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Achieving both immediate and sustained protection 
against diseases caused by bacterial toxins and extra-
cellular pathogens is a challenge in developing bio-
defense therapeutics. We hypothesized that a single 
co-administration of an adenovirus (Ad) vector and an 
adeno-associated virus (AAV) vector, both expressing 
a pathogen-specific monoclonal antibody, would pro-
vide rapid, persistent passive immunotherapy against 
the pathogen. In order to test this strategy, we used the 
lethal toxin of Bacillus anthracis as a target of a mono-
clonal antibody directed against the protective antigen 
(PA) component of the toxin, using co-administration of 
an Ad vector encoding an anti-PA monoclonal antibody 
(AdαPA) and an AAV vector encoding an anti-PA mono-
clonal antibody (AAVrh.10αPA). As early as 1 day after 
co-administration of AdαPA and AAVrh.10αPA to mice, 
serum anti-PA antibody levels were detectable, and were 
sustained through 6 months. Importantly, animals that 
received both vectors were protected against toxin chal-
lenge as early as 1 day after administration and through-
out the 6 month duration of the experiment. These data 
provide a new paradigm of genetic passive immunother-
apy by co-administration of Ad and AAV vectors, each 
encoding a pathogen-specific monoclonal antibody, as 
an effective approach for both rapid and sustained pro-
tection against a bio-terror attack.
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Introduction
Biological terrorism, the intentional use of biological agents to 
produce illness in a target population, poses a significant challenge 
relating to the development of strategies to protect the public.1 Since 
it is impractical to vaccinate all of the population against a broad 
range of possible bio-terror agents, it is likely that public policy will 
be to administer protection to the at-risk population against a spe-
cific pathogen in response to a bio-terror attack.2 In that context, 
the ideal bio-defense therapeutic should provide protection with an 
easily administered single administration that is rapid-acting and 
also long-acting (in case of a follow-up attack).

Against this background, we have developed a strategy that 
provides rapid (1 day) and sustained (at least 6 months) humoral 

immunity with a single administration of a vaccine. Taking 
advantage of the different time-dependent expression profiles of 
adenovirus (Ad) (rapid, but short; 1–21 days) and adeno-associ-
ated virus (AAV) (slower, but persistent; 1 week to years) gene 
transfer vectors,3,4 we have developed a dual-component vaccine 
strategy to deliver the genes coding for the heavy chains (HCs) 
and light chains (LCs) of monoclonal antibodies directed against 
extracellular pathogens and toxins. With a single administration, 
this dual-component vaccine is designed to provide protection 
from 1 day to at least 6 months.

As an example to demonstrate the effectiveness of this 
approach, a group C serotype 5 Ad and a rhesus macaque sero-
type rh.10 AAV were designed to deliver the coding sequences 
for the HC and LC of a monoclonal antibody directed against the 
protective antigen (PA) component of the lethal toxin of Bacillus 
anthracis, the pathogen responsible for anthrax, a significant 
bio-terroism threat.5 The data demonstrates that a single admin-
istration of the Ad (AdαPA) and AAV (AAVrh.10αPA) vectors 
neutralizes the toxin and evokes systemic anti-toxin immunity. 
This immunity is effective in protecting mice against a lethal dose 
of anthrax toxin from day 1 up to at least 6 months. This combined 
Ad/AAV dual vaccine fulfills the criteria for an effective vaccine 
platform that could be used for providing rapid yet sustained pro-
tection against a variety of bio-terror pathogens and toxins against 
which humoral immunity is effective.

