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INTRODUCTION
Adenovirus (Ad) vectored vaccine candidates are a novel

product class that began to be tested clinically for preventive
infectious disease indications starting in the early 2000s. Initial
candidates were based on adenovirus type 5 (Ad5); however,
newer pre-clinical and clinical candidates are based on alterna-
tive adenovirus serotypes, such as Ad35, or on chimeric con-
structs designed with the intention of circumventing the high
degree of pre-existing immunity to Ad5 in the human popula-
tion, should this factor or other safety issues prove to reduce the
utility of the Ad5 vectors currently in clinical testing (Thorner
et al., 2006). This novel product class represents a unique reg-
ulatory challenge. In order to advance pre-clinical candidates
forward into the clinic, pre-clinical safety evaluations need to
be conducted to determine where in the body the adenovectors
would biodistribute after intramuscular inoculation (in order to
identify potential target organs for toxicity) and whether any
toxicological effects could be identiÞed. Such effects might ei-
ther be as a direct (intrinsic) toxicity from the adenovectors or
as immunotoxicity resulting from the host immune response to
the vaccine insert or adenovector antigens (for a brief discus-
sion about vaccine-induced immunotoxicity, see Sheets et al.,
2006b).

Frequent vaccine-induced adverse reactions or toxicities are
generally referred to as ÒreactogenicityÓ and they will be re-
ferred to this way throughout this article. These can include
local reactions at the site of injection, such as pain, tenderness,
erythema, or induration, or systemic reactions, such as fever,
fatigue, malaise, myalgia, headache, nausea, vomiting, inappe-
tence, etc. Reactogenicity is often the consequence of intended
or unintended immune responses and inßammation induced by
the vaccine. Vaccines by and large are safe, as they must be, given
that they are administered to healthy individuals to prevent a po-
tential future disease. Most of the side effects seen with vaccines
are of this typical type of local and systemic reactogenicity. Thus,
preclinical safety assessments of vaccine candidates to support
their clinical investigation must address the types and severity of
reactogenicity that is expected with vaccines as well as identify
any potential safety signals that might be unusual to a particular
vaccine candidate.

Rabbits were chosen as the test model for these studies as
they are a species large enough to receive a full human dose
of vaccine. This is important since the immunogenicity and/or
pharmaceutical effect of vaccines does not scale directly to body
weight or body surface area, as may be the case for most drugs
that disseminate through the blood to other parts of the body.
Vaccines act at the local site of injection (if delivered parenter-
ally) to induce an immune response that trafÞcs systemically.
Thus, delivery of a full human dose to the animal model is
deemed the most suitable means of addressing potential human
toxicities (CBER, 2006; Chang et al., 2007). Based on current
clinical experience with Ad5 vectors as vaccine candidates, rab-
bits appear to be a good predictor of the reactogenicity that is

being observed in the clinic (Catanzaro et al., 2006). For Ad35,
there are not yet sufÞcient clinical data to validate the rabbit
as the appropriate animal model. However, Ad35 as a vaccine
vector for tuberculosis and malaria entered clinical trials in late
2006 (Crucell, 2006a, 2006b), so these data will be forthcoming.
In addition, the Ad35 vaccine described herein has also entered
clinical trials (GenVec, 2007). While Ad5 (a subgroup C Ade-
novirus) primarily enters cells by binding to the Coxsackie and
Adenovirus receptor (CAR), Ad35 (a subgroup B Adenovirus)
utilizes CD46 (membrane cofactor protein) as a receptor. The
tissue distribution of CD46 expression is reported for a small
number of species, but has not yet been elucidated for rabbits.
Further, it should be noted that this is not the appropriate ani-
mal model for HIV disease or AIDS. Nor is it the appropriate
model to assess the effect vaccination might have on subse-
quent acquisition of HIV (or appropriate model, such as SIV) or
disease, as would be assessed in a challenge-protection model.
The studies undertaken as reported herein were not intended to
model HIV acquisition or disease progression in vaccinated an-
imals, only to assess acute or sub-acute intrinsic toxicities and
immunotoxicities, as recommended by regulatory authorities,
speciÞcally, the United States Food and Drug Administration
(FDA), which has regulatory jurisdiction over the clinical tri-
als we have proposed or performed with these investigational
vaccines.

