed, making these vectors replication defective 

(Figure 1.3). These first-generation adenoviruses could only be propagated in cell lines 

that provided E1 gene products in trans, such as the human embryonic kidney (HEK) 293 

cell line, in which this region was artificially introduced by Graham and colleagues for 

this purpose [12]. Transgenes of up to 4.7-4.9 kb could be incorporated into these E1-

deleted vectors. However, there was a significant risk of producing replication competent 

viruses through homologous recombination between the viral and cellular DNA [13]. 

Thus, cloning capacity of these first generation vectors was further increased through 

elimination of additional dispensable sequences from the virus genome, such as the early 

E3 region. Deletion of this region increased the total cloning capacity of the first 

generation adenovirus to 8 kb [14]. These vectors were easily produced at high titers; 

however, it was soon discovered that remaining viral genes elicit strong immune 

responses in pre-clinical models of human disease. Thus, many attempts have been made 

to reduce immunogenicity by creating a second generation of adenoviral vectors 

containing additional deletions in other regions of the viral genome such as E2 and/or E4 

(Figure 1.3). Deletions in these regions accommodate larger gene inserts of 9-12 kb. 

Although these modified vectors showed less immunogenicity and toxicity and longer  
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Figure 1.3 General schematic of the adenovirus serotype 5 genome and its 

modification in different generations of vectors for gene transfer. Arrows indicate the 

direction of transcription and translation of adenovirus early (E1-E4) and late (L1-L5) 

gene products in the wild-type adenovirus genome. Genomes of each generation differ by 

the amount and regions of the genome that are deleted. Abbreviations: ITR, inverted 

terminal repeat; Ψ, packaging signal; MLP, major late promoter. (Adapted from Alba et 

al., Gene Ther 2005; 12: S18-S27). 
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transgene expression in some studies [15, 16], they displayed little or no benefit over first 

generation viruses in others [17]. Subsequently, helper-dependent adenoviral (HDAd) 

vectors in which all viral genes are deleted and only the inverted terminal repeats (ITRs) 

and the cis-acting packaging sequence remain, have been developed [18, 19]. During 

large-scale production, viral genes necessary for replication are provided in trans by both 

the cell line and a helper virus containing loxP sites positioned near the packaging 

sequence, thus allowing the virus to support replication and encapsidation of the gutless 

vector while preventing any helper virus genomes form being packaged in intact capsids. 

Contamination with packaged helper virus is limited with the use of a 293 cells stably 

expressing Cre-recombinase [20]. Although these vectors exhibit long-term and high-

level transgene expression with minimal toxicity in several animal models [17, 21-24], 

their use still limited due to the immunotoxicity of virus capsid proteins [25, 26]. 

 

1.1.3 The immune response 

Most of the toxicity associated with recombinant adenoviruses arises from the 

innate and adaptive immune responses against the virus and develops in three phases in 

animal models and humans (Figure 1.4). The first phase, initiated by the interaction of 

adenovirus capsid proteins and clotting factors in the serum and later with Kupffer cells 

in the liver and macrophages and dendritic cells in the spleen occurs as early as 1 hour 

after systemic administration of virus and continues for four days. This prompts the 

release of pro-inflammatory cytokines and chemokines, including interleukin-6 (IL-6), IL-

12, tumor-necrosis factor-α (TNF-α), interferon-inducible-protein 10 (IP-10) and 

RANTES (Regulated upon Activation, Normal T-cell Expressed and Secreted) into the 

general circulation to recruit immune effector cells including neutrophils, macrophages  
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Figure 1.4 Kinetics and key elements of the innate and adaptive immune responses 

during adenovirus infection. Complex bloodborne proteins and cellular clotting factors 

interact with virus particles minutes after they enter the systemic circulation. The cascade 

of inflammatory mediators initiated by these interactions exacerbates the clinical 

responses such as cyanosis, dyspnea, tachycardia and hypotension which develop within 

hours. The innate response progresses to activate antigen presenting cells, expansion of T 

cells and subsequent production of antibodies to the virus and transgene. (Adapted from 

Seiler et al., Cancer Gene Ther 2007; 7: 297-305). 
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and natural killer cells to the liver, the primary target of adenovirus infection. In most 

instances, this results in neutrophil-dependent hepatic injury and progression toward the 

second phase of the inflammatory process [27, 28]. This phase, occurring 5 to 7 days 

after infection, cytotoxic T lymphocytes (CTL) are produced against the virus capsid, 

virus proteins and in some cases the transgene products, leading to short-term transgene 

expression [29, 30]. The last phase, the humoral immune response, is characterized by 

production of antibodies which rapidly clear the virus from the circulation and prevent 

successful gene transfer upon re-administration [31]. This also promotes enhanced CD4+ 

T cell-mediated responses upon secondary exposure to adenovirus which can be a 

significant problem in certain disease states as was recently highlighted in a clinical trial 

for an adenovirus-based HIV vaccine [32]. 

 

1.1.4 Toxicology 

After the death of a patient in a clinical trial for treatment of ornithine 

transcarbamylase deficiency [33], it has been established that systemic administration of 

recombinant adenovirus induces a dose-dependent hepatototoxicity [34, 35], mediated by 

complement activation, and release of cytokines and chemokines from Kupffer cells, 

endothelial cells, and leukocytes into circulation [36]. The effects of this process are 

obvious at some virus concentrations as early as 1 hour after virus administration [37, 38] 

and are manifested as elevated liver enzyme levels, hyperbilirubinemia, 

hypoalbuminemia, coagulopathy and thrombocytopenia [25, 35, 39, 40]. Additional 

tissue damage has been observed 3-4 days after administration as a result of aggressive 

attack and removal of cells expressing transgene and viral gene products by lymphocytes. 

At high viral loads, significant tissue damage, disseminated intravascular coagulopathy, 

and a systemic inflammatory response syndrome can occur [33, 34]. Given the profound 
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effect that adenovirus has on the liver and the fact that many patients in clinical trials 

using these vectors are also given medicinal compounds for additive/synergistic effects, 

for maintenance therapy for underlying conditions or to treat side effects associated with 

the gene therapy. Thus, modulation of expression and function of cytochrome P450 

(CYP) enzymes after virus administration will result in a rise in therapeutic failure or 

adverse drug reactions due to changes in physiological homeostasis.  

 

1.1.5 Strategies to reduce adenovirus-mediated toxicity  

Various strategies have been evaluated to circumvent both innate and adaptive 

immune responses generated against adenoviral vectors (Table 1.1). Use of 

immunosuppressants such as cyclophosphamide, FK506 and cyclosporin A [41-45] and 

the disruption of co-stimulatory interactions between T cells and B cells using interferon-

γ (IFN-γ), IL-12, anti-CD40 ligand antibody or cytotoxic T-lymphocyte antigen 4 

immunoglobulin (CTLA4Ig) [29, 46, 47] have effectively blunted the immune response 

and extended the length of transgene expression. However, these approaches were 

deemed unsuitable in practice since they impair immunity to other microbes and produce 

serious unwanted side effects. Deletion of all viral early and late genes in helper-

dependent adenoviruses has attenuated the cell-mediated immune response, resulting in 

significant long-term transgene expression [48]. However, acute toxicity and neutralizing 

antibodies are still detected after treatment with these vectors [49]. Recent efforts 

employing genetic substitution of both the fiber, hexon and other capsid proteins with 

those of rare and non-human adenovirus serotypes also dampen the innate response and 

subsequent release of inflammatory cytokines [50-53]. Although viruses constructed by 

this approach, termed “sero-switching”, are minimally affected by anti-adenovirus type 5 
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neutralizing antibodies (NAB), they are very difficult to produce and transgene 

expression is relatively low.  

 

Table 1.1 Advantages and disadvantages of strategies to circumvent immune 

responses 

 

Approach Advantages Disadvantages 

Immunosuppressant 

 

- blunt the immune response 

- long-term transgene expression 

- unwanted side effects 

- non-specific 

Helper-dependent 

adenovirus 

- attenuate the adaptive immune response 

- long-term transgene expression 

- acute toxicity 

- production of NAB 

Sero-switching - dampen the innate immune response 

- less affected by NAB 

- difficult to produce 

- alter biodistribution 

- production of NAB 

- low transgene expression  

 

 1.1.6 PEGylation of adenovirus 

Another straightforward approach for circumventing virus-induced immunogenic 

toxicity is coating capsid proteins with synthetic polymers. Polyethylene glycol (PEG) is 

one of the most versatile polymers synthesized to date. This amphiphilic, chemically inert 

molecule consists of repeating units of ethylene oxide, which can be arranged in either 

linear or branched configurations, creating a series of compounds of different molecular 

weights with unique properties [54]. A demonstrated lack of immunogenicity, toxicity 

and antigenicity, subsequent approval by the United States Food and Drug 

Administration (U.S. FDA) for human use and high solubility in water and many organic 
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solvents fostered the use of PEG as a key excipient in many pharmaceutical and cosmetic 

formulations for over 60 years [55]. Other unique properties of this molecule such as 

flexibility of the polymer chain fostered the pioneering work initiated in the late 1970s by 

Abuchowski and others in the field of molecular modification of biological molecules [56]. 

Since then, covalent attachment of PEG to protein and peptide-based therapeutics, a 

technique known as PEGylation, has become one of the most widely applied strategies 

for improving the physicochemical and pharmacokinetic properties of these labile 

compounds [57-59]. PEGylation has been used to ameliorate the stability, solubility, 

bioavailability and immunological properties of many biological compounds such as 

lipids, polysaccharides, polynucleotides and, most recently, complex living organisms 

such as cells, tissues and viruses [56, 60-62].  

 

Figure 1.5 Linear mPEG: the molecular building block of activated 

polyethylene glycols used in current PEGylation protocols.  

 

(OCH2CH2)nCH3 OH  

 

The monomethoxylated form of PEG (mPEG), containing a single hydroxyl 

group for activation and an inert methoxy group, resistant to standard chemical reactions, 

is generally used for protein conjugation (Figure 1.5) [61]. Activation prior to protein 

conjugation is achieved by substitution of the single hydroxyl group at the end of the 

PEG molecule by an electrophilic reactive group that can then be covalently linked to a 

reactive site on a protein. Examples of activated PEGs are included in Figure 1.6. 

O’Riordan et al. were the first to show that covalent attachment of activated 

polyethylene glycol to adenovirus capsids was a straightforward and practical strategy to  
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Figure 1.6 General schematic for the synthesis of activated PEG molecules. 

Succinimidyl succinate PEG is prepared by reaction of mPEG with succinic anhydride 

followed by conversion of the carboxylic acid to the succinimidyl ester. This linkage is 

highly susceptible to hydrolysis after the polymer has been attached to the protein. 

Reaction of mPEG with tresyl chloride produces an activated PEG that has been shown to 

randomly modify proteins, viruses and liposomes, resulting in a heterogeneous mixture of 

conjugates with degradable linkages. Original PEGylation schemes employed cyanuric 

chloride to prepare activated PEG for attachment to proteins through multiple 

nucleophilic functional groups such as lysine, serine, tyrosine, cysteine, and histidine. This, 

however, supports significant cross-linking and aggregate formation.  
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prevent neutralizing antibodies from recognizing virus surface antigens [63]. Conjugation 

of virus in the presence of 15% and 20% TMPEG improved in vitro transduction 

efficiency in the presence of neutralizing antibodies by a factor of 2 with respect to 

unmodified virus. The most striking finding of these studies was that administration of 

PEGylated virus to mice previously exposed to unmodified virus produced transgene 

expression levels equivalent to those found in the liver of naïve animals. Since then, 

many other groups reported similar results [64-71]. 

PEGylation of recombinant adenoviruses attenuated the acute toxicity associated 

with the innate immune response by suppressing production of pro-inflammatory 

cytokines and chemokines and, in turn, minimizing infiltration of neutrophils in the liver 

of the mouse (Figure 1.7A). Early reports demonstrated that mice treated with PEGylated 

first generation and helper dependent adenoviruses had serum IL-6 levels that were 4 and 

2 times lower respectively than that seen in mice given unmodified virus 6 hours after 

treatment. At the same time point, serum IL-12 in animals treated with PEGylated virus 

was 3 fold lower than animals treated with unmodified virus. PEGylation also prevents 

production of TNF-α in response to administration of virus [22]. Further characterization 

of cytokine release profiles in mice revealed that PEGylated virus produced similar 

kinetic profiles for IL-6 and other cytokines to that of animals receiving unmodified 

virus, meaning that levels still peaked through significantly reduced at 6 hours [72]. 

PEGylation of first generation and helper-dependent viruses significantly reduced 

cytokine levels as early as 2 and 4 hours after treatment as well as at 6 hours by a factor 

of 8, 3 and 5 respectively [73]. Real-time RT-PCR analysis indicated that hepatic gene 

expression of chemokines including monocyte chemo-attractant protein-1 (MCP-1), 

macrophage inflammatory protein-2 (MIP-2), macrophage inflammatory protein-1β 

(MIP-1β), interferon-inducible protein-10 (IP-10) and lipopolysaccharide-induced CXC 
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chemokine (LIX) was significantly reduced in mice after tail vein injection of PEGylated 

virus. The degree of neutrophil infiltration in the livers of these mice was reduced by a 

factor of 2 with respect to those given unmodified virus [73]. In vitro mechanistic studies 

revealed that macrophages infected with PEGylated virus failed to produce IL-6 [74, 75]. 

Other studies reported that vector uptake by macrophages and Kupffer cells in vitro and 

in vivo is significantly hindered by PEGylation [72]. Taken together, one may attribute 

the reduction in immunogenicity conferred to the adenovirus by the PEGylation process 

is due to the fact that the polymer physically prevents uptake and processing of the virus 

by antigen presenting cells [67, 72, 73].  

Additional studies with PEGylated adenoviruses revealed that this modification 

dramatically attenuated cellular immune responses [64, 65, 67]. Significant reductions in 

cytotoxic T lymphocyte production were noted after single intratracheal and intravenous 

doses of PEGylated virus in mice (Figure 1.7C) [64, 65]. Modification of virus with PEG 

alone or PEG and a peptide specific for the fibroblast growth factor receptor reduced 

secretion of IFN-γ and IL-2, markers of the Th2 response [67]. As might be expected, the 

transgene expression profiles achieved with several PEGylated vectors were significantly 

extended beyond what was commonly seen with unmodified viruses (Figure 1.7B) [22, 

64, 65]. For example, transgene expression in the lung after intratracheal instillation of 

PEGylated virus peaked in mice 4 days after administration as did that the unmodified 

virus, but continued for 42 days, long after that from the native virus dwindled (10 days 

after treatment) [64]. Similarly, transgene expression in the liver was extended from 14 to 

28 days after a single intravenous injection of PEGylated virus in the mouse [65]. 

PEGylation also reduced production of anti-adenovirus neutralizing antibody (NAB) 

(Figure 1.7D) [64, 65]. Although the exact mechanism by which PEGylation dampens the 

T and possibly the B cell responses has not been identified, it is likely due to the fact that  
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Figure 1.7 PEGylation of recombinant adenovirus improves the immunological 

profile of the virus without compromising transduction efficiency in the mouse. (A) 

Serum IL-6 levels 6 hours after injection of unmodified (light gray) and PEG-modified 

(black) vectors from [72]. (B) Histochemical staining for beta-galactosidase expression of 

liver obtained from mice injected with unmodified and PEGylated HDAd from [72]. (C) 

Cytotoxic T lymphocyte profile of immunocompetent animals after a single intravenous 

dose of unmodified or PEGylated virus from [64]. (D) Anti-adenovirus antibody profile 

of immunocompetent animals 28 days after a single intracvenous dose of either 

unmodified or PEGylated virus from [65].   
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it minimizes uptake in antigen-presenting cells (APCs) and the polymer alters processing 

and presentation of viral antigens in non-immune cells, preventing T cells from 

recognizing viral epitopes. The fact that several reports have described unsuccessful 

readministration of PEGylated virus in mice treated with virus modified by the same PEG 

chemistry and that changing the chemistry of the polymer reestablished transgene 

expression suggests that shielding traditional immunogenic peptide sequences through 

PEGylation of capsid proteins may induce processing and recognition of other sequences 

in close association with the polymer [22, 64, 65]. 

Although, PEGylation has significantly improved the immunological profile of 

the adenovirus, it has been demonstrated that this modification can significantly impair 

the infectivity of the virus and that this effect correlates with PEG density on the capsid 

[72, 76, 77]. For example, an increase in the a viral amine:mPEG molar ratio from 1:1 to 

1:10 reduced the relative transduction efficiency of the virus from 94% to 52% [78]. 

Additional studies revealed that transduction fell by 20, 60 and 99% as 25, 50 and 80% of 

the free amines of the virus are modified with PEG, respectively [72]. Thus, methods to 

characterize PEGylated viruses are crucial for successful modification and subsequent 

use of viral vectors for gene transfer. 

As PEG molecules are added to the virus surface, they mask protein residues that 

dictate the overall charge and relative solubility of the particle while increasing the 

hydrodynamic radius in accordance with the size of PEG. Thus, initial characterization 

profiles of PEGylated adenoviruses included assays designed to assess broad changes in 

the physical properties of the virus such as particle size, zeta potential and PEG-Dextran 

partition coefficients [79-81]. Zeta potential analysis revealed that PEGylation reduces 

the negative charge of the virus capsid from −48 mV (unmodified, native virus) to −28, 

−24 and −16 mV when conjugated to TMPEG, SSPEG and CCPEG, respectively [79]. The 
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partition coefficient of the PEG-virus conjugate in an aqueous PEG/dextran two-phase 

system (K) was found to shift from 0.7 for unmodified virus to 1.76, 1.96 and 3.56 for virus 

conjugated with TMPEG, SSPEG and CCPEG chemistries, respectively [79]. Although 

these assays were able to confirm that virus particles were modified once the PEGylation 

process was complete, they did not accurately assess the degree of modification. 

Other efforts have focused upon assessment of the number of unmodified amino 

groups that remain on virus prior to and after the PEGylation process using a traditional 

fluorescamine assay in which measured fluorescence is proportional to the free lysine 

amino groups on the virus capsid [79] or a PEG-biotin enzyme-linked immunosorbent 

assay (ELISA) that indirectly quantifies the amount of biotin-labeled PEG associated 

with a virus particle using an avidin-horseradish peroxidase detection system [63]. 

Pairing these assays with other analytical techniques such as capillary zone 

electrophoresis and high pressure liquid chromatography (HPLC) where subtle changes 

in physical properties of individual capsid proteins can be measured by changes in the 

placement of a peak and/or peak size (Figures 1.8 and 1.9) and sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) with barium iodide staining that allows 

one to visualize specific virus proteins linked to PEG and measure the change in 

molecular weight associated with the new PEG-conjugate [82] will improve the accuracy 

of the chemical profiles of PEGylated viruses and assist in the assessment of the 

reproducibility and reliability of a PEGylation process prior to clinical testing. 

In order to improve the targeted transduction efficiency to adenovirus vectors, 

coupling of a receptor-specific peptide to the adenovirus capsid using a bi-functional 

PEG was first reported by Romanczuk and colleagues [68, 83]. Modification of the virus 

with PEG and a peptide specific for differentiated ciliated airway epithelial cells 

improved transduction efficiency in this target fourfold. Similar findings were reported  
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Figure 1.8 Capillary electrophoresis discriminates between PEG density on 

adenovirus capsids. Representative capillary electropherograms of (A) 

monomethoxypoly(ethylene) glycol tresylate (TMPEG, 10 mg/ml) alone and adenovirus 

that underwent conjugation for (B) 24 hours (100% coverage as determined by a 

fluorescamine assay), (C) 4 hours (90% coverage), (D) 2 hours (70% coverage), (E) 1 

hour (50% coverage) and (F) unmodified Virus. The Y axis represents absorbance units 

and the X axis minutes until a preparation eluted from the capillary. (Adapted from 

Wonganan et al., Viruses 2010; 2: 468-502). 
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Figure 1.9 PEGylation dampens peak intensity of adenovirus capsid proteins as 

determined by reverse phase HPLC. RP-HPLC chromatograms showing peaks of (A) 

free PEG, (B) PEGylated adenovirus (50% modification as determined by CE and 

fluorescamine assays), (C) Unmodified Adenovirus and (D) PEGylated adenovirus 

(100% modification). (Adapted from Wonganan et al., Viruses 2010; 2: 468-502). 
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with PEGylated vectors conjugated with fibroblast growth factor (FGF) both in vitro and 

in vivo [63, 67, 84]. Retargeting PEGylated virus with FGF was also found to improve 

transduction by 10-1,000 fold in murine and human muscle cells in vitro and by a factor 

of 6 in the skeletal muscle of mdx mice [84]. Additional improvements in gene transfer to 

endothelial cells in mice with delayed-type hypersensitivity and human breast cancer 

cells have been achieved by coupling anti-E-selectin antibodies and folate and human 

epidermal growth factor (EGF) to PEGylated virus respectively [66, 74, 75, 85]. In 

addition to improving cell-specific transduction efficiency, this simple approach also 

offers several other benefits, as described above, including shielding adenovirus from the 

immune system, improving the half life and other pharmacokinetic parameters of the 

virus and minimizing safety concerns arising with respect to using genetically and 

chemically modified viruses in the clinic [66-68, 70, 74, 75, 85, 86]. It is not currently 

clear, however, if this modification can have significant impact on the changes in hepatic 

CYP expression and function observed during virus infection. 

 

 

1.2 CYTOCHROME P450 

1.2.1 Background 

Cytochrome P450 (CYP) is superfamily of hemoproteins that play a pivotal role 

in the biotransformation of endogenous compounds and foreign substances. CYP-

mediated detoxification is a key defense mechanism that organisms use to protect 

themselves from the potentially harmful effects of foreign compounds. They often 

convert these xenobiotics to more hydrophilic compounds, which are often easily 

conjugated and excreted than the parent compound. Besides being involved in drug 
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metabolism, these enzymes also play an important role in many natural physiological 

processes such as the synthesis and/or metabolism of cholesterol, vitamin D, bile acids 

and steroids [87, 88]. Members of this superfamily have been identified in all known 

organisms, from archaebacteria to humans. In order to systemically identify and 

categorize this growing body of enzymes, a leading group of researchers in the field 

established the current system of nomenclature (http://drnelson.utmem.edu/Cytochrome 

P450.html) [89, 90].  The P450 enzymes are named as CYP followed by an arabic 

number which correlates to the family number. This number may be associated with 

function of the enzyme such CYP21 acts as a steroid 21-hydroxylase, or it may have been 

chosen rather arbitrarily. Members within the same family share more than 40% sequence 

homology. If a family needs to be divided further, an uppercase letter defining the 

subfamily, is assigned. Members within the same subfamily contain at least 55% 

sequence homology. In each subfamily, individual isoforms, labeled again by arabic 

numbers, the difference of sequence should be more than 3%. 

In humans, CYP enzymes can be roughly divided into two groups based on their 

substrate specificity. The first group demonstrates high substrate specificity, catalyzing 

the biosynthesis and metabolism of endogenous substrates including cholesterol, steroids,  

vitamin, and eicosanoids. In contrast, the second group shows wide substrate specificity 

and is involved in metabolism of various compounds including drugs, many toxicants and 

carcinogens. 
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1.2.2 CYP3A subfamily 

1.2.2.1 CYP3A in human 

The human CYP3A subfamily is considered to be the most important CYP 

subfamily in the biotransformation of drugs. Despite its high biological significance with 

respect to expression and xenobiotic metabolism (Figures 1.10 and 1.11), the CYP3A 

subfamily is relatively compact, consisting of only four members in humans: CYP3A4, 

CYP3A5, CYP3A7, and CYP3A43 [91-93]. Although the sequences for these proteins 

demonstrate at least 70% identity, they differ significantly in expression patterns and 

substrate specificity [94, 95].  

 CYP3A4 transcripts are undetectable in fetus liver, but rapidly rise after birth 

whereupon CYP3A4 becomes the predominant CYP isoform in the adult liver [96, 97]. It 

accounts for approximately 30 to 40% of the total hepatic CYP content [98]. In an adult 

human liver, CYP3A immunoreactivity was detected in midzonal and centrilobular 

regions [99]. In addition to the liver, much of intestinal CYP3A is of the CYP3A4 

fraction [100, 101]. This, together with the large activation pocket in the enzyme that 

accommodates many chemical entities, results in substrate promiscuity. It has been 

estimated to be involved in the metabolism of more than 50% of all therapeutic 

compounds currently sold [102]. 

 Similar to CYP3A4, CYP3A5 expression is not associated with the developing 

fetus accounting for less than 10% of all metabolic enzymes at this time [103]. Although 

CYP3A5 is found in adult liver at a lower level than CYP3A4 [104], it is the major 

CYP3A isoform in human in kidney, lung, stomach and esophagus [105, 106]. It is also 

important to note that the substrate specificity of CYP3A5 seems to be very similar to 

CYP3A4, however, it processes compounds at a slower rate [107].  
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Figure 1.10 Major hepatic P450 enzymes involved in drug metabolism. Circles are 

intended to reflect the mean size of the pool of each of the major CYP enzymes in human 

liver. The exact pattern will vary among individuals. A few commonly recognized 

substrates, inhibitors and inducers of these CYPs are indicated. (Adapted from 

Guengerich, Mol Interv 2003: 3:194-204). 
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In contrast to the other isoforms in this family, CYP3A7 is predominantly 

expressed in embryonic, fetal, and newborn livers and decreases rapidly at birth [97]. 

Approximately one-half of adults have detectable levels of CYP3A7 within the liver [96]. 

Although hepatic expression of this isoform appears to be low in adult, an increase in 

endometrium and placental expression of CYP3A7 has been observed in pregnant 

woman, suggesting the protective role of CYP3A7 in the hydroxylation of several 

endogenous substances like retinoic acid and steroid hormones which, if unchecked, 

could result in dysregulation of steroid levels in the developing fetus [108]. 