Results
In vitro characterization of Ad- or AAV-expressed  
full length anti-PA antibody
In order to examine the expression of the anti-PA antibody by 
using AdαPA, A549 cells were either infected with AdαPA or 
mock-infected. At 48 hours after infection cell supernatants were 
collected, and the antibody expression was examined under non-
reducing conditions so as to assess assembly of a full-size mono-
clonal antibody, and under reducing conditions so as to assess 
expression of the individual HC and LC (Figure 1a). Under non-
reducing conditions, a complex of 150 kd (corresponding to the 
size of a completely assembled monoclonal antibody) was detected 
in AdαPA-infected cells (lane 2) but not in mock-infected cells 
(lane 1). When the supernatants were assayed for antibody pro-
duction under reducing conditions, the individual HC (50 kd) and 
LC (25 kd) were detected in AdαPA-infected cells (lane 4) but not 
in mock-infected cells (lane 3).
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In order to examine expression and secretion of the anti-PA 
antibody by AAVrh.10αPA, 293orf6 cells were either infected 
with AAVrh.10αPA or mock-infected. At 72 hours after infec-
tion cell supernatants were collected, and the antibody expression 
was examined under both nonreducing and reducing conditions 
(Figure 1b). Under nonreducing conditions, a 150 kd full-size 
monoclonal antibody was detected in AAVrh.10αPA-infected cells 
(lane 6) but not in mock-infected cells (lane 5). The individual HC 
and LC were detected under reducing conditions in AAVrh.10αPA-
infected cells (lane 8) but not in mock-infected cells (lane 7).

When antibody production from either vector was analyzed 
under nonreducing conditions, the presence of additional bands 
that could correspond to free HC and LC or partially assembled 
antibodies were detected. These protein products could be a limi-
tation of the expression system or, alternatively, could be an arti-
fact of in vitro expression. In order to determine the production of 
antibodies in response to the vectors in vivo, sera from mice that 
received 1011 particle units (pu) of AdαPA plus 1011 genome copies 
(gc) of AAVrh.10αPA were analyzed for antibody production over 
a 2 week period. The analysis was carried out using  Western blot 
under nonreducing conditions with an anti-c-myc antibody specific 
for the c-myc epitope tag at the carboxy terminus of the antibody 
HC. The results indicated that only fully assembled antibodies were 
detectable in vivo, thereby suggesting that the presence of antibody 
fragments in vitro was an artifact of the in vitro system.

In vivo expression of anti-PA monoclonal antibody 
from AdαPA or AAVrh.10αPA
The in vivo expression profile of the anti-PA antibody was deter-
mined in mice injected with either AdαPA or AAVrh.10αPA. 
Serum anti-PA antibody levels were determined by a PA-specific 
enzyme-linked immunosorbent assay over a 6 month time course. 
Mice that received AdαPA had high serum anti-PA antibody levels 
as early as 1 day after administration (Figure 2a). These antibody 
titers peaked at day 7 after administration and then decreased, 
reaching a minimal level at the end of the 26 week experiment. 
In contrast, mice injected with a control vector expressing an 

unrelated transgene, or naïve mice, did not have any measurable 
anti-PA antibody titers at any time point. When AAVrh.10αPA was 
administered to mice, anti-PA antibody levels gradually increased 
through day 14 and reached a maximum value at 8 weeks after 
administration (Figure 2b). These levels were sustained throughout 
the 26 week experiment. No anti-PA antibodies were detected in the 
sera of mice injected with a control vector expressing an unrelated 
transgene, or in the sera of naïve mice. These results indicate that 
full-size anti-PA antibodies can be expressed in vivo from either Ad 
or AAV gene transfer vectors but, importantly, with different time-
dependent expression profiles as expected from the two vectors.