The Vaccine Research Center (VRC) is developing several
vaccine candidates to prevent human diseases based on the ade-
novirus vector platform. These candidate vaccines are intended
for use in prevention of diseases caused by viruses including
Human ImmunodeÞciency Virus (HIV-1), Ebola, and Marburg.
Inoculation of adenovectors with gene-inserts encoding HIV-
1, Ebola, or Marburg proteins results in the in vivo expression
of the viral antigens. Strong antigen-speciÞc cellular and hu-
moral immune responses are thus induced (Sullivan et al., 2000;
Catanzaro et al., 2006; Sullivan et al., 2006; Sun et al., 2006,
unpublished data). In order to provide preclinical data to sup-
port the safety and suitability of the candidate vaccines to pro-
ceed into human clinical testing, three biodistribution studies
and four repeated dose toxicology studies were performed on
the four adenovector-based vaccine products that will be de-
scribed herein. In addition, two of the repeated dose toxicology
studies reported were performed delivering the adenovector as
a boost to a DNA plasmid vaccine prime. The biodistribution
and safety of DNA plasmid vaccines were separately demon-
strated and previously reported (Sheets et al., 2006a, 2006b).
The methods and study designs reported herein are quite similar
to those performed on the DNA plasmid vaccines. The primary
difference between the earlier studies and these are that the DNA
plasmid vaccines do not biodistribute outside the injection site
and primarily result in local reactions. However, like the ade-
novectors, the biodistribution and toxicology proÞles seem to
reßect the platform (DNA plasmids or adenovectors) rather than
the gene-inserts being expressed.
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TABLE 1
Products Tested.

Product Study Virus Genes Adenovirus type Vector characteristics Manufacturer

14 A, D HIV-1 Clade B gag-pol, Clade A env, Clade
B env, Clade C env

5 �E1, E3, E4 GenVec

18 B, E Ebola Sudan/Gulu glycoprotein (GP) with
point mut., Zaire GP with point mut.

5 �E1, E3 Crucell

21 F Marburg Marburg GP 5 �E1, E3 Crucell
22 E Ebola Sudan/Gulu . WT GP, Zaire WT GP 5 �E1, E3 Crucell
25 F Marburg Marburg GP DNA plasmid CMV/R promoter Althea
27 C, G HIV-1 Clade A env 35 �E1 GenVec

MATERIALS AND METHODS

Adenovirus Vector Vaccine Products (Table 1)
Product 14 (Ad5HIV). This product is described in

Catanzaro et al. (2006), and is produced by GenVec. Dosage of
GenVec-produced adenovectors is expressed in terms of particle
units (PU). The DNA plasmid prime used with this product was
also previously described (Sheets et al., 2006a) and the biodistri-
bution and toxicological safety when given alone were reported
(Sheets et al. 2006a, 2006b). The genes expressed by both prime
and boost are essentially matched. Clinical safety data for both
products administered separately are reported (Catanzaro et al.,
2006; Graham et al., 2006) and safety data are being generated
for the prime-boost regimen, which is currently being studied
in several Phase 1 and 2 trials being conducted in the Americas
and Africa.

Product 18 (Ebola). This product is a combination of 2 ade-
novectors based on Ad5 and produced by Crucell. These vec-
tors contain deletions in E1 and E3, rendering them replication-
defective. The vectors express glycoproteins of Ebola Su-
dan/Gulu and Zaire strains for which a mutation (mut) that ab-
rogates the cytopathicity observed in vitro with the wild-type
sequences (Sullivan et al., 2000, 2005, 2006) has been intro-
duced. Dosage of Crucell-produced adenovectors is expressed
in terms of viral particles (VP).

Product 21 (Ad5Marburg). This product, produced by Cru-
cell, is based on an Ad5 vector, which is deleted in E1 and E3.
The gene insert expresses the WT glycoprotein of Marburg virus
(Angola strain).

Product 22 (Ebola). This product is also a combination of 2
adenovectors based on Ad5, produced by Crucell, and express-
ing the wild-type (WT) glycoproteins of Ebola Sudan/Gulu and
Zaire strains. This product differs from Product 18 in that each
gene insert expresses unmutated full-length WT sequences.

Product 25 (DNAMarburg). This product, manufactured by
Althea, expresses the same Marburg glycoprotein as Product 21
described above, in a DNA plasmid backbone under the CMV/R
promoter (as described in Sheets et al., 2006a for other DNA
plasmid vaccine products). This product was delivered by Bio-
jector 2000, as previously described (Sheets et al., 2006a).

Product 27 (Ad35HIV). This prototype vaccine, also pro-
duced by GenVec, encodes only the HIV-1 Clade A env gene
(identical to that contained in Product 14) but this gene is in-
serted into an adenoviral vector system based on Ad35, instead
of Ad5. This vector contains deletions in the E1 region, render-
ing it replication-defective.

Dosage Quantitation of Adenovectors
The difference in units in which the doses are described is

due to differences in assay methodology of each manufacturer.
Dosage of GenVec-produced adenovectors is expressed in terms
of particle units (PU). Dosage of Crucell-produced adenovec-
tors is expressed in terms of viral particles (VP). In both cases
what is being measured is the number of physical viral parti-
cles, as opposed to an infectious titer, since the adenovectors
are replication-defective. The units do not measure a biological
function, such as Òinfectiousness,Ó but are physical measure-
ment of particles, functional or not.

