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Abstract

Doses of 2 x 1012 virus particles/kilogram (vp/kg) and higher of recombinant human adenovirus
serotype 5 (HAdV-5) given via the tail vein induce significant toxicity and mortality in the rat.
This was not observed when doses of 5.7 x 1012 vp/kg were given through a surgically implanted
jugular catheter. Here we assess how the manner by which HAdV-5 is introduced into the
systemic circulation affects biodistribution, transgene expression, toxicity and mortality 0.25, 1,
and 4 days after treatment in the rat. Animals were given 5.7 x 1012 vp/kg of HAdV-5 expressing
beta-galactosidase or saline through a jugular catheter or by direct tail-vein injection. All animals
survived after jugular vein dosing. Tail-vein injection of HAdV-5 increased the mortality rate to
42% (p < 0.01). All deaths occurred within 4 hours. Animals dosed through the jugular vein had
significantly higher levels of transgene expression in the liver and spleen and significantly more
viral genomes in these tissues and kidney and lung within the first 24 hours of viral infection
compared to those dosed by tail-vein injection (p < 0.01). There was no significant difference
between the groups thereafter. Samples from animals that died contained even higher levels of
viral genomes and serum transaminases were elevated on average by a factor of 4 at the time of
death. There was no significant difference between the two dosing methods with respect to
changes in hepatic cytochrome P450 expression and activity throughout the study. These findings
suggest that the method of systemic administration should be carefully considered when assessing
toxicity data and other parameters at early time points after virus administration in the rat and
possibly other animal models.
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Introduction

Recombinant adenoviruses are currently under development for the treatment of various
monogenetic, hereditary and infectious diseases. Although adenoviruses have been used
clinically since the 1970s (Gooch 1972; Top 1975), continual use of their recombinant
counterparts in successful therapeutic regimens for the treatment of several cancers
(Cattaneo 2008; Vaha-Koskela 2007; Yang 2007), is hindered by a narrow, non-linear
therapeutic threshold dictated by an acute, innate immune response when they are
introduced into the systemic circulation (Seiler 2007). Significant work in the area of
adenovirus biology has revealed that this effect is largely due to the ability of the one
component of the virus that makes it so attractive as a gene delivery vector, the protein
capsid, to directly interact with and activate blood-borne factors (complement proteins C3
and C4b and clotting factors 1X and X) and antigen presenting cells (macrophages, Kupffer
cells and dendritic cells) (Baker 2007; Hartman 2008). This response, which can have severe
manifestations within several minutes to hours after administration, is characterized by
thrombocytopenia and elevated liver enzymes in response to the release of large amounts of
cytokines (IL-1, IL-6, TNF-a) and chemokines (MIP-2, MCP-1, IP-10 and RANTES) into
the general circulation by antigen presenting cells in the liver, spleen and peritoneum. The
dose as well as the route of administration can often dictate whether this resolves quickly or
has a fatal outcome (Ben-Gary 2002; Bessis 2004).

Development of physical and biochemical methods to prevent interaction of the virus with
components of the immune system to reduce its toxicological profile without compromising
transduction efficiency is currently an intensely active area of research. Direct injection of
the virus into target tissues, use of immunosuppressive reagents prior to administration of
virus, genetic modification of the capsid to include proteins from other adenovirus serotypes
and covalent attachment of molecules to target specific organs and shield the virus from
recognition by the immune system represent only a few of the current approaches to alter the
therapeutic index and improve the utility of adenovirus-mediated gene transfer (Campos
2007; Kreppel 2008; Wu 2008; Zaldumbide 2008). As with any novel biological therapeutic,
pre-clinical testing of these vectors includes characterization of the pharmacological and
toxicological effects of a series of doses after administration by different routes in rodents
prior to testing in higher species.

Research in our laboratory involves the development of recombinant adenoviruses capable
of evading the immune response and the mechanistic study of how viral infection affects the
expression and function of key cytochrome P450 enzymes in the liver, kidney and intestine
(Callahan 2006, 2005, 2008; Le 2006). Discussion of our results with others in the field has
revealed that doses of 2 x 1012 virus particles/kilogram (vp/kg) and higher of recombinant
adenovirus serotype 5 given via the tail vein induce significant toxicity and mortality in the
rat (A. Byrnes and J. Smith, personal communication, June 6, 2003). This was not observed
in any of our studies when 5.7 x 1012 vp/kg were given through a surgically implanted
jugular catheter which allows for easy, relatively stress-free serial blood sampling in the rat
(Cocchetto 1983; Thrivikraman 2002). Animals given this much virus did not exhibit any
signs of toxicity and survived for up to 14 days when they were sacrificed at this pre-
determined time point. Careful evaluation of the literature revealed that documented reports
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of adenovirus-induced deaths in rodents were limited and were not the primary subject of
any given study. We did find some reports, however, describing marked signs of virus-
induced toxicity including bloody urine, black ocular discharge, weight loss, lethargy and
subsequent mortality when similar viruses were given by direct injection in the tail vein at
much lower concentrations in healthy animals and those with pre-existing liver disease
(Garcia-Banuelos 2002; Morrissey 2002; Smith 20044, b).