 In 2001, CYP3A43, a new member of the human CYP3A subfamily was cloned 

[91, 109, 110]. CYP3A43 appears to be expressed in many tissues as are the other 

isoforms of the CYP3A subfamily and has been identified in both adult and fetus 

samples. However, in comparison to other members, the expression and metabolic 

activity of CYP3A43 is very low, making its contribution to CYP3A-mediated 

metabolism negligible. 

 

1.2.2.2 CYP3A in rat 

In rats, there are currently six CYP3A isoforms, CYP3A1, CYP3A2, CYP3A9, 

CYP3A18, CYP3A23 and CYP3A62 [111]. CYP3A23 is an allerlic variant of CYP3A1 

[112]. CYP3A1 and CYP3A2 are predominantly expressed in liver [113]. Although 

CYP3A1 and CYP3A2 are highly homologous CYP3A isoforms, they have distinct 

patterns of expression. CYP3A1 is exclusively expressed in response to the 

administration of inducers such as phenobarbital and dexamethasone while CYP3A2 is 

constitutively expressed in the liver early after birth in males and females. CYP3A2 is 

suppressed after three weeks in females, conversely to the males, in which an increase of  
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Figure 1.11 Contribution of major human CYP enzymes to the phase I metabolism 

of all drugs currently marketed. CYP3A subfamily is considered to be the most active 

CYP isoforms with respect to drug metabolism. (Adapted from Guengerich, Mol Interv 

2003: 3:194-204). 
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CYP3A2 mRNA concentration is not observed until puberty [114]. In contrast to 

CYP3A1 and CYP3A2, CYP3A9 and CYP3A18 are highly expressed in small intestine 

[115]. Recently, CYP3A62 has been found to be a new major intestinal CYP3A enzyme 

[116]. Matsubara et al. found that there is a gender-related difference in CYP3A forms 

and their expression in small intestine. The CYP3A enzyme with the highest mRNA 

expression level was CYP3A9 followed by CYP3A62 and CYP3A18, respectively in 

duodenum of the male rat while a different rank order: CYP3A62, CYP3A9 and 

CYP3A18 was found in duodenum of female rat [116]. On the basis of these expression 

profiles, it has been suggested that CYP3A1 and CYP3A2 are responsible for hepatic 

metabolism whereas CYP3A9, CYP3A18 and CYP3A62 are involved in intestinal 

metabolism of the rat [117].  

 

1.2.2.3 CYP3A in mouse 

In the mouse CYP3A11, CYP3A13, CYP3A16, CYP3A25, CYP3A41, and 

CYP3A44 have been characterized and assigned to the CYP3A family [118, 119]. Of the 

mouse CYP3A isoforms, CYP3A11 is the isoform most similar to human CYP3A4, 

having 76% amino acid homology [120]. CYP3A11 and CYP3A13 show a maximum 

level of expression at 4-8 weeks after birth; however, CYP3A11 mRNA is predominantly 

expressed in mouse liver compared with that of CYP3A13 [121, 122]. In contrast to 

CYP3A11 and CYP3A13, CYP3A16 is the predominant isoform expressed in fetal liver 

and declines dramatically five weeks after birth [123]. CYP3A25 is expressed primarily 

in the liver and small intestine of both fetal and adult mice, with no evidence of sex-

specific expression [124]. CYP3A41 [125] and CYP3A44 [126] were shown to have a 

female-specific expression patterns. The expression of CYP3A41 generally increases 
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with age in females and gradually declines in males as age increases. Similarly, the 

expression of CYP3A44 was gradually diminished in males after 5 weeks of age while 

expression levels were relative constant after birth in females [126].  Recently, it was 

found that in adult mice, CYP3A11, CYP3A25, and CYP3A41 are concentrated in the 

liver whereas CYP3A13 is primarily in the intestine [111]. 

  

1.2.3 Regulation of hepatic CYP3A 

 Hepatic CYP3A is both constitutively expressed and transcriptionally induced by 

many endogenous substances such as steroid hormones and by a variety of structurally 

diverse xenobiotics. Hepatic CYP3A expression is primarily regulated by a number of 

transcription factors. Each of these interacts at specific regions within the well-studied 5′-

flanking region of CYP3A4 gene (Figure 1.12). 

 

1.2.3.1 Pregnane X receptor (PXR) 

There is now substantial evidence available that supports the fact that PXR, a member of 

the nuclear receptor family of ligand-activated transcription factors, is a key regulator of 

CYP3A expression. Firstly, PXR has been capable of binding to xenobiotic response 

elements previously identified within the human and rat CYP3A promoter and activates 

expression of this isoform in transfection assays [127, 128]. Secondly, the tissue-specific 

distribution pattern of PXR expression resembles that of CYP3A, with the most 

significant quantities expressed in the liver and intestine, and lesser amounts in the 

kidney and lung [129]. Although, PXR has been activated by compounds that are induce 

CYP3A [127, 130, 131], there are, major differences in PXR ligand preferences between 

species. For example, rifampicin is a strong agonist for human and rabbit PXR, but   
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Figure 1.12 Schematic overview of CYP3A4 5′flanking region and its regulation by 

specific transcription factors in the liver. Promoter and enhancer elements act in 

concert with specific and/or ubiquitous transcription factors and nuclear receptors at 

various points along the 5′-flanking region of the promoter to orchestrate hepatic 

CYP3A4 expression. (Adapted from Croyle., Expert Opin Drug Metab Toxicol 2009; 5: 

1189-1121). 
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poorly activates mouse PXR while pregnenolone 16α-carbonitrile (PCN) and 

dexamethasone are known PXR inducers only in rodents [107, 127]. Sequence 

differences in the ligand-binding domains (75-80% identity between rabbit, rodent and 

human), not the DNA-binding domains (~95% identical between species) are responsible 

for this phenomenon [132, 133].  

There has been some controversy about subcellular localization of unbound PXR. 

While some studies report constant nuclear localization of PXR regardless of the absence 

or presence of ligand [134, 135], other studies describe the presence of PXR exclusively 

in the cytoplasm. In the latter case, treatment with a PXR agonist leads to translocation of 

PXR into the nucleus where it forms a heterodimer complex with the retinoid X receptor 

alpha (RXRα) [136, 137]. This complex then binds to the distal xenobiotic responsive 

enhancer module (XREM) located upstream of the transcription start site in the CYP3A 

promoter and subsequently drives gene expression in concert with the proximal PXR 

responsive element (prPXRE) (Figure 1.12) [128, 138].  A number of different co-

regulators including nuclear receptor co-repressor (NcoR), steroid receptor co-activator 1 

(SRC-1), and peroxisome proliferators activating receptor γ coactivator-1 (PGC-1) also 

interact with PXR to form the active transcriptional complex [139-141].  

 

1.2.3.2 Constitutive androstane receptor (CAR) 

The constitutive androstane receptor (CAR) was initially shown to be involved in 

the phenobarbital-mediated induction of CYP2B [142]. Besides this function, CAR is 

also involved in the induction of CYP3A [143-146]. CAR is mainly expressed in liver 

and kidney and less so in other tissues [147]. In the absence of ligand, CAR is retained in 

the cytoplasm in a complex with its co-chaperone protein, cytoplasmic CAR retention 



 31 

protein (CCRP) and heat shock protein 90 (Hsp90) and translocates to the nucleus upon 

activation [148]. CAR, however, has a constitutive activity and nuclear translocation does 

not necessarily depend upon ligand binding [149, 150]. Phenobarbital, an activator of 

CAR, can induce nuclear translocation without directly interacting with the ligand-

binding domain. The detailed mechanisms of phenobarbital-mediated nuclear 

translocation of CAR are still unclear. Several studies have shown that phosphorylation 

of proteins after treatment with phenobarbital regulates subcellular localization and 

activity of CAR [151-153]. Once in the nucleus, CAR heterodimerizes with RXRα and 

binds to DNA-binding elements, of which many are shared with PXR [144, 154]. 

  

1.2.3.3 Other receptor-based CYP3A transcription factors 

CYP3A can also be induced by vitamin D3 and its derivatives [155, 156]. This 

effect is mediated through vitamin D receptor (VDR) which heterodimerizes with RXRα 

after ligand binding [157]. The implication of the VDR in CYP3A4 gene expression was 

initially suggested by Schmiedlin-Ren et al. who showed that 25-hydroxy vitamin D3 

behaves as a transcriptional inducer of CYP3A4 in the colon carcinoma cell line, Caco-2. 

Similar to the intestine, ligand-activated VDR induced expression of CYP3A4 mRNA in 

human hepatocytes [158]. VDR has regulated CYP3A4 gene expression through the 

XREM and the vitamin D-responsive element (VDRE) located in the 5′-flanking region 

of the CYP3A4 gene [157, 158]. 

Natural and synthetic glucocorticoids also induce rodent and human hepatic 

CYP3A in vitro and in vivo [159-162]. Glucocorticoids alter CYP3A expression by two 

different concentration-dependent mechanisms. Under physiological conditions, 

submicromolar concentrations of glucocorticoids have increased cellular CAR, PXR and 
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RXR levels through a glucocorticoid receptor (GR)-mediated mechanism, resulting in an 

increased expression of rate-limiting transcription factors [160]. Alternatively, under 

stress conditions, supramicromolar concentrations of glucocorticoids have directly 

activated PXR and CAR, leading to induction of CYP3A gene expression [88, 161].  

 

1.2.3.4 Hepatocyte nuclear factors (HNFs) 

Besides nuclear receptors, other trans-acting factors and their corresponding cis-

acting elements also affect CYP3A gene expression. Hepatocyte nuclear factors (HNFs), 

liver enriched transcription factors, play an important role in controlling hepatic and 

extra-hepatic CYP gene expression. HNF-4α is required for both basal and inducible 

transcription of rat and human CYP3As [146, 163]. HNF-4α, along with several other 

transcription factors (HNF-1α, USF-1, and AP-1), constitutively induce CYP3A4 

expression by binding to and activating the constitutive liver enhance molecule of 

CYP3A4 [18] located upstream of XREM (Figure 1.12) [138]. HNF-4α is critically 

involved in both PXR- and CAR-mediated transcriptional activation of CYP3A4 [146]. 

Conditional deletion of hepatic Hnf4α minimized basal and halted inducible expression 

of CYP3A in vitro and in the mouse [146, 164]. 
 

1.2.3.5 CCAAT enhancer binding proteins (C/EBPs) 

CCAAT enhancer binding proteins (C/EBPs) also play a vital role in the 

regulation of many CYPs [164, 165], with C/EBP-α and C/EBP-β being the most 

abundant isoforms in the liver [166]. Several C/EBP response elements have been found 

in the CYP3A4 5′promoter sequence. C/EBP-α mediates basal and inducible expression 

of CYP3A4, CYP3A5, and CYP3A7 in a synergistic manner with HNF-3γ [165, 167]. In 
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addition to C/EBP-α, C/EBP-β can also play an important role in CYP3A4 basal 

expression and variability [168]. Complexes of liver activating protein (LAP) and liver 

inhibitory protein (LIP) with C/EBP-β were found to bind to the CYP3A4 5′ promoter 

and modulate CYP expression [169]. It has also been indicated that variation in the 

LAP:LIP isoform ratio can largely influence the regulation of CYP3A4 [168]. 

 

1.2.4 Infection and inflammation and CYP3A expression 

Early reports in 1963 described changes in hexobarbital and strychnine 

metabolism in mice with virus-induced hepatitis [170]. Others have also described 

alterations in CYP-catalyzed reactions during infection with Newcastle disease virus 

[171], encaphalomycarditis virus [172], retrovirus [173, 174] and influenza virus [175]. 

Chang and colleagues were the first to observe and report altered drug metabolism 

associated with virus infection in humans with the observation that the plasma half-life of 

theophylline was significantly longer in asthmatic children displaying symptoms of 

upper-respiratory tract infections [176]. Similar effects were observed during the 1980 

influenza epidemic in Seattle. Several young children who were receiving theophylline as 

phophylactic treatment for asthma were admitted to hospital with severe drug toxicity 

[177]. The authors suggested that the altered pattern of drug metabolism may be one 

factor involved in the higher incidence of adverse drug reactions seen during viral 

infection. 

Since then, mechanistic studies have found that inflammatory cytokines, 

including IL-1, IL-6, TNF-α, IFN-γ and nitric oxide (NO) released during virus infection 

play a role in down-regulation of CYPs [178-181]. Although the molecular mechanism 

remains unknown, several nuclear receptors, transcription factors and cellular signaling 
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pathways have been suggested to contribute in CYP3A suppression during infection and 

inflammation (Figure 1.13) [168, 182, 183]. 

Several studies have demonstrated a role of CAR, PXR and their 

heterodimerization partner, RXR in down-regulation of CYP3A. Reduced CYP3A 

mRNA levels following LPS and IL-6 treatment was paralleled by reductions in PXR, 

CAR and RXR mRNA [160, 184-186]. When PXR-knockout mice were treated with IL-

6, no significant changes in CYP3A expression were observed, suggesting that the 

repression by IL-6 may be partially mediated through a PXR-dependent signaling 

pathway [187]. In contrast, reduced CYP3A mRNA levels following LPS administration 

were still observed in the absence of PXR [188]. This suggests that different 

inflammatory signals may affect distinct pathways in the regulation of CYP3A genes. 

HNF-4α is required for the basal transcriptional of rat and human CYP3A. It was 

demonstrated that the DNA binding activities of HNF-1α, HNF-3β and HNF-4α were 

rapidly reduced in the liver of LPS-treated rats, suggesting that the suppression of 

CYP3A could also be due to the combined effects of LPS on HNFs [189]. In addition, it 

has been shown that IL-6 down-regulates CYP3A4 through the induction of C/EBP-β-

LIP, a 20 kDa C/EBP-β isoform lacking a transactivation domain, as its overexpression 

caused a dose dependent loss in CYP3A4 in hepatocytes, suggesting that the induction of 

C/EBP-LAP would compete with the activity of the constitutive C/EBP transactivator 

[190]. 

NF-κB has been implicated in down-regulation of CYP3A. Pretreatment with 

curcumin, a compound that reduces NF-κB activation completely prevented the LPS-

mediated suppression of CYP3A2 [189]. Additional studies documented that repressions 

in CYP3A4 promoter activity caused by TNF-α and LPS were reversed by NF-κB 

suppressors [191]. NF-κB activation has been shown to alter expression of CYP3A  
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Figure 1.13 Potential mechanism of CYP3A4 repression by cytokines.  Activation of 

cytokine signaling through signal transducer and activator of transcription 3 (STAT3), 

mitogen-activated protein kinases (MAPKs) or nuclear factor-κB (NF-κB) caused by 

increased levels of systemic cytokines may directly impair the action of nuclear receptors 

such as hepatocyte nuclear factor-4α (HNF-4α), pregnane X receptor (PXR), constitutive 

androstane receptor (CAR) and retinoid X receptor-α (RXR-α) that are involved in 

regulation of CYP3A4. Another potential mechanism that may contribute to CYP3A4 

repression is the disruption of the balance of two isoforms of CAAT/enhancer binding 

proein (C/EBP-β)-liver activating protein (LAP) and liver inhibitory protein (LIP). 

(Adapted from Robertson et al., Clin Pharmacol Ther 2008; 6: 894-897). 
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through different mechanisms. First, NF-κB activation inhibits PXR activity and, in turn, 

CYP3A expression. Second, NF-κB activation leads to its translocation into the nucleus 

where it interacts with RXRα and prevents the binding PXR/RXRα complex to the 

CYP3A promoter (Figure 1.14) [191]. Since CAR is positively regulated by 

glucocorticoids, interference of the NF-κB p65 RelA resulted in inhibition of 

glucocorticoid receptor-mediated transactivation of CAR [192]. Recent evidence 

demonstrated that NF-κB also stabilizes CYP3A4 and, in turn, reduces its levels through 

a proteosomal inhibition mechanism [193].  

Members of the mitogen-activated protein kinase (MAPK) families, c-Jun N-

terminal kinase (JNK) and extracellular signal-regulated kinase (ERK), have shown to 

regulate CYP3A expression possibly through direct interaction with PXR, CAR and RXR 

(Figure 1.13) [87, 194, 195]. Several studies have demonstrated that JNK alters CYP3A 

expression by several mechanisms. JNK was found to depress glucocorticoid receptor 

activity, which subsequently suppresses CAR and, in turn, CYP activity [87]. Activation 

of JNK by IL-1β after treatment with endotoxin induced nuclear export of RXRα, 

preventing heterodimerization of RXR with other nuclear receptors such as PXR and 

CAR [196, 197]. Phosphorylation of RXRα by JNK signaling pathways was associated 

with reduced RXRα-dependent promoter activity [198, 199]. JNK also phosphorylates 

HNF-4α and could also regulate CYP in this manner [200]. ERK has shown to play a key 

role in changes in CYP3A6 expression during inflammation [201]. 

It has been shown that signaling mediated by PKA or PKC in the liver can alter 

PXR activity and consequently hepatic CYP3A expression [202-204]. Protein kinase C 

repressed PXR activity by strengthening the interaction between PXR and co-repressors 

while inhibiting the interaction between PXR and co-activators [202]. On the other hand, 

activation of PKA signaling potentiated PXR-mediated induction of CYP3A gene  
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Figure 1.14 Schematic illustration of the suppression of CYP3A gene expression by 

NF-κB.  Upon activation of NF-κB by cytokines such as IL-6 or TNF-α, NF-κB p65 

translocates into the nucleus and disrupts the binding of the PXR-RXRα heterodimer to 

its regulatory sites by interacting with RXRα, which is the obligate partner of PXR, 

thereby suppressing CYP3A expression.   
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expression in cultured hepatocytes and increased the strength of PXR-co-activator 

protein-protein interactions in cell based assays [203]. These results have suggested that 

PKA and PKC regulate PXR activity, in part, through alteration PXR-cofactor 

complexes. Phosphorylation also alters the DNA-binding activity and transactivation 

potential of HNF-4α [205, 206]. 

 

1.3 OBJECTIVES 

It is well documented that microbial infection and inflammation significantly 

alters the expression and function of hepatic CYP. Additional studies have shown that 

various cytokines and chemokines mediate this effect [181, 182, 207, 208]. We 

previously investigated the effect of systemic administration of a first generation 

recombinant adenoviral vector expressing E.coli beta-galactosidase on hepatic CYP3A 

and found that doses in the range of 5.7x106 - 5.7x 1012 vp/kg significantly altered 

expression and function of CYP3A in the Sprague-Dawley rat for a period of 14 days, 

long after cytokines are cleared and inflammation resolves (Figure 1.15) [209]. 

Additional work has shown that similar effects are seen with viruses that have attenuated 

immune profiles and responses can be transgene specific [210]. Given this and the fact 

that adenoviruses alter several cell signaling cascades known to affect the expression of 

key transcriptional regulators of CYP, the following hypothesis was generated: 

Changes in hepatic CYP expression and function during adenovirus infection 

have clinical relevance. These changes may be initially reduced by inflammatory 

mediators in response to virus infection, however, long-term effects are mediated 

by cell signaling cascades that directly impact transcription factors that regulate 

CYP3A expression in the liver in multiple species.  
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Figure 1.15 Effect of systemic administration of a first generation recombinant 

adenoviral vector expressing E.coli beta-galactosidase (AdlacZ) on hepatic CYP3A 

24 hours after treatment. (A) Western blot analysis of hepatic CYP3A protein 

expression. (B) In vitro catalytic activity of CYP3A microsomal proteins measured by the 

production of testosterone metabolite, 6α-hydroxytestosterone.  (C) mRNA levels of 

CYP3A2, as determined by real time RT-PCR. (Adapted from Callahan et al., J Pharm 

Exp Ther 2005; 312: 492-501). 
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More specifically, the aims of this project were 

 
i. Determine the clinical relevance of adenovirus-induced changes in 

CYP3A. This was achieved by evaluating the pharmacokinetics and 

biodistribution of docetaxel, which is metabolized by CYP3A and is 

currently used as combination therapy with adenovirus expressing human 

p53 in the clinic, in the absence and presence of virus in a rat model. 

(Chapter II) 

 

ii. Determine the species-specific effect of the innate immune response 

on CYP3A expression and function. This was achieved by investigating 

pharmacology and toxicology of unmodified and PEGylated helper-

dependent adenovirus (HDAd) and determining the effect of these viruses 

on the expression and function of hepatic CYP3A in mice and non-human 

primates. (Chapter III) 

 

iii. Identify mechanisms that play a key role in hepatic CYP3A 

suppression during adenovirus infection in the mouse and human 

hepatocytes. This was achieved by infecting HC-04 cells with a panel of 

viruses and noting changes in the expression and distribution of PXR, 

CAR and RXRα. Additional studies in this model and the mouse both 

suggest that extracellular engagement of integrins initiates long-term 

changes in hepatic CYP3A. (Chapter IV) 
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CHAPTER TWO 

Effect of Administration of Recombinant Adenoviruses on the 
Pharmacokinetics of Docetaxel in a Rat Model 

  

2.1 INTRODUCTION 

Adenovirus-based vectors are currently being developed as novel therapeutics for 

diverse applications, including inherited genetic disorders, cancer, cardiovascular disease, 

neurodegenerative disorders and infectious disease [211]. At present, cancer is the 

therapeutic target of most gene therapy clinical trials. One strategy of cancer gene therapy 

is the use of replication-deficient adenoviral vectors to transfer either 

immunostimulatory, anti-angiogenic, suicide or tumor suppressor genes alone or in 

combination to reduce tumor growth and spread [212]. To date, adenovirus-mediated 

delivery of the tumor suppressor gene, p53, (Adp53) has made the most progress in the 

clinic. One form of this construct has been marketed as Gendicine in China since 2004, 

while others are currently undergoing late-stage clinical trials for a variety of 

malignancies in several other countries [213]. Studies in both preclinical models of 

disease and human clinical trials have shown that Adp53, when used in combination with 

traditional anti-cancer therapeutic agents, can significantly enhance drug potency [214-

218]. In light of this synergistic or additive effect, recombinant adenoviruses are, 

therefore, likely to be given in conjunction with chemotherapeutic agents. 

Docetaxel (DTX) is one of the most potent antineoplastic agents with a broad 

spectrum of antitumor activity. It has been used to treat various malignancies including 

breast, lung, ovarian, head and neck, and prostate cancer. It exhibits cytotoxicity by 

stabilizing microtubules and preventing depolymerization to free tubulin [219]. DTX is 

predominantly metabolized by hepatic cytochrome P450 3A4 (CYP3A4) and eliminated 
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through biliary secretion. To date, four major metabolites of this drug have been 

identified that possess less cytotoxic activity with respect to the parent compound [220]. 

Several preclinical studies have described improvement in response to DTX when used in 

combination with Adp53 [216, 217]. A marked pharmacological advantage of this 

approach has been highlighted in a phase II clinical trial where the use of DTX and 

doxorubicin in combination with ADVEXIN, another adenovirus-p53 construct, has 

shown a greater reduction in tumor size compared to that seen with chemotherapy alone 

[218]. Although several other reports have supported this finding, the mechanism by 

which this occurs is unknown. 

CYP3A4 is predominantly found in the human liver and is involved in the 

metabolism and clearance of more than 50% of currently marketed drugs. Given its broad 

range of substrates, CYP3A4 plays a significant role in a large number of clinically 

relevant drug interactions [221]. We have previously found that systemic administration 

of a first-generation adenovirus expressing Escherichia coli β-galactosidase (AdlacZ) 

alters expression and function of rat hepatic CYP3A2, an isoform homologous to the 

human CYP3A4 [209]. Additional studies indicate that the biology of the transgene 

product can significantly influence changes in CYP3A2 noted during treatment with 

recombinant adenoviruses [210]. On the basis of these results, we developed the 

hypothesis that changes in rat hepatic CYP3A2 following systemic administration of 

adenovirus could alter pharmacokinetic profile of other CYP3A substrates given 

concomitantly either as part of a therapeutic regimen or for treatment of other underlying 

conditions. Therefore, the primary goal of this study was to determine how systemic 

administration of recombinant adenoviruses influences the pharmacokinetics and tissue 

distribution of DTX, a CYP3A substrate, in a rat model. 
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2.2 MATERIALS AND METHODS 

2.2.1 Materials 

Taxotere® (Docetaxel) was purchased from Sanofi-Aventis (Bridgewater, NJ). 

Acetopromazine was purchased from Fort Dodge laboratories, Inc (Fort Dodge, IA). 

Protogel® acrylamide was purchased from National Diagnostics (Atlanta, GA). 5-bromo-

4-chloro-3-indolyl-β-D-galactosidase (X-gal) was purchased from Gold Biotechnology 

(St. Louis, MO). Phosphate-buffered saline (PBS), ethylenediaminetetraacetic acid 

(EDTA), glucose-6-phospate, glucose-6-phosphate dehydrogenase, β-nicotinamide 

adenine dinucleotide phosphate sodium salt hydrate (NADP), 11α-hydroxyprogesterone, 

and testosterone were purchased from Sigma-Aldrich (St. Louis, MO). Testosterone 

metabolites were purchased from Steraloids Inc. (Wilton, NH). Tissue-Tek® O.C.T 

compound was purchased from Sakura Finetek (Torrance, CA). Oligonucleotide primers 

were custom synthesized by Sigma Life Science (Woodlands, TX). All other chemicals 

were of analytical reagent grade and purchased from EMD Chemicals (Gibbstown, NJ) 

unless specified otherwise. 