Biodistribution Study Designs
Studies A, B, and C were performed by GeneLogic (Gaithers-

burg,MD, now Bridge Laboratories) and involved inoculation of
11Ð17-week-old New Zealand white rabbits with 0.5Ð1× 1011

PU or VP of adenovector delivered intramuscularly (IM) into
the hind limb in 0.5 ml. In each study, comparison was made
to the vaccineÕs Þnal formulation buffer (FFB, vaccine vehi-
cle). Animals were inoculated one time at Study Day (SD) 1
and sacriÞced by sodium pentobarbital and exsanguination at
SD9, SD61 (Studies A and B), or SD91/93. The variance in
study days for sacriÞce between studies was based on pragmatic
scheduling considerations at the animal facility and timepoints
approximated 1 wk, 2 mo (Studies A and B), and 3 mo post-
inoculation. The 2 mo time point was deleted from Study C
design to streamline the study based on the prior experience.

The following organs were collected for biodistribution anal-
yses: blood, gonads, liver, thymus, heart, lung, kidney, spleen,
mesenteric lymph node, right and left popliteal lymph nodes
or right & left iliac lymph nodes, subcutis at the injection site,
thigh muscle at the injection site, bone marrow (from left femur),
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and brain. Paired organs were processed together, except the
popliteal or iliac lymph nodes, which were processed separately.
Tissues and bone marrow cells were snap frozen in liquid nitro-
gen after being placed in sterile vials and stored atŠ70� C. In
addition, animals were monitored for morbidity (tremors, con-
vulsions, salivation, diarrhea, lethargy, coma, atypical behavior)
and mortality twice daily and for clinical signs of toxicity (evalu-
ation of skin and fur characteristics, eye and mucous membranes,
respiratory, circulatory, autonomic and central nervous systems,
and somatomotor and behavior patterns) prior to dosing, weekly,
and at sacriÞce. Body weights were taken prior to dosing,
weekly, and at sacriÞce (fasted) and food consumption was mea-
sured daily. These studies were performed in compliance with
Good Laboratory Practices (GLP) regulations (21 CFR 58).

Repeated-Dose Toxicology Study Designs
The Study Schemas are displayed in Table 2. All studies

were performed by GeneLogic (now Bridge Laboratories) at its
facilities in (Gaithersburg, MD). In each study, 10 New Zealand
white rabbits per gender were inoculated intramuscularly with
the doses and on the schedules indicated in Table 2. Doses were
split to permit administration of 0.5 ml/inoculation. Split doses
were administered� 1inch apart into the hind limb and each sub-
sequent dose was delivered to alternate hind limbs. The DNA
plasmid prime in the Ad5 HIV study (Study D) and the Mar-
burg study (Study F) were inoculated with the Biojector 2000
as described in Sheets et al. (2006a). The adenovectors were
delivered with needle-and-syringe.

In each study, the number of inoculations was determined
by considering the proposed or potential clinical trial design
and adding one additional inoculation. In the cases of prime-
boost regimens, one additional prime and one additional boost
inoculation were given beyond that planned for the clinic in

TABLE 2
Study Schema.

Study Study Dosing Blood Draw Necropsy
designation Type Product Dose Schedule Schedule Schedule

A Biodistribution 14 (HIV-1) 1011 PU SD1 N/A SD9, 61, 91
B Biodistribution 18 (Ebola) 0.89× 1011 VP SD1 N/A SD9, 61, 93
C Biodistribution 27 (HIV-1) 0.5× 1011 PU SD1 N/A SD9, 91
D Toxicology 14 (HIV-1) 1011 PU SD1, 22 PTID*, SD3, 24,

SD36
SD24, 36

9, 14 (HIV-1) 4 mg, 1011 PU SD1, 22, 43, 64 (#9),
SD85, 106 (#14)

PTID, SD3, 24, 45,
66, 86, 108, 120

SD108, 120

E Toxicology 18 (Ebola mut) 2× 1011 VP SD1, 22, 43 PTID, SD3, 24, 45, 57 SD45, 57
22 (Ebola WT) 2× 1011 VP SD1, 22, 43 PTID, SD3, 24, 45, 57 SD45, 57

F Toxicology 25, 21 (Marburg) 4 mg, 1011 VP SD1, 22, 43, 64 (#25),
SD85, 106 (#21)

PTID, SD4, 30, 60,
90, 108, 120

SD108, 120

G Toxicology 27 (HIV-1) 1011 PU SD1, 22, 43 PTID, SD4, 30, 45, 57 SD45, 57

� PTID = prior to initial dosing

order to introduce a margin-of-safety into the toxicology study
design because dosing at higher than the intended human dose
with clinical trial material was of limited feasibility. The highest
proposed clinical dose of adenovirus vector was given in each
study.

Half the animals (5 per gender) were sacriÞced 2 d(imme-
diate) after, and the rest 2 wk (recovery) after, the Þnal inocu-
lation (see Table 2 for SD). Animals were monitored for mor-
tality and morbidity (cageside and clinical observations as de-
scribed above), Draize scores, body temperatures, body weight
and weight changes, food consumption, ophthalmology, and
clinical pathology (hematology, chemistries, and coagulation
parametersÐas reported in Table 2 in Sheets et al. (2006b); in
addition, Þbrinogen was monitored in Studies F & G)during the
in-life portion of the study and immediately prior to or at the
time of sacriÞce.