Given this information, we initiated a series of experiments designed to determine how
slight changes in the manner by which recombinant adenoviruses are administered could
influence the toxicological profile associated with the virus, something that is of great
concern in and out of the clinic. We also tested the hypothesis that long-term affects
associated with the virus such as transgene expression or changes in the expression and
function of hepatic cytochrome P450 enzymes would not be affected by the different
methods of virus administration. Male Sprague Dawley rats were given 5.7 x 1012 vp/kg of
a first generation adenovirus serotype 5 expressing the E. coli beta-galactosidase transgene
by either direct tail vein injection or through a cannula implanted in the jugular vein.
Animals were closely monitored for the first eight hours for visible signs of distress and
toxicity. Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
levels were measured 0.25, 1, and 4 days after administration. Distribution of viral genomes
and transgene expression were also measured in key tissues (liver, spleen, kidney, lung and
heart) at the same time points. Changes in hepatic CYP3A2 and 2C11 over the course of
four days after administration of virus by either route is also discussed.

Materials and Methods

Amplification and Production of Recombinant Adenovirus

First generation E1/E3 deleted adenovirus serotype 5 containing the E. coli beta-
galactosidase transgene under the control of a CMV promoter was amplified in HEK 293
cells (CRL-1573, ATCC, Manassas, VA) and purified from cell lysates by two rounds of
cesium chloride density gradient ultracentrifugation according to established protocols
(Altaras 2005). Viral bands isolated after the final centrifugation step were desalted on
Econo-Pac 10DG disposable columns (BioRad, Hercules, CA) equilibrated with phosphate
buffered saline (pH 7.4, Sigma Aldrich, St. Louis, MO). Fractions containing virus were
collected and the number of virus particles determined using the method of Maizel et al.
with the following formula (Maizel Jr. 1968):

Virus particles/ml=(absorbance at 260 nm) x (dilution factor) x 1.1 x 102

All animals were treated with freshly purified virus.

Plaque assay

The amount of active virus in a given preparation was determined by plaque assay according
to an established protocol (Graham 1973). Assays were performed on the day animals were
treated. Plague forming units (pfu) were calculated according to the following formula:
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pfu/ml=average number of plaques x dilution factor x4 (a conversion factor from ul to ml).

The particle to pfu ratio was calculated by dividing the number of particles obtained from
the absorbance reading of a preparation at 260 nm by the number of active particles (pfu/ml)
detected by the plaque assay. The average virus particle to pfu ratio for the virus
preparations used in these studies was 53:1.

Assay for Detection of Replication Competent Adenovirus (RCA)

A two-cell line bioassay was performed on each preparation to determine the presence of
RCA as described previously (Murakami 2002). One RCA was detected for every 3 x 1012
virus particles tested.

Administration of Recombinant Adenovirus

All procedures were approved by the Institutional Animal Care and Use Committee of The
University of Texas at Austin and are in accordance with the guidelines established by the
National Institutes of Health for the humane treatment of animals. Male Sprague-Dawley
rats (7-8 weeks, Charles River Laboratories, Wilmington, MA) were housed in individual
cages and given unrestrained access to standard rodent chow (Harlan Teklad, Indianapolis,
IN) and tap water. A single intra-muscular injection of a 1:1:1 (v/v/v) ratio of ketamine (100
mg/ml, Wyeth, Fort Dodge, Animal Health, Overland Park, KS), xylazine (20 mg/ml, Sigma
Aldrich), and acetopromazine (10 mg/ml, Sigma Aldrich) achieved deep plane anesthesia for
placement of catheters into the right jugular vein. Aside from a single dose of heparinized
saline (0.3 ml, 20 U/ml, Heparin Sodium, Baxter Healthcare, Deerfield, IL) to maintain the
cannula immediately following surgery, animals in this study did not receive any additional
medications prior to or after administration of recombinant adenovirus. Twenty-four hours
after surgery, rats were placed in polycarbonate plastic restraining devices (Braintree
Scientific, Braintree, MA) and given a single intravenous dose of either 5.7 x 1012 viral
particles per kilogram (vp/kg), bacterial lipopolysaccharides (LPS, 1 mg/kg, from
Escherichia coli serotype 0127:B8, Sigma Aldrich) or phosphate buffered saline each in a
0.5 ml volume followed by 0.5 milliliters of saline to ensure that each reagent was
effectively flushed from the catheter and into the bloodstream.

A separate group of animals that did not undergo jugular cannulation were placed in
polycarbonate restraining devices and given each of these agents in the same volume (0.5
ml) by direct injection in the lateral tail vein according to established procedures (Cocchetto
1983). Care was taken to ensure that each preparation was administered at a constant rate of
1 ml/min regardless of the manner in which it was given. Surviving animals from each
group were sacrificed 0.25, 1 or 4 days after treatment. Serum was collected for assessment
of alanine aminotransferase (ALT) and aspartate aminotransferase (AST). A section of liver,
spleen, kidney, lung and heart tissue was placed in Tissue-tek® embedding medium (Fisher
Scientific, Pittsburgh, PA) for X-gal histochemistry. Remaining liver tissue was excised,
rinsed in saline, snap frozen in liquid nitrogen, and stored at —80°C for microsome
preparation and PCR analysis.
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Microsome Isolation

Hepatic microsomal proteins were isolated by differential centrifugation as described
previously (Callahan 2005). Microsomes were stored at —80°C prior to analysis.