Protection against in vivo lethal toxin challenge by 
anti-PA antibodies expressed from either AdαPA or 
AAVrh.10αPA
In order to determine the efficacy of viral vector–expressed 
anti-PA antibodies against the effects of lethal toxin, mice were 
injected with AdαPA or AAVrh.10αPA and were then chal-
lenged at various time points from day 0 up to 26 weeks after 
vector administration (Figure 3). Administration of AdαPA to 
mice resulted in protection from lethal toxin challenge as early 
as 1 day after administration (Figure 3a; 100%). This protective 
effect continued through 8 weeks after administration (100%), 
but declined by 6 months (0%), demonstrating rapid, but not 
sustained, efficacy of Ad-delivered anti-PA antibody. In contrast, 
naïve mice or mice injected with a control vector expressing an 
unrelated transgene were not protected against lethal toxin chal-
lenge at any time point. The administration of AAVrh.10αPA 
to mice also resulted in protection against toxin challenge, but 
with different kinetics (Figure 3b). This protective effect was not 
seen prior to 2 weeks after administration (100%), but the effect 
persisted thereafter throughout 26 weeks after administration 
(100%), demonstrating delayed but sustained efficacy of AAV-
delivered anti-PA antibody against lethal toxin challenge. None 
of the naïve mice, or mice that received a control vector, sur-
vived the challenge. This shows that, as expected from the serum 
anti-PA antibody levels, the kinetics of protection by AdαPA or 
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Figure 1 E xpression of a full-size anti-protective antigen (PA) mouse monoclonal antibody in cells infected with AdαPA and AAVrh.10αPA. 
A549 cells were infected with 5,000 particle units (pu) per cell of AdαPA and 293orf6 cells were infected with 104 genome copies (gc) per cell of 
AAVrh.10αPA. Infected cell supernatants were assessed for anti-PA antibody expression by Western analysis with a horseradish peroxidase–conjugated 
rabbit anti-mouse IgG antibody. (a) Expression of anti-PA antibody in supernatants from AdαPA-infected A549 cells under nonreducing (native) con-
ditions (lanes 1 and 2) and reducing conditions (lanes 3 and 4). Lanes 1 and 3, supernatants from mock-infected cells. Lanes 2 and 4, supernatants 
from AdαPA-infected cells. (b) Expression of anti-PA antibody in supernatants from AAVrh.10αPA-infected 293orf6 cells under nonreducing (native) 
conditions (lanes 5 and 6) and reducing conditions (lanes 7 and 8). Lanes 5 and 7, supernatants from mock-infected cells. Lanes 6 and 8, supernatants 
from AAVrh.10αPαA-infected cells. In all the panels, the heavy and light chains are identified.
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AAVrh.10αPA are different, with both vectors effectively directing 
the expression of protective anti-PA antibodies, but at different 
time points.

Antibody expression and protection from lethal  
toxin challenge when AdαPA and AAVrh.10αPA are 
co-administered to mice
Serum anti-PA antibody levels were assessed in mice injected with 
both AdαPA and AAVrh.10αPA from day 0 through 26 weeks after 
vector administration, using a PA-specific enzyme-linked immu-
nosorbent assay (Figure 4a). Anti-PA antibody titers were high 
as early as 1 day after injection, continued to rise to a maximal 
level at day 14 and remained at high levels through 26 weeks. No 
serum anti-PA antibody titers were detectable in naïve animals 
or in animals injected with a control vector expressing an unre-
lated transgene. When animals that received both AdαPA and 

AAVrh.10αPA were challenged with lethal toxin at various time 
points between day 0 and 26 weeks after administration, the pro-
tective effects were evident as early as 1 day after injection (100% 
survival) and lasted through 26 week (100% survival; Figure 4b). 
In contrast, the control mice were not protected. This shows that 
a single administration of AdαPA and AAVrh.10αPA is sufficient 
to generate both rapid and long-term protection against the action 
of anthrax lethal toxin.

Discussion
The ideal vaccine for a population threatened with a bio-terror 
attack should be an easily administered vaccine requiring only a 
single administration; it should be rapid acting (to provide imme-
diate protection) and should also provide sustained protection 
(in case of a follow-up attack). This study demonstrates that it is 