Necropsies included organ weights and ratios and gross
and histopathology (tissues as listed in Tables 3, 4, and 5 in
Sheets et al. [2006b]). Samples were taken for immunogenicity
assays (ELISAs) to conÞrm that active doses were inoculated
(i.e., dosing conÞrmation) as required by GLP. These studies
were performed in accordance with GLP, except the immuno-
genicity analyses, which were performed as described below.
Draize scores were measured as: a score of 0 or grade of none
reßected no swelling or normal color; a score of 1 or grade of
minimal reßected slight swelling with an indistinct border or
light pink, indistinct; a score of 2 or grade of mild reßected
deÞned swelling with a distinct border or bright pink to pale
red, distinct; a score of 3 or grade of moderate reßected deÞned
swelling with a raised border (<1 mm) or bright red, distinct; a
score of 4 or grade of severe reßected pronounced swelling with
a raised border (� 1 mm) or dark red, pronounced.

Statistical analyses of repeated-dose toxicology stud-
ies: Body temperature, body weights and changes, food
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TABLE 5
Potentially adenovector-related clinical pathology parameters by study(Continued)

COAGULATION Treated Controlsa

Parameter Study Product Timepoint Gender Direction Mean S.D.b Mean S.D.

G 27 Pre-dose F 	 79.02 10.35 87.37 6.76
SD30 F � 112.9 15.21 96.93 16.31
SD45 M � 117.6 12.58 96.48 8.1

Prothrombin D 14 SD3 M 	 8.69 0.8 8.93 0.9
Timel F 	 8.64 0.8 8.93 0.7

SD24 M 	 8.96 0.12 9.17 0.12
F 	 9.02 0.1 9.27 0.14

E 18 SD3 M 	 5.88 0.03 6.17 0.09
F 	 5.88 0.06 6.23 0.11

22 SD3 M 	 5.87 0.05 6.17 0.09
F 	 5.9 0.06 6.23 0.11

18 SD24 M 	 6.02 0.09 6.5 0.12
F 	 6.02 0.09 6.57 0.24

22 M 	 6.05 0.12 6.5 0.12
F 	 6.05 0.14 6.57 0.24

18 SD45 M 	 6.27 0.14 6.56 0.12
F 	 6.26 0.16 6.62 0.25

22 M 	 6.3 0.12 6.56 0.12
F 	 6.33 0.09 6.62 0.25

F 25, 21 SD90 F 	 6.74 0.18 6.98 0.18
SD108 M 	 6.57 0.07 6.99 0.08

F 	 6.54 0.08 7.05 0.21
G 27 SD57 F 	 6.45 0.11 6.99 0.17

Fibrinogenm F 25, 21 SD90 M � 725.7 84.62 335.1 70.08
F � 653.2 81.96 273 65.69

SD108 M � 665.8 78.7 347.8 28.53
F � 559.6 77.32 262.5 40.9

G 27 SD4 M � 472 77.46 361.6 29.47
F � 359.1 47.83 294.1 48.54

SD30 M � 407.3 95.76 307.5 49.2
F � 353.8 144.62 247 21.58

SD45 M � 620.8 41.91 339.8 50.42
F � 569.6 91.1 269.8 17.92

SD57 F � 297.8 42.58 238 14.92

aGender-matched concurrent controls
bS.D.= standard deviation.
cCholesterol male reference range 50Ð131, female reference range. 51Ð137.
dTriglycerides male reference range 35Ð274, female reference range 34Ð150.
eGlobulin male reference range 1.2Ð2.6, female reference range 1.5Ð2.6.
f A/G ratio male reference range 1.4Ð2.9, female reference range 1.4Ð2.6.
gHemoglobin male reference range 11.3Ð15, female reference range 11.1Ð14.5.
hHematocrit male reference range 33.4Ð45.5, female reference range 33.3Ð43.8.
i Platelets male reference range 237Ð725, female reference range 258Ð712.
j MPV male reference range 5.5Ð7.6, female reference range 5.5Ð7.9.
kAPTT male reference range 51.56Ð113, female reference range 50.2Ð112.
l PT male reference range 6Ð8.67, female reference range 6Ð8.63.
mThis parameter (Þbrinogen) was only measured in Studies F (Marburg) & G (Ad35), so the absence of values from
Studies D (Ad5 HIV) & E (Ebola) in this table should not be construed as there being no differences, but rather no
measurements; male reference range: 224Ð500, female reference range 198Ð447
Cells highlighted in light gray represent mean values that fall outside the historical reference range.
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CTGTAGATCACCAGCATGCCC-3�, 5�-GGATCTTCTCCC
AGCGGTC-3�, 5�-CAGAAACCCAGGATACCCCAC-3�,
and 5�-GCTAGACTCGAGAGCGGCC-3�. The two reverse
primers used were 5�-ACATCCACTTTGCCTTTCTCTCC-3�

and 5�-GCTGGAGCTGGACAAGTGG-3�; the probe was
5�-FAM-TCGAATTCTGCAGTGATCAGGGATCC-BHQ2-3�.
TaqMan reactions were performed in a 96-well plate using
the ABI PRISM 7700 instrument. AmpliÞcation of the target
sequence was performed in duplicate reactions each containing
up to 1µg genomic DNA (gDNA) from tissue, and 2X TaqMan
Universal PCR Master Mix (Applied Biosystems) with the
primers at Þnal concentrations of 50, 50, 50, 150, 150, and 150
nM respectively, and the probe at a Þnal concentration of 100
nM.