Gel Electrophoresis and Immunoblot Analysis

Microsomal proteins (20 pg) and isoform-specific CYP protein standards (XenoTech, LLC,
Lenexa, KS) were separated by size by sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) as described (Callahan 2005). Detection of putative proteins
was achieved with a 1:3000 dilution of the specific primary CYP antibody (BD Gentest,
Woburn, MA) in 3% NFDM followed by a second incubation with a corresponding
horseradish peroxidase conjugated secondary antibody (1:3000, ICN Pharmaceuticals, Inc.
Aurora, OH). Immune complexes for CYP3A1/2 and CYP2C11 were detected by
chemiluminescence (Western Lightning Detection Kit, PerkinEImer, Boston, MA). Protein
band densities were analyzed using Kodak 1D image analysis software (Eastman Kodak,
Rochester, NY). CYP3A1 and CYP3A2 co-migrate during electrophoresis. The antibody
used to detect CYP3A2 was polyclonal with cross reactivity to CYP3AL, therefore all
protein levels for CYP3AZ2 are reported as CYP3A1/2.

In vitro Testosterone Hydroxylation Assay

Metabolic activity for CYP3A2 and 2C11 was determined by in vitro analysis of
testosterone hydroxylation as described (Callahan 2006). Samples were incubated with
testosterone (250 uM in ethanol, Sigma Aldrich) for 18 minutes at 37°C with gentle
agitation after addition of glucose-6-phosphate dehydrogenase (1 unit/ul, Sigma) and then
quenched with dichloromethane (5 ml). 11a-hydroxyprogesterone (1.2 ug, Sigma) was
added as an internal standard. The organic phase was evaporated under a constant stream of
air, dissolved in 200 pl of methanol and stored in a sealed tube at 4°C until analysis.
Testosterone metabolites were separated and quantified by HPLC according to an
established method (Shaw 2002). Peak areas of corresponding hydroxylation metabolites
were measured and compared to peak areas of the internal standard within the same run.

RT-PCR

Hepatic RNA was isolated with TRIzol (Invitrogen Co., Carlsbad, CA) according to the
manufacturer’s instructions. Isolated RNA was adjusted to a concentration of 100 pg/ml and
one microliter reverse-transcribed using RETROscript, (Ambion, Austin, TX) following the
manufacturer’s instructions. PCR was performed using primers specifically for CYP3A2 (5’-
TTG ATC CGT TGT TCT TGT CA-3’ (sense) and 5-GGC CAG GAA ATA CAA GAC
AA-3’ (anti-sense)) and 2C11 (5’-CTG CTG CTG CTG AAA CAC GTC-3 (sense) and 5'-
GGA TGA CAG CGA TAC TAT CAC-3 (anti-sense)) as described previously (Callahan
2006). QuantumRNA™ 18S internal standards (Ambion, Austin, TX) were co-amplified in
CYP 3A2 and 2C11 reaction tubes. The ratio of 18S primer to competimer for all duplex
PCR reactions was 4:6. Amplicons were visualized on a 1.5% agarose gel containing
ethidium bromide and band intensity determined by densitometric analysis using Kodak 1D
image analysis software.
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Real Time PCR

Genomic DNA was extracted from ~ 25 mg (liver, lung, kidney) and 10 mg (spleen) tissue
using a QlAamp DNA Mini Kit (Qiagen, Valencia, CA), according to the manufacturer’s
instructions. Quantification of viral DNA was determined by real time PCR according to
established methods (Callahan 2006; Demers 2003). Primer sequences, used to amplify a
region of the adenovirus hexon protein, were 5’-ACT ATA TGG ACA ACG TCA ACC
CAT T-3’ (forward) and 5-ACC TTC TGA GGC ACC TGG ATG T-3 (reverse). The
internal probe sequence, tagged with 6FAM fluorescence dye at the 5’ end and TAMRA
quencher at the 3’ end, was 5’-ACC ACC GCA ATG CTG GCC TGC-3'. Each sample was
run in triplicate. The standard virus preparation used for the real time PCR assay was
obtained from a lot of virus produced in our laboratory specifically to serve as a standard
reference lot by which to compare other viral preparations for subsequent studies. Assays for
assignment of the particle number and infectious titer of this lot of virus were validated
using the Adenovirus Reference Material (ATCC VR-1516). Standard curves were used to
estimate the number of adenovirus particles in test samples, which were expressed as
genome copies per 100 nanograms of genomic DNA.

Evaluation of Gene Expression and Toxicity

The amount of beta-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 (Croyle 2002). Serum alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured with
Vitros ALT slides on a Vitros DT60 autoanalyzer (Ortho-Clinical Diagnostics, Rochester,
NY).

Data analysis

Statistical analysis of data was performed using SigmaStat software (Systat Software, Inc.,
San Jose, CA). One-way analysis of variance with a Bonferonni/Dunn post-hoc analysis was
used to determine statistical differences between individual groups for all data collected
except survival. Survival curve data comparison was performed using a LogRank survival
analysis 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).

Results

The primary goal of the studies outlined in this manuscript was to compare the toxicological
and pharmacological effect of a single dose of recombinant adenovirus (AdlacZ) after
administration via a catheter surgically implanted in the jugular vein, a technique established
in our laboratory (Callahan 2006, 2005, 2008), with that induced by direct injection in the
lateral tail vein of male Sprague Dawley rats. Additional animals were treated with bacterial
lipopolysaccharides (LPS, 1 mg/kg) given by either route to confirm that our findings were
not specific to our adenovirus construct. These animals also served as positive controls for
studies characterizing the expression and function of hepatic CYP since it has been shown
that LPS affects CPY3A2 and 2C11 in a manner similar to adenovirus (Callahan 2005;
Morgan 2008). A third group of animals given phosphate buffered saline (PBS) by either
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route served as negative controls. There was no significant difference between any of the
parameters assessed in these studies between animals given saline with respect to route of
administration. Thus, data shown for this group throughout the manuscript are from animals
dosed by the jugular cannula. Each preparation (AdlaczZ, LPS, PBS) was dispensed in a
volume of 500 microliters.