Figure 2 T ime course of serum anti-protective antigen (PA) antibody 
levels after administration of AdαPA or AAVrh.10αPA to C57BL/6 
mice. Mice (n = 5/group) were injected with AdαPA [1011 particle units 
(pu)] intravenously or with AAVrh.10αPA [1011 genome copies (gc)] 
intrapleurally. Naïve mice, and mice injected through similar routes with 
AdLacZ (1011 pu) and AAVrh.10LacZ (1011 gc) were included as nega-
tive controls. Serum antibody levels were measured using PA-specific 
enzyme-linked immunosorbent assay  from day 0 through to 26 weeks 
after administration. (a) Serum anti-PA antibody levels after administra-
tion of AdαPA. (b) Serum anti-PA antibody levels after administration of 
AAVrh.10αPA. Values shown are mean values ± SEM.
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Figure 3 S urvival of AdαPA- or AAVrh.10αPA-treated C57BL/6 mice 
following challenge with Bacillus anthracis lethal toxin at various time 
points relative to receiving the vectors. Mice (n = 5/group) were injected 
with AdαPA [1011 particle units (pu)] intravenously or with AAVrh.10αPA 
[1011 genome copies (gc)] intrapleurally. From day 0 through to 26 weeks 
after administration, the animals were challenged with an intravenous 
bolus of lethal toxin. Naïve mice and mice injected through similar routes 
with AdLacZ (1011 pu) or with AAVrh.10LacZ (1011 gc) were included as 
negative controls. (a) Survival of mice challenged with lethal toxin at 
various time points after AdαPA administration. (b) Survival of mice chal-
lenged with lethal toxin at various time points after AAVrh.10αPA adminis-
tration. After toxin challenge at each time point, the survival of the animal 
was monitored for 14 days. PA, protective antigen
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feasible to design a vaccine to provide passive protection against 
pathogens and/or toxins, which can be neutralized with a mono-
clonal antibody. This antibody can be delivered genetically by  
co-administering two gene therapy vectors, an Ad (providing rapid 
protection from 1 to 8 weeks) and an AAV (providing delayed but 
sustained protection from 2 to at least 26 weeks). The current 
study was able to demonstrate that, when the B. anthracis lethal 
toxin was administered to C57BL/6 mice, a single co-administra-
tion of an Ad vector (AdαPA) and an AAV vector (AAVrh.10αPA), 
each expressing a neutralizing anti-PA monoclonal antibody, was 
sufficient to produce rapid, sustained protection against anthrax 
lethal toxin. For these experiments, the doses of each individual 
vector were selected on the basis of data from previous experiments 

that demonstrated maximal levels of gene expression. Although 
the selected doses may appear to be high [1011 pu for AdαPA and 
1011 gc for AAVrh.10αPA], in comparison with doses used for cor-
rection of genetic disorders with gene transfer vectors, it is unclear 
whether a direct scaling up from mice to humans will be neces-
sary for the vaccine to be effective. After administration of AdαPA 
alone, protective antibody titers were >104 from day 1 through to 
at least 10 weeks, and the mice were protected from lethal toxin 
challenge from day 1 through to 8 weeks. With administration of 
AAVrh.10αPA alone, protective antibody titers were >104 from 7 
days through at least 26 weeks, the duration of the experiment, 
and the mice were protected from 2 weeks after vaccine adminis-
tration through 26 weeks. When the two vectors were co-admin-
istered, protective antibody titers were >104 from day 1 through 26 
weeks, and the mice were 100% protected from lethal toxin chal-
lenge throughout that period. This also fulfilled the criteria for 
the ideal vaccine strategy, with a single administration providing 
rapid and long-term protection. The duration of antibody expres-
sion in these experiments is striking. Although this has not been 
measured directly, we do not expect that anti-idiotype antibodies 
were formed. If indeed they had been formed, there would have 
probably been a decrease in circulating specific antibody prior to 
the 26 week time point.

Anthrax
The inhaled form of anthrax, a disease caused by B. anthracis, is 
highly lethal and constitutes a bio-terrorism threat.5–7 Anthrax 
lethal toxin is the major causative agent for this disease.8 PA is the 
cell surface binding component of the lethal toxin that binds to 
tumor endothelial marker-8 or human capillary morphogenesis 
protein-2 on the surface of macrophages and endothelial cells.9,10 
Membrane-bound PA is cleaved by a furin or furin-like prote-
ase that facilitates assembly into a heptameric oligomer.8,11,12 The 
enzymatic component of the lethal toxin, namely, the lethal factor, 
binds to the PA heptamer and the complex is internalized with 
consequent immunosuppressive and toxic effects.8,13,14