A third replicate reaction was performed spiked with 100
copies of the target sequence to monitor qPCR inhibition. Cy-
cling conditions were 50� C for 2 min, 95� C for 10 min, and
45 cycles of 95� C for 15 sec and 60� C for 1 min. QuantiÞca-
tion of the target sequence in each specimen was determined
using a standard curve of plasmid DNA diluted in a background
of gDNA isolated from a na¬õve animal. Standards, no template
controls, sentinel extraction controls, and background gDNA
controls were all run in duplicate reactions. Assay performance
characteristics were established and the assay qualiÞed for use
in the animal model. The limit of detection (LOD) of the assay
was 10 copies of target sequence/microgram (µg) of gDNA and
the limit of quantiÞcation (LOQ) was 50 copies/µg of gDNA.
qPCR analyses were performed by Althea Technologies, Inc.
(San Diego, CA)

qPCR Analysis for Study B

A TaqMan�R qPCR assay was designed to target the ade-
novirus vector sequence common to both components of the
vaccine. Primers and probe were designed using Primer Ex-
press software (Applied Biosystems). Forward primer used was
5�-TTAAGCTGGGATGGGTGCAT-3�, the reverse primer was
5�-TGGTGGTTCTGCACAACATGA-3�, and the probe was 5�-
FAM-TATGTTCCCAGCCATATCCCTCCGG ÐBHQ2-3�. Taq-
Man reactions were performed in a 96-well plate using the ABI
PRISM 7700 instrument. AmpliÞcation of the target sequence
wasperformed in duplicate reactions each containing up to 1µg
genomic DNA (gDNA) from tissue, and 2X TaqMan Universal
PCR Master Mix (Applied Biosystems) with primers and probe
at Þnal concentrations of 300 nM and 100 nM, respectively. A
third replicate reaction was performed spiked with 100 copies
of the target sequence to monitor qPCR inhibition. Cycling con-
ditions were 50� C for 2 min, 95� C for 10 min, and 45 cycles of
95� C for 30 sec and 60� C for 1 min. QuantiÞcation of the tar-
get sequence in each specimen was determined using a standard
curve of plasmid DNA diluted in a background of gDNA isolated
from a na¬õve animal. Standards, no template controls, sentinel
extraction controls, and background gDNA controls were all
run in duplicate reactions. Assay performance characteristics

were established and the assay qualiÞed for use with the animal
model. The limit of detection (LOD) of the assay was 10 copies
of target sequence per microgram (µg) of gDNA and the limit
of quantiÞcation (LOQ) was 50 copies perµg of gDNA. qPCR
analyses were performed by Althea Technologies, Inc.

qPCR Analysis for Study C
A TaqMan qPCR assay was designed to target the Adenovirus

type 35 (Ad35) backbone of the Ad35 vectored HIV vaccine.
Primers and probe were designed using Primer Express soft-
ware (Applied Biosystems). The forward primer used was 5�-
TGGATAAAAGTTTGGCAATGGA-3�, the reverse primer was
5�-AATCGTGCCAGATGAATTAACAA-3�, and the probe was
5�-FAM-ATACTCGCGTGCCAGGCACTTCC-BHQ2-3�. Taq-
Man reactions were performed in a 96-well plate using the ABI
PRISM7700 instrument. AmpliÞcation of the target sequence
wasperformed in duplicate reactions each containing up to 1µg
genomic DNA (gDNA) from tissue, and 2X TaqMan Universal
PCR Master Mix (Applied Biosystems) with primers and probe
at Þnal concentrations of 300 nM and 100 nM, respectively.

A third replicate reaction was performed spiked with 100
copies of the target sequence to monitor qPCR inhibition. Cy-
cling conditions were 50� C for 2 min, 95� C for 10 min, and
40 cycles of 95� C for 15 sec and 60� C for 1 min. QuantiÞca-
tion of the target sequence in each specimen was determined
using a standard curve of plasmid DNA diluted in a background
of gDNA isolated from a na¬õve animal. Standards, no template
controls, sentinel extraction controls, and background gDNA
controls were all run in duplicate reactions. Assay performance
characteristics were established and the assay qualiÞed for use
with the animal model. The limit of detection (LOD) of the assay
was 10 copies of target sequence/µg of gDNA and the limit of
quantiÞcation (LOQ) was 50 copies/µg of gDNA. qPCR analy-
ses were performed by Althea Technologies, Inc.