Method by which a Preparation is Introduced into the Systemic Circulation and Mortality in
the Rat

To date, we have found that doses of up to 5.7 x 1012 vp/kg of AdlacZ given by infusion
into jugular catheter were well tolerated by male Sprague Dawley rats (Callahan 2006, 2005,
2008). Visible signs of toxicity (prostration, labored breathing, cyanosis), previously
reported in this animal model after systemic administration via the tail vein, were not
observed in animals treated in this manner (Garcia-Banuelos 2002; Morrissey 2002; Smith
20044, b). This outcome was also observed in the current set of experiments since all of the
animals given the virus by this method survived (Figure 1A). Animals given the same dose
of virus by the tail vein, however, exhibited signs of morbundity (loud, labored breathing,
lying prostrate on one side) as early as 50 minutes after treatment. This phenomenon was
very animal specific with some animals not responding in this manner until 4 hours after
administration. Every animal that developed these symptoms did not recover and expired
within minutes after symptoms became obvious. All told, 42% of the animals given the virus
by tail vein injection died. Every animal given LPS through the jugular cannula survived
(Figure 1B). Animals given LPS by tail vein injection, however, exhibited signs of
morbundity much later than those given adenovirus (~12 hours after treatment). All animals
that died (33.3%) did so within 24 hours after dosing.

Method by which a Preparation is Introduced into the Circulation and Toxicity in the Rat

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels, often
used as indicators of liver function during inflammation, injury, or disease (Ozer 2008),
were used to monitor hepatotoxicity associated with administration adenovirus and LPS by
either route (Figure 2). There was no significant difference in serum ALT levels between
animals given adenovirus at the 6 hour and 1 day time points (p=0.1, Figure 2A). ALT levels
of animals given the virus through the jugular cannula, however, were significantly higher
than those given saline in the same manner 4 days after treatment (128.3 = 17 vs. 66 = 10.4
U/L, p = 0.006) but were less than the average ALT level measured in samples obtained
from animals that died after tail vein injection of virus (180.7 U/L). Serum AST was
significantly elevated 6 hours after administration of virus regardless of the manner in which
it was delivered (224.3 £ 15.5 U/L (Jugular), 188.7 £ 21.6 U/L (Tail) vs. 119.3 £ 7.4 U/L
(PBS), Figure 2B). AST in samples from animals dosed via the cannula was also elevated to
approximately 5 times that seen in samples from animals given saline 4 days after treatment
(p =0.008). This was significantly lower, however, than the average serum AST of animals
that died after administration of virus via the tail vein (320.3 U/L). Serum ALT levels of
animals given bacterial LPS were not significantly different from those given saline by
either route throughout the course of the study (Figure 2C). Animals given LPS by tail vein
injection, however, had significantly higher levels of serum AST than those given saline at 6
hours (277 + 37 vs. 113 + 2 U/L) and 24 hours (354 + 66 vs. 93 + 7 U/L) (Figure 2D).
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Samples obtained from animals that died after administration of LPS by the tail vein had an
average ALT value of 616 U/L and AST value of 2,176 U/L.

Effect of Method of Systemic Administration on Transgene Expression and Biodistribution
of Adenovirus

In order to determine if the manner by which adenovirus was introduced into the systemic
circulation influenced the time at which the virus reached specific target organs and
transgene expression patterns, tissue samples were screened for virus genomes using real-
time PCR (Table 2). Transgene expression was quantified by ELISA (Table 1) and
visualized by histochemical staining (Figure 3). The beta-galactosidase transgene was
detected in the liver of surviving animals as early as 6 hours and peaked 4 days after dosing
regardless of the treatment method. Samples obtained from animals dosed through the
jugular vein, however, contained significantly higher levels of the transgene at 6 hours
(415.8 £ 57.1 ng/mg protein) than those given the virus by tail-vein injection (193.1 + 23.4
ng/mg protein, p= 0.008). After four days, transgene expression was high and not
significantly different between the two groups (p = 0.075, Table 1). This was also reflected
in samples histochemically stained for transgene expression (Figure 3, panels B and C). The
number of viral genomes followed the same trend with samples from animals dosed through
the cannula containing significantly more virus at 6 hours (97,025.1 vs. 9,939 virus
genomes/100 ng genomic DNA, Table 2) and then leveling out by day four.

The transgene could also be detected in splenic samples obtained from both treatment
groups as early as 6 hours and, as observed with the hepatic samples, those obtained from
animals given the virus through the jugular cannula contained significantly higher levels of
beta-galactosidase at this time point (227.7 + 47.6 vs. 32.6 + 19.6 ng/mg protein, p = 0.03).
Transgene expression peaked at the 1 day time point in this tissue regardless of method of
administration and declined significantly by day 4. This trend was also observed in samples
histochemically stained for transgene expression (Figure 3, panels E and F). In general,
transgene expression in the kidney following systemic administration of recombinant
adenoviruses is extremely low (Le 2006). Transgene expression was detected in kidney
tissue of animals dosed through the jugular cannula at the one day time point and was absent
in those dosed by tail vein injection. Samples from animals dosed through the cannula
contained significantly more beta-galactosidase at 4 days (10.3 + 5.4 vs. 1.9 + 0.99 ng/mg
protein, p= 0.008, Table 1). This trend was also reflected by histochemical staining (Figure
3, panels H and I) and real-time PCR (Table 2).