 

2.2.2 Adenovirus vector production 

First-generation adenoviral vectors containing either wild-type p53 cDNA 

(Adp53) or E. coli β-galactosidase transgene (AdlacZ) under the control of a 

cytomegalovirus promoter were amplified in human embryonic kidney (HEK) 293 cells 

and purified by two rounds of cesium chloride gradient ultracentrifugation. Virus 

concentration was calculated using the method of Maizel et al [222]: virus particles/ml = 

(absorbance at 260 nm) x (dilution factor) x 1.1 x 1012. 
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2.2.3 Administration of adenoviral vectors and docetaxel (DTX) 

All animal procedures were performed in accordance with the guidelines 

established by the National Institutes of Heath for humane treatment of animals and 

approved by the Institutional Animal Care and Use Committee of the University of Texas 

at Austin. Adult male Sprague-Dawley rats (7 - 8 weeks old; Charles River Laboratories, 

Wilmington, MA) underwent jugular cannulation as previously described [223]. Twenty- 

four hours later, a single dose of 5.7 x 1011 vp/kg of either AdlacZ, Adp53 or PBS 

(vehicle) was administered in a volume of 500 µl followed by an equal volume of saline 

to ensure that virus was completely flushed from the catheter. Twenty-four hours after 

virus administration, 4-5 animals were sacrificed from each group to assess the effect of 

virus on CYP3A2. Remaining animals received 500 µl of either 10 mg/kg DTX (Sanofi-

Aventis Pharmaceuticals, Bridgewater, NJ), DTX vehicle [13% ethanol, 25% polysorbate 

80 (v/v), 62% saline (0.9%)] or PBS followed by 500 µl of saline through the jugular 

cannula. Blood was collected through the cannula immediately before DTX 

administration and at 5, 15, 30, 60, 120, 240 and 480 minutes after dosing. Samples were 

processed and plasma collected by centrifugation at 3,000 x g for 10 minutes at 4°C and 

stored at -80°C for DTX analysis.  Animals were killed 24 hours after DTX 

administration. At the time, blood was collected and major organs (liver, lung, kidneys) 

were harvested. 

  

2.2.4 Testosterone hydroxylation assay 

Hepatic microsomes were prepared by ultracentrifugation according to established 

methods [224]. To assess hepatic CYP3A activity, 200 µg of liver microsomal protein 

was incubated with 200 µM testosterone, a NADPH regenerating system consisting of 5 

mM NADP, 100 mM glucose-6-phosphate, and 100 mM magnesium chloride and 5 units 
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of glucose-6-phosphate dehydrogenase for 15 minutes at 37°C with gentle agitation. The 

reaction was quenched with dichloromethane and 11α-hydroxyprogesterone was added 

as an internal standard. The organic phase was then evaporated and samples were 

dissolved in methanol. Testosterone and its metabolites were separated and quantified by 

high-performance liquid chromatography as described [225]. Peak areas of the 

hydroxylated metabolites were measured and compared to peak areas of the internal 

standard within the same run.  

 

2.2.5 Western blot analysis 

Microsomal protein (20 µg) and a CYP3A2 protein standard (XenoTech, LLC, 

Lenexa, KS) were separated by 8% sodium dodecylsulfate polyacrylamide gel 

electrophoresis as described [209]. Immunoblotting for CYP3A2 protein was performed 

using a polyclonal rabbit anti-rat CYP3A2 antibody (1:3000 dilution, BD Gentest, 

Woburn, MA) and a polyclonal anti-rabbit IgG horseradish peroxidase conjugated 

secondary antibody (Cell Signaling Technology, Denver, MA). CYP3A1 and CYP3A2 

co-migrate during electrophoresis. The antibody used to detect CYP3A2 was polyclonal 

with crossreactivity to CYP3A1, therefore all protein levels for CYP3A2 are reported as 

CYP3A1/2. Immune complexes for CYP3A1/2 were detected by chemiluminescence 

(Western Lightning Detection kit, PerkinElmer, Boston, MA). Protein band densities 

were analyzed using Kodak 1D image analysis software (Eastman Kodak, Rochester, 

NY). 
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2.2.6 Real time RT-PCR 

Hepatic RNA was isolated from tissue snap frozen in liquid nitrogen using 

TRIzol® (Invitrogen, Carlsbad, CA), according to the manufacturer’s instructions. RNA 

was reversed transcribed with random nanomers using a RETROscript reverse 

transcription kit (Ambion, Austin, TX). Real-time PCR was carried out using the Power 

SYBR Green PCR Master Mix kit (Applied Biosystems, Foster City, CA) with the 

following primers specific for CYP3A2: 5′-TTG ATC CGT TGT TCT TGT CA-3′ 

(forward) and 5′-GGC CAG GAA ATA CAA GAC AA-3′ (reverse). DNA amplifications 

were carried out using an ABI Prism 7900 HT Sequence Detection System (Applied 

Biosystems) with the following cycling conditions: 50°C for 2 minutes, 95°C for 10 

minutes, followed by 40 cycles of 95°C for 15 seconds and 62°C for 1 minute.  Copy 

number was calculated from standard curves obtained from plasmid DNA containing 

CYP3A2 sequences representing 1 x 102 to 1 x 107 copies. 

  

2.2.7 Real time PCR 

Genomic DNA was extracted from frozen hepatic tissues using a QIAamp DNA 

mini kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. Real-time 

PCR of adenovirus hexon protein was carried out using the Taqman Universal PCR 

Master Mix kit (Applied Biosystems) and the following primers: 5′-ACT ATA TGG 

ACA ACG ACG TCA ACC CAT T-3′ (forward) and 5′-ACC TTC TGA GGC ACC 

TGG ATG T-3′ (reverse) [210]. The internal probe sequence, targeted with 6FAM 

fluorescence dye at 5′ end and TAMRA quencher at the 3′ end, was 5′-ACC ACC GCA 

ATG CTG GCC TGC-3′. DNA amplifications were initiated by a 10 minutes 

denaturation at 95°C followed by 40 cycles at 95°C for 15 seconds and 62°C for 1 minute 

using an ABI Prism 7900 HT Sequence Detection System (Applied Biosystems).  
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2.2.8 Evaluation of beta-galactosidase expression 

The amount of β-galactosidase in tissue samples was quantified by an enzyme-

linked immunosorbent assay (ELISA, Roche Applied Science, Indianapolis, IN) and 

visually localized by histochemical staining as described previously [226]. 

 

2.2.9 Evaluation of p53 expression 

The amount of p53 mRNA in hepatic tissue was assessed by a semi-quantitative 

RT-PCR method. RNA was reversed transcribed with random nanomers using a 

RETROscript reverse transcription kit (Ambion). PCR was carried out in a PTC-100 TM 

Programmable Thermal Controller (MJ Research Inc., Waltham, MA) using the 

AmpliTaq Gold PCR Master Mix kit (Applied Biosystems) with the following cycling 

conditions: 95°C for 30 seconds, 56°C for 30 seconds and 72°C for 1 minute for a total of 

35 cycles. The primers sequences for p53 were 5′-AAG CAG TCA CAG CAC ATG 

ACG GAG-3′ (forward) and 5′-GAG TCT TCC AGT GAG ATG ATG GT-3′ (reverse) 

as previously described [227]. QuantumRNATM 18S internal standards (Ambion) using 

Ambion’s competimer technology were co-amplified in individual reaction tubes. 

Reaction products were visualized on a 1.5% agarose gel containing ethidium bromide 

and the intensity of each band was determined by densitometric analysis using Kodak 1D 

image analysis software (Eastman Kodak Co.). 

 

2.2.10 Analysis of serum transaminases 

Serum AST levels and ALT levels were determined using VITROS AST/SGOT 

and ALT/SGPT DT slides on a VITROS DT60 AutoAnalyzer (Ortho-Clinical 

Diagnostics, Rochester, NY). 
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2.2.11 Docetaxel analysis 

Tissue samples were processed by a standard protein precipitation technique. 

DTX was isolated from these samples and plasma using a solid phase extraction 

technique as described [228]. DTX concentrations were determined using dual liquid 

chromatography-mass spectrometry assay according to an establish protocol [229]. 

 

2.2.12 Pharmacokinetic analysis 

Pharmacokinetic parameters (plasma clearance (CL), the terminal elimination half 

life (t1/2), and the volume of distribution at steady state (Vss)) were calculated by a non-

compartmental fit analysis using WinNonlin 4.0 (Pharsight Corporation, Mountain View, 

CA). The AUC was calculated using the linear trapezoidal method with extrapolation of 

the terminal concentration to infinity. 

  

2.2.13 Statistical analysis 

Statistical analysis of data was performed using SigmaStat (Systat Software Inc., 

San Jose, CA). An unpaired two-tailed Student’s t-test was used to compare differences 

in pharmacokinetic parameters, transgene expression and virus distribution. Differences 

in all other parameters were evaluated by a one-way analysis of variance followed by a 

Bonferroni/Dunn post hoc test. For each of these tests, differences were determined to be 

significant when the probability of chance explaining the results was reduced to less than 

5% (P< 0.05). 
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2.3 RESULTS 

2.3.1 Effect of systemic administration of recombinant adenoviruses on hepatic 
CYP3A2 expression and function before treatment with DTX 

Rats were given a single dose (5.7 x 1011 vp/kg) of either Adp53 or AdlacZ, 

through a catheter inserted in the jugular vein. AdlacZ, previously documented to 

suppress rat hepatic CYP3A2 [209], was used as a positive control in these studies. 

Twenty-four hours after treatment with either virus, several animals from each group 

were sacrificed to characterize CYP activity and expression before DTX dosing. 

Remaining animals were given a single dose of DTX (10 mg/kg). Before DTX treatment, 

hepatic CYP3A catalytic activity was significantly reduced. The amount of 6β-

hydroxytestosterone, the primary CYP3A-specific metabolite of testosterone, generated 

in samples from animals treated with either virus was reduced by approximately 47% 

with respect to that found in samples from phosphate-buffered saline (PBS)-treated 

animals (Figure 2.1A, P<0.05). CYP3A1/2 protein was also reduced by AdlacZ and 

Adp53 (40% and 33%, respectively, Figure 2.1B). Real-time reverse transcription (RT)-

PCR showed that virus-induced inhibition of CYP3A2 occurs at the transcriptional level. 

CYP3A2 mRNA levels were 60% and 49% of control for animals treated with AdlacZ 

and Adp53, respectively (Figure 2.1C, P<0.05). Serum aspartate aminotransferase (AST) 

and alanine aminotransferase (ALT) levels were measured to assess liver toxicity. Both 

viruses significantly elevated serum AST; however, the most profound induction 

occurred in animals given AdlacZ. In this group, serum AST was four times above 

control values. A threefold increase was seen in animals treated with Adp53 (Figure 

2.2A, P<0.01). A similar trend was observed in serum ALT (Figure 2.2B, P<0.05). 
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Figure 2.1 Systemic administration of recombinant adenoviral vectors suppresses 

hepatic CYP3A 24 hours after treatment. (A) In vitro catalytic activity of CYP3A 

microsomal proteins measured by the production of testosterone metabolite, 6β-

hydroxytestosterone. (B) Western blot analysis of hepatic CYP3A1/2 protein expression. 

(C) mRNA levels of CYP3A2, as determined by real time RT-PCR. Results are reported 

as the mean ± s.e.; n = 4-5 rats per treatment group. *P<0.05 with respect to vehicle 

control (phosphate-buffered saline, PBS). 
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Figure 2.2 Systemic administration of recombinant adenoviral vectors induces 

hepatotoxicity 24 hours after treatment. (A) Effect of systemic administration of 

adenovirus on serum aspartate transaminase (AST). (B) Effect of systemic administration 

of adenovirus on serum alanine transaminase (ALT). Results are reported as the mean ± 

s.e.; n = 4-5 rats per treatment group. *P<0.05, **P<0.01, ***P<0.001 with respect to 

vehicle control (phosphate-buffered saline, PBS). 
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2.3.2 Impact of systemic administration of recombinant adenoviruses on 
pharmacokinetics and tissue distribution of DTX 

To determine how virus-induced changes in CYP3A2 affected the metabolism 

and clearance of DTX, pharmacokinetic parameters of the drug were measured 24 hours 

after virus administration. The presence of either virus markedly altered the 

pharmacokinetic profile of DTX (Figure 2.3A). The area under the plasma concentration-

time curve (AUC) for DTX was 2- and 1.4- fold greater in rats given AdlacZ and Adp53, 

respectively, than that of animals receiving DTX alone (Table 2.1). Administration of 

AdlacZ and Adp53 reduced DTX clearance by 54% and 37%, respectively. The terminal 

plasma half-life of DTX was prolonged threefold in the presence of either virus (Table 

2.1, P<0.05). Each virus significantly altered tissue distribution of DTX in the lung 

(Figure 2.3B). Samples from animals given AdlacZ contained about half the amount of 

drug found in tissue of animals given DTX alone. A similar result was seen with Adp53. 

There was no significant difference in the amount of DTX present in the liver and 

kidneys of animals treated with either virus and DTX or with the drug alone (Figure 

2.3B, P=0.075). 

 

2.3.3 Effect of systemic administration of DTX on hepatic CYP3A2 expression and 
function 24 hours following adenovirus infection  

Docetaxel itself can induce CYP3A4 gene expression in certain cell types, such as 

peripheral mononuclear cells from those with lung cancer [221], while leaving hepatic 

CYP3A4 unaffected [230]. Taking this into consideration, CYP3A2 expression and 

function was assessed after DTX administration to confirm our hypothesis that the 

synergistic effect between the drug and the adenovirus observed in the clinic was due to 

virus-induced changes in CYP. Twenty-four hours after administration of DTX,  
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Figure 2.3 Recombinant adenoviruses alter the pharmacokinetic parameters of 

docetaxel (DTX). (A) Observed plasma concentration-time curve after intravenous 

administration of DTX (10 mg/kg) to animals given the drug alone (DTX) and those 

treated with recombinant adenoviruses 24 hours earlier (AdlacZ + DTX, Adp53 + DTX). 

(B) Tissue distribution of DTX 24 hours after administration in the presence and absence 

of recombinant adenoviruses. Results are reported as the mean ± s.e.; n = 4-5 rats per 

treatment group. ***P<0.001 with respect to vehicle control (phosphate-buffered saline, 

PBS). 
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Table 2.1 Calculated pharmacokinetic parameters of DTX (10 mg/kg) alone or in 

combination with recombinant adenoviruses (5.7 x 1011 vp/kg) 

 

Parameter Docetaxel Docetaxel + AdlacZ Docetaxel + Adp53 

AUC (ng/ml/h) 1,496.14 ± 281.62 2,987.37 ± 197.97* 2,113.44 ± 197.01 

CL (L/h/kg) 7.35 ± 1.22 3.38 ± 0.22* 4.85 ± 0.43 

Vss (L/kg) 17.43 ± 2.80 6.05 ± 0.67* 17.68 ± 2.54 

t1/2 (h) 1.98 ± 0.10 5.06 ± 0.37* 5.55 ± 0.84* 

 

AUC: area under plasma concentration-time curve extrapolated to infinity, CL: systemic 

clearance, Vss: volume of distribution at steady state, t1/2: terminal elimination half-life.  

Data were obtained from plasma samples and reflect average values ± s.e of the means 

from 4-5 animals per treatment group. *P<0.05 with respect to DTX alone. 
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testosterone hydroxylation assays showed no further changes in CYP3A activity with 

respect to saline-treated animals. Hepatic CYP3A activity was still suppressed by 

approximately 35% in animals given either virus (Figure 2.4A). At this time, 48 hours 

after virus administration, hepatic CYP3A activity was still significantly compromised in 

animals receiving AdlacZ alone (P<0.001), while it began to recover to baseline levels in 

animals given Adp53. DTX also did not affect CYP3A1/2 protein expression. Western 

blot analysis showed that the significant reduction in CYP3A1/2 protein in animals 

treated with either virus alone remained at the same level when DTX was given (Figure 

2.4B, P<0.05). CYP3A2 mRNA was approximately 50% of control in all treatment 

groups except AdlacZ-treated animals (Figure 2.4C, P<0.01). For this treatment group, 

CYP3A2 mRNA began to recover to 70% of that seen in samples from saline-treated rats. 

 

2.3.4 Serum transaminase levels 24 hours following administration of DTX in the 
presence of recombinant adenoviruses  

Serum AST and ALT were measured to assess the degree of liver toxicity 

associated with systemic administration of DTX when given 24 hours after adenovirus. 

At the time point, 48 hours after administration of virus, these enzymes were not 

significantly elevated above baseline values in animals treated with either virus alone. 

Despite this, serum AST was significantly elevated by a factor of three in all animals 

receiving DTX (Figure 2.5A, P<0.01). ALT levels were unaffected by the drug (Figure 

2.5B). 
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Figure 2.4 Docetaxel (DTX) does not alter the pattern of virus-induced changes in 

hepatic CYP3A2 expression and function. (A) In vitro catalytic activity of CYP3A 

microsomal proteins measured 48 hours after the administration of either adenovirus 

alone or in combination with DTX. (B) Western blot analysis of liver microsomal 

proteins for CYP3A1/2. (C) Gene expression of CYP3A2, as determined by real time 

RT-PCR. Results are reported as the mean ± s.e.; n = 4-5 rats per treatment group. 

*P<0.05, **P<0.01, ***P<0.001 with respect to vehicle control (PBS). 
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Figure 2.5 Systemic administration of docetaxel can increase serum transaminases 

24 hours after treatment. (A) Serum aspartate aminotransferase (AST) and (B) serum 

alanine aminotransferase (ALT) levels. Results are reported as the mean ± s.e.; n = 4-5 

animals per treatment group. **P<0.01, ***P<0.001 with respect to vehicle control 

(phosphate-buffered saline; PBS). 
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2.3.5 Effect of systemic administration of DTX on hepatic transgene expression and 
virus distribution  

Hepatic tissue sections were stained histochemically to evaluate the degree of 

transgene expression after a single dose of AdlacZ. A dose of 5.7 x 1011 vp/kg transduced 

approximately 30% of hepatocytes 24 hours after administration (Figure 2.6A). There 

were no significant differences in the number of β-galactosidase-positive cells present in 

the liver of animals treated with AdlacZ either in the presence or absence of DTX 24 

hours later (Figures 2.6B and C). A quantitative enzyme-linked immunosorbent assay 

confirmed that the amount of β-galactosidase in the liver of animals treated with AdlacZ 

alone (217 ± 57 ng β-galactosidase/mg protein) was similar to that of animals treated 

with AdlacZ and DTX (184 ± 70 ng β-galactosidase/mg of protein, Figure 2.6D). There 

was also no statistical difference in the amount of p53 mRNA in the liver, measured by 

RT-PCR, in samples from animals treated with Adp53 alone and in conjunction with 

DTX (Figure 2.6E). Together these results indicate that DTX does not alter transgene 

expression patterns when given 24 hours after the virus. 

 There was also no statistical difference in the number of viral genomes in liver 

samples taken from animals given AdlacZ (4,253 ± 313 virus genome (VG)/100 ng 

genomic DNA) and Adp53 (3,635 ± 573 VG/100 ng genomic DNA) prior to treatment 

with DTX. The number of viral genomes present in the lung and the kidney of animals 

treated with AdlacZ were also approximately the same as those given Adp53. Pulmonary 

tissues of animals receiving AdlacZ and Adp53 contained 842 ± 175 and 774 ± 99 

VG/100 ng genomic DNA, respectively. Renal samples obtained from animals given 

AdlacZ contained 291 ± 67 VG in 100 ng of renal genomic DNA. Those animals given 

Adp53 contained 218 ± 109 VG/100 ng genomic DNA. DTX did not significantly affect 

the distribution patterns of either virus. The number of viral genomes in the liver at this 
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time were 3,676 ± 316 VG/100 ng genomic DNA (AdlacZ) and 3,476 ± 514 VG/100 ng 

genomic DNA (AdlacZ + DTX, Figure 2.7A). Similarly, 3,301 ± 343 VG/100 ng 

genomic DNA and 3,423 ± 756 VG/100 ng genomic DNA were found in hepatic isolates 

of animals receiving Adp53 alone and with DTX, respectively (Figure 2.7A). There were 

also no statistical differences in the number of viral genomes present in the lung or the 

kidney between any of the treatment groups (Figures 2.7B and C). 
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Figure 2.6 Docetaxel (DTX) does not affect hepatic transgene expression. (A) 

Representative hepatic tissue section 24 hours after intravenous administration of 

AdlacZ. (B) Representative tissue section 48 hours after intravenous administration of the 

same virus. (C) Representative tissue section from an animal treated with AdlacZ and 

then DTX 24 hours later (sacrificed 48 hours after administration of virus). (D) β-

galactosidase expression, as measured by enzyme-linked immunosorbent assay, in the 

liver 48 hours after administration of either AdlacZ alone or in combination with DTX. 

(E) p53 gene expression, as determined by reverse transcription-PCR. Results are 

reported as the mean ± s.e.; n = 4-5 rats per treatment group. 
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Figure 2.7 Docetaxel (DTX) does not affect virus distribution. (A) Distribution of 

viral genomes in the liver following systemic administration of either adenovirus alone or 

in combination with DTX. (B) Distribution of virus in the lung after administration of 

either virus alone or in combination with DTX. (C) Distribution of viral genomes in the 

kidney following systemic administration of either virus alone or in combination with 

DTX. Results are reported as the mean ± s.e.; n = 4-5 rats per treatment group. 
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2.4 DISCUSSION 

The combination of virotherapy and chemotherapy has become a promising 

strategy for cancer treatment. Many reports have also illustrated that this combination 

affords superior clinical efficacy with respect to single-agent regimens for some cancers 

[231, 232]. We have previously found that a single systemic dose of recombinant 

adenovirus significantly suppresses expression and function of hepatic CYP3A2 in the rat 

[209], which is 90% structurally and functionally equivalent to human CYP3A4. On the 

basis of these results, if adenovirus is given to a patient in combination with other drugs 

primarily metabolized by this enzyme, it can promote and prolong the pharmacological 

actions of them by preventing their clearance and extending their time in the systemic 

circulation. However, most antineoplastic agents are potent, cytotoxic agents with very 

narrow therapeutic indices. Thus, increasing their plasma concentration could potentially 

cause serious adverse consequences [233]. 

To further investigate potential changes in drug metabolism and distribution 

profiles during virus infection, we chose DTX, a CYP3A substrate used in combination 

with virotherapy, as a model drug. DTX was given 24 hours after adenovirus 

administration. This dosing regimen was selected based on the fact that CYP3A2 would 

be significantly reduced [209], and to prevent compounded changes in CYP and the 

associated toxicity that might occur had the two agents been given simultaneously. Total 

CYP3A activity is a strong predictor of DTX clearance (CL) and is responsible for inter-

patient variability of DTX metabolism [234, 235]. As shown in Table 2.1, treatment with 

either virus increased the AUC and reduced plasma CL. The half-life of DTX was also 

extended in animals given virus. Despite variable reports in the literature describing the 

effect of DTX on CYP [230, 236, 237], results outlined in this report suggest that DTX 

alone does not affect hepatic CYP3A expression and function. Given this information, we 
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believe that the observed changes in the pharmacokinetic profiles of DTX are largely due 

to virus-mediated inhibition of CYP3A2. 

Although intravenous administration, as performed in our studies, is not the most 

common method for delivering recombinant viruses for cancer and other clinical 

therapies using these vectors; several studies have shown that up to 90% of a single dose 

of adenovirus can disseminate to the liver within 10 minutes after localized tissue-

specific infusion [238, 239]. Thus, the improved efficacy of DTX when given with 

adenovirus in several clinical trials is still most likely due to virus-mediated changes in 

CYP in the liver and other target tissues. We also realize that although CYP enzymes 

responsible for drug metabolism and clearance are highly concentrated in the liver, local 

CYP expression patterns in other organs associated with drug metabolism and clearance, 

such as the kidney and intestine [240], as well as specific cancer cells, also play a critical 

role in modulating the pharmacokinetic and pharmacodynamic profiles of anticancer 

agents [228, 241, 242]. Thus, intratumoral infusion of recombinant adenovirus type 5 or 

administration of other viruses that are detargeted from the liver to reduce associated 

hepatotoxicity [243, 244] may also alter local CYP expression patterns and dictate how 

certain cancers respond to a given therapeutic regimen. Studies to illustrate this effect in 

tumor cell lines and other organs associated with drug metabolism and clearance in 

preclinical models of cancer are currently underway in our laboratory. 

It has been reported that DTX can change adenovirus transduction efficiency and 

transgene expression in vitro by altering virus transport patterns through microtubule 

networks [217, 245, 246]. In contrast, we found no significant difference in transgene 

expression in the liver of animals receiving adenovirus alone or in combination with the 

drug. A similar result was seen with respect to the number of viral genomes distributed to 

target organs. One of the most surprising findings of this study was that recombinant 
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adenoviruses alter tissue distribution of DTX in the lung but not other organs such as the 

liver and kidney. The mechanism for this effect is not clear; however, virus-induced 

changes in tissue and plasma protein binding and blood flow may be responsible for this 

effect. An increase in plasma protein binding often correlates with a decrease in the free 

fraction of drug and reduces tissue penetration [247]. Many plasma components, 

including α1-acid glycoprotein (AAG), lipoproteins and albumin bind DTX with high 

affinity [219]. In vitro studies have shown that DTX is extensively bound to AAG, an 

acute phase protein that is often elevated in response to inflammation [248]. Expression 

of this protein is stimulated by interleukin-1 and interleukin-6 [249], cytokines commonly 

produced in response to systemic administration of recombinant adenoviruses in the rat 

[250]. Although, we did not assess AAG levels in this study, we believe that this 

phenomenon may have occurred in animals given the AdlacZ vector because a significant 

reduction in volume of distribution of DTX was found. This could also explain the 

greater changes in AUC and CL of DTX in animals given AdlacZ with respect to those 

given Adp53. We have previously found that recombinant adenovirus at the dose used in 

these studies suppresses several CYP isoforms responsible for the metabolism and 

clearance of compounds involved in regulation of renal blood flow [251]. Imaoka et al 

[252] have recently reported that similar CYP isoforms such as CYP2B1, responsible for 

production of epoxyeicosatrienoic acids and endothelium vasodilators, are present in the 

lung.  It is possible that CYP2B1 may be suppressed during adenovirus infection, 

reducing pulmonary blood flow and limiting drug distribution to the lung. Additional 

studies to determine how systemic administration of recombinant adenovirus affects 

pulmonary CYP2B1 are warranted. 