Statistical Analyses on the PCR Results
Mean copy numbers for each tissue at the Þrst and last time

points were compared using the Wilcoxon Rank-sum test. Ini-
tially, differences between genders for each tissue and time point
were compared to conÞrm that gender differences did not ex-
ist, so that data for both genders could be pooled and analyzed
together. Thep-values are reported in Figure 1.

Immunogenicity by Antibody ELISA
Optimized concentrations of puriÞed recombinant antigens

were coated onto Immunol-2 HB microtiter plates (Thermo Lab-
systems, Milford, MA) overnight at 4� C. As detailed in Table
3, HIV GAG antigen was purchased commercially, while the
remainder of the antigens were generated in-house. The VRC
plasmids were expressed in 293T cells and puriÞed for the major
protein product. Plates were washed and blocked (20% FBS/1%
BSA-buffered solution) for 1 hr at 37� C. Duplicate wells re-
ceived the rabbit sera dilutions and were then incubated 2 hr
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FIG. 1. Biodistribution results. Box and whisker plots showing the copy numbers present in various tissues at SD9 and SD91/93 for control and treated animals
in Studies A, B, and C.p-values are reported for comparisons between Þrst and last time points in the treated groups, demonstrating clearance of vector from these
tissues over the time course of the studies.
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FIG. 3. Food consumption in the immediate post-vaccinal periods in Studies D, E, F, and G. Mean food consumption was compared to gender-matched controls.
Differences that were signiÞcant at thep <0.05 level are noted with an asterisk. Adjustments were not made to account for multiplicity, to more stringently detect
potential safety signals. The groups compared are indicated by the lines over the bars. Error bars reßect the standard deviations. This parameter wasnot measured
on study days when animals were fasted for blood draws.
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were noted with regard to morbidity/clinical observations nor
ophthalmology. The only treatment-related Þndings in regards
to gross pathology were noted in Study D (HIV prime-boost
and Ad5 alone) and are described below under Local Reactions.
No treatment-related gross pathology was noted in Studies E
(Ebola), F (Marburg), or G (Ad35). There was essentially no
impact of delivery of adenovectors on Draize scores and the
only signiÞcant Þndings were seen in relation to DNA plasmid
priming in Studies D (HIV prime-boost) and F (Marburg), as
described below under Local Reactions. There was no impact on
body weights in Studies D (Ad5 HIV alone and prime-boost),
E (Ebola), or F (Marburg), but some were noted in Study G
(Ad35), as described below under Systemic Reactions.

Local Reactions (Draize Scores and Histopathology at the
Injection Site)

In Study D (HIV Ad5 alone or prime-boost), local reactions
were minimal in animals receiving adenovectors (alone or as a
boost). Minimal erythema was seen at the injection sites in 2
treated males and 1 control female after the second adenovec-
tor injection when given alone. In contrast, in the prime-boost
regimen, vaccination with the DNA prime resulted in Draize
scores of minimal to moderate edema and erythema increasing
in frequency and severity with repeated dosing. This was a re-
sult of the combination of injection with Biojector and the active
vaccination, as these observations also occurred in the control
animals but to a lower amount and lesser degree. These Þnd-
ings were consistent with studies with DNA vaccination alone
(Sheets et al., 2006b).

Boost (adenovector delivered by needle and syringe) injec-
tions did not increase the frequency or severity (minimal ery-
thema and/or edema in a few treated animals) of the Draize ob-
servations seen at earlier timepoints (after priming doses). Local
reactions were evidenced however, in that clear treatment-related
(adenovector alone and prime-boost) observations were seen in
gross and histopathology at the injection sites and in histopatho-
logical Þndings of inßammation in the perineural tissue of the
sciatic nerve (near the injection site). These latter lesions con-
sisted of chronic inßammatory cells (small macrophages and
lympho-cytes) in the connective tissue around the sciatic nerve
and in adjacent lymphatics and blood capillaries. This inßam-
mation was the result of draining toward proximal lymph nodes
from the distal injection sites. The injection site reactions were
less in frequency and severity in the recovery sacriÞce animals
than in the immediate sacriÞce animals for both the adenovec-
tor alone and the prime-boost regimens, demonstrating the re-
versibility of the injection site reactions. No other treatment-
related Þndings were observed grossly or histopathologically.

In Study E (Ebola), local reactions were minimal to moderate
as assessed solely by histopathology. No gross pathology or
Draize score differences were noted. Both treated and control
animals had inßammation at the sites of inoculation with greater
frequency in treated animals. Inßammation was noted at the

sites of injection, adjacent muscle, and around blood vessels
and lymphatics surrounding the proximate sciatic nerves. By
the recovery sacriÞce, inßammation was observed at a lower
frequency and lesser intensity than at the immediate sacriÞce,
demonstrating reversibility.