Although transgene expression could not be detected in pulmonary and cardiac tissues
obtained from the surviving animals in each of the treatment groups throughout the study,
viral DNA could be detected in the lungs. The number of genomes in tissue obtained from
animals dosed through the jugular vein was significantly higher at each time point than those
in tissue from animals dosed via the tail vein (p < 0.05). The number of viral genomes in the
lung peaked at 6 hours in this treatment group (15,291 virus genomes/100 ng genomic
DNA) while samples from animals dosed via the tail vein contained peak amounts, yet still
significantly less viral DNA with respect to those dosed via the cannula, at the 1 day time
point (40.5 virus genomes/100 ng genomic DNA, Table 2).
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It is also important to note that significant amounts of viral genomes were detected in
samples obtained from animals that received virus by tail vein injection but died within 6
hours after treatment. At the time of death, substantial increases in the average number of
genomes were found in the liver (133,766 + 1,037), spleen (58,543 + 1,974), kidney (3,259
+ 317) and lung (6,231 + 1,343) with respect to that found in samples from each of the
treatment groups at the 6 hour time point. Viral DNA was also found in cardiac tissue of
these animals (37.9 + 2.4 virus genomes/100 ng genomic DNA).

Effect of Method of Systemic Administration of Recombinant Adenovirus on Hepatic
CYP3A2 Expression and Function

Western blot analysis revealed that hepatic CYP3A2 was significantly suppressed in
samples obtained from animals given virus by either method with respect to saline controls
(PBS, Figure 4A). CYP3A1/2 protein was reduced by 66% as early as 6 hours after
administration in rats dosed by tail-vein injection. Protein levels fell further in this treatment
group to 50% of control one day after treatment while samples obtained from animals dosed
though the jugular vein contained CYP3A1/2 levels that were 66% of control at the same
time point. Protein levels in both groups approached baseline levels by day four. Changes in
hepatic CYP3A2 were confirmed by an in vitro catalytic assay measuring 6p3-
hydroxytestosterone, the major product of CYP3A2 testosterone hydroxylation (Waxman et
al. 1983). The most profound suppression of CYP3A2 activity occurred one day after
administration of virus by either method (jugular, 30.6% and tail, 23.4% of control) (Figure
4B, p<0.01). CYP3A2 activity remained suppressed at day 4 in rats dosed through the
jugular catheter (53.8%) as well as in those dosed by tail-vein injection (74.2% of control, p
< 0.05). Recombinant adenovirus given by either method also significantly suppressed
CYP3A2 at the transcriptional level. Significant reductions in 3A2 mRNA were observed at
the 1 and 4 day time points in animals given the virus through the jugular cannula (33% and
52% of control respectively, Figure 4C, p < 0.05). A similar trend was also observed in
animals dosed by tail vein injection at the same time points (52.4% day 1, 62.8% of control
day 4).

Effect of Method of Systemic Administration of Recombinant Adenovirus on Hepatic
CYP2C11 Expression and Function

Assessment of the band densities of CYP2C11 protein via Western blot revealed that
administration of the virus by either method also significantly suppressed this isoform
throughout the course of the study (Figure 5A). Protein levels were reduced to 72.3 and
58.3% of control values as early as 6 hours in animals dosed via the jugular or tail veins
respectively and continued to decline to 45% of control (jugular) and 56% (tail) four days
after treatment. Suppression of CYP2C11 was confirmed by an in vitro catalytic assay
measuring the amount of the isoform-specific testosterone metabolite, 2a-
hydroxytestosterone, present in each sample (Cheng and Schenkman 1983). Animals given
the virus through the jugular cannula exhibited CYP2C11 activity that was 65% of that of
saline treated animals 6 hours after treatment (Figure 5B). Administration of the virus by the
tail vein significantly suppressed CYP 2C11 activity to 25% and 38% of control at the 1 and
4 day time points (p < 0.01). CYP 2C11 activity was also significantly reduced to 42% and
64% of control 1 and 4 days after administration of the virus by the tail vein (p < 0.01).
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Administration of adenovirus into the systemic circulation by either method significantly
suppressed CYP2C11 mRNA levels to 58% (jugular vein) and 60% (tail vein) of control 6
hours after treatment (p < 0.05, Figure 5C). CYP2C11 mRNA remained at 58% of control at
4 days in animals given virus via the jugular vein while mRNA in samples from those given
virus via the tail vein began to return to baseline.