The effect of microbial infection and inflammation on CYP expression and 

function has been extensively studied in vitro and in several animal models. Although the 
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mechanism by which CYP is suppressed is not fully understood, cytokines and nitric 

oxide are thought to mediate this effect initially [181, 207]. Along these lines, we have 

found that the immunogenic and biological nature of the transgene cassette can dictate 

virus-mediated changes in CYP3A2 for a period of 14 days [210], beyond the timeframe 

associated with the acute phase of the innate immune response. In this study, serum 

transaminases were markedly elevated by both viruses 24 hours after treatment (Figure 

2.1), suggesting that adenovirus-mediated hepatotoxicity might initially contribute to 

repression of CYP3A2 activity. However, CYP3A2 remained suppressed in all animals 

48 hours after treatment despite the fact that serum ALT, a strong indicator of liver 

damage [253], returned to baseline levels (Figure 2.5B) while AST, a strong indicator of 

toxicity in tissues other than the liver [254] was elevated in only those animals given 

DTX (Figure 2.5A). Thus, we believe that short-lived inflammatory mediators may 

indeed play a role in adenovirus-induced changes in CYP expression and function, but 

other factors associated with certain cell signal transduction pathways initiated during 

infection in the liver may be responsible for long-term suppression of CYP [255]. 

Additional studies to elucidate specific mechanisms by which adenovirus infection 

modulates CYP expression and function are currently under active investigation in our 

laboratories. 

In summary, we have shown that a single systemic dose of recombinant 

adenovirus expressing the tumor suppressor gene, p53, significantly compromises hepatic 

CYP3A2 expression and catalytic activity. This effect altered the pharmacokinetic profile 

of DTX, a CYP3A substrate, and these results may be extrapolated to other drugs 

metabolized by the enzyme. The information described here is not only useful in the 

context that recombinant adenoviruses are currently used in the clinic for gene therapy 

and vaccine protocols but that this ubiquitous virus is capable of causing significant 
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illness and high mortality in specialized patient populations [256-258]. Thus, it seems 

reasonable to conclude that care should be taken when designing therapeutic regimens 

that include drugs metabolized primarily by the CYP3A enzyme family for those treated 

with recombinant viruses and patients susceptible to adenovirus infection. 
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CHAPTER THREE 

Species-Specific Differences in the Pharmacology and Toxicology of 
PEGylated Helper-Dependent Adenovirus in Non-Human Primates 

 

3.1 INTRODUCTION 

PEGylation, the modification of biological molecules by covalent attachment of 

polyethylene glycol (PEG), was first conceptualized in the 1970s through the pioneering 

work by Davis and Abuchowski [259, 260].  The molecule at the heart of this process, 

PEG, is soluble in both aqueous and organic solvents, non-toxic, non-immunogenic and 

varies in molecular weight from 100 to 40,000 for biological applications [58, 60, 261].  

Compounds modified by this technique entered the clinic in the late 1980s and were sold 

as viable medicinal agents by the early 1990s [59, 261].  Today, this technology has 

evolved to produce highly sophisticated, extremely potent, target-specific biomolecules 

used clinically for chronic diseases such as hepatitis C, leukemia, severe combined 

immunodeficiency (SCID), age-related macular degeneration, rheumatoid arthritis and 

Crohn's disease [58, 261].  Conjugation of this simple compound to complex biological 

entities significantly changes their physical and chemical properties and, in turn, 

improves their physical stability, solubility and pharmacokinetic and 

immunological/toxicological profiles with minimal loss of activity [58-60, 261].  The 

latter property, reducing immunogenicity and associated toxicity while improving 

kinetics and biodistribution, was the impending force that expanded the application of 

this technology to intact microorganisms used for gene transfer. 

Recombinant viruses were originally thought to be perfect 'Trojan horses' for gene 

therapy due to their inherent ability to efficiently transduce cellular targets to support 
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their own replication [262].  Their use was limited, however, by the fact that they are 

rapidly cleared from the circulation by certain components of the immune system, 

preventing them from reaching their target and reducing transduction efficiency if a 

second dose is needed.  This fostered a decade of research devoted to genetic and 

molecular manipulation of virus capsid proteins in order to evade the immune response 

[263, 264].  Of the methods tested, PEGylation has been the most thoroughly investigated 

and applied to several different viruses such as the adenovirus [22, 63-65, 72, 79], adeno-

associated virus (AAV) [265, 266] and pseudotyped lentivirus [267].  PEGylation did not 

significantly compromise transduction efficiency of these vectors and extended their 

circulation half-life [66, 267, 268].  This method also significantly reduced the 

production of inflammatory cytokines and cytotoxic T cells during the innate immune 

response and protected vectors from inactivation by complement and neutralizing 

antibodies [77].  To date, most of the data generated using PEGylation technology for 

gene transfer has focused on the modification and administration of recombinant 

adenoviruses in a mouse model. 

Although the adenovirus is the most highly characterized virus currently used for 

gene transfer, it is afflicted with one of the most vicious toxicity profiles [269, 270].  Use 

of helper-dependent adenoviruses, the most recent generation of vectors in which all viral 

coding sequences are eliminated, has minimized toxicity, allowing long-term, high-level 

gene expression in several animal models [17, 49, 271].  Animals treated with these 

vectors, however, still experience acute toxicity initiated by the innate immune response 

against capsid proteins, illustrated by the release of pro-inflammatory cytokines such as 

interleukin-6 (IL-6), IL-12 and tumor necrosis factor alpha (TNF-α) into the circulation 

hours after injection [35, 49].  This, in conjunction with widespread activation of 

neutrophils, macrophages and dendritic cells in the spleen and Kupffer cells in the liver, 
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induces additional side effects such as thrombocytopenia, intense periportal 

polymorphonuclear lymphocyte infiltration and elevated liver enzymes, which, at certain 

doses, can lead to tissue injury, multi-organ failure and death [33, 34]. 

We and others have previously found that PEGylation of a helper-dependent 

adenovirus significantly reduces many of the symptoms associated with adenovirus-

induced toxicity in the mouse [22, 72]. While these results were encouraging, it is 

currently difficult to predict how these vectors will perform in a clinical setting.  Pre-

clinical studies required for the marketing approval of any medicinal agent generally 

include toxicological evaluation of single and repeat doses in a rodent and non-rodent 

species [272].  In recent years, the non-human primate has been the non-rodent species of 

choice due to the need for a model with the pharmacology, immune system and 

pharmacokinetics that is phylogenetically similar to humans [273].  The death of Jesse 

Gelsinger in the ornithine transcarbamylase (OTC) trial, the development of leukemia in 

the severe combined immunodeficiency (SCID) trial in Paris and the unexpected loss of 

transgene expression due to a cytotoxic response to AAV vector-transduced hepatocytes 

in the AAV factor IX hemophilia trials fostered the need for this type of pre-clinical 

testing for gene transfer vectors [274].  In this report, we assess the pharmacokinetics, 

biodistribution and transduction efficiency of two doses (5 × 1011 virus particles per 

kilogram (vp/kg)) and 3 × 1012 vp/kg)) of a PEGylated recombinant helper-dependent 

adenovirus in male baboons. Pro-inflammatory cytokines (IL-6, IL-12, TNF-α), 

coagulation markers (platelets, prothrombin time, D-dimer), white blood cell counts and 

full blood chemistry panels were evaluated in each animal for a period of four days.  

Results were compared with animals given unmodified virus from the same production 

lot.  The effect of PEGylation on the expression and function of hepatic cytochrome P450 

3A, the most abundant enzyme in human liver [102], is also discussed. 
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3.2 MATERIALS AND METHODS 

3.2.1 Materials 

Acetopromazine was purchased from Fort Dodge laboratories, Inc (Fort Dodge, 

IA). Protogel® acrylamide was purchased from National Diagnostics (Atlanta, GA). 5-

bromo-4-chloro-3-indolyl-β-D-galactosidase (X-gal) was purchased from Gold 

Biotechnology (St. Louis, MO). Phosphate-buffered saline (PBS), 

ethylenediaminetetraacetic acid (EDTA), glucose-6-phospate, glucose-6-phosphate 

dehydrogenase, β-Nicotinamide adenine dinucleotide phosphate sodium salt hydrate 

(NADP), 11α-hydroxyprogesterone and testosterone were purchased from Sigma-Aldrich 

(St. Louis, MO). Testosterone metabolites were purchased from Steraloids Inc. (Wilton, 

NH). Oligonucleotide primers were custom synthesized by Sigma Life Science 

(Woodlands, TX). All other chemicals were of analytical reagent grade and purchased 

from EMD Chemicals (Gibbstown, NJ) unless specified otherwise. 

 

3.2.2 HDΔ28E4LacZ rescue, amplification, and large-scale production 

HDΔ28E4LacZ was rescued (serial passage P0) by transfecting a 60-mm dish of 

293Cre cells at ~80% confluence with 20 μg of PmeI-digested pΔ28E4-βGEO plasmid. 

The next day, these cells were infected with 1,000 vp/cell of the helper virus, 

AdLC8cLuc, as described previously [275]. The virus was further amplified by serial co-

infection of 60-mm dishes (~90% confluence) of 293Cre cells with 10% of the total 

culture volume consisting of crude lysate from the previous passage and 200 vp/cell of 

AdLC8cLuc for three serial passages (P1-P3). At P4, four 100-mm dishes of 293Cre cells 

were co-infected with media containing 10% (total culture volume) of the P3 crude lysate 

and 200 vp/cell of helper virus. At P5, eight 150-mm dishes of 293Cre cells were co-
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infected with 10% (total culture volume) of the P3 crude lysate and 200 vp/cell of helper 

virus.  Cells were harvested 48 hours post-infection for use as inoculum for the 

subsequent passage after one freeze–thaw. Virus amplification was assessed during each 

passage by staining one dish 24 hours after infection with X-Gal and noting the number 

of cells that contained the chromogenic precipitate produced by active beta-galactosidase. 

For large-scale production, 16 triple flasks (Corning Life Sciences, Lowell, MA) of 

293Cre cells at ~90% confluence were co-infected with 5% (total culture volume) of the 

P5 crude lysate and 200 vp/cell of helper virus.  Cells were harvested 48 hours post-

infection by centrifugation. The cell pellet was resuspended in buffer (10 mM Tris-HCl, 

pH 8.0, 2 mM MgCl2, 4% sucrose) and stored at -80°C prior to purification.  

 

3.2.3 HDΔ28E4LacZ  purification 

Cells were lysed by three freeze-thaw cycles and debris eliminated by 

centrifugation at 3,500 rpm for 10 minutes.  Virus was purified by banding twice on 

cesium chloride gradients and desalted on an Econo-Pac 10DG disposable 

chromatography column (Bio-Rad, Hercules, CA) equilibrated with sterile 100 mM 

potassium phosphate buffered saline (pH 7.4). Vector concentration was determined by 

UV spectrophotometric analysis at 260 nm and a standard limiting dilution assay [222]. 

All experiments were performed with freshly purified virus. Helper virus contamination 

was not detectable by Southern blot analysis (<0.2% contamination) [276]. 

  

3.2.4 PEGylation of helper-dependent adenovirus 

Protein content of a freshly purified virus preparation was determined using 

BioRad DC Protein Assay reagents (BioRad) and bovine serum albumin (Sigma Aldrich, 
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St. Louis, MO) in a standard in a microplate format. PEGylation was performed 

according to established protocols [79]. In brief, 10 µg of monomethoxypoly(ethylene) 

glycol, activated by tresyl chloride (Sigma Aldrich), was added for each microgram of 

protein present. The coupling reaction was performed for two hours at 25°C with gentle 

agitation and the reaction stopped by the addition of L-lysine, in a 10-fold excess with 

respect to the amount of PEG added. Unreacted PEG, excess L-lysine, and reaction 

byproducts were removed by buffer exchange over an Econo-Pac 10DG disposable 

chromatography column equilibrated with sterile 100 mM potassium phosphate buffered 

saline (pH 7.4). A separate aliquot of virus was treated and processed in the absence of 

PEG in the same manner as the conjugated virus and served as the unPEGylated control 

for each production lot.  Characterization of these preparations revealed significant 

changes in biophysical properties of the virus such as the PEG-Dextran partition 

coefficient and peak elution times during capillary electrophoresis [277].  Approximately 

16,175 PEG molecules were associated with each virus particle in the studies outlined 

here as determined by a PEG-biotin assay [22]. 

 

3.2.5 Administration of adenovirus 

All procedures were performed in accordance with the guidelines established by 

the National Institutes of Heath for humane treatment of animals and approved by the 

Institutional Animal Care and Use Committees of the Southwest National Primate 

Research Center (San Antonio, TX) and The University of Texas at Austin.  Prior to 

initiation of the study, baboons (Papio sp.) were placed in individual specialized cages 

equipped with a tethering system consisting of a lightweight fiberglass backpack and a 

flexible stainless steel cable connecting the pack to a cannular slip-ring in the top of the 
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cage allowing for frequent blood sampling without the need for sedation [278].  Blood 

was collected from each animal prior to treatment to establish baseline blood chemistries 

and hematological parameters via a 22 gauge catheter placed in the left cephalic vein.  

Virus was infused at a rate of approximately 0.5 ml/min for 3-5 minutes. Each dose was 

followed by 5 milliliters of sterile saline to ensure that the entire preparation was flushed 

from the IV line. Animals were housed under BSL 2 conditions.  Five milliliters of blood 

was collected for assessment of circulating virus concentration, cytokines, blood 

chemistries and hematological profiles 1, 3, 6, 24, 48, 72 and 96 hours following vector 

administration. Urine and feces were collected at the same time as blood withdrawal and 

all samples screened for virus by an in vitro limiting dilution assay as previously 

described [279].  Animals were euthanized and underwent full necropsy 96 hours after 

treatment.  The following tissues were collected: liver (4 lobes), lung (5 lobes), kidney, 

heart, spleen, lymph nodes (multiple locations), kidney, pancreas, stomach, duodenum, 

jejunum, ileum, cecum, colon, esophagus, trachea, bronchi, eye, bladder, prostate, testis, 

adrenal gland, thyroid/parathyroid, tongue, salivary glands (parotid and sublingual) 

thymus, brain, skeletal muscle, tonsil and brain.  Portions of each tissue were rinsed with 

saline and rapidly immersed in disposable peel-away molds containing Tissue-Tek® 

O.C.T compound (Sakura Finetek, Torrance, CA) and stored at –80 °C for histochemical 

analysis of transgene expression. Additional samples of each tissue were rinsed in saline, 

snap frozen in liquid nitrogen, and stored at –80°C for microsome preparation (liver only) 

and DNA extraction for PCR. 
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3.2.6 Biochemical and hematological analysis of blood 

Hematological parameters (WBC, RBC, hemoglobin, hematocrit, platelets, 

neutrophils, lymphocytes, granulocytes, monocytes, eosinophils, basophils) and blood 

chemistries (glucose, blood urea nitrogen (BUN), creatinine, total protein, albumin, 

globulin, cholesterol, alanine transaminase (ALT), aspartate transaminase (AST), alkaline 

phosphatase, electrolytes, total bilirubin and lactate dehydrogenase (LDH) were 

measured in the clinical laboratory at the Southwest Foundation for Biomedical Research 

(San Antonio, TX).  D-dimer concentrations were determined by the Scott & White 

Reference Laboratory (Temple, TX).  Serum cytokine concentrations were determined 

using enzyme-linked immunosorbent assays (ELISA) for rhesus monkey IL-6, IL-12 p70 

and TNF-α according to the manufacturer's instructions (Biosource, Camarillo, CA). 

 

3.2.7 Pharmacokinetic analysis 

Pharmacokinetic parameters (plasma clearance (CL), the terminal elimination half 

life (t1/2) and the volume of distribution at steady state (Vss)) were calculated by a non-

compartmental fit analysis using WinNonlin 4.0 (Pharsight Corporation, Mountain View, 

CA). The area under the plasma concentration-time curve (AUC) was calculated using 

the linear trapezoidal method with extrapolation of the terminal concentration to infinity. 

 

3.2.8 Histological and biochemical evaluation of transgene expression 

Frozen sections (6 µm) were fixed in 0.5% glutaraldehyde in phosphate buffered 

saline (PBS) and washed twice in PBS containing 1 mM magnesium chloride.  Slides 

were then incubated overnight in a solution containing X-gal and counterstained the 

following day with eosin (Fisher Diagnostics, Middletown, VA). Photomicrographs were 
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captured using a Nikon Coolpix 4500 digital camera attached to a MicrosOptics IV900 

microscope and Nikon View software.  In order to quantitate the amount of beta-

galactosidase in each tissue, separate samples were harvested upon necropsy, 

immediately washed in cold PBS, placed in 1 ml lysis buffer (provided with the β-gal 

ELISA kit, Roche Applied Science, Indianapolis, IN) containing the HaltTM protease 

inhibitor cocktail (Thermo Scientific, Rockford, IL) and frozen at -80°C until they were 

homogenized using a PowerGen 700 homogenizer (Fisher Scientific, Pittsburgh, PA).  

Protein concentration of cleared supernatants obtained after centrifugation at 14,000 rpm 

for 10 minutes was determined by a microplate assay with Bio-Rad DC Protein assay 

reagents and bovine serum albumin as a standard. Beta-galactosidase concentrations were 

determined with the β-gal ELISA kit (Roche) according to the manufacturer’s 

instructions. 

 

3.2.9 Real-time PCR 

DNA was extracted from thawed samples using a QIAamp DNA mini kit 

(Qiagen, Valencia, CA). Amplification of adenoviral ITR sequences was carried out 

using the Power SYBR Green PCR Master Mix kit (Applied Biosystems, Foster City, 

CA) with the following primers: 5′-AGC CAA TAT GAT AAT GAG GGG GTG-3′ 

(forward) and 5′-TAC GCG CTA TGA GTA ACA AA-3′ (reverse) [280]. Real-time 

reactions were run on the ABI Prism 7900HT sequence detector (Applied Biosystems) 

under the following conditions: 50 °C for 2 minutes, 94°C for 10 minutes, followed by 40 

cycles of 94°C for 30 seconds, 56°C for 30 seconds and 72°C for 30 seconds.  The viral 

genome copy number in unknown samples was calculated from standard curves 
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generated from plasmid DNA containing adenovirus ITR sequences representing 1 × 102 

to 1 × 107 viral genomes. 

 

3.2.10 Microsome isolation 

Hepatic microsomes were prepared from 300-500 mg of tissue taken from each 

lobe at the time of necropsy according to established ultracentrifugation protocols [224].  

Samples were then stored at -80°C prior to analysis. 

 

3.2.11 Testosterone hydroxylation assay 

In order to assess hepatic CYP3A4 activity, formation of the isoform-specific 

metabolite of testosterone, 6β-hydroxytestosterone, was characterized in microsomes 

isolated from each primate. In brief, 200 µg of liver microsomal protein was incubated 

with testosterone and glucose-6-phosphate dehydrogenase for 15 minutes at 37°C with 

gentle agitation. The reaction was quenched with dichloromethane and 11α-

hydroxyprogesterone added as an internal standard. The organic phase was then 

evaporated and samples were re-dissolved in methanol. Testosterone and its metabolites 

were separated and quantified by high-performance liquid chromatography (HPLC) as 

previously described [225]. Peak areas of the hydroxylated metabolite were measured and 

compared to peak areas of the internal standard within the same run. 

 

3.2.12 Western blot analysis 

Twenty micrograms of hepatic microsomal proteins and CYP3A4 standard 

(human liver microsomes, Xenotech, Lenexa, KS) were separated on an 8% gel via 

sodium dodecylsulfate polyacrylamide gel electrophoresis as described [209].  Detection 
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of CYP3A4 protein was achieved using a rabbit anti-human CYP3A4 polyclonal 

antibody (1:4,000 dilution, Xenotech) and a corresponding horseradish peroxidase 

conjugated secondary antibody (1:3,000 dilution, Cell Signaling Technology, Denver, 

MA). Immune complexes for CYP3A4 were detected by chemiluminescence (Western 

Lightning Detection Kit, PerkinElmer, Boston, MA). Protein band densities were 

analyzed using Kodak 1D image analysis software (Eastman Kodak, Rochester, NY). 

 

3.2.13 Statistical analysis 

Statistical analysis of data was performed using Sigma-Stat (Systat Software Inc., 

San Jose, CA). Differences were evaluated by a one-way analysis of variances followed 

by a Bonferroni/Dunn post hoc test. Differences were deemed significant when the 

probability of chance explaining the results was reduced to less than 5% (P<0.05). 
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3.3 RESULTS 

Male baboons (Papio sp., 2-3 years old, 5-9 kg) selected for the study did not 

have circulating neutralizing antibodies to human adenovirus serotype 5 as determined by 

an in vitro assay [65].  Animals were given either a low (5 × 1011 vp/kg) or moderate dose 

(3 × 1012 vp/kg) of PEGylated HDAd by infusion. Animals receiving the corresponding 

dose of unmodified virus from the same production lot served as controls.  Baboons were 

routinely monitored for abnormal signs and symptoms potentially related to vector 

administration such as significant changes in appetite, weight, stool consistency, heart 

rate, temperature and conjunctivitis throughout the study period.  The low dose of each 

virus was well tolerated.  The animal given 3 × 1012 vp/kg of unmodified HDAd was 

lethargic and inactive with moderate to labored breathing for the first 3 hours while the 

baboon given the PEGylated preparation continued to be active and alert throughout the 

entire study period. 

 

3.3.1 Pharmacokinetics and biodistribution of viruses in the baboon 

3.3.1.1 Pharmacokinetics  

One of the primary motives for PEGylating medicinal compounds is to 

strategically alter their pharmacokinetic profile and, in turn, improve their therapeutic 

potential [59].  Thus, in order to determine persistence of virus in the circulation, the 

amount of infectious virus present in the blood was quantified by an in vitro infectious 

titer assay [267].  The maximum concentration of active circulating virus was found 

within one hour after injection of the moderate dose (3 × 1012 vp/kg) of each preparation 

(Figure 3.1).  At this time, the concentration of PEGylated HDAd (1.65 × 107 BFU/ml) 

was approximately 1.6 times higher than the unmodified virus (1.01 × 107 BFU/ml).  The  
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Figure 3.1 PEGylation improves the amount of active virus in the circulation and 

reduces clearance from the systemic circulation. Observed blood concentration vs. 

time curve after intravenous administration of 3 × 1012 vp/kg of either unmodified 

(HDAd) or PEGylated (PEG-HDAd) virus.  Whole blood was serially diluted in standard 

culture medium containing 2% fetal bovine serum.  Aliquots were placed on confluent 

layers of HeLa cells for 24 hours.   Cells were then fixed and incubated with a solution 

containing the chromogenic substrate for beta-galactosidase (X-gal). Staining medium 

was removed and blue colored positive cells were tallied from a minimum of 20 

microscope fields (approximately 48,000 cells). The number of infectious virus particles 

were calculated as described [279]. Infectious virus could not be detected in urine and 

feces collected from the same primates. Active virus particles could not be detected in 

any of the samples obtained from primates treated with 5 × 1011 vp/kg of either virus. 
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systemic clearance rate of the PEGylated virus was also approximately half that of the 

unmodified virus while the area under the plasma concentration time curve (AUC) 

doubled (Table 3.1).  Despite this, the terminal half life (t1/2) of the two viruses were 

similar at this dose. 

 

Table 3.1.  Pharmacokinetic parameters of unmodified and PEGylated HDAd   

(3 × 1012 vp/kg) after intravenous administration in non-human primates 
 

Parameter HDAd PEG-HDAd 

AUC (vp/h) 3.68 × 107  6.13 × 107 

CL (L/h/kg) 8.13 × 105  4.89 × 105 

Vss (L/kg) 1.51 × 105 1.13 × 105 

t1/2 (h) 23.89 24.07 

 

AUC: area under plasma concentration-time curve extrapolated to infinity, CL: systemic 

clearance, Vss: volume of distribution at steady state, t1/2: terminal elimination half-life. 
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3.3.1.2 Transduction efficiency of PEGylated virus  

Pre-clinical studies have shown that covalent attachment of monomethoxy 

poly(ethylene) glycol derivatives to certain compounds can interfere with attachment and 

interaction with specific cellular receptors [261].  In order to determine if attenuation of 

virus-induced toxicity associated with systemic administration of PEGylated HDAd 

previously observed in rodents is due to changes in the affinity of the vector for the liver 

and the spleen, the primary sites for release of pro-inflammatory cytokines during the 

innate immune response [49, 281], beta-galactosidase expression was assessed in these 

and other tissues 96 hours after treatment.  A definite dose response with respect to 

transgene expression was observed with both viruses.  Hepatic transgene expression of 

the animal given a dose of 3 × 1012 vp/kg of HDAd was approximately 400 times more 

than that of the baboon given 5 × 1011 vp/kg of the same virus (Table 3.2).  Although 

hepatic transgene expression of the PEGylated virus was generally lower than that of the 

unmodified virus in the non-human primate, transgene expression in the animal given the 

moderate dose of PEG-HDAd was approximately 84 times higher than that seen in 

samples from the animal given a lower dose of the same virus.  Histochemical staining 

patterns of hepatic tissue sections followed a similar trend (Figures 3.2A-D). 

PEGylation also reduced transgene expression in the spleen by a factor of 11 and 

32 in animals given the low and moderate doses respectively.  Beta-galactosidase levels 

in the spleen were also much higher than that found in the liver for both viruses at the low 

dose (8 fold higher HDAd, 3 fold higher PEG-HDAd, Table 3.2).  Samples obtained from 

animals given the moderate dose did not follow this trend as there was no difference 

between the amount of transgene in the liver and spleen of the animal given HDAd while 

the spleen of the animal given the PEGylated virus contained about half the beta-

galactosidase found in the liver.  Beta-galactosidase was not detected in samples obtained 
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from the lung, heart and kidney of animals given the low dose of either virus.   Similar 

levels of transgene expression (~2.5 pg/mg protein) were found in the lungs of animals 

given the moderate dose of either virus.  Low but detectable levels of beta-galactosidase 

(0.84 pg/mg protein) were also found in samples from the heart of the baboon given the 

PEGylated virus at this dose while that from the animal given HDAd did not contain the 

transgene.  Beta-galactosidase expression was also not found in the kidneys of both 

animals given the moderate dose of either virus (Table 3.2). 