In Study F (Marburg), minimal to moderate edema and mini-
mal to mild erythema were noted in both control and treated ani-
mals with increased incidence and/or duration following several
vaccinations in treated animals. Most reactions were associated
with the DNA vaccinations delivered by Biojector. Only min-
imal edema and erythema were noted following adenovector
delivery. By histopathology, at SD108, injection sites Þndings
were observed more frequently in treated animals with mostly
minimal to mild inßammation, though some moderate inßam-
mation was noted at injection site #1 in two treated females.
At SD120, only minimal inßammation was still noted at injec-
tion sites (more frequently in treated animals), demonstrating
reversibility of the reactions. All histopathological Þndings out-
side the site of injection were considered incidental, as they
occur frequently in this species and were seen in both control
and treated animals.

In Study G (Ad35), minimal to moderate local reactions were
noted by injection site histopathology at SD45, being slightly
more severe and more frequent in treated animals versus con-
trols. Reversibility was demonstrated in that at SD57 only a
minority of animals had evidence of ongoing reactions, approx-
imately equivalent between treated animals and controls. No
other histopathological differences between groups were noted.
There were no treatment-related Draize Þndings.

Systemic Reactions (Body Temperatures, Food
Consumption, Body Weights and Changes)

Body Temperatures: In Study D (HIV Ad5 alone and prime-
boost), systemic reactions to adenovector vaccination were
noted in that mild fevers were seen in the 24 hr subsequent to
the initial, but not second, adenovector vaccination (adenovector
only arm). These reactions resolved by 48 hr. Likewise, fever
wasseen in treated males and females in the 24 hr subsequent to
the initial, but only in the Þrst 3 hr and in treated females after the
second adenovector boost, in the prime-boost treated animals.
These fevers resolved by 48 hr after the initial and 24 hr after
the second (treated only) adenovector boost (Figure 2). Fur-
thermore, systemic reactions to adenovector vaccination were
noted in that mild fevers were seen by 24 hr following the Þrst
adenovector boost returning to normal by 48 hr. Fevers were
not noted following the second adenovector boost, although the
mean for the treated males was statistically signiÞcantly higher
than controls at 3 hr post-dosing, remaining well within the nor-
mal temperature range for the species (Figure 2).

In Study E (Ebola), mild fevers were also seen, but after
the Þrst inoculation only. By 3 hr post-inoculation on SD1,
both mut-treated and WT-treated females were beginning to
show signiÞcantly increased body temperatures compared to
control females. At 24 hr post-inoculation, all treated animals
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had elevated body temperatures, with group means approaching
or slightly exceeding 40� C. These fevers were resolved by 48
hr post-inoculation. While there were statistically signiÞcantly
increased body temperatures noted at a few other times, they
remained at or below 39� C, well within the normal body tem-
perature for rabbits (Lee, 1939) and were considered incidental.

Fevers were not observed following the second or third in-
oculations (Figure 2). In Study F (Marburg), mild fevers were
seen by 24 hr following the Þrst adenovector boost returning
to normal by 48 hr. Fevers were not noted following the sec-
ond adenovector boost, although the mean for the treated males
was statistically signiÞcantly higher than controls at 3 hr post-
dosing, remaining well within the normal temperature range
for the species (Figure 2). In Study G (Ad35), there was no
treatment-related effect seen in regards to body temperatures at
the dosage tested, in contrast to the consistent Þnding of mild
fevers following Ad5 delivery. This is the clearest difference in
reactogenicity between the two vector platforms.

Food consumption and body weights and changes: In Study
D (HIV Ad5 alone and prime-boost), systemic reactions were
further noted in that food consumption was also less in treated
animals in the 24 hr (adenovector alone and prime-boost) to 48
hr (prime-boost) following each adenovector vaccination, but re-
solved (Figure 3). These reversible decreases in food consump-
tion did not result in differences in body weights or changes in
males or females inoculated with adenovector alone or treated
males in the prime-boost regimen. However, possible prime-
boost treatment effects were seen with body weights and changes
in treated females. Differences began to be noted as early as
Study Day (SD) 36 (priming phase), but became statistically
signiÞcantly different from control females on SD 71, 78, 92,
99, and 108 for body weights and SD 85-92 for body weight
changes in prime-boost treated females. Animals continued to
gain weight throughout the study, but gained less weight than the
controls. Whether this was a reßection of biological variability
among animals or an actual treatment-related effect is unclear.

In Study E (Ebola), food consumption was also less in treated
animals compared to controls (Figure 3). Statistically signiÞcant
decreases (28Ð36%	 ) were seen in all treated groups (mut-
treated males, mut-treated females, WT-treated males, WT-
treated females) in the Þrst 24 hr after the Þrst inoculation
(SD1-2). Because of fasting for blood draws on SD3, food con-
sumption was not measured on SD2-3. However, there remained
statistically signiÞcantly decreased food consumption (14Ð32%
	 ) in the treated groups (although the decrease Ð 14%	 Ðfor
the mut-treated did not achieve statistical signiÞcance) on
SD3-4. Furthermore, WT-treated females continued to have a
statistically signiÞcantly decrease (13%	 ) in food consumption
from SD4-5. In addition, one control male and one WT-treated
female were supplemented from SD1-14 or 9-14, respectively,
with ßuids and food due to low food consumption.