Effect of Method of Systemic Administration of Bacterial Lipopolysaccharide on Hepatic
CYP Expression and Function

As stated previously, animals were also treated with bacterial lipopolysaccharides (LPS, 1
mg/kg) given by either route to confirm that our findings were not specific to our adenovirus
construct. Data presented in Figure 6 represents that collected during a pilot study during
which animals were sacrificed and CYP activity and expression assessed 4 days after
treatment. CYP3A1/2 protein levels were reduced by approximately 15% in both treatment
groups (Figure 6A) while administration of the virus by the cannula reduced CYP2C11
protein levels to 35.2% of control (Figure 6D). Administration of virus by the tail vein
reduced CYP2C11 protein levels to 51.5% of control. Only administration of virus via the
jugular cannula significantly reduced CYP3AZ2 activity (53.9% of control, Figure 6B, p <
0.05) while treatment by either method significantly suppressed CYP2C11 activity (jugular
29.2% and tail 39.9% of control, Figure 6E, p < 0.05). mRNA levels of either isoform were
unaffected by administration of LPS by either route (Figures 6C and 6F).

Discussion

Different methods of intravenous dosing and sampling from various regions of the body can
significantly affect distribution patterns and measured blood levels of many medicinal
compounds (Cocchetto 1983; Hui 2007; Tse et al. 1984). We have found this to be the case
with respect to recombinant adenoviral vectors, particularly within the first 24 hours after
administration. Significant differences in the distribution of viral genomes to all major
organs (liver, spleen, kidney, and lung) were noted soon (0.25 and 1 day) after
administration with respect to the manner by which the virus was introduced into the
systemic circulation. Transgene expression in the liver and spleen at 6 hours was also
significantly lower in rats dosed by tail-vein injection. We did not, however, find any
significant difference in virus distribution, transgene expression and CYP expression
patterns between the two treatment methods at the 4 day time point regardless of treatment.

None of the rats treated with 5.7 x 1012 vp/kg of adenovirus administered through an
implanted jugular catheter died nor exhibited any signs associated with virus-induced
toxicity. Direct injection of the same dose into the lateral tail vein did significantly alter the
survival profile yielding a 42% incidence of mortality, comparable to that reported by Smith
et al. in male Sprague-Dawley rats given 2.4 x 1012 vp/kg of a similar virus (Smith 2004b).
Parallel results were obtained when another immunogenic compound, bacterial LPS, was
also given by tail vein injection. Thirty-three percent died while all dosed through a jugular
cannula survived. These results not only confirm our previous observations, but support the
fact that the differences in survival between our experiments and those in the literature are
not necessarily due to lab-to-lab variation of adenovirus production, purification, or
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quantification techniques and are not unique to the adenovirus alone. Instead, the difference
in survival rate most likely can be attributed to the manner by which each preparation was
introduced into the systemic circulation.

The primary reason for differences in mortality between the two methods for administration
may be due to differences in the blood flow rate between the distal tail and jugular veins
(Cocchetto 1983; Johannessen et al. 1982; Tse et al. 1984). The jugular vein is in close
proximity to the heart, allowing the virus to quickly mix with blood and blood components,
rapidly enter the circulation and distribute evenly throughout the body. In contrast, the
smaller diameter and the corresponding slower mean blood flow rate of the tail vein (0.02
ml/min tail at 25 °C vs 4.1 ml/min jugular (Harrison 1977; Johannessen et al. 1982; Rand
1965)) limits the virus to a confined space for an extended period of time, which could
promote aggregation, a phenomenon inherent to recombinant adenovirus and bacterial LPS
(Galdiero 1979; Gutsmann 2007). Aggregates that form are then slowly released into the
circulation from the tail vein region. This and the fact that the tail vein is more distally
located from the general systemic circulation may explain the significant difference in the
time it took for the number of viral genomes to peak in the livers of animals given
recombinant adenovirus by this route with respect to those given the virus through the
jugular cannula. When aggregates do reach the circulation, those that distribute into tissues
rapidly activate strong local and systemic inflammatory immune responses which can
progress to anaphylactic shock, similar to what was observed in animals dosed with either
preparation via the tail vein (Brange 1997; Pace 1990; Thornton 1993). Any remaining
aggregates are sequestered by circulating antigen presenting cells which further potentiate
this effect. It has also been shown that serum samples obtained from the tail vein
consistently contain higher numbers of lymphocytes and neutrophils than those obtained
from a jugular cannula (Smith 1986), suggesting that this area is already somewhat primed
to initiate the innate immune response against any microorganism introduced in this region.
The fact that significantly higher quantities of viral genomes were found in the liver, spleen,
kidney, and lung of animals that died compared to those that survived tail-vein injection and
that each animal had significantly elevated serum transaminase levels at time of death
further support this hypothesis.

Another aspect of this study that must be considered is the surgical procedure itself. This is
illustrated by the fact that LPS given via tail vein elicits a biphasic fever response in the rat
while that given via a jugular cannula elicits a monophasic response (Romanovsky 1998;
Rudaya 2005). Although jugular cannulation is touted as a method that is relatively non-
stressful to the animal with respect to dosing and sample collection, this procedure can
induce physiological changes that may evoke a mild stress response such as an increase in
plasma corticosteroid levels and fluxuations in the relative amounts of specific serum
proteins (Ling 2003; Terao 1983). In cannulated rats, slightly elevated levels of serum
corticosteroids may dampen or mask the innate immune response to either preparation. The
kinetics and the strength of the innate immune response against both adenovirus and LPS
and their associated toxicity profiles correlate with their appearance in the liver and
subsequent uptake by Kupffer cells (Li 2004; Smith 2008). It has recently been shown that
the presence of specific blood components and serum proteins are responsible for facilitating
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this interaction in the context of adenovirus infection (Baker 2007). Changes in protein
levels may alter this process and, in turn, change the dynamics and intensity of the immune
response initiated against a given immunogen. Additional studies are currently underway in
our laboratory to determine if these changes are truly happening in the cannulated rat.