 

Table 3.2 Quantitative assessment of transgene expression 96 hours after 

administration of two different doses of unmodified (HDAd) and PEGylated virus 

(PEG-HDAd)a 

 

 
Beta-galactosidase (pg/mg protein) 

5 ×  1011 vp/kg 3 ×  1012 vp/kg 
Tissue 

HDAd PEG-HDAd HDAd PEG-HDAd 

Liver 1.73 0.48 687.34 40.33 

Spleen 14.21 1.32 589.27 18.29 

Lung N.D. N.D. 2.47 2.56 

Heart N.D. N.D. N.D. 0.84 

Kidney N.D. N.D. N.D. N.D. 
 

aData were obtained from a beta-galactosidase ELISA of tissue homogenates 
  
N.D. - None detected. Sample fell below the detection limit of the assay (6 pg/ml). 
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Figure 3.2 PEGylation reduces transduction efficiency in the liver of the non-human 

primate.  Representative sections of hepatic tissue harvested 96 hours after systemic 

administration of (A and C) unmodified or (B and D) PEGylated HDAd expressing the 

beta-galactosidase transgene at a dose of either (A and B) 3 × 1012 vp/kg or (C and D) 5 

× 1011. Magnification: 100x. 
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3.3.1.3 Effect of PEGylation on the distribution of viral DNA  

Tissues were also screened for the presence of viral DNA by real time PCR.  

Samples obtained from the liver and the spleen of the animal given 3 × 1012 vp/kg of the 

unmodified virus contained the highest amount of viral genomes overall (Table 3.3).  The 

amount of viral DNA in samples from the same organs of the baboon given the 

PEGylated virus at the same dose was reduced four fold.  Samples obtained from the 

kidneys of these animals followed a similar trend (144 genomes/100 ng DNA, HDAd vs. 

27 genomes/100 ng DNA, PEG-HDAd).  In contrast, samples from the heart of the 

baboon treated with the PEGylated virus contained approximately 8 times the amount of 

viral DNA found in samples from the animal given the unmodified virus.  Careful 

analysis of specific regions of the liver and lung tissues of animals given the 3 × 1012 

vp/kg dose also revealed that there was an unequal distribution of either virus within each 

organ (Figures 3.3A and B).  The unmodified virus was preferentially distributed to the 

right upper lobe of the lung while the PEGylated vector was retained primarily in the left 

upper lobe (Figure 3.3B).  Although the differences were less dramatic in the liver, DNA 

from the unmodified virus was present in slightly larger amounts in the right middle lobe 

while that from the PEGylated was found predominantly in the right lateral lobe (Figure 

3.3A). Samples obtained from the liver and spleen of animals given the 5 × 1011 vp/kg 

dose of the unmodified virus contained 8 times the amount of viral DNA than those given 

the PEGylated virus (Table 3.3). Viral DNA was not detected in the heart of either animal 

at this dose while it was found in the kidney of animal given unmodified virus only 

(Table 3.3). In contrast to what was seen with the higher dose, both vectors were 

distributed evenly between different lobes of the liver (Figure 3.3A).  This was also the 

case in the lung for the unmodified virus while DNA from the PEGylated vector was only 

found in the right middle and left upper lobes (Figure 3.3B). 
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Table 3.3 Biodistribution of viral DNA in select tissues of non-human primates 96 

hours after a single dose of unmodified or PEGylated HDAda 
 

Viral genomes/100 ng DNA 

5 x 1011 vp/kg 3 x 1012 vp/kg 
Organ 

HDAd PEG-HDAd HDAd PEG-HDAd 

Spleen 2,626.42 310.19 7,062.45 1,719.91 

Heart N.D. N.D. 17.29 140.60 

Kidney 52.27 N.D. 144.32 26.92 
 

aData were obtained by real time PCR on genomic DNA isolated from baboon tissues. 

N.D. - None detected. Sample fell below the detection limit of the assay (10 viral 

genomes/100 ng DNA).  
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Figure 3.3 PEGylation preferentially distributes to the right lateral lobe of the liver 

(A) and the left upper lobe of the lung (B).  Animals were given either virus at a dose 

of 5 × 1011 vp/kg or 3 × 1012 vp/kg by intravenous infusion. Four days later, animals were 

sacrificed and DNA extracted from samples obtained from specific lobes of each tissue. 

Virus genomes were measured by quantitative real-time PCR.  LLL: left lateral lobe, 

LML: left middle lobe, LUL: left upper lobe, RLL: right lateral lobe, RML: right middle 

lobe, RUL: right upper lobe. 
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3.3.2 Toxicology of PEGylated HDAd in the non-human primate 

3.3.2.1 Pro-inflammatory cytokines  

A sharp rise in systemic cytokines is one of the hallmarks of the acute innate 

immune response associated with systemic administration of recombinant adenoviruses 

[49, 281].  To evaluate the effect of PEGylation on this response in the baboon, serum 

levels of interleukin-6 (IL-6), IL-12, and tumor necrosis factor-α (TNF-α) were 

measured 6 hours after treatment.  Although IL-6 (62 U/ml) was found in serum from the 

baboon given 5 × 1011 vp/kg of the unmodified virus (Figure 3.4A), it could not be 

detected in serum from the animal given the same dose of the PEGylated virus.  Serum 

from the animal given the 3 × 1012 vp/kg dose of PEGylated HDAd contained 49 U/ml 

IL-6, approximately 70% lower than that found in the animal given the same dose of 

unmodified virus (159.5 U/ml).  A trace amount of TNF-α (8 pg/ml) was noted after 

treatment with unmodified HDAd at a dose of 5 × 1011 vp/kg (Figure 3.4B).  This 

increased by a factor of 10 in serum of the animal given 3 × 1012 vp/kg of the same virus. 

TNF-α was not detected in the serum of animals given the PEGylated virus at either 

dose.  IL-12 was found in the serum of all 4 animals and increased in a dose dependent 

manner (Figure 3.4C).  IL-12 concentrations of 190.5 and 267.3 pg/ml were found in the 

serum of baboons given 5 × 1011 and 3 × 1012 vp/kg of the unmodified virus, respectively.  

PEGylation reduced IL-12 secretion by a factor of 3 and 2 after treatment with the low 

and moderate doses, respectively. 
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Figure 3.4 PEGylation reduces production of (A) IL-6, (B) TNF-α  and (C) IL-12 six 

hours after intravenous infusion in the non-human primate.  Cytokines were 

measured by ELISA in serum samples obtained from animals after administration of 5 × 

1011 or 3 × 1012 vp/kg of either unmodified or PEGylated HDAd. 
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3.3.2.2 Platelets and coagulation characteristics  

Virus-induced thrombocytopenia and aberrant activation of the coagulation 

cascade contribute to the toxicity of recombinant adenoviruses when administered 

systemically at high doses [282].  Platelet counts fell to approximately 30% of what was 

measured prior to initiation of the study in animals given 5 × 1011 vp/kg of either virus.  

This drop occurred within 24 hours after treatment with PEGylated virus but was not 

detected until 48-72 hours after administration of the unmodified virus (Figure 3.5A). 

Platelets fell to 40% of baseline levels in animals given 3 × 1012 vp/kg of either virus.  

This effect was seen as early as 6 hours in the animal given the unmodified virus and did 

not resolve throughout the study.  The baboon given PEGylated HDAd experienced a 

similar reduction in platelet count 6 hours after treatment, but values returned to baseline 

within 72 hours. 

Significant increases in the activated partial thrombin time (aPTT) were also 

noted in samples taken from animals given unmodified HDAd.  This value peaked at 

approximately 1.4 times baseline in the animal given the 5 × 1011 vp/kg dose at the one 

hour time point (Figure 3.5B).  Similar results were obtained from the animal given 3 × 

1012 vp/kg of HDAd, however, levels continued to increase to 2.2 times that of baseline 

24 hours after treatment.  aPTT did not return to baseline in this animal until the 96 hour 

time point.  In contrast, significant changes in aPTT values were not detected in any 

samples obtained from animals given the PEGylated virus at the early time points 

although a slight increase above the normal upper limit was found in these animals 24 

and 72 hours after treatment with 5 × 1011 vp/kg and 3 × 1012 vp/kg respectively.  

Although changes in prothrombin time (PT) followed a similar trend, an increase above 

the normal upper limit was found only in the animal given 3 × 1012 vp/kg of HDAd at the 

1 and 6 hour time points (data not shown). 
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D-dimer, derived from the degradation of cross-linked fibrin polymers, is a 

specific marker for increased pro-coagulatory activity and fibrinolysis [283].  Elevated D-

dimer levels, often observed in patients with severe sepsis [284], were noted in all 

animals in this study.  D-dimer was 3.3 and 2.2 times baseline values one hour after 

treatment in animals receiving 5 × 1011 vp/kg of unmodified and PEGylated virus, 

respectively (Figure 3.5C).  D-dimer declined thereafter in the baboon given PEGylated 

HDAd.  In the animal treated with unmodified virus, D-dimer remained high at 3 times 

above baseline until the 24 hour time point, after which it began to decline.  A rapid 

increase in D-dimer to six times that of baseline was observed within one hour after 

treatment with 3 × 1012 vp/kg unmodified HDAd.  Values remained at that level for the 

first 24 hours when they then began to decline.  Conversely, D-dimer doubled during the 

first 3 hours following administration of PEGylated virus at the same dose and then 

returned to baseline.  Hemoglobin, hematocrit and red blood cell counts were within the 

normal ranges in all animals throughout the course of the study (data not shown). 

 

3.3.2.3 Other hematological parameters: white blood cell count and differentials  

  The number of circulating white blood cells (WBCs) peaked to approximately 

twice that of baseline one hour after treatment with either dose of unmodified virus 

(Figure 3.6A).  WBCs in the animal given the low dose of virus returned to baseline 

levels within 24 hours, while that of the animal treated with 3 × 1012 vp/kg of HDAd 

returned to baseline within 6 hours.  WBCs in this animal, however, then fell to less than 

half of baseline throughout the remainder of the study.  WBCs generally fell slightly 

below baseline in animals given the PEGylated virus at either dose throughout the study 

except at the 3 hour time point in the animal given the 5 × 1011 vp/kg dose when a  
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Figure 3.5 PEGylation reduces virus-induced coagulopathies in the non-human 

primate.  Clinical parameters indicative of virus-induced thrombocytopenia such as (A) 

platelet counts, (B) activated partial tromboplastin time (aPTT) and (C) D-dimer were 

measured over time in male baboons given either modified or PEGylated HDAd 

expressing beta-galactosidase at a dose of 5 × 1011 or 3 × 1012 vp/kg.  

A 

B 

C 
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transient increase in WBC to twice that of baseline was noted.  A small increase in 

granulocytes to no more than 1.4 times baseline was observed in response to vector 

administration in all animals within the first 6 hours after which it began to decline 

(Figure 3.6B).  A slight difference was noted between the animals given the 5 × 1011 

vp/kg dose at the conclusion of the study.  Granulocytes in the animal given unmodified 

virus dropped to 13% of control while those in the animal given PEGylated virus dropped 

by 30%.  In contrast, granulocytes were approximately 50% of baseline levels in animals 

given 3 × 1012 vp/kg of either virus. 

Lymphocytes initially dropped in each animal soon after vector administration. 

The most pronounced effect in was observed in animals given HDAd at either dose 6 

hours after treatment when lymphocyte counts were approximately 24% of baseline 

values (Figure 3.6C). Lymphocytes of the animal treated with PEGylated virus at either 

dose dropped to their lowest [22% (low dose) vs 54% (high dose) of baseline] 3 hours 

after treatment. Lymphocytes did rise thereafter in all animals.  This value rose to 

approximately 1.2 and 1.8 times that of baseline in animals given 5 × 1011 vp/kg 

unmodified and PEGylated virus respectively. Lymphocytes rose to approximately twice 

that of baseline in animals given 3 × 1012 vp/kg of either virus. 
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Figure 3.6 PEGylation does not alter white blood cell count and differential 

parameters in the non-human primate.  Complete blood cell counts and differentials 

were taken from the blood of baboons given unmodified or PEGylated HDAd at a dose of 

5 × 1011 or 3 × 1012 vp/kg.  Modification of the virus did not alter changes in (A) white 

blood cell (WBC) counts, (B) granulocytes or (C) lymphocytes at the indicated times 
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3.3.2.4 Serum chemistry  

Full blood chemistry panels were run on each of the baboons included in this 

study. Sharp changes in serum aspartate transaminase (AST) levels were seen as early as 

one hour after treatment with each virus at each of the doses tested (Figure 3.7A).  A 

definite dose response was seen with AST levels at 3.1 and 5.2 times that of baseline in 

animals receiving 5 × 1011 vp/kg and 3 × 1012 vp/kg of HDAd respectively at this time 

point.  A similar trend was observed in animals given the PEGylated virus, however, 

serum AST was much lower than that seen in animals given similar doses of HDAd.  

AST rose to 2.4 and 2.5 times that of baseline one hour after treatment with 5 × 1011 

vp/kg and 3 × 1012 vp/kg of the modified virus respectively.  Significant differences were 

also noted in the time at which serum AST peaked in animals given 5 × 1011 vp/kg of 

virus (6 hours (HDAd, 3.3 times baseline) vs. 1 hour (PEG-HDAd)) while levels in 

primates given 3 × 1012 vp/kg of either virus both peaked three hours after treatment (5.3 

and 2.8 times baseline, HD-Ad and PEG-HDAd, respectively). 

Despite notable changes in AST, other markers of liver function, including serum 

alanine transaminase, bilirubin, and albumin for each primate all fell within normal limits 

throughout the entire study period (data not shown). Serum lactate dehydrogenase 

(LDH), a common indicator of tissue and organ damage [285], followed a similar trend 

(Figure 3.7B).  Although this parameter plateaued in all animals one hour after 

administration of virus, significant differences were seen in the degree of LDH release 

with respect to PEGylation.  Serum LDH rose to 4.1 and 1.8 times that of baseline after 

treatment with 5 × 1011 vp/kg of unmodified and PEGylated virus respectively.  In 

addition, LDH returned to baseline 18 hours earlier in the animal treated with PEGylated 

HD-Ad with respect to the animal given unmodified virus. An increase of LDH to 7.4 

times that of baseline was observed in animals given 3 × 1012 vp/kg of unmodified virus  
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Figure 3.7 PEGylation reduces virus-induced hepatotoxicity and liver damage in the 

non-human primate. Full blood chemistry panels were run on baboons given either 

unmodified or PEGylated HDAd expressing beta-galactosidase at a dose of 5 × 1011 or 3 

× 1012 vp/kg.  Changes in (A) serum aspartate transaminase (AST) and (B) serum lactate 

dehydrogenase (LDH) profiles were noted. Other markers of liver function, including 

serum alanine transaminase, bilirubin, and albumin for each primate all fell within normal 

limits throughout the entire study period. 
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while the animal given the same dose of PEGylated virus experienced a two fold increase 

at the same time point. 

 

3.3.3 Effect of systemic administration of unmodified and PEGylated HDAd on 
hepatic drug metabolism in non-human primates 

We have previously shown that a single dose of several different recombinant 

adenoviruses significantly suppresses a major hepatic cytochrome P450 (CYP) isoform, 

CYP3A2, in the rat for 14 days [209, 210, 255].  In order to determine if this occurs in 

the primate, changes in CYP3A4 were evaluated.  Administration of unmodified and 

PEGylated virus at a dose of 5 × 1011 vp/kg reduced CYP3A4 protein levels by 44% and 

15%, respectively (Figure 3.8A). Increasing the dose further suppressed CYP3A4 protein 

levels by 60% and 40%, in animals given unmodified and PEGylated virus.  Both viruses 

suppressed hepatic CYP3A activity as determined by an in vitro assay measuring the 

production of 6β-hydroxytesterone, the primary isoform-specific metabolite of 

testosterone, at the 96 hour time point. PEGylated virus at a dose of 5 × 1011 vp/kg 

reduced catalytic activity by 40% with respect to an untreated control while a dose of 3 × 

1012 vp/kg reduced activity by 55% (Figure 3.8B).  At each of the doses tested, CYP3A 

activity in animals given the unmodified virus was approximately 10% lower than that 

observed in baboons given the PEGylated virus. 

 

3.3.4 Toxicology, biodistribution and kinetics of unmodified and PEGylated HDAd 
in mice 

We found that PEGylation reduces the ability of HDAd to enter the baboon liver.  

This was quite different from that previously observed in mice in which PEGylation did 

not compromise hepatic transduction efficiency. Therefore, in order to determine if the  
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Figure 3.8 PEGylation suppresses the expression and function of baboon hepatic 

cytochrome P450 3A4. (A) Immunoblot analysis of hepatic CYP3A4 in male baboons 

96 hours after a single systemic dose of 5 × 1011 or 3 × 1012 vp/kg of either unmodified or 

PEGylated HDAd expressing beta-galactosidase.  Protein levels are reported as arbitrary 

units of relative density with respect to a known protein standard. (B) In vitro catalytic 

activity of CYP3A4 microsomal proteins 96 hours after vector administration as 

measured by the production of the isoform-specific metabolite, 6β-hydroxytestosterone. 
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differences in the findings between our recent studies in baboons and our previous studies 

in mice are not due to the particular batch of PEGylated virus used in this study, we first 

compared kinetic profiles of unmodified or PEGylated HDAd in mice with a dose of 

3x1012 vp/kg of the same virus preparations used in non-human primates by the tail vein 

injection. The blood concentration of active, unmodified virus declined by approximately 

2 log units 20 minutes after virus injection which was 3 times faster than what was 

observed with PEGylated virus (Figure 3.9A). The amount of remaining active virus in 

the blood in mice dosed with unmodified vector was 4 times lower than that found in 

mice receiving PEGylated HDAd 60 minutes after administration (Figure 3.9A). Viral 

DNA present in the bloodstream also followed a similar trend (Figure 3.9B). PEGylation 

extended the distribution half-life (t1/2) of virus in mice. The distribution t1/2 of 

unmodified and PEGylated virus were 5.6 and 11.2 minutes, respectively. Similar results 

were observed with viral genomes [5.5 minutes (unmodified HDAd) vs. 11.0 minutes 

(PEGylated HDAd)] using real-time PCR analysis. 

IL-6 and IL-12 were significantly elevated in samples from mice receiving 

unmodified HDAd (Figures 3.10A and B, P<0.01). PEGylation significantly reduced 

production of IL-6 and IL-12 by a factor of 6 and 2 respectively (Figures 3.10A and B, 

P<0.05). Similarly, animals treated with unmodified vector had AST and ALT levels that 

were 4 and 9 times that seen in saline-treated animals, respectively (Figures 3.10C and D, 

P<0.05). Significant reductions in ALT and AST levels were observed in samples from 

animals receiving PEGylated virus with respect to that of animals dosed with unmodified 

virus (Figures 3.10C and D, P<0.05). 

As for the primate study, mice were necropsied and biodistribution and transgene 

expression were assessed 96 hours after vector administration. We found no difference in 

the number of viral genomes distributed to liver, lung, kidney or heart between animals  
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Figure 3.9 PEGylation improves the amount of virus in the circulation and extends 

distribution half-life clearance of virus in the mouse. Observed blood concentration 

vs. time curve after intravenous administration of 3 × 1012 vp/kg of either unmodified 

(HDAd) or PEGylated (PEG-HDAd) virus. (A) The number of infectious virus particles 

were calculated by an in vitro infectious titer assay [279]. (B) Viral genomes were 

obtained by real-time PCR on genomic DNA isolated from blood.    
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given unmodified and PEGylated vector (data not shown). A similar result was seen with 

respect to the transgene expression in the liver.  Hepatic tissues of animals treated with 

unmodified and PEGylated HDAd contained 2.2 x 104 and 2.0 x 104 pg of beta-

galactosidase/mg protein, respectively. Histochemical staining of hepatic tissue sections 

showed a similar trend (Figures 3.10E and F). In contrast, a significant reduction in 

transgene expression was observed in the spleen of animals receiving PEGylated virus. 

Unmodified HDAd produced 485 pg of beta-galactosidase/mg protein which was 

approximately 2 fold higher than what was observed in homogenates of animals treated 

with PEGylated virus (258 pg/mg protein, P<0.05).  Similarly, fewer virus genomes were 

found in the spleen of animals given PEGylated virus (and 8.9 x 103 VG/100 ng genomic 

DNA), compared to that of animals dosed with unmodified virus (1.4 x 104 VG/100 ng 

genomic DNA).  
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Figure 3.10 PEGylation reduces production of cytokines and hepatotoxicity without 

compromising hepatic transduction efficiency in the mouse. (A) IL-6, (B) IL-12 p70, 

(C) AST and (D) ALT in samples obtained from animals 6 hours after administration of 3 

× 1012 vp/kg of either unmodified or PEGylated HDAd. Results are reported as the mean 

± s.e.; n =4-5 mice per treatment group. *P<0.05, **P<0.01 and ***P<0.001 with respect 

to phosphate-buffered saline control. #P<0.05 and ##P<0.01 with respect to unmodified 

virus. Representative section of hepatic tissue harvested 96 hours after administration of 

(E) unmodified (Magnification: 250x) and (F) PEGylated HDAd expressing the beta-

galactosidase transgene (Magnification:100x). 
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3.4 DISCUSSION 

Development and characterization of helper-dependent adenoviruses have 

revealed that the innate immune response against virus capsid proteins is, at this moment, 

the last and most significant hurdle that must be overcome for clinical application of 

these vectors for gene transfer [17, 49]. Significant strides have been made in reducing 

this effect in rodents through PEGylation, a technology with three decades of research 

supporting its compatibility and use in medicinal products [60, 77, 261, 264].  Human 

infectious diseases with diverse etiologies such as viruses, bacteria, fungi, parasites, and 

prions have been modeled in non-human primates over the past century [286].  The 

baboon, selected for our studies, has also been said to provide an excellent model for 

infectious disease and genetic studies because they exhibit the same physiological 

characteristics that are critical to common diseases in humans [287], they are amenable to 

strict control of breeding and environmental factors and detailed genetic linkage maps are 

available that illustrate direct relationships to human disease [286, 288].  In this report, 

we describe for the first time the pharmacological, toxicological and pharmacokinetic 

properties of a recombinant, PEGylated, helper-dependent adenovirus in this animal 

model. 

The most encouraging aspect of this study is that many of our findings were 

similar to what we and others have observed in rodents.  As expected, significant levels 

of key pro-inflammatory cytokines peaked six hours after systemic administration of 

unmodified virus in a dose-dependent manner (Figures 3.4A-C).  As described in the 

mouse [22, 72] and observed in the pilot study outlined in this manuscript, PEGylation 

significantly reduced cytokine levels at this time point, further suggesting that 

conjugation of monomethoxypoly(ethylene) glycol to adenovirus capsid proteins reduces 

the innate immune response against the virus in both the non-human primate and the 
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mouse. Aspartate transaminase (AST) and lactate dehydrogenase (LDH) were 

significantly elevated shortly after systemic administration of the unmodified virus in a 

manner similar to that described previously in the non-human primate (Figures 3.7A and 

B) [26, 34, 35]. Covalent conjugation of PEG to the virus capsid significantly reduced 

serum concentrations of both enzymes, indicating that PEGylation can also alleviate 

virus-induced cyto- and hepatotoxicity. 

We also found that both the unmodified and PEGylated vectors altered CYP3A4 

expression and function in a dose dependent manner (Figures 3.8A and B) similar to that 

previously reported in the rat [209, 210, 255]. Although the exact mechanism by which 

adenovirus infection alters CYP is unknown, this finding is important for many reasons. 

Firstly, it suggests that adenovirus infection in humans may significantly alter the 

expression and function of hepatic CYP which is important in the context that it is 

actively used in the clinic for gene therapy and vaccine applications and that adenovirus 

can cause significant illness in special patient populations [257, 289]. It is well 

established that microbial infection and inflammation can significantly compromise the 

expression and function of hepatic CYP enzymes [181, 182, 290]. Studies suggest that 

cytokines and other inflammatory mediators mediate this effects [182, 183, 291]. We 

previously reported that a single systemic dose of recombinant adenovirus significantly 

suppressed hepatic CYP3A expression and catalytic activity in the male Sprague-Dawley 

rat for 14 days [209], long after the innate immune response against the virus resolves. 

Taken together, we believe that adenovirus-mediated changes in CYP3A may not entirely 

due to immune response against adenovirus. Studies to elucidate the mechanism by 

which adenovirus infection alters expression and function of CYP3A are currently 

underway in our laboratory.  
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Initial reductions in platelet counts and increases in D-dimer were observed in 

animals given PEGylated virus but they were returned to baseline levels much faster than 

animals receiving unmodified virus at the same dose (Figures 3.5A and C). Although this 

may indicate that PEGylation does not completely ameliorate these effects, it is important 

to note that intravenous catheters were surgically implanted into animals approximately 7 

days prior to start of study and each animal was given heparin to maintain the port. 

Therefore, slight drops in platelets and increases in D-dimer are similar to that seen 

during heparin-induced thrombocytopenia [292], making it hard to determine if these 

effects were due to virus or the chosen method for sample collection in these studies. 

Transduced or activated antigen presenting cells in the liver and the spleen are 

responsible for release of pro-inflammatory cytokines [28, 37, 293].  In an effort to 

identify the mechanism by which PEGylation attenuates the innate immune response, 

tissue biodistribution and transduction efficiency of both PEGylated and unmodified 

virus was evaluated. The PEGylated virus had a reduced capacity for entering 

hepatocytes with respect to unmodified virus (Tables 3.2 and 3.3 and Figures 3.2A-D). 