The currently available therapies for anthrax include antibiot-
ics and vaccines. Antibiotics can be effective, but even with treat-
ment, a high degree of mortality is still associated with anthrax, 
and there are forms of anthrax that have been engineered to be 
resistant to antibiotic therapy.6,15,16 The currently licensed vaccine, 
AVA Biothrax, and the next generation anthrax vaccine, rPA102, 
are effective in inducing long-term immunity against disease.17–19 
However, both require a multiple-dose immunization schedule 
and a minimum of 4 weeks to develop protective antibody titers. 
These regimens are obviously too protracted to be effective in 
response to a deliberate B. anthracis release19 (http:\\www.anthrax.
osd.mil/vaccine/schedule.asp).

Protection against anthrax is correlated with the induction 
of humoral immune responses against PA.20–22 The efficacy of 
AVA Biothrax and rPA102 correlates with the development of 
PA-specific humoral immune responses, and the therapeutic 
value of passive immunization for anthrax has been demon-
strated to be effective against both spore and toxin challenges 
in a variety of experimental systems.23–31 It is possible to pro-
tect experimental animals against anthrax with monoclonal 
antibodies, and one monoclonal antibody has been assessed 

Figure 4 S erum anti-protective antigen (PA) antibody levels and 
survival from lethal toxin challenge after co-administration of 
AdαPA and AAVrh.10αPA to C57BL/6 mice. Mice (n = 5/group) were 
co-administered AdαPA [1011 particle units (pu)] intravenously and 
AAVrh.10αPA [1011 genome copies (gc)] intrapleurally. Naïve mice and 
mice co-administered AdLacZ (1011 pu) or AAVrh.10LacZ (1011 gc) were 
included as negative controls. (a) Serum anti-PA antibody levels were 
measured using PA-specific enzyme-linked immunosorbent assay from 
day 0 through to 26 weeks after administration. Values shown are mean 
values ± SEM. (b) Mice co-administered AdαPA and AAVrh.10αPA were 
challenged with an intravenous bolus of Bacillus anthracis lethal toxin at 
various time points relative to receiving the vectors, from day 0 through 
to 26 weeks. After toxin challenge at each time point, the survival of the 
animal was monitored for 14 days.
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in a Phase I clinical study.23–32 Although these antibody-based 
therapies are effective, their main limitation is the half-life of 
the antibody molecule, with a single administration resulting in 
only short-term efficacy.32

Viral vector–based transfer of therapeutic antibodies
Genetic transfer of therapeutic antibodies is an attractive strat-
egy as both short-term and long-term therapy. It has been pos-
sible to express antibody molecules by using a variety of viral 
vectors including baculovirus, rhabdovirus, vaccinia virus, Ad, 
and AAV.33–40 Previous studies in our laboratory had demon-
strated that genetic delivery of a PA-specific single chain anti-
body with an Ad gene transfer vector is effective in rapidly 
protecting experimental animals from lethal toxin within 1 day 
of administration, but the effect lasted only for 10 days, because 
of the short half-life of the antibody.41 In contrast to single-
chain antibodies, in vivo delivery of full-length monoclonal 
antibodies with viral vectors results in more sustained serum 
antibody levels. Expression of an anti-HER-2 monoclonal anti-
body from an Ad vector resulted in detectable serum antibody 
levels in nude mice from day 3 through at least 4 weeks after 
administration, and these levels were high enough to signifi-
cantly reduce the growth of HER-2-positive tumor xenografts in 
these animals.39 The administration of an Ad vector expressing 
an anti-thyroglobulin antibody to mice resulted in serum anti-
thyroglobulin levels that were detectable for at least 3 months 
after administration.37 It has also been possible to achieve sus-
tained therapeutic levels of a monoclonal antibody with AAV 
gene transfer vectors in vivo. Significant levels of an human 
immunodeficiency virus–specific monoclonal antibody were 
detectable in the sera of mice following intramuscular adminis-
tration of an AAV2 vector encoding an anti-gp160 antibody for 
6 months after administration.36 Stable antibody expression was 
observed for 4 months in nude mice that had received an AAV8 
vector encoding a monoclonal antibody specific for the vascu-
lar endothelial growth factor receptor-2, and this was associated 
with a reduction of vascular endothelial growth factor receptor-
2–positive tumor growth when tumor cells were introduced 
into the animals.38 In subsequent experiments, in vivo serum 
levels of the anti-vascular endothelial growth factor receptor-2 
antibody were detectable for 6 months after administration to 
C57BL/6 mice.40