During the developmental process of any potential therapeutic agent, numerous studies are
initiated to provide a complete pharmacological and toxicological profile of the drug in
several animal species. Regardless of the intended application, studies employing
intravenous dosing methods are executed so that important pharmacokinetic parameters
associated with the novel compound such as the volume of distribution and absolute
bioavailability can be determined. Parameters such as this are extremely important in the
context of recombinant adenovirus based therapeutics given their success in the clinic and
their inherent toxicological profile. In this report, we have demonstrated that the manner by
which bacterial and viruses are introduced into the systemic circulation can significantly
impact overall mortality and mobundity associated with a given agent and other parameters
that measured within the first 24 hours. Transgene expression in the liver after systemic
administration of adenovirus generally peaks four days after administration and changes in
the expression and function of hepatic CYP3A2 and 2C11 can be assessed over fourteen
days in the rat (Callahan 2005). These parameters are not affected by the dosing method.
Although it is known that mice can easily tolerate administration of recombinant
adenoviruses at doses of 1 x 1013 vp/kg or higher (Sakurai 2008), it is not clear if the
phenomenon is specific to the rat or can be applied to larger animal models. It is also not
limited to the Sprague-Dawley rat since Garcia-Banuelos et al. reported similar effects in
Wistar rats (Garcia-Banuelos 2002) and should be taken into consideration when designing
and analyzing data obtained from toxicity studies employing rat models.
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Figure 1. Systemic Administration of (A) recombinant adenovirus or (B) bacterial
lipopolysaccharide (LPS) by Tail Vein Injection Causes Significant Mortality in the Male
Sprague Dawley Rat within 24 Hours

Rats were given either a single intravenous dose of a first generation recombinant
adenovirus expressing beta-galactosidase (5.7 x 1012 vp/kg) or bacterial LPS (1 mg/kg) via
the lateral tail vein (Tail) or a catheter surgically implanted in the jugular vein (Jugular).
Each point on the chart represents the time an animal or a group of animals died. Percent
survival was determined by dividing the total number of animals alive at each time point
within the four day interval by the total of number animals dosed (n=12/group) and
multiplying by 100. Animals given adenovirus exhibited overt signs of toxicity and died as
early as 50 minutes after administration while those given LPS did not experience any
toxicity until 24 hours after treatment. Regardless of the agent administered, survival of
animals dosed via the tail vein was significantly lower than those dosed by the jugular
cannula (p = 0.01, LogRank survival analysis). All animals given saline by either route
survived (data not shown for clarity).
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Figure 2. Route of Administration of Bacterial Lipopolysaccharide Significantly Affects Serum
Aspartate Aminotransferase (AST) Levels

Serum alanine aminotransferase (ALT) and serum aspartate aminotransferase (AST) levels
were assessed 0.25, 1, and 4 days after administration of either phosphate buffered saline
(PBS), 5.7 x 1012 vp/kg adenovirus expressing beta-galactosidase (Panels A and B) or 1
mg/kg bacterial LPS (Panels C and D) by injection into the jugular vein through an
implanted catheter (Jugular) or by direct injection into lateral tail vein (Tail). Values
represent the mean = standard error of 4 animals/treatment/time point. **p < 0.01, *p< 0.5,
one-way analysis of variance with a Bonferonni/Dunn post-hoc test.
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Figure 3. Transgene Expression in Key Tissues Four Days After Administration of a Single Dose
of Recombinant Adenovirus by Different Routes

Male Sprague Dawley rats were given either phosphate buffered saline (vehicle control,
Column 1) or 5.7 x 1012 vp/kg of adenovirus expression beta-galactosidase by injection into
the jugular vein through an implanted catheter (Column 2) or by direct injection into lateral
tail vein (Column 3). Animals were sacrificed 4 days after treatment and liver (Panels A-C),
spleen (Panels D-F) and kidney (Panels G-I) were evaluated for transgene expression by X-
gal histochemistry. Morphological assessment was performed from serial sections of three
rats for each treatment group and transgene expression assessed by visual inspection of the
tissue for the blue product generated by active beta-galactosidase in the presence of the
substrate 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal). Sections from animals given
saline did not stain positive for the transgene while those from animals dosed via the jugular
cannula contained slightly more of the transgene than those dosed by the tail vein.
Magnification: Panels A-C, 400 x, Panels D-F, 300 x, G-I, 150 x.
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Figure 4. Recombinant Adenovirus Significantly Suppresses CYP3A2 in a Manner Independent
of the Method of Administration

(A) Western blot analysis of hepatic CYP3A1/2 protein expression at 0.25, 1, and 4 days
after treatment. Male Sprague-Dawley rats were given an intravenous dose of either PBS or
5.7 x 1012 vp/kg of recombinant adenovirus expressing beta-galactosidase into the jugular
vein through an implanted catheter (Jugular) or by direct injection into the lateral tail vein
(Tail). Protein expression is reported as arbitrary units of relative density compared to a
CYP3A2 protein standard. (B) In vitro catalytic activity of hepatic CYP3A2 microsomal
proteins, measured by the production of the enzyme-specific testosterone metabolite, 6f3-
hydroxytestosterone, in samples obtained 0.25, 1, and 4 days after treatment. (C) Hepatic
CYP3A2 mRNA levels after treatment with either PBS or virus administered via the jugular
or tail vein. Data are reported as band densities of gene-specific RT-PCR products with
respect to the density of products obtained from an internal control (18S rRNA) in arbitrary
units. In all panels, values represent the mean + standard error of 4 animals/treatment/time
point. Animals dosed with PBS served as vehicle controls. **p < 0.01, *p < 0.5, one-way
analysis of variance with a Bonferonni/Dunn post-hoc test.
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Figure 5. Method of Administration Has Some Effect on the Degree By Which Recombinant
Adenovirus Suppresses Hepatic CYP2C11 Activity