This was quite different from that previously reported in rodents in which PEGylation did 

not compromise hepatic gene transfer of both first generation and helper-dependent 

adenoviruses [22, 65, 72, 76]. We therefore assessed the toxicology, biodistribution and 

kinetics of PEGylated virus in mice using the same virus preparation tested in baboons. 

We found that PEGylation attenuated toxicity without altering hepatic transduction in 

mice (Figure 3.10). Although the mechanism(s) underlying the differences in hepatic 

transduction efficiency of PEGylated virus between these species are unclear, this may be 

due in part to the smaller size (90 nm (baboon) vs. 100 nm (mouse)) and lower density 

(1.4/µm2 (baboon) vs. 14/µm2 (mouse)) of fenestrae [294] which serve as anatomical 

barriers for hepatocyte transduction in non-human primates. Studies in non-human 
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primates and rodents have shown that recombinant adenoviruses primarily enter 

hepatocytes through heparan sulfate proteoglycans (HSPGs) [295-297]. Additional 

studies in our labs (data not shown) and those of others [72] in vitro and in vivo suggest 

that PEGylated virus relies primarily on HSPGs for entry in cellular targets.  Several 

studies have also indicated that the interaction of the primary adenovirus capsid protein, 

the hexon, with human coagulation factors (VII, IX, X and protein C) facilitates 

subsequent binding to HSPGs and low-density lipoprotein receptor-related proteins and is 

crucial for efficient transduction of hepatocytes in vivo [244, 298, 299].  As stated 

previously, Hofherr et al. have recently reported that PEGylation shields virus capsid 

proteins and prevents direct interaction with platelets and other blood components which 

can limit hepatic transduction efficiency [76, 300]. Morral et al. have also suggested that 

non-human primates are more susceptible to severe adenovirus-induced toxicity and 

endothelial damage than their rodent counterparts due to a lower relative density of 

adenovirus receptors in the liver [34].  Taken together, we believe that a reduction in 

binding properties of platelets and other blood components to PEGylated virus in 

combination with interspecies differences in receptor density on the liver attribute to the 

reduced hepatic transduction observed here. 

PEGylation also dramatically reduced biodistribution and transgene expression 

with respect to that of unmodified virus in the spleen of primates (Tables 3.2 and 3.3). It 

is also interesting to note that, unlike the liver, a defined dose response with respect to 

transgene expression was not observed in the spleen of animals given the PEGylated 

virus, despite the fact that the number of genome copies increased accordingly.  This 

effect is quite similar to what we have seen in a mouse model.  Studies in vitro with 

primary macrophages, Kupffer and dendritic cells and microarray analysis of these cells 

isolated from mice treated with native and PEGylated virus suggest that covalent 
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attachment of PEG to adenovirus capsids does not alter the ability of the virus to enter 

these cellular targets, but seems alter the manner by which viral antigens are processed 

and presented (manuscript in preparation). 

One of the most touted benefits of PEGylation is that can improve the 

pharmacokinetic profile of relatively delicate biologicals by protecting them from 

enzymatic and immunological attack in the general circulation [59].  Work with first 

generation adenovirus and lentiviruses has shown that PEGylation can increase the half-

life, reduce the clearance and increase the volume of distribution of these vectors in mice 

[66, 267, 268].  In the studies outlined here, PEGylation reduced the clearance of the 

virus by approximately 40%.  This most likely facilitated the increase in transduction 

efficiency of this vector in the heart, an organ saturated with adenovirus receptors [301] 

in which transgene expression is often limited after systemic administration of virus due 

to its rapid clearance from the circulation [298, 302].  The fact that fewer virus genomes 

were found in the kidneys of animals given the PEGylated virus also suggests that 

clearance of the virus was significantly delayed in these animals despite the fact that this 

modification did not seem to affect the circulation half-life (t1/2) of the virus in non-

human primates. Using an in vitro infectious titer assay and real-time PCR analysis 

showed similar results. PEGylation doubled the distribution half-life of virus in the 

mouse. These results suggest that much of the virus is cleared from the blood within the 

first hour when the first sample was collected from the non-human primates, indicating 

that changes in t1/2 between the two viruses may have been lost due to inability to collect 

samples within the first hour after dosing. With the limitation of blood sample volume, 

we were unable determine viral genomes using real-time PCR. Careful review of the 

literature, however, also revealed that PEGylation does not always substantially improve 

the pharmacokinetic parameters of biologicals [59, 60].  For example, Graham found that 
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PEGylation of L-asparaginase did not always improve the circulating half-life of the 

enzyme in humans while improvements from 2.9 to 56 hours were found in pre-clinical 

studies in mice [303, 304].  Although very little work has been done with PEGylated 

compounds in non-human primates, compilations of data suggest that degree by which 

the pharmacokinetic profile of a PEGylated compound improves is related to the animal 

model used for testing. For example, increases in half-life are generally reported as 100-

300 fold improvements in small animals such as mice and rats, while improvements in 

primates and humans are often on the order of 2-3 fold [59].  This may be due to 

interspecies differences in blood volume distributions and hydrolases, often responsible 

for degradation of PEGylated products [60], in the circulation. 

This manuscript summarizes our initial attempt to characterize PEGylated helper-

dependent adenovirus in a non-human primate model.  Virus, prepared in the same 

manner as that done previously for study in mice [22], but on a much larger scale, 

retained transduction efficiency in vitro and, in many aspects, performed in a similar 

manner.  PEGylation did significantly reduce cytokine secretion, serum transaminases 

and other markers associated with cytotoxicity and tissue damage due to significant 

changes in transduction efficiency in the liver and spleen. Results in the mouse with the 

same vectors suggest that there are notable species-specific differences in biodistribution 

of and response to PEGylated vectors. Additional studies with larger cohorts of animals 

to further characterize interspecies variations in response to these vectors and those with 

different polyethylene glycol densities are warranted and planned in our laboratory. 

 

 

 
 



 108 

CHAPTER FOUR 

Integrin Engagement Initiates Changes in Hepatic CYP3A During 
Adenovirus Infection 

 

4.1 INTRODUCTION 

Due to the very efficient nuclear entry mechanism, the adenovirus is the most 

commonly used vector for clinical gene therapy [11, 305]. Two adenoviral gene therapy 

products have now been approved for clinical use in China, and elsewhere at least four 

products are in phase III clinical trials [213, 306, 307].  In addition, over 300 clinical 

trials have shown that this vector is generally well tolerated with minimal side effects 

including mild, self-limiting fatigue, fever, abdominal pain and nausea [307].  In a few 

instances, adenovirus has elicited harmful host immune responses, which led to severe 

liver necrosis, disseminated intravascular coagulopathy and a systemic inflammatory 

response syndrome [33, 34]. Although these studies clearly highlight the effects of 

adenovirus on the liver, the effect of adenovirus on drug metabolism enzymes has 

generally been overlooked.  

Metabolism-based drug interactions are a major cause of therapeutic failure or 

adverse effects [308]. Toxicological or exaggerated pharmacological effects, caused by 

enzyme inhibition, are the most problematic [309]. We have found that a single 

intravenous dose of recombinant adenovirus significantly suppresses the expression and 

function of CYP3A [209, 210]. This may have major implications in patients involved in 

gene therapy protocols and vaccine applications because they are likely to be given 

adenoviral vectors in conjunction with other traditional drugs for additive/synergistic 

effects, for maintenance therapy for underlying conditions or to treat side effects 
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associated with the gene therapy [306, 310-312]. Of all human CYP isoforms, the 

CYP3A subfamily is of major importance since it encompasses the majority of metabolic 

enzymes in the liver and their substrate specificity is extremely broad [102, 313]. 

Considering its prominent role in drug metabolism, it is therefore important to elucidate 

the mechanism of adenovirus-mediated changes in hepatic CYP3A as this may aid in 

understanding and predicting virus-drug interactions or potential adverse effects, and can 

provide avenues towards improving gene therapy protocols and vaccine applications. In 

addition, adenovirus can cause significant illness and high mortality in special 

populations [257, 289] therefore understanding how adenovirus affects CYP could 

prevent some interactions in those that are already quite ill. 

Microbial infection and inflammation have shown to compromise expression and 

function of CYP3A [182, 188, 191, 208, 290, 291, 314]. Although the manner by which 

CYP3A is altered has not been fully elucidated, studies have illustrated that cytokines and 

nitric oxide associated with the immune response are responsible for this effect. Reduced 

CYP3A mRNA levels following LPS or cytokine treatments were paralleled by reduction 

in pregnane X receptor (PXR), constitutive androstane receptor (CAR), and retinoid X 

receptor (RXR), nuclear receptors known to regulate CYP3A [168, 182, 183]. It is well 

established that systemic administration of adenoviral vectors induces strong innate and 

adaptive immune responses [36, 269, 281, 315]. Virus capsid proteins are largely 

responsible for innate immune response while adaptive cellular and humoral immune 

responses can be elicited against viral gene products and/or transgene products expressed 

in transduced cells [11, 49, 315]. Coating of adenoviral capsid proteins using 

polyethylene glycol (PEG) has effectively reduced production of several inflammatory 

cytokines such as interleukin-6 (IL-6), IL-12 and tumor necrosis factor-alpha (TNF-α) 

[65, 72]. The use of helper-dependent adenoviruses (HDAd), in which all viral genes 
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have been deleted, has also minimized the host adaptive immune response and improved 

the efficacy and duration of gene transfer [17, 49]. In vivo studies illustrated that systemic 

administration of a single dose of these modified vectors still inhibited expression and 

function of hepatic CYP3A for a period of 14 days in male Sprague-Dawley rats [255]. 

Taken together, we believe that adenovirus-mediated changes in CYP3A may not solely 

due to the immune response but instead in response to engagement of virus receptors 

which is not altered by these modifications. 

The primary goal of these studies is to identify possible mechanisms by which 

adenovirus infection alters the expression and function of hepatic CYP3A. The initial 

series of studies evaluates the human hepatocyte cell line, HC-04, as a suitable model for 

mechanistic studies for virus infection and hepatic CYP3A expression. After identifying a 

dose and time point at which maximal CYP3A suppression during infection with first 

generation adenovirus was achieved, expression and distribution of key transcriptional 

regulators (PXR, CAR, RXRα) was evaluated. Similar experiments were performed with 

other recombinant adenoviruses with reduced immunogenic profiles previously tested in 

the rat [255]. A second goal of these studies was to test the hypothesis that engagement of 

integrin receptors is the impetus responsible for changes in CYP3A during infection. 

Results obtained from primary rat hepatocytes and HC-04 cells strongly suggest that 

these receptors may be involved in hepatic drug metabolism. Since additional work in 

transgenic mice that do not express these and other receptors would further solidify our 

hypothesis, the final series of studies evaluates CYP3A expression patterns during virus 

infection in several mouse strains.  
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4.2 MATERIALS AND METHODS 

4.2.1 Materials 

Acetopromazine was purchased from Fort Dodge Laboratories (Atlanta, GA). 

Ketamine was purchased from Pfizer (New York, NY). Phosphate-buffered saline (PBS), 

ehylenediaminetetraacetic acid (EDTA), glucose-6-phospate, glucose-6-phosphate 

dehydrogenase, β-nicotinamide adenine dinucleotide phosphate sodium salt hydrate 

(NADP), 11α-hydroxyprogesterone, testosterone, and riboflavin were purchased from 

Sigma-Aldrich (St. Louis, MO). Protogel® acrylamide was purchased from National 

Diagnostics (Atlanta, GA). Testosterone metabolites were purchased from Steraloids Inc. 

(Wilton, NH). Oligonucleotide primers were custom synthesized by Sigma Life Science 

(Woodlands, TX). All other chemicals were of analytical reagent grade and purchased 

from EMD Chemicals (Gibbstown, NJ) unless specified otherwise.  

 

4.2.2 Cell culture 

Hepatocytes were isolated from adult male Sprague-Dawley rats (Harlan Sprague 

Dawley, Inc., Indianapolis, IN) by a modified two step in situ collagenase perfusion 

protocol [316]. Cells were then purified on Percoll gradients and seeded at a density of 

1.5 x 105 cells/cm2 onto rat tail collagen treated culture dishes (BD Biosciences, Bedford, 

MA). Cells were maintained in HepatocyteZYME-SFM (Invitrogen, Carlsbad, CA) 

supplemented with 2 mM L-glutamine (Hyclone, Logan, UT), gentamycin (0.5 µg/ml, 

Cambrex Biosciences, Walkersville, MD), and penicillin (100 U/ml)/streptomycin (100 

µg/ml) (Mediatech, Manassas, VA). HC-04 cells (Human hepatocyte cells: PTA-3441) 

were purchased from ATCC (Manassas, VA) and maintained in Dulbecco’s modified 

Eagle’s medium/Ham’s F12 50/50 mix (Mediatech) supplemented with 10% heat-
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inactivated fetal bovine serum (Invitrogen), 2 mM L-glutamine, penicillin (100 

U/ml)/streptomycin (100 µg/ml).  

 

4.2.3 Adenovirus vector production 

Wild type adenovirus serotype 5 (VR-5, ATCC), first generation recombinant 

adenovirus 5 expressing either the green fluorescent protein (AdGFP) or E. coli beta-

galactosidase transgene (AdlacZ) and first generation recombinant adenovirus with the 

RGD motif deleted expressing the green fluorescent protein (AdΔRGD) under the control 

of a cytomegalovirus promoter were amplified in human embryonic kidney (HEK) 293 

cells. Helper-dependent recombinant adenovirus 5 (HDAd) propagation, using the HD-

Ad-SRα-βGEO vector containing a fusion gene of the E. coli beta-galactosidase 

transgene and the neomycin resistance gene under the control of the SRα promoter was 

performed in 293Cre cells as previously described [22]. Amplification and rescue of this 

vector was achieved with the use of the AdLC8cLuc helper virus [275]. All vectors were 

purified from cell lysates by banding twice on cesium chloride gradients and desalted on 

an Econo-Pac 10 DG disposable chromatography column (BioRad, Hercules, CA) 

equilibrated with sterile 100 mM potassium phosphate buffered saline (pH 7.4). Positive 

fractions were collected and the number of virus particles determined using the method of 

Maizel et al. [222] with the following formula: virus particle/ml = (absorbance at 260 

nm) x (dilution factor) x 1.1 x 1012. The amount of helper virus present in the helper-

dependent adenovirus preparation was evaluated in the laboratory of Dr. Lucio Pastore, 

Federico II University, according to established techniques [317]. Helper virus 

contamination was not detectable by Southern blot analysis (< 0.2% contamination). 
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4.2.4 PEGylation of AdlacZ 

First generation recombinant adenovirus expressing E.coli beta-galactosidase was 

prepared as described above.   Protein content of preparation was determined using a 

BioRad DC protein assay with bovine serum albumin as a standard. Ten micrograms of 

monomethoxypoly(ethylene) glycol, activated by tresyl chloride (Sigma Aldrich, St. 

Louis, MO) was added for each microgram of protein present [22]. The conjugation 

reaction was performed at 25°C with gentle agitation. The reaction was stopped by the 

addition of L-lysine, in a 10-fold excess with respect to the amount of PEG added. 

Unreacted PEG, excess L-lysine, and reaction by products were removed by buffer 

exchange over an Econo-Pac 10 DG disposable chromatography column equilibrated 

with 100 mM potassium phosphate-buffered saline, pH 7.4. 

 

4.2.5 Riboflavin-mediated UV inactivation of AdlacZ 

A stock solution of riboflavin (1665 µM) prepared in dimethylsulfoxide (DMSO) 

was added to purified AdlacZ to yield a final riboflavin concentration of 50 µM. The 

virus/riboflavin mixture was placed in a 100 mm polystyrene dish (BD Biosciences, 

Durham, NC) surrounded by ice and “sandwiched” between two UV light sources (Ultra-

Lum, Claremont, CA and UVP, Upland, CA) each emitting UV light (365 nm, 1000 

µW/cm2) for 45 minutes. Viral inactivation was confirmed by a limiting dilution assay as 

described [279].  

    

4.2.6 Testosterone hydroxylation assay of cell cultures 

Testosterone 6β-hydroxylase metabolism in cultured hepatocytes was used as a 

marker for CYP3A activity [237]. Reactions were performed directly with cultured cells 
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in individual 100 mm tissue culture plates. Prior to initiating the assay, cells were washed 

with DMEM/F12 medium. The wash medium was replaced with DMEM/F12 containing 

250 µM testosterone. After 30 minutes at 37°C, an internal standard, 2.5 µg 11α-

hydroxyprogesterone was added and the media removed and metabolites extracted with 5 

ml dichloromethane. The organic phase was evaporated under a constant stream of air, 

and dissolved in 75 µl of solution consisting of methanol and water in a 1:1 ratio. The 

primary CYP3A testosterone metabolite, 6β-hydroxytestosterone, was separated and 

quantified by HPLC as previously described [225]. 

 

4.2.7 Cytotoxicity assay 

Cytotoxicity was assessed by measuring lactate dehydrogenase (LDH) release in 

cell culture media with a standard Cytotoxicity Detection kit (Takara Bio, Madison, WI), 

according to the manufacturer’s instructions. 

 

4.2.8 RNA interference 

siRNAs targeting β3 and β5 integrins were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). Cells were transfected with siRNAs using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions. Efficiency of the knockdown was confirmed by RT-PCR and comparing 

expression levels with cells treated with a non-silencing siRNA control (Santa Cruz 

Biotechnology). Forty-eight hours following siRNA transfection, cells were infected with 

adenovirus at a MOI of 500 for 72 hours prior to assessment of CYP3A activity. 
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4.2.9 Preparation of whole cell, nuclear and cytoplasmic extracts 

To prepare whole cell lysates, cells were first washed with PBS and then scraped 

twice with 5 ml of ice-cold PBS. The fractions were combined and centrifuged at 2000 x 

g at 4°C for 5 minutes. The supernatant was then removed and replaced with 250 µl of 

ice-cold lysis buffer containing protease inhibitor cocktail (Pierce Biotechnology, 

Rockford, IL). Cells were lysed by extrusion of the 250 µl suspension through a 20-guage 

needle attached to a 1 ml syringe several times and then incubated on ice for 40 minutes. 

Lysates were then cleared by centrifugation at 14,000 x g for 20 minutes at 4°C and 

stored at -80°C until analysis. Nuclear and cytoplasmic extracts from cells were obtained 

using NE-PER nuclear and cytoplasmic extraction reagents (Pierce Biotechnology) 

according to the manufacturer’s instructions. 

 

4.2.10 Western blot analysis of whole cell lysates, nuclear and cytoplasmic extracts 

Western blot analysis was performed on either whole cell lysates, nuclear or 

cytoplasmic extracts obtained from HC-04 cells. Proteins (50 µg) were separated on an 

8% sodium dodecylsulfate polyacrylamide gel by electrophoresis and transferred to a 

nitrocellulose membrane. Protein blots were blocked for either 1 hour at room 

temperature or overnight at 4°C in blocking buffer containing 5% non-fat dry milk and 

0.05% (v/v) Tween-20 in Tris buffered saline (TBS). After blocking, membranes were 

incubated with polyclonal goat anti-mouse PXR antibody (1:1000 dilution, Santa Cruz 

Biotechnology) for 2 hours at room temperature, or polyclonal rabbit anti-human RXRα 

antibody (1:1000 dilution, Santa Cruz Biotechnology) or polyclonal rabbit anti-mouse 

CAR antibody (1:1000 dilution, Santa Cruz Biotechnology) overnight at 4°C in blocking 

buffer. Incubation with a peroxidase-conjugated rabbit anti-goat IgG secondary antibody 

(1:3000 dilution, MP Cappel, Solon, OH) or peroxidase-conjugated goat anti-rabbit IgG 
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secondary antibody (1:3000 dilution, Cell Signaling Technology, Denver, MA) was 

carried out in blocking buffer for 1 hour at room temperature. Immune complexes were 

detected using the enhanced chemiluminescence method (SuperSignal West Pico 

chemiluminescent substrate, Pierce Biotechnology). The intensity of protein levels in 

nuclear and cytoplasmic extracts was quantified, relative to signals obtained for lamin B 

(lamin B rabbit polyclonal antibody, 1:1000 dilution) and β-actin (β-actin rabbit 

monoclonal antibody, 1:1000 dilution, Cell Signaling Technology) on the same blot using 

Kodak 1D image analysis software (Eastman Kodak, Rochester, NY), respectively. 

 

4.2.11 Administration of adenoviral vectors  

All animal procedures were performed in accordance with the guidelines 

established by the National Institutes of Health for humane treatment of animals and 

approved by the Institutional Animal Care and Use Committee of the University of Texas 

at Austin. Six to eight week old C57BL/6 and B10.BR mice were purchased from The 

Jackson Laboratory (Bar Harbor, ME) and maintained in a twelve-hour light/dark cycle 

environment with free access to standard mouse chow (Harlan, Indianapolis, IN) and 

deionized water. Following a seven-day acclimation period, a single dose of 1.5 x 1011 vp 

of AdlacZ or adenovirus that does not contain RGD motifs in its capsid (AdΔRGD) or 

PBS (vehicle) was given to mice in a volume of 100 µl by tail vein injection. Animals 

were sacrificed 24, 48, or 96 hours after treatment. At the time, serum was collected and 

liver tissue was snap frozen in liquid nitrogen and stored at -80°C for analysis. 
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4.2.12 Testosterone hydroxylation assay of liver microsomes 

Hepatic microsomes were prepared by ultracentrifugation according to established 

methods [224]. To assess hepatic CYP3A activity, 200 µg of liver microsomal protein 

was incubated with testosterone, a NADPH regenerating system consisting of 5 mM 

NADP, 100 mM glucose-6-phosphate, and 100 mM magnesium chloride and, 5 units of 

glucose-6-phosphate dehydrogenase for 15 minutes at 37°C with gentle agitation. The 

reaction was quenched with dichloromethane and 11α-hydroxyprogesterone added as an 

internal standard. The organic phase was then evaporated and samples dissolved in 

methanol. Testosterone and its metabolites were separated and quantified by high-

performance liquid chromatography as described [225]. Peak areas of the hydroxylated 

metabolites were measured and compared to peak areas of the internal standard within 

the same run.  

 

4.2.13 Western blot analysis of liver microsomal proteins 

Hepatic microsomes (20 µg) were separated on an 8% sodium dodecylsulfate 

polyacrylamide gel by electrophoresis and transferred to a nitrocellulose membrane. 

Protein blots were blocked overnight at 4°C in blocking buffer containing 5% non-fat dry 

milk and 0.05% (v/v) Tween-20 in Tris buffered saline (TBS). Immunoblotting for 

CYP3A protein expression was performed using a polyclonal rabbit anti-rat CYP3A1 

antibody (1:3,000 dilution, BD Gentest, Woburn, MA) and a polyclonal anti-rabbit IgG 

horseradish peroxidase conjugated secondary antibody (1:3,000 dilution, Cell Signaling 

Technology). Immune complexes were detected by chemiluminescence (Western 

Lightning Detection kit, PerkinElmer, Boston, MA). The intensity of protein bands was 

quantified, relative to the signals obtained for β-actin (β-actin rabbit monoclonal 
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antibody, 1:1000 dilution, Cell Signaling Technology) run on the same gel using Kodak 

1D image analysis software (Eastman Kodak Co). 

 

4.2.14 RNA extraction and RT-PCR 

Total cellular RNA was isolated using TRIzol® (Invitrogen) according to the 

manufacturer’s instructions. Isolated RNA was reversed transcribed with random 

nanomers using the SuperScript first-strand synthesis system (Invitrogen). PCR was 

carried out in a PTC-100 TM programmable thermal controller (MJ Research Inc., 

Waltham, MA) using the AmpliTaq Gold PCR Master Mix kit (Applied Biosystems, 

Foster City, CA) with the following cycling conditions: 94°C for 30 seconds, 56°C for 30 

seconds and 72°C for 1 minute for a total of 32 cycles. Cycling was initiated at 94°C for 

3 minutes and terminated at 72°C for 10 minutes. Primer sequences for mouse CYP3A11 

were 5′-CTC AAT GGT GTG TAT ATC CCC C-3′ (forward) and 5′-CCG ATG TTC 

TTA GAC ACT GCC-3′ (reverse) [318]. Primer sequences for human CAR, PXR, and 

RXRα were 5′-GCA AGG GTT TCT TCA GGA GAA C-3′ (forward) and 5′-CTT CAC 

AGC TTC CAG CAA AGG-3′ (reverse), 5′-CAA GCG GAA GAA AAG TGA ACG -3′ 

(forward) and 5′-CTG GTC CTC GAT GGG CAA GTC-3′ (reverse) and 5′-CCT TTC 

TCG GTC ATC AGC TC -3′ (forward) and 5′-CTC GCA GCT GTA CAC TCC AT-3′ 

(reverse), respectively. QuantumRNATM 18S internal standards (Ambion) using 

Ambion’s competimer technology were co-amplified in individual reaction tubes. 

Reaction products were visualized on a 1.5% agarose gel containing ethidium bromide 

and the intensity of each band determined by densitometric analysis using Kodak 1D 

image analysis software (Eastman Kodak Co.). 
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4.2.15 Evaluation of serum cytokines and transaminases 

Serum samples were analyzed for IL-6, IL-12 p70 and TNF-α using enzyme-

linked immunosorbent assays (ELISA) (Invitrogen, Camarillo, CA) according to the 

manufacturer's instructions. Serum AST levels and ALT levels were determined using 

VITROS AST/SGOT and ALT/SGPT DT slides on a VITROS DT60 AutoAnalyzer 

(Ortho-Clinical Diagnostics, Rochester, NY). 

 

4.2.16 Statistical analysis 

Statistical analysis of data was performed using SigmaStat (Systat Software Inc., 

San Jose, CA). An unpaired two-tailed Student’s t-test was used to compare differences 

in transgene expression, CYP3A expression and activity, serum transaminase and 

cytokine levels between animals given virus and these given saline for each mouse strain. 