In this study, continuous expression of an anti-PA monoclo-
nal antibody following delivery with an AAVrh.10 gene trans-
fer vector resulted in detectable levels of serum antibodies that 
were protective against lethal toxin challenge for the 6 month 
duration of the study. Administration of AdαPA was effective 
in protecting animals against lethal toxin challenge as early as 
1 day after administration. This demonstrates that co-adminis-
tration of Ad and AAV vectors expressing neutralizing anti-PA 
antibodies may be a strategy to provide rapid, sustained, and 
effective protection against anthrax. It is likely that the effect 
of the genetic delivery of anti-PA antibody by AdαPA may be 
enhanced in conjunction with antibiotic therapy, and that viral 
vector–based antibody delivery could be used as an adjunct to 
antibiotic therapy to shorten the course of antibiotic treatment 
significantly.

Materials and Methods
Ad and AAV vectors. AdαPA and AAVrh.10αPA vectors were con-
structed so as to direct the expression of a full-size (HC and LC) murine 
monoclonal antibody against anthraxtoxin PA. Constructs containing the 
HC and LC variable domain complementary DNA (cDNA) sequence 
of a high-affinity, lethal toxin-neutralizing, anti-PA antibody (14B7-1H) 
were provided by J. Maynard (Department of Chemical Engineering 
and Institute for Cellular and Molecular Biology, University of Texas, 
Austin, TX).42 Full-size HC and LC were generated by incorporating the 
murine IgG1 constant domain and the murine κ constant domain onto 
the variable regions by overlap polymerase chain reaction. In designing 
the AdαPA and AAVrh.10αPA vectors, one major challenge was to bal-
ance the expression of the HC and LC cDNAs. We found, by trial and 
error, that the use of a poliovirus internal ribosome entry site was most 
effective for the Ad vector, whereas the use of a furin cleavage site and 
the self-cleaving 2A peptide from the foot-and-mouth disease virus was 
the most effective for the AAV vector.38,43

AdαPA is a serotype 5, E1–E3-Ad gene transfer vector encoding the 
anti-PA LC and HC cDNAs separated by a poliovirus internal ribosome 
entry site to facilitate expression of both protein subunits from a single 
CMV promoter. The expression cassette in the AdαPA vector contains 
(5′ to 3′) the CMV promoter/enhancer followed by cDNAs encoding the 
anti-PA LC, poliovirus internal ribosome entry site, the anti-PA HC, and 
the simian virus 40 polyadenylation signal. AdLacZ, an identical vector 
except that it contains β-galactosidase in the expression cassette, was used 
as a negative control in this study. The AdLacZ vector contains (5′ to 3′) the 
CMV promoter/enhancer followed by cDNA encoding β-galactosidase, 
and the simian virus 40 polyadenylation signal. AdαPA and AdLacZ were 
produced in 293 cells and purified by centrifugation twice through cesium 
chloride gradient as previously described.44 The particle units of each 
recombinant Ad preparation were determined spectrophotometrically.45

AAVrh.10αPA is a nonhuman primate-derived AAV serotype rh.10 
gene transfer vector encoding the anti-PA HC and LC, with the subunits 
separated by both furin and self-cleaving 2A protease sites for expression 
from a single CMV promoter. The AAVrh.10αPA expression cassette 
contains (5′ to 3′) the CMV promoter/enhancer followed by cDNAs 
encoding the anti-PA HC, a 13 amino acid c-myc tag, a 4 amino acid 
furin cleavage site, the 24 amino acid self-cleaving 2A peptide from 
foot-and-mouth disease virus, the anti-PA LC, and the human growth 
hormone polyadenylation signal.