(A) Immunoblot analysis of hepatic CYP2C11 protein levels 0.25, 1, and 4 days after
treatment. Male Sprague-Dawley rats were given an intravenous dose of either PBS or 5.7 x
1012 vp/kg of recombinant adenovirus expressing beta-galactosidase into the jugular vein
through an implanted catheter (Jugular) or by direct injection into the lateral tail vein
(Tail). Protein expression is reported as arbitrary units of relative density compared to a
CYP2C11 protein standard. (B) In vitro catalytic activity of hepatic CYP2C11 microsomal
proteins, measured by the production of the enzyme-specific testosterone metabolite, 2a-
hydroxytestosterone, in samples obtained 0.25, 1, and 4 days after treatment. (C) Hepatic
CYP2C11 mRNA levels after treatment with either PBS or virus administered via the
jugular or tail vein. Data are reported as band densities of gene-specific RT-PCR products
with respect to the density of products obtained from an internal control (18S rRNA) in
arbitrary units. In all panels, values represent the mean + standard error of 4 animals/
treatment/time point. Animals dosed with PBS served as vehicle controls. **p < 0.01, *p <
0.05, one-way analysis of variance with a Bonferonni/Dunn post-hoc test.
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Figure 6. Bacterial Lipopolysaccharide Suppresses Hepatic CYP2C11 in a Manner Independent
of the Method of Administration

Male Sprague Dawley rats were given either phosphate buffered saline (PBS) or 1 mg/kg
bacterial lipopolysaccharides (LPS, from Escherichia coli serotype 0127:B8) by injection
into the jugular vein through an implanted catheter or by direct injection into lateral tail
vein. Animals were sacrificed 4 days after treatment and liver tissue process for assessment
of CYP3A2 and 2C11 protein levels by Western blot (Panels A and D), activity by anin
vitro assay (Panels B and E) and mRNA levels by RT-PCR (Panels C and F). In all panels,
values represent the mean + standard error of 4 animals/treatment/time point. Animals dosed
with phosphate buffered saline served as vehicle controls. **p < 0.01, *p < 0.05, one-way
analysis of variance with a Bonferonni/Dunn post-hoc test.
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Table 1

Quantitative Analysis of Beta-Galatosidase Transgene Expression After Systemic Administration of
Recombinant Adenovirus by Different Routes.2
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| | ng beta-galactosidase/mg protein
| Time (days) | Jugular Tail
0.25 415.8 + 57.06 193.1 +23.36
Liver 1 3,731 +1,163 3,157 + 1,444
4 54,306 + 7,265 | 62,273 + 10,560
0.25 227.7 + 47.58 32.62 +19.57
Spleen 1 367.1+144.0 110.3 £ 41.06
4 44,79 £ 11.37 41.48 £2.43
0.25 N.D. N.D.
Kidney 1 6.52 + 2.46 N.D.
4 10.34 +1.41 1.89 +0.49

1duosnuen Joyiny

a . . .
Data were obtained from tissue homogenates and reflect average values * standard errors of the means from 4 animals per treatment group. N.D. -
None detected. Sample fell below the detection limit of the assay (30 pg/mg protein).

Jugular: Data obtained from animals given 5.7 x 1012 vp/kg of adenovirus expressing beta-galactosidase into the jugular vein through an
implanted catheter.

Tail: Data obtained from animals given 5.7 x 1012 vp/kg of adenovirus expressing beta-galactosidase by direct injection into the lateral tail vein.
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Table 2

Biodistribution of Virus Genomes following Systemic Administration of Recombinant Adenoviruses by
Different Routes as determined by Quantitative Real-Time PCR.
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Time (days) Jugular”® Tail®
0.25 97,025 + 5,198 9,939 + 1,653
Liver 1 323,743+9,804  3,393+1,398
4 62,162 +£ 8,506 57,262 + 2,707
0.25 36,701 + 1,169 7,971+ 3,013
Spleen 1 13,007 + 876 4,558 + 709
4 1,509 + 716 593 + 189
0.25 102 £ 25.7 18.8+11.8
Kidney 1 71.6+31.2 N.D.
4 10.9+1.87 N.D.
0.25 15,291 + 1,048 13.63 +5.15
Lung 1 1,396 + 758 40.52 £21.2
4 662 + 336 13.8+2.22
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*
Data are reported as the average viral genome copy number detected/100 ng of genomic DNA + the standard error of the mean for 4 animals/
treatment/time point. N.D. - None detected. Sample fell below the detection limit of the assay (10 viral genomes/100 ng DNA).

Jugular: Data obtained from animals given 5.7 x 1012 vp/kg of adenovirus expressing beta-galactosidase into the jugular vein through an
implanted catheter.

Tail: Data obtained from animals given 5.7 x 1012 vp/kg of adenovirus expressing beta-galactosidase by direct injection into the lateral tail vein.
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