Differences in all other parameters were calculated by a one-way analysis of variance 

followed by a Bonferroni/Dunn post hoc test. For each of these tests, differences were 

determined to be significant when the probability of chance explaining the results was 

reduced to less than 5% (P< 0.05). 
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4.3 RESULTS 

4.3.1 Adenovirus infection significantly reduces CYP3A activity in primary 
hepatocytes 

Primary cultures of hepatocytes are a widely used in vitro model for drug 

metabolism and toxicology studies [319, 320]. In an effort to set up a system for 

mechanistic study of CYP3A activity during adenovirus infection, hepatocytes were 

isolated from Sprague-Dawley rats by a modified two-step in situ collagenase perfusion 

procedure [316]. Twenty-four hours after plating, hepatocytes were infected with a first 

generation of recombinant adenoviral vector expressing E.coli beta-galactosidase 

(AdlacZ) at a multiplicity of infection (MOI, the ratio of virus particles to cells) of 1,000, 

2,500, 5,000, 7,500 and 10,000. The amount of the primary CYP3A-specific metabolite 

of testosterone, 6β-hydroxytestosterone, was measured either 24 or 48 hours after virus 

infection. AdlacZ significantly suppressed CYP3A activity by 32% with respect to 

uninfected cultures 24 hours following virus infection at a MOI of 7,500 or 10,000 

(Figure 4.1A, P<0.05). CYP3A activity levels, 48 hours following virus infection, were 

significantly reduced after virus infection in a concentration-dependent manner (Figure 

4.1B, P<0.05). Significant release of lactate dehydrogenase (LDH) leakage was noted 48 

hours after virus infection at a MOI of 10,000 only (Figure 4.1C, P<0.05). Histochemical 

staining illustrated that transgene expression in primary hepatocytes after virus infection 

was directly correlated to MOI (Figure 4.2).  
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Figure 4.1 Adenovirus suppresses hepatic CYP3A activity in primary rat 

hepatocytes 24 and 48 hours following virus infection. Catalytic activity of CYP3A in 

hepatocytes after infection with a first generation recombinant adenovirus expressing 

beta-galactosidase (AdlacZ) for (A) 24 hours and (B) 48 hours. (C) Lactate 

dehydrogenase (LDH) released in culture media 48 hours virus infection. Results are 

reported as the mean ± s.e. of 3 plates per condition. *P<0.05 and **P<0.01 with respect 

to phosphate-buffered saline-treated cultures (MOI of 0).  
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Figure 4.2 Representative transgene expression levels in cultured primary 

hepatocytes 48 hours after virus infection. Cells were infected with a first generation 

recombinant adenoviral vector expressing beta-galatosidase (AdlacZ) at MOIs of (A) 0, 

(B) 1,000, (C) 5,000 and (D) 10,000. Magnification: A, 250x; B, 100x; C, 100x; D, 100x. 
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4.3.2 Adenovirus infection reduces CYP3A activity of HC-04 cells in an isoform 
specific manner 

 Although data obtained from primary hepatocytes correlated with in vivo data, 

studies have reported that contaminating Kupffer cells play an important role in 

modulation of CYP metabolism in primary cultures of rat hepatocytes [321]. Moreover, it 

has been shown that several signaling pathways that could influence CYP expression and 

function are inadvertently activated during hepatocyte isolation [322]. To avoid other 

confounding factors that could arise from the isolation procedure and rat to rat variations 

and to determine if similar effects may be seen in humans, we selected a hepatocyte cell 

line for mechanistic studies.  HC-04 cells were developed from human hepatocytes [323]. 

These cells express many human transporters and major CYP isoforms [324]. CYP3A4 is 

expressed abundantly in these cells and they are able to metabolize known CYP3A4 

substrates such as midazolam at a rate similar to that observed in primary human 

hepatocytes [324]. We initially investigated the effect of adenovirus infection on CYP 

activity in HC-04 cells. Similar to in vivo and primary hepatocyte results, CYP3A activity 

levels in HC-04 cells were compromised after virus infection. Production of 6β-

hydroxytestosterone was significantly reduced by 47% (72 hours) and 42% (96 hours) 

after virus infection at a MOI of 500 (Figure 4.3A, P<0.05) while 16α-

hydroxytestosterone, the primary metabolite of CYP2D testosterone hydroxylation, 

remained unchanged after virus infection at all time points (Figure 4.3B). These results 

suggested that effect of adenovirus infection on CYP3A function is an isoform-specific 

effect.  
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Figure 4.3 Adenovirus infection inhibits hepatic CYP3A activity in HC-04 cells in an 

isoform-specific manner. In vitro catalytic activity was measured by quantitation of 

isoform-specific testosterone metabolites, (A) 6β-hydroxytestosterone (CYP3A) and (B) 

16α-hydroxytestosterone (CYP2D). Results are reported as the mean ± s.e. of 3 plates per 

condition. *P<0.05 with respect to saline-treated cells. 
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4.3.3 Impact of transgene product on CYP3A activity of HC-04 cells 

We therefore decided to use HC-04 cell cultures for further mechanistic studies. 

To determine how transgene expression affects changes in CYP3A activity in vitro, cells 

were infected with first generation recombinant adenoviruses expressing either green 

fluorescent protein (AdGFP) or AdlacZ or adenovirus which does not contain a transgene 

cassette but contains non-coding DNA to maintain the same genome size as the other 

vectors (AdNull). Ninety-six hours after virus infection, AdlacZ suppressed CYP3A 

catalytic activity in a MOI-dependent manner (Figure 4.4A, P<0.001). AdGFP infection 

at a MOI of 500 significantly inhibited CYP3A activity while nothing could be detected 

after infection with the same virus at a MOI of 1,000 (Figure 4.4B, P<0.05). Further 

analysis indicated that this effect was due to cytotoxicity, as indicated by significant 

release of lactate dehydrogenase (LDH) in the media at this concentration (Figure 4.6B). 

CYP3A activity was significantly reduced after AdNull infection at a MOI of 100, 500, 

and 1,000 (Figure 4.4C, P<0.05).  

    

4.3.4 Effect of adenoviruses with an attenuated immunological profile on CYP3A 
activity in HC-04 cells  

Ninety-six hours following virus infection, helper dependent adenovirus (HDAd) 

suppressed CYP3A activity at all MOIs tested (Figure 4.5A, P<0.001). The greatest 

suppression in CYP3A catalytic activity, approximately 67% of control, was observed at 

MOIs of 500 and 1000. Cells infected with UVAd at a MOI of 500 and 1000 had CYP3A 

activity levels 49% and 44% of that observed in uninfected cells, respectively (Figure 

4.5B, P<0.05). CYP3A activity levels in cells treated with PEGAd at a MOI of 100, 500, 

and 1000 were reduced by approximately 30% with respect to that of uninfected cells 

(Figure 4.5C, P<0.05). 
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Figure 4.4 Regardless of transgene product, adenovirus infection inhibits hepatic 

CYP3A activity in HC-04 cells. Catalytic activity of CYP3A in HC-04 cells 96 hours 

after virus infection with first generation recombinant adenoviruses expressing (A) beta-

galactosidase (AdlacZ), (B) green fluorescent protein (AdGFP) or (C) no transgene 
(AdNull) at MOIs of 10, 100, 500, and 10000. Results are reported as the mean ± s.e. of 3 

plates per condition. *P<0.05, **P<0.01 and ***P<0.001 with respect to saline-treated 

cells (MOI of 0). 
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Figure 4.5 Adenoviruses with low immunological profiles suppress hepatic CYP3A 

activity in HC-04 cells. Catalytic activity of CYP3A in HC-04 cells following 96 hours 

virus infection with (A) a helper-dependent adenovirus (HDAd), (B) an inactive 

adenovirus (UVAd) or (C) a PEGylated adenovirus (PEGAd) at MOIs of 10, 100, 500, 

and 1,000. Results are reported as the mean ± s.e. of 3 plates per condition. *P<0.05,  

**P<0.01 and ***P<0.001 with respect to vehicle-treated cells (MOI of 0). 
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4.3.5 Cytotoxic effect of recombinant adenoviruses on HC-04 cells  

In order to determine if changes in CYP was the result of virus-induced 

cytotoxicity, we measured lactate dehydrogenase (LDH) leakage into the culture medium 

96 hours after virus infection. AdlacZ infection at a MOI of 1000 induced significant cell 

damage (Figure 4.6A, P<0.001). LDH release from cells infected with AdlacZ at this 

MOI was 3.3 times that of uninfected cells. LDH enzyme levels were significantly 

elevated after AdGFP infection at a MOI of 500 and 1000. The most profound release 

was observed following virus infection at a MOI of 1000, which was 7.5 times above 

control (Figure 4.6B, P<0.001). A MOI of 1000 of AdNull induced significant cell 

damage, approximately 47% of control, after virus infection at a MOI of 1000 (Figure 

4.6C, P<0.01). Similarly, secretion of LDH levels from cells infected with HDAd at this 

MOI was significantly 21% higher than that of uninfected cells (Figure 4.7A, P<0.01). In 

contrast to other treatments, we were unable to detect any cytotoxic effects associated 

with UVAd infection in HC04 cells. The medium from cells infected with PEGylated 

virus (PEGAd) at a MOI of 1000 had LDH levels twice that of uninfected cells (Figure 

4.7B, P<0.01).  Mild LDH release was also detected at a MOI of 500 with this virus.      

 

4.3.6 Adenovirus infection alters gene and protein expression of pregnane X 
receptor, constitutive androstane receptor and retinoid X receptor alpha 

In order to evaluate the utility of HC-04 cells to assess the mechanism by which 

adenovirus infection alters CYP3A expression and function, the expression and 

distribution of pregnane X receptor (PXR), constitutive androstane receptor (CAR) and 

retinoid X receptor alpha (RXRα), key regulators of CYP3A expression, were assessed 

after treatment with the AdlacZ and HDAd vectors. Although AdlacZ did not have any  
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Figure 4.6 Adenovirus infection at a MOI of 1000 causes significant cell death in the 

HC-04 cell line. The viability of cells was determined by measurement of lactate 

dehydrogenase (LDH) released in culture media 96 hours after virus infection with first 

generation recombinant adenoviruses expressing (A) beta-galactosidase (AdlacZ), (B) 

green fluorescent protein (AdGFP) or (C) no transgene (AdNull) at MOIs of 10, 100, 

500, and 1,000. Results are reported as the mean ± s.e. of 4 wells per condition. **P<0.01, 

and ***P<0.001 with respect to saline-treated cells (MOI of 0). 
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Figure 4.7 Cell viabilities of HC-04 cells after infection with recombinant 

adenoviruses with low immunotoxicity profile for 96 hours. Lactate dehydrogenase 

(LDH) released in HC04 cell cultures after infection for 96 hours with (A) a helper-

dependent adenovirus (HDAd) or (B) a PEGylated adenovirus (PEGAd) at MOIs of 10, 

100, 500, and 1,000. Results are reported as the mean ± s.e. of 4 wells per condition. 

**P<0.01 with respect to vehicle-treated cells (MOI of 0). 
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significant affect on PXR and CAR mRNA levels  (Figures 4.8A and 4.9A), it 

significantly suppressed RXRα mRNA 96 hours after virus infection at a MOI of 500 

(Figure 4.10A). HDAd at the same MOI inhibited PXR and RXRα mRNA (Figures 4.8B 

and 4.10B). Protein levels of RXRα in both nuclear and cytoplasmic extracts were 

significantly reduced after infection with either virus at MOIs of 100 and 500 (Figures 

4.11A-D).  The most pronounced effect was noted in cytoplasmic extracts. AdlacZ and 

HDAd reduced RXRα protein levels by 70% and 50%, respectively, after virus infection 

at a MOI of 500. Significant changes in PXR protein levels were noted in a 

concentration-dependent manner only in the cytoplasm after treatment with either virus 

(Figures 4.12B and D). On the other hand, virus infection enhanced the amount of CAR 

protein in nuclear extracts at MOIs of 100 and 500 (Figures 4.13A and C). In addition, an 

extra band of CAR-associated protein was also detected at a MOI of 500 of both viruses 

(Figures 4.13B and D).  

 

4.3.7 Engagement of integrin receptors with a non-infectious peptide suppresses 
CYP3A activity 

Data obtained from in vivo studies and now our studies in the HC-04 cell line 

strongly suggest that the virus does not need to be active to alter CYP. Thus, in order to 

determine if simple engagement of adenovirus receptors can alter CYP3A expression and 

function, primary rat hepatocytes were treated with a RGD peptide, which specifically 

binds to integrins, at a concentration of 1.5 mg/ml for 2 hours at 4°C. This decreased 

CYP3A catalytic activity by approximately 60% compared to that found in untreated 

cells (Figure 4.14A, P<0.05). Treatment with a RGE peptide, a peptide that does not bind 

to integrin receptors (negative control), did not affect CYP3A catalytic activity. Similar 

results were observed in HC-04 under the same experimental conditions (Figure 4.14B).  



 132 

A 

B 

C 

   0      10     100   500 

HDAd  

AdlacZ  

MOI  

18S  
PXR  

18S  
PXR  

0

0.3

0.6

0.9

1.2

1.5

1.8

0 10 100 500
P

X
R

 G
e
n

e
 E

x
p

re
s
s
io

n
(a

rb
it

ra
ry

 u
n

it
s
)

AdlacZ (MOI)  
 

0

0.3

0.6

0.9

1.2

1.5

1.8

0 10 100 500

P
X

R
 G

e
n

e
 E

x
p

re
s
s
io

n
(a

rb
it

ra
ry

 u
n

it
s
)

HDAd (MOI)

*

 
 

 

 

 

 

 

   

 

Figure 4.8 Helper-dependent adenovirus infection suppresses PXR mRNA levels in 

HC-04 cells. (A and B) Mean PXR mRNA levels and (C) representative agarose gels 96 

hours after infection with either (A) first generation or (B) helper dependent adenovirus  

at MOIs of 10, 100, and 500. Results are reported as the mean ± s.e. of 3 plates per 

condition. *P<0.05 with respect to phosphate-buffered saline-treated cells (MOI of 0). 
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Figure 4.9 CAR mRNA levels in HC-04 cells after virus infection. (A and B) Mean 

CAR mRNA levels and (C) representative agarose gels 96 hours after infection with 

either (A) first generation or (B) helper dependent adenovirus at MOIs of 10, 100, and 

500. Results are reported as the mean ± s.e. of 3 plates per condition. *P<0.05 with 

respect to phosphate-buffered saline-treated cells (MOI of 0). 
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Figure 4.10 Adenovirus infection suppresses RXRα  mRNA levels in HC-04 cells. (A 

and B) Mean CAR mRNA levels and (C) representative agarose gels 96 hours after 

infection with either (A) first generation or (B) helper dependent adenovirus  at MOIs of 

10, 100, and 500. Results are reported as the mean ± s.e. of 3 plates per condition. 

*P<0.05 with respect to phosphate-buffered saline-treated cells (MOI of 0). 
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Figure 4.11 Adenovirus infection decreases RXRα  protein levels in nuclear and 

cytoplasmic extracts of HC-04 cells. Mean RXRα protein expression levels 96 hours 

after treatment with either first generation or helper-dependent adenovirus at MOIs of 10, 

100, and 500 in (A and C) nuclear and (B and D) cytoplasmic extracts of HC-04 cells. 

Results are reported as the mean ± s.e. of 3 plates per condition. *P<0.05, **P<0.01 and 

***P<0.001 with respect to phosphate-buffered saline-treated cells (MOI of 0). 
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Figure 4.12 Adenovirus infection reduces PXR protein levels in cytoplasmic extracts 

of HC-04 cells. Mean PXR protein expression levels 96 hours after infection with either 

first generation or helper-dependent adenovirus at MOIs of 10, 100 and 500 in (A and C) 

nuclear and (B and D) cytoplasmic extracts of HC-04 cells. Results are reported as the 

mean ± s.e. of 3 plates per condition. **P<0.01 and ***P<0.001 with respect to phosphate-

buffered saline-treated cells. 
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Figure 4.13 Adenovirus infection increases CAR protein levels in nuclear extracts of 

HC-04 cells. (A and C) Mean CAR protein levels in nuclear extracts and (B and D) 

representative immunoblots of hepatic CAR protein expression in cytoplasm 96 hours 

after infection with either (A and B) first generation or (C and D) helper-dependent 

adenovirus at MOIs of 10, 100 and 500. Results are reported as the mean ± s.e. of 3 plates 

per condition. *P<0.05 and ***P<0.01 with respect to phosphate-buffered saline-treated 

cells. 

Cytoplasmic Extract 
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Treatment with a RGD peptide at the same conditions before virus infection reduced 

transduction efficiency of AdlacZ vector in rat primary hepatocytes by approximately 

70% (Figures 4.14C and D). These results suggested that simple engagement of integrin 

receptors can initiate changes in CYP3A and that HC-04 cells can provide similar results 

as those obtained from primary rat hepatocytes in the context of CYP3A expression and 

function during virus infection. 

 

4.3.8 siRNA-mediated suppression of β3 and β5 integrins reverses adenovirus-
mediated CYP3A suppression 

To further confirm the role of integrins in adenovirus-mediated changes in 

CYP3A, the expression of these receptors were knocked down with siRNA targeting β3 

and β5 integrins. Forty-eight hours after transfection, integrin β3 and integrin β5 gene 

expression levels were decreased by 66% and 87%, respectively (Figure 4.15A). Cells 

were then infected with adenovirus for 72 hours before CYP3A activity was assessed. 

Adenovirus-induced suppression of CYP3A was reversed in β3 integrin-siRNA-

transfected cells, β5 integrin-siRNA-transfected cells, and both β3 and β5 integrin-

siRNAs-transfected cells compared with negative control siRNA-transfected cells (Figure 

4.15B). The most pronounced effects were seen in cells transfected with either β5 

integrin-siRNA alone or in combination with β3 integrin-siRNA. CYP3A catalytic 

activity was reduced by approximately 20% of control in these cells following virus 

infection while it was decreased by 55% in cells transfected with negative control siRNA. 

The fluorescence images revealed that silencing of integrin β3 and β5 does not inhibit 

transduction ability of adenovirus (Figure 4.16).     
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Figure 4.14 Treatment with a peptide that specifically binds to integrin receptors, 

inhibits CYP3A activity. Catalytic activity of CYP3A in (A) primary rat hepatocytes or 

(B) HC-04 cells after treatment with either RGD or RGE peptide. Results are reported as 

the mean ± s.e. of 3 plates per condition. *P<0.05 with respect to vehicle-treated cells 

(control). Histochemical staining for beta-galactosidase expression in (C) rat primary 

hepatocytes infected with AdlacZ at a MOI of 100 or (D) rat primary hepatocytes treated 

with a RGD peptide (1.5 mg/ml) 2 hours before virus infection at the same MOI.  
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Figure 4.15 Silencing of integrins can reverse virus-mediated effects on CYP3A. (A) 

Integrin β3 and β5 mRNA levels in HC-04 cells after treatment with either non-tergeting 

control siRNA (siControl) or siRNA targeting either β3 or β5 integrin for 48 hours. (B) 

CYP3A activity in HC-04 cells infected with virus at a MOI of 500 for 72 hours 

following pretreatment with integrin-specific siRNA. Results are reported as the mean ± 

s.e. of 3 plates per condition. *P<0.05 with respect to phosphate-buffered treated cells.  
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Figure 4.16 Silencing of integrins does not inhibit transduction efficiency of 

adenovirus. Fluorescence microscope images of HC04 cells transfected with (A) 

negative control siRNA, (B) β3 integrin siRNA, (C) β5 integrin siRNA and (D) β3 and 

β5 integrins siRNAs followed by 72 hours infection of adenovirus expressing green 

fluorescence protein. Magnification: 100x 
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4.3.9 Effect of systemic administration of recombinant adenovirus on hepatic 
CYP3A activity in C57BL/6 and B10.BR mice 

Given the remarkable genetic similarity between mice and humans and ability to 

manipulate mouse genome, the mouse has shown to be an excellent animal model for 

mechanistic studies of human diseases [325-327]. Because transgenic models, including 

integrin-knockout mice which would be useful for our work, can be generated on many 

wild-type backgrounds, we first performed a series of studies to determine if there are 

strain-specific differences in the response of hepatic CYP3A to adenovirus infection. 

C57BL/6 (H2b haplotype) and B10.BR (H2k haplotype) were selected for study. Studies 

have indicated that H-2-linked genes regulate virus binding or entry into the cells [328]. 

For example, H-2d and H-2b cells are susceptible to murine cytomegalovirus (MCMV), 

while H-2k cells are somewhat resistant to infection [328].  To determine how a mouse 

strain’s genetic background influences adenovirus infection and subsequent CYP 

expression patterns, we first compared beta-galactosidase levels in the liver and 

subsequent CYP expression patterns between the two strains after a single dose of 

AdlacZ. Hepatic transgene expression of C57BL/6 mice (179,380 ± 36,520 pg/mg 

protein), 24 hours after virus administration, was approximately twice that of B10.BR 

mice (80,816 ± 15,976 pg/mg protein). There was, however, no significant difference in 

transgene expression in the liver between these two mouse strains [71,393 ± 5,840 pg/mg 

protein (B10.BR) vs. 50,290 ± 29,594 pg/mg protein (C57BL/6)] at the 72 hour time 

point. Since we found a significant difference in hepatic transduction efficiency of 

adenovirus between C57BL/6 and B10.BR mice 24 hours after virus administration, we 

then assessed the expression and function of hepatic CYP3A 24, 48 and 72 hours after 

virus infection in each strain. This virus suppressed hepatic CYP3A catalytic activity at 

all time points in both mouse strains (Figures 4.17A-C). The most profound reduction in 
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CYP3A protein expression occurred 24 hours after virus administration. At this time 

point, production of 6β-hydroxytestosterone was reduced by approximately 65% and 

67% with respect to saline-treated B10.BR and C57BL6 mice, respectively (Figure 

4.17A, P<0.001).  Although CYP3A activity began to recover 48 hours after treatment in 

both strains (Figure 4.17B, P<0.01), it was still significantly suppressed by approximately 

34% and 30% in B10.BR mice at the 48 and 72 hour time points, respectively (Figures 

4.17B and C, P<0.05). Similar results were observed in C57BL/6 mice.  

 

4.3.10 Effect of systemic administration of recombinant adenovirus on hepatic 
CYP3A protein and gene expression 

Western blot analysis revealed that systemic administration of recombinant 

adenovirus inhibits CYP3A protein expression at the 24 and 48 hour time points. CYP3A 

protein levels, 24 hours after virus administration, were suppressed by 62% and 54%, 

with respect to control in B10.BR and C57BL/6 mice, respectively (Figure 4.18A, 

P<0.01). The protein levels remained low, approximately 35% of control, in both strains 

at the 48 hour time point (Figure 4.18B, P<0.05).  A return toward baseline levels was 

observed 72 hours after virus administration (Figure 4.18C). A significant reduction in 

CYP3A11 mRNA levels was observed only 24 hours after virus administration in both 

mouse strains (Figure 4.18D). At this time point, mRNA levels were suppressed by about 

36% and 34% in B10.BR and C57BL/6 mice, respectively. CYP3A11 mRNA returned to 

baseline by 48 hours after virus administration in both strains (Figures 4.18E and F).  
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Figure 4.17 Systemic administration of a single dose adenovirus suppresses hepatic 

CYP3A activity for 72 hours in B10.BR and C57BL/6 mice in a similar manner. In 

vitro catalytic activity of CYP3A in hepatic microsomal extracts was measured by 

quantitation of 6β-hydroxytestosterone (A) 24 hours, (B) 48 hours and (C) 96 hours after 

treatment with adenovirus. Results are reported as the mean ± s.e.; n = 4-5 mice per 

treatment group. *P<0.05, **P<0.01 and ***P<0.001 with respect to vehicle control 

(phosphate-buffered saline, PBS). 
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Figure 4.18 Systemic administration of adenovirus suppresses hepatic CYP3A gene 

and protein expression in B10.BR and C57BL/6 mice in a similar manner. Hepatic 

CYP3A protein levels (A) 24 hours, (B) 48 hours and (C) 72 hours and CYP3A mRNA 

levels (D) 24 hours, (E) 48 hours and (F) 72 hours after treatment with adenovirus. 

Results are reported as the mean ± s.e.; n = 4-5 mice per treatment group. *P<0.05, 

**P<0.01 and ***P<0.001 with respect to vehicle control (phosphate-buffered saline). 
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4.3.11 Serum transaminase levels following systemic administration of recombinant 
adenovirus  

Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) 

levels, often used as indicators of liver function during inflammation, injury, or disease 

[253] were measured to evaluate hepatotoxicity associated with virus administration. 

Twenty four hours after virus infection, B10.BR and C57BL/6 mice had AST levels that 

were four times higher than those of animals given saline (Figure 4.19A, P<0.05). Serum 

AST remained at this level in B10.BR mice (P<0.05) while it returned to baseline values 

in C57BL/6 mice at the 48 hour time point (Figure 4.19B). Serum AST levels of animals 

dosed with virus were not significantly different from those receiving saline in either 

strain 72 hours after treatment (Figure 4.19C). Similarly, serum ALT levels, 24 hours 

after virus administration, were elevated by approximately 9 and 10 times of those seen 

in B10.BR and C57BL/6 mice given saline, respectively (Figure 4.19D, P<0.05). A trend 

toward recovery was observed at the 48 hour time point, when ALT levels were increased 

by 3 and 2 times above the control values in B10.BR and C57BL/6 mice, respectively 

(Figure 4.19E, P<0.05).  Seventy-two hours after virus administration, serum ALT in 

B10.BR mice remained three times higher than baseline (P<0.05) while those of 

C57BL/6 mice returned to baseline at this time point (Figure 4.19F). 