AAVrh.10αPA was produced using three plasmids: (i) pAAVαPA, an 
expression plasmid containing (5′ to 3′) the AAV2 5′-inverted terminal 
repeat including packaging signal (Ψ), the anti-PA antibody expression 
cassette, and the AAV2 3′-inverted terminal repeat; (ii) pAAV44.2, a 
plasmid that provides rep proteins derived from AAV2 and cap proteins 
derived from AAVrh.10; and (iii) pAdDeltaF6, an Ad helper plasmid that 
provides Ad helper functions of E2, E4, and VA RNA.46–48 pAAVαPA (600 
µg), pAAV44.2 (800 µg), and pAdDeltaF6 (1.2 mg) were co-transfected into 
human embryonic kidney 293 cells (American Type Culture Collection, 
Manassas, VA), which contain an integrated copy of the Ad E1 region, 
using Polyfect (Qiagen, Valencia, CA). At 72 hours after transfection, the 
cells were harvested, a crude viral lysate was prepared using three cycles 
of freeze/thaw, and clarified by centrifugation. AAVrh.10αPA was purified  
by iodixanol gradient and QHP anion exchange chromatography. The 
purified AAVrh.10αPA was concentrated using a BioMax 100 membrane 
concentrator (Millipore, Billerica, MA) and stored in phosphate-buffered 
saline, pH 7.4 (PBS) at –80 °C. AAVrh.10LacZ was used as a negative 
control vector. The genomic structure is identical to AAVrh.10αPA, 
except that the transgene in the expression cassette is β-galactosidase. 
Vector genome titers were determined by TaqMan real-time-polymerase 
chain reaction using a CMV promoter–specific primer-probe set (Applied 
Biosystems, Foster City, CA). An AAVα1AT plasmid DNA standard of 
known copy number was used for generating a standard curve, from which 
the genome copy number of each AAV preparation was determined.
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In vitro assessment of αPA expression. Expression of the anti-PA 
antibody from AdαPA and AAVrh.10αPA following infection of cells 
in vitro was assessed by Western analysis. AdαPA was used for infect-
ing A549 cells, and the infected-cell supernatants were harvested at 
48 hours after infection. AAVrh.10αPA was used for infecting 293orf6 
cells, and the infected-cell supernatants were harvested at 72 hours 
after infection. All supernatants were concentrated using Ultracel YM-
10 centrifugal filter devices (Millipore, Billerica, MA) and evaluated for 
the expression of anti-PA antibody by Western analyses under nonreduc-
ing and reducing conditions, using a horseradish peroxidase–conjugated 
anti-mouse IgG1 secondary antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA) and ECL reagent (Amersham, Piscataway, NJ).

Administration of Ad and AAVrh.10 vectors to mice. In order to avoid 
issues of the Ad and AAV vectors interacting in the same cells, the vectors 
were administered at different sites. Male C57BL/6 mice were administered 
the AdαPA vector or the AdlacZ control vector through the intravenous 
route and the AAVrh.10αPA vector or the AAVrh.10lacZ vector through the 
intrapleural route. In previous experiments with AAV gene transfer vectors 
of the same serotype, the intrapleural route of administration was found to 
result in optimal levels of gene expression. On the basis of this information, 
the AAV vectors were administered intrapleurally in these experiments.48

Recombinant AAVrh.10 vectors (1011 gc) were delivered into the 
pleural space of the left lungs of 6-week-old male C57BL/6 mice (n = 
5/group). The mice were anesthetized using a combination of ketamine 
(100 mg/kg) and xylazine (10 mg/kg) by intraperitoneal injection. The 
trachea was cannulated with a 20-gauge angiocatheter (Becton Dickinson, 
Franklin Lakes, NJ), and mechanical ventilation was achieved using a small 
animal ventilator (Harvard Apparatus, Holliston, MA). Tidal volume and 
respiratory rate were set 0.7–1.0 ml × 70/minute. An anterolateral chest 
skin incision ~1 cm in length was made using scissors. The thoracic cage 
was exposed and a thoracotomy was done in the third intercostal space. 
The AAVrh.10 vectors were administered in 100 µl of PBS through the 
exposed pleural space using a 1 ml insulin syringe. After placement of 
the angiocatheter through the pleural cavity, the thoracic cage was closed 
with 4–0 absorbable sutures (Polysorb, Auburn, NY). The angiocatheter 
was removed after air was evacuated using a syringe manually. The skin 
was closed using a second layer of the same sutures, the ventilator was 
stopped, and the tracheal tube was removed.