 

4.3.12 Serum cytokine levels following systemic administration of recombinant 
adenovirus  

Cytokines commonly produced in response to systemic administration of 

adenovirus [49, 281] were measured 6, 24 and 72 hours after virus administration.  

Interleukin-6 (IL-6) was not detected in mice given saline at any time point (Table 4.1). 

IL-6 peaked at 6 hours after virus administration in B10.BR (771 pg/ml; P<0.05) and  
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Figure 4.19 Sharp elevations in serum transaminase are detected 24 hours after a 

single dose of adenovirus in the mouse. Serum aspartate aminotransferase (AST) (A) 24 

hours, (B) 48 hours and (C) 72 hours and alanine aminotransferase (ALT) (D) 24 hours, 

(E) 48 hours and (F) 72 hours after infection. Results are reported as the mean ± s.e.; n = 

4-5 mice per treatment group. *P<0.05 and **P<0.01 with respect to vehicle control 

(phosphate-buffered saline, PBS).  
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C57BL/6 mice (1105 pg/ml; P<0.01). A rapid decline in IL-6 was noted in B10.BR (14 

pg/ml) and C57BL/6 (38 pg/ml) at the 24 hour time point. IL-6 declined to undetectable 

levels 72 hours after virus administration in both mouse strains. IL-12 in serum of control 

B10.BR mice was higher than that of control C57BL/6 mice at all time points. The most 

profound elevation of IL-12 was detected in both strains 6 hours after virus 

administration. B10.BR and C57BL/6 mice had IL-12 levels of that were thirteen and 

twenty times that observed in samples obtained from saline-treated animals, respectively 

(P<0.01). Serum IL-12 returned to baseline values thereafter in both mouse strains. After 

virus administration, IFN-γ was not detected in samples from either control mice or those 

given virus at any time point. 

  

Table 4.1 Cytokine secretion profile after a single dose of recombinant adenovirus 

 
B10.BR C57BL/6 Cytokine Time  

(Hours) PBS AdlacZ PBS AdlacZ 
6 0 770 ± 225* 0 1105 ± 226** 

24 0 14 ± 4* 0 38 ± 11* 
IL-6 

(pg/ml) 
 72 0 0 0 0 

6 236 ± 143 3035 ± 364** 58 ± 22 1175 ± 103** 
24 275 ± 57 462 ± 59 81 ± 35 109 ± 28 IL-12 

(pg/ml) 72 377 ± 97 244 ± 31  34 ± 21 0 

 

Values were determined by ELISA. Results are reported as the mean ± s.e.; n = 4-5 mice 

per treatment group. *P<0.05 and **P<0.01 with respect to vehicle control (phosphate-

buffered saline, PBS) for each strain. 
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4.3.13 Systemic administration of a RGD-deleted recombinant adenovirus does not 
alter hepatic CYP3A in mice 

Since there were no significant differences in the degree and time course of 

adenovirus-mediated changes in CYP3A between different strains, we decided to 

investigate the role of engagement of integrin receptors on hepatic CYP3A expressing 

and function in C57BL/6 mice, the most commonly used mouse strain. Mice were treated 

with a single dose of 1.5 x 1011 vp of either recombinant adenovirus with RGD sequences 

deleted from the virus capsid, preventing this virus from entry cells via the integrin 

pathway (AdΔRGD) or AdlacZ or PBS. Twenty-four hours after virus administration, 

AdlacZ-treated mice experienced a notable reduction in CYP3A catalytic activity, 

approximately 70% of that seen in saline-treated mice (Figure 4.20A, P<0.01). 

Conversely, AdΔRGD did not alter CYP3A activity. CYP3A protein expression was 

markedly suppressed by 38% of control in animals given AdlacZ (Figure 4.20B, P<0.05) 

while it remained at approximately the same level as control in mice receiving AdΔRGD. 

In a manner similar to catalytic activity and protein levels, mice treated with AdlacZ had 

CYP3A11 mRNA levels that were 67% of that found in saline-treated animals (Figure 

4.20C, P<0.05). AdΔRGD, however, did not affect CYP3A11 mRNA.  CYP3A mRNA 

levels for mice given AdΔRGD were similar to that seen in animals treated with saline. 

Forty-eight hours after virus administration, hepatic CYP3A activity and protein 

expression of mice given AdlacZ remained significantly lower than that of saline treated 

controls (Figures 4.20D and E, P<0.05).  The mRNA level; however, began to recover 

after administration of the same virus at this time point (Figure 4.20F). Similar to what 

we observed at the 24 hour time point, AdΔRGD did not alter either CYP3A gene and 

protein expression or catalytic activity 48 hours following virus administration (Figures 

4.20D-F). 
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Figure 4.20 A single dose of adenovirus with RGD sequences deleted does not alter 

expression and function of hepatic CYP3A. Catalytic activity of CYP3A microsomal 

proteins (A) 24 hours and (D) 48 hours, CYP3A protein levels (B) 24 hours and (E) 48 

hours, and CYP3A11 mRNA levels (C) 24 hours and (F) 48 hours after virus infection. 

Results are reported as the mean ± s.e.; n = 4-5 mice per treatment group. *P<0.05 and 

**P<0.01 with respect to vehicle control (phosphate-buffered saline, PBS). 
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4.3.14 Toxicology profile of a RGD-deleted recombinant adenovirus 

Twenty-four hours following virus administration, AST levels were elevated 4 

(AdlacZ) and 3 (AdΔRGD) fold compared to saline-treated animals (Figure 4.21A, 

P<0.5). At this time, administration of AdlacZ and AdΔRGD induced ALT levels 9 and 5 

times above baseline (Figure 4.21B, P<0.5). AST levels in samples obtained from 

animals given AdlacZ, 48 hours following virus administration, remained significantly 

higher above control while they trended to return to baseline levels in mice treated with 

AdΔRGD (Figure 4.21C). At the same time, animals given AdlacZ and AdΔRGD had 

ALT levels 5 and 3 times that observed in samples obtained from saline-treated animals 

(Figure 4.21D, P<0.5). Six hours after administration, each virus significantly induced 

IL-6 production (Figure 4.22A). The most pronounced effect was noted in samples 

obtained from mice given AdlacZ with IL-6 levels of 1,105 pg/ml (P<0.001) while this 

cytokine was not detected in saline-treated animals. Samples taken from animals dosed 

with AdΔRGD contained 340.4 pg/ml of IL-6 (P<0.01). IL-6 levels in samples obtained 

from animals given either AdlacZ (38.2 pg/ml, p<0.05) or AdΔRGD (0 pg/ml) returned to 

baseline level 24 hours following virus administration. Similar to IL-6, IL-12 peaked as 

early as 6 hours after virus administration (Figure 4.22B). At this time, mice given 

AdlacZ and AdΔRGD had IL-12 levels 14 and 5 times above that found in samples 

obtained from saline-treated control. A trend toward baseline was seen in mice given 

AdlacZ at the 24 hour time point while IL-12 levels in samples taken from animals 

receiving AdΔRGD, 24 and 48 hours following virus administration, remained 

significantly higher than control (P<0.01).  
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Figure 4.21 A single dose of adenovirus induces hepatotoxicity 24 and 48 hours after 

treatment. Serum aspartate transaminase (AST) (A) 24 hours and (C) 48 hours and 

alanine transaminase (ALT) (B) 24 hours and (D) 48 hours after virus administration. 

Results are reported as the mean ± s.e.; n = 4-5 mice per treatment group. *P<0.05, 

**P<0.01 and ***P<0.001 with respect to vehicle control (phosphate-buffered saline, 

PBS). 
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Figure 4.22 A single dose of AdlacZ or AdΔRGD induces secretion of cytokines 6 

hours after virus administration. Serum (A) IL-6 and (B) IL-12 levels were measured 

6, 24 and 48 hours after administration of recombinant adenoviral vectors.  Results are 

reported as the mean ± s.e.; n = 4-5 rats per treatment group. *P<0.05, **P<0.01 and 

***P<0.001 with respect to vehicle control (phosphate-buffered saline, PBS). 
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4.4 DISCUSSION 

Previous work in our laboratory with a panel of viruses with reduced 

immunogenic profiles and inactivated virus suggested that changes in CYP may be 

initiated at the time the virus binds to the hepatocyte. In an effort to investigate this 

further in the absence of inflammatory mediators, an in vitro system that would produce 

reproducible, reliable results was needed. Isolated hepatocytes are recognized as one of 

the most relevant and practical models for the study of drug metabolism [329]. The major 

disadvantages in the use of primary hepatocytes are their cost and availability [329]. One 

of the most commonly used models for the study of CYP expression and function is 

established hepatoma cell lines.  HepG2 is one of the most common hepatocarcinoma cell 

lines used in mechanistic studies of drug metabolism [330]. Although it is capable of 

many liver-specific functions and expresses many native conjugating enzymes, CYP3A4 

expression is low or absence due to the lack of baseline PXR and CAR expression [329]. 

HepaRG cells, a novel cell line, not only express various CYP isoforms but also CAR 

and PXR at levels comparable to those in primary hepatocytes [331]. However, the 

expression level of enzymes and nuclear receptors has been shown to vary depending on 

the culture media and conditions [332] and further characterization of those cells under 

established conditions is essential for the routine use of this cell line. A substantial body 

of metabolic data has been generated with the HC-04 cell line, indicating that it expresses 

CYP and many other associated components in a manner similar to human primary 

hepatocytes [324]. Thus, we selected this cell line for mechanistic study of CYP3A 

activity during adenovirus infection. A panel of recombinant adenoviruses: adenovirus 

expressing either beta-galactosidase (AdlacZ) or green fluorescent protein (AdGFP) or 

adenovirus that does not have a transgene (AdNull), or recombinant adenoviruses with 

low immunological profile, including helper-dependent adenovirus (HDAd) and 
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PEGylated adenovirus (PEGAd) and inactivated adenovirus (UVAd) were included in 

this study. Results were similar to what was previously reported [255], all these vectors 

suppressed CYP3A catalytic activity in HC-04 cells (Figures 4.5A-C). 

It was also quite encouraging to find that basal levels of key CYP regulators, the 

retinoid X receptor alpha (RXRα), pregnane X receptor (PXR) and constitutive 

androstane receptor (CAR), were altered to some degree during virus infection. This is 

the first time to our knowledge that changes in these nuclear receptors have been noted in 

the use of virus infection in any model of hepatic drug metabolism.  We found that 

adenovirus infection mildly suppresses both gene expression of PXR and RXRα (Figures 

4.8 and 4.10) while it significantly alters protein levels of PXR, CAR and RXRα (Figures 

4.11-4.13). Suppression of RXRα mRNA may contribute to reduced protein levels of this 

nuclear receptor, however, stability, turn over and degradation of this nuclear receptor 

cannot be overlooked. It was found that ubiquitination/proteasome-mediated breakdown 

is an important mechanism regulating the levels of RXRα [333]. We believe that 

signaling pathways activated during virus infection might trigger translocation of nuclear 

receptor from nucleus to cytoplasm where it may be targeted for degradation. It has also 

been shown that interaction with RXRα is necessary for protection of its 

heterodimerization partner from polyubiquitination [334], thus the observed reduction in 

RXRα may also play in part in the observed reduction of PXR protein levels. CAR and 

PXR also work together to prevent bile acid-induced hepatotoxicity [335, 336]. It was 

found that activation of CAR markedly reduced bile acid toxicity in PXR-null mice 

[336]. Since both CAR and PXR are capable of regulating CYP3A [144, 337], it is 

possible that up-regulation of CAR represents a means of protection against down-

regulation of PXR. CAR is retained in the cytoplasm and nuclear entry is dependent on 

protein phosphatase-2 (PP2A) [149-152], which removes a phosphate group form CAR. 
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It is likely that observed lower extra band of CAR protein is a dephosphorylated product. 

Since it has been shown that adenovirus infection can induce degradation of several 

proteins such as DNA ligase IV, p53 and topoisomerase-IIβ-binding protein 1 (TOPBP1) 

[338-340], through different mechanisms, it is also possible that CAR degradation or 

modification occurs by direct interaction of the virus on the protein during infection. 

Inactive virus (UVAd), in the absence of any cytotoxicity, exerted similar effects 

with respect to hepatic CYP3A suppression, suggesting that toxicity is probably not 

responsible for the observed adenovirus-mediated alterations in CYP3A. Of all modified 

recombinant adenoviruses used in this study, PEGylated virus affected CTP3A activity 

the least and studies have shown that PEGylated virus enters cells primarily via heparan 

sulfate glycosaminoglycans (HS GAGs) [72, 277, 341]. Thus, we believe that interaction 

of adenovirus with either the coxsackie and adenovirus receptor (CAR) or integrin, 

receptors commonly used by unPEGylated virus is somewhat involved in observed 

changes in CYP3A during virus infection. It has been shown that CAR functions only as 

a dock to bring the capsid close to integrins and no CAR-mediated signaling is required 

for efficient virus internalization or trafficking [342]. In contrast, integrin activation 

initiates several signaling pathways, including the p38 mitogen-activated protein kinase, 

extracellular-signal-regulated kinase (ERK), phosphatidylinositol 3-kinase (PI3K), 

protein kinase A (PKA) and protein kinase C (PKC) pathways, resulting in actin 

polymerization near the site of virus attachment and triggering endocytosis via clathrin-

coated pits [38, 343-345]. Studies indicated that several cell signaling components are 

involved in the regulation of CYP3A by modulating the activity of some of its regulatory 

nuclear receptors [87, 194-199, 202-204]. Taken together, we believe that engagement of 

integrin receptors may contribute to changes in CYP3A during virus infection. In a 

manner similar to the previously observed with adenovirus infection, treatment of rat 
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primary hepatocytes and HC-04 cells with a peptide containing the integrin-specific RGD 

sequences reduced CYP3A catalytic activity (Figures 4.14A and B). Silencing β3 and β5 

integrins using small interfering RNA (siRNAs) abolished adenovirus-mediated down-

regulation of CYP3A activity (Figure 4.15B).  

 Studies have documented that there are some variations in the basal and 

xenobiotic inducible CYP450 expression profiles between different mouse strains [346-

348]. Furthermore, it has been shown that a mouse strain’s genetic background 

determines susceptibility to inflammation and microbial and virus infection [349-356]. 

Although we chose to investigate the effect of adenovirus infection on the expression and 

function of CYP3A in C57BL/6 mice, highly susceptible to virus infection, and B10.BR 

mice, somewhat resistant to virus infection, we found no significant differences in 

response to the virus between these strains, despite the fact that beta-galactosidase 

expression in the liver of C57BL/6 mice was approximately twice that of B10.BR mice. 

This was not terribly surprising since we have shown that range of virus concentrations 

significantly altered CYP in the rat [209] and similar changes of CYP were noted with 

minimal transgene expression in the liver in rats and non-human primates [357]. In a 

manner similar to rats and baboons, a single systemic dose of recombinant adenovirus 

significantly compromised hepatic CYP3A catalytic activity and expression in both 

strains (Figures 4.17 and 4.18). Serum aspartate transaminase (AST) and alanine 

transaminase (ALT) levels were elevated in both strains after virus administration, 

however, adenovirus-induced hepatotoxicity recovered at a faster rate in C57BL/6 mice 

(Figure 4.19F). It has been reported that genetic difference between mouse strains 

influences the mechanisms of immune response and subsequent outcomes [356, 358]. 

Differences in IL-12 levels between these two mouse strains suggested that interstrain 

differences in immune response may attribute in part to the difference in transgene 
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expression and hepatotoxicity between the two strains but not to CYP3A expression and 

function. 

Although systemic administration of a single dose of unmodified first generation 

adenoviral vector expressing beta-galactosidase (AdlacZ) inhibited expression and 

activity of hepatic CYP3A in mice both 24 and 48 hours after virus infection (Figure 

4.20), CYP3A expression and function were unaffected after administration of 

adenovirus with the RGD motif deleted (AdΔRGD) at both time points. Although serum 

transaminase peaked 24 hours after administration of either virus, significant differences 

in cytokine secretion patterns were noted. It is widely believed that engagement of 

integrin receptors initiates several signaling pathways, leading to release or production of 

pro-inflammatory cytokines and chemokines [36, 37], therefore the absence or low levels 

of integrin activation that occurred after AdΔRGD administration may be directly related 

to the reduced cytokine levels in animals receiving this virus. The reduced internalization 

rate of adenovirus with RGD deleted [342] may also shift the time at which cytokine 

secretion peaks.  

We have provided some evidence that integrins do play a role in the expression 

and function of CYP. Alterations of several signaling pathways including MAPK and 

NF-κB pathways, involved in CYP3A regulation, were noted following virus 

administration through integrin activation [359]. Besides integrins, other receptors may 

also additively contribute to this effect. Toll like receptors are a crucial component in the 

recognition of diverse pathogens, and activation of TLRs leads to production of cytokines 

that are crucial for the host defense. Microarray studies revealed that several TLR-

associated genes are up-regulated in mouse embryonic fibroblasts following infection 

with adenovirus vectors [360]. Recent evidence has indicated that TLR9, an endosomally 

localized TLR shown to recognize CpG DNA, was required for the induction of various 
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cytokines in response to Ad infection [360, 361]. Peritoneal macrophages infected by 

HDAd also produced high levels of IL-6 in a TLR9 dependent manner [362]. In addition 

to TLR9, TLR4 has been found to be involved in the innate immune response to 

adenovirus in the lungs [363] while TLR2 has shown to be a critical factor in both innate 

and adaptive immune responses generated against adenoviral vectors [359]. Activation of 

TLR4 and TLR2 signaling pathways by Gram negative bacteria and Gram positive 

bacteria have been shown to play a role in regulating the expression of CYP3A [364-

366]. It is possible that activation of TLRs may attribute to changes in CYP3A during 

virus infection. Connection between TLRs and expression and function of CYP3A during 

virus infection using knockout mouse models and in vitro systems with sequential 

receptor silencing are currently underway in our laboratory. 
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CHAPTER FIVE 

CONCLUSIONS  

The results from these studies clearly demonstrated that adenovirus infection 

alters the pharmacokinetics and tissue distribution of docetaxel, a CYP3A substrate, in a 

rat model. Conjugation of viral capsid proteins with polyethylene glycols (PEGylation) 

reduced adenovirus-induced immunotoxicity but did not resolve the effects of adenovirus 

on hepatic CYP3A expression and function in the non-human primate. A panel of 

adenoviruses inhibited CYP3A catalytic activity and induced changes in gene and protein 

expression of PXR (pregnane X receptor), CAR (constitutive androstane receptor) and 

RXRα (retinoid X receptor) of HC-04, a novel human hepatocyte cell line. Additional 

studies in this cell line and a mouse model revealed that engagement of integrin receptors 

can initiate changes in CYP3A. 

In a manner similar to other recombinant adenoviruses as previously reported 

[209, 210], we found that a single systemic dose of recombinant adenovirus expressing 

the tumor suppressor gene, p53, significantly suppresses hepatic CYP3A expression and 

function This effect altered the pharmacokinetic profile of docetaxel, a model drug 

primarily metabolized by CYP3A, when it was given 24 hours following virus 

administration. Treatment with virus increased the area under the plasma concentration-

time curve (AUC) and reduced plasma clearance (CL) of docetaxel. The half-life (t1/2) of 

docetaxel was extended in animals given the drug in combination with virus. Since 

docetaxel itself did not affect hepatic CYP3A, this suggests that adenovirus-mediated 

CYP3A suppression is likely to be responsible for changes in pharmacokinetic profiles of 

docetaxel. This also provided some of the first pharmacological evidence about how 

adenoviral vectors seemed to improve the effect of chemotherapy in the clinic. 
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In a manner similar to that previously observed in the mouse, PEGylation 

minimized immunotoxicity by reducing secretion of interleukin-6 (IL-6), IL-12 p70, 

tumor necrosis factor alpha (TNF-α), aspartate transaminase (AST) and lactate 

dehydrogenase (LDH) in the non-human primate. PEGylation, however, reduced the 

ability of HDAd to enter the baboon liver. This was quite different from that previously 

observed in mice in which PEGylation did not compromise transduction efficiency of 

virus. Although the mechanism underlying the difference in hepatic transduction 

efficiency of PEGylated virus between baboons and mice remains unclear, this may be 

due in part to the differences in hepatic physiology between the two species and the 

ability of the virus to penetrate and reach certain regions of the liver. Despite these 

differences, the PEGylated virus still suppressed the protein expression and metabolic 

activity of CYP3A in non-human primates 96 hours after infection. Based on this data, 

we believe that suppression in hepatic CYP3A is not entirely due to the immune response 

and the effects observed in our studies most likely happen in humans. 

HC-04, a human hepatocyte cell line, was found to be a suitable model for 

mechanistic studies of virus infection and hepatic CYP3A expression. Similar to what 

previous found in the rat [279], infection with a panel of adenoviruses suppressed 

CYP3A catalytic activity in these cells. Our novel observations were changes in the basal 

protein levels of PXR, CAR and RXRα, key nuclear receptors known to regulate 

CYP3A. To our knowledge this is the first instance where virus infection is shown to 

alter the basal levels of these nuclear receptors. We found that adenovirus infection 

significantly suppresses protein levels of PXR and RXRα in cytoplasmic extracts while 

induces CAR protein levels in nuclear extracts. Taken to gather, we believe that virus 

infection may induce degradation of PXR and RXRα and up-regulation of CAR 

represents a means of protection against down-regulation of these nuclear receptors. 
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Treatment with an RGD peptide, that binds to integrin receptors inhibited CYP3A 

catalytic activity in both HC-04 cells and rat primary hepatocytes. Silencing β3 and β5 

integrins using small interfering RNA abolished adenovirus-mediated down-regulation of 

CYP3A. A single dose of an unmodified first generation recombinant adenovirus 

(AdlacZ) inhibited expression and function of CYP3A in mice both 24 and 48 hours after 

virus administration while a recombinant adenovirus which an RGD peptide motif 

(AdΔRGD) did not alter hepatic CYP3A. Taken together, these results suggested that 

engagement of integrin receptors is involved in suppression of CYP3A during virus 

infection.  

The studies outlined here were novel in the sense that they a) identify a virus-drug 

interaction that has potential benefit in the treatment of cancer b) thoroughly evaluate the 

pharmacology and toxicology of a PEGylated viral vector and its effect on hepatic 

CYP3A expression and function in the non-human primate c) use a novel human 

hepatocyte cell line to identify changes in nuclear receptors in response to viral infection 

and d) provide solid evidence that CYP expression and function may be influenced by 

cellular receptors.  

Since there are various crosstalks among the nuclear receptors and transcription 

factors for the target gene transactivation, it still remains to be ascertained whether 

changes in PXR, CAR and RXRα are involved in down-regulation of CYP3A during 

virus infection. Additional studies in the nuclear receptors-knockout mice and in vitro 

models using reporter gene assay systems for each combination of these nuclear receptors 

and the CYP3A target gene are currently underway in our laboratory. It also seems of 

great interest to find out whether ubiquitination/proteasome-mediated breakdown is 

involved in down-regulation of PXR and RXRα during virus infection. In addition to 

CYP enzymes, these nuclear receptors play a role in regulating drug transporters [181]. It 
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is possible that changes in the expression and function of drug transporters may attribute 

in modulating metabolism and distribution of drugs. Additional studies to determine how 

adenovirus infection affects drug transporters are warranted.  

Encouraging preliminary results revealed that simple engagement of integrin 

receptors can initiate changes in CYP3A. To futher confirm this effect, we will determine 

the effect of adenovirus infection in integrin-knockout mice. Studies have shown that 

integrin activation initiates several signaling pathways, including the p38 mitogen-

activated protein kinase, extracellular-signal-regulated kinase (ERK), 

phosphatidylinositol 3-kinase (PI3K), protein kinase A (PKA) and protein kinase C 

(PKC) pathways [38, 343-345]. To elucidate the detail mechanism of integrin activation 

on the expression and function of CYP3A, we are investigating the effect of adenovirus 

infection on molecules associated with these signaling pathways. 
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APPENDIX 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1 Separation of authentic standards of testosterone, its metabolites and the 

internal standard 11α-hydroxyprogesterone by HPLC. 6β, 16α, 2α, and 2 are the 

hydroxylated metabolites of testosterone; P is 11α-hydroxyporgesterone and T is 

testosterone.  
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Figure A.2 UV chromatogram representative of the baboon microsomal metabolite 

profile of testosterone.  

 

 

 

 

 

 

 

 

 

 

 

Figure A.3 UV chromatogram representative of the rat microsomal metabolite 

profile of testosterone.  
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Figure A.4 UV chromatogram representative of the mouse microsomal metabolite 

profile of testosterone.  

 

 

 

 

 

 

 

 

 

 

 

Figure A.5 Representative UV chromatogram of testesterone and 

hydroxytestosterone metabolites of primary rat hepatocytes.  
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Figure A.6 Representative UV chromatogram of testosterone and 

hydroxytestosterone metabolites of HC-04 cells.  
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Table A.1 Variability in the production of 6β-hydroxytestosterone  

Intra-assay variability was determined by assessing the formation of 6β-

hydroxytestosterone of three identical reactions of each sample. Intraday variability was 

determined by assessing the formation of 6β-hydroxytestosterone of three randomly 

selected samples in triplicate within the same day. Interday variability was determined by 

assessing the formation of 6β-hydroxytestosterone of three randomly selected sample in 

triplicate for three consecutive days. Percent coefficient by variance was determined by 

dividing the standard deviation (SD) by the mean relative intensity.  

 

Sample Variability Mean ±  SD % CV 

Intra-assay variability 926 ± 25 2.75 

Intraday variability 990 ± 84 8.50 Mouse 

Interday variability 954 ± 135 14.22 

Intra-assay variability 1231 ± 99 8.05 

Intraday variability 1247 ± 117 9.39 Rat 

Interday variability 1205 ± 115 9.58 

Intra-assay variability 1061 ± 96 9.05 

Intraday variability 1023 ± 97 9.50 Non-human primate 

Interday variability 1101 ± 157 14.29 
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