Recombinant Ad vectors (1011 pu) were delivered intravenously 
to mice. The mice were anesthetized using a combination of ketamine 
(100 mg/kg) and xylazine (10 mg/kg) by intraperitoneal injection; 
recombinant Ad vectors in diluted in PBS (100 µl) were administered via 
the tail vein. Co-administration of recombinant AAV vectors (1011 gc) and 
recombinant Ad vectors (1011 pu) was accomplished by introduction of 
each vector through different routes as described earlier.

In vivo assessment of αPA levels. Male C57BL/6 mice, 4–6 week of age, from 
The Jackson Laboratory (Bar Harbor, ME) or Taconic (Germantown, NY), 
were housed in a pathogen-free environment. The mice were administered 
AdαPA, AAVrh.10αPA, or a combination of AdαPA and AAVrh.10αPA. 
Naïve mice and mice injected with a combination of AdLacZ and 
AAVrh.10LacZ were used as negative controls. Following vector adminis-
tration, serum was collected via the tail vein, centrifuged at 8,000g for 20 
minutes, and stored at –20 °C. Anti-PA antibody levels in mouse sera were 
assessed by a PA-specific enzyme-linked immunosorbent assay using flat-
bottomed 96-well EIA/RIA plates (Corning, New York, NY) coated with 
0.1 µg PA (List Biological Lab, Campbell, CA) per well in a total volume of 
100 µl of PBS, pH 7.4 overnight at 4 °C. The plates were washed with PBS 
containing 0.05% Tween-20 (PBS–Tween) and blocked with 5% dry milk in 
PBS for 30 minutes at 23 °C. Serial serum dilutions were added to each well 
and incubated for 90 minutes at 23 °C. The plates were washed four times 
with PBS–Tween, 100 µl of 1:1,000 diluted horseradish peroxidase–conju-
gated goat anti-mouse IgG1 (Santa Cruz Biotechnology, Santa Cruz, CA) 

in PBS containing 1% dry milk was added and incubated for 90 minutes at 
23 °C. The plates were washed four times with PBS–Tween and once with 
PBS. Peroxidase substrate (100 µl/well; Bio-Rad, Hercules, CA) was added, 
incubated for 15 minutes, 23 °C, and this was followed by the addition of 
a stop solution of 2% oxalic acid (100 µl/well). Absorbance at 415 nm was 
read with a microplate reader (Bio-Rad, Hercules, CA). Antibody titers 
were calculated with a log(OD)-log(dilution) interpolation model using a 
cut-off value equal to twofold of the absorbance of background.49

AdαPA plus AAVrh.10αPA-mediated protection of mice from lethal 
toxin challenge. In order to assess the ability of AdαPA, AAVrh.10αPA or 
AdαPA plus AAVrh.10αPA to protect mice against challenge with anthrax 
lethal toxin, male C57BL/6 mice (n = 5/group) were injected with AdαPA, 
AAVrh.10αPA, or a combination of AdαPA and AAVrh.10αPA. Naïve mice 
and mice injected with a combination of AdLacZ and AAVrh.10LacZ were 
used as negative controls. At various time points ranging from 1 to 180 
days after vector administration, each mouse was challenged by intrave-
nous administration of anthrax lethal toxin, consisting of a mixture of 30 
µg PA and 12.5 µg lethal factor in a total volume of 100 µl PBS.50Survival 
was monitored twice daily for 14 days after lethal toxin challenge.
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