After the second inoculation, all treated animals had statisti-
cally signiÞcant mean decreases (30Ð52%	 ) compared to con-
trols on SD22-23. After this inoculation, the treated animals

recovered normal (based on comparison to controls) food con-
sumption by SD24-25 (food consumption was not measured on
SD23-24, due to fasting for blood draws on SD24). Finally, after
the third inoculation, mut-treated males had a statistically sig-
niÞcant decrease (22%	 ) on SD43-44. Other incidences of sta-
tistically signiÞcantly different food consumption were noted as
follows: decreases of 12% on SD33-34 in mut-treated, 14%
and 22% on SD52-53 in mut-treated and WT-treated, respec-
tively, and 15% on SD55-56 in WT-treated. The relationship
to treatment of these additional incidences of decreased food
consumption remotely in time to vaccination without consistent
pattern between treatment groups/genders is less clear and might
be incidental (although they were all in the same direction, i.e.,
decreases). It should be noted, however, that the differences on
SD52-53 and 55-56 are based on 5 animals/group rather than 10
animals/group due to the sacriÞce of half the animals at SD45.
Individual animal variations could potentially have more impact
on the means with the smaller group sizes.

There were no differences seen between treated and con-
trol animals in terms of body weights even though there were
effects on body weight changes. Between SD1-8, all treated
animals had decreased body weight changes compared to con-
trols (24%Ð52%	 for those achieving statistical signiÞcance),
although this decrease did not achieve statistical signiÞcance
in the mut-treated females (23%	 ). Furthermore, between
SD22-29, mut-treated females were statistically signiÞcantly de-
creased in body weight change (29%	 ). The decreased body
weight changes were not weight losses, but only lesser body
weight gains over the time periods and did not result in differ-
ences in mean body weights between groups. These decreases
in body weight changes probably reßect the decreased food
consumption occurring immediately post-inoculation, described
above.

In Study F (Marburg), although there were some statistically
signiÞcant differences in food consumption between treated and
control animals during the DNA vaccination priming phase of
the study, the magnitude of these differences was small and
the occurrence random in time (i.e., not necessarily immedi-
ately following vaccination). In contrast, in the days following
adenovector boosts, mean food consumption had clear marked
treatment-related impacts as follows: treatedfollowing Þrst
adenovector boost Ð 87.7%	 on SD85-86, 61.8%	 on SD86-7,
21%	 on SD87-8, 11%	 on SD88-9, and 18.6%� on SD90-91,
12.3%� on SD99-100, 15.5%� on SD102-3, and 13.1%� on
SD103-4; treated following Þrst adenovector boost Ð 81.3%
	 on SD85-6, 40.3%	 on SD86-7; treated following second
adenovector boost - 44%	 on SD106-7, 17.6%	 on SD107-8
and 43.3%� on SD112-3; treated following second adenovec-
tor boost Ð 36.3%	 on SD106-7. The marked impact on food
consumption was most prolonged and severe following Þrst ade-
novector boost taking 4 dfor treated males to return to normal
food consumption and 2-3 d for treated females (Figure 3).

Body weight changes were affected by treatment in males
though not females, likely reßective of the effects on food
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consumption following treatment, described above. During the
DNA priming phase, the only statistically signiÞcant differences
noted in mean body weight changes were a decrease between
SD29 and 36 in treated females and an increase between SD64
and 71 in treated males. These likely reßect biological vari-
ability rather than a treatment effect. In contrast, subsequent to
the adenovector delivery, treated males had a statistically sig-
niÞcant decrease in mean body weight changes between SD85
and 92 (weight loss of 32.70 g [± 44.44, SD] vs. weight gain
of 23.80 g [± 27.22]) and a statistically signiÞcant increase in
mean body weight changes between SD99 and 106 (57.40 g [±
45.96] vs. 9.30 g [± 35.21]). There were no statistically signif-
icant differences in female mean body weight changes during
this timeframe (subsequent to adenovector vaccinations).

In Study G (Ad35), mild systemic reactions were noted in that
treated animals had slightly lower increases in body weights and
concordant lower weight changes and food consumption than
controls. With regard to food consumption, transient decreases
in both genders were noted in the 24 hr following the second
adenovector delivery, in females in the 24 hr following the third
adenovector delivery, and in males in the 48 hr following the
third adenovector delivery, suggesting increasing reactogenicity
with repeated dosing (Figure 3). This too was a clear distinction
from the Ad5 vector, which demonstrated decreasing severity in
this parameter with repeated dosing.

Clinical Pathology Parameters
In each of the repeated dose toxicology studies, there were

many differences noted between control and treated groups in
clinical chemistries and hematology parameters. Most differ-
ences were unclear in their relationship to treatment because
they either remained within the normal historical control range
for the species and laboratory even though they were statistically
signiÞcantly different from matched control animals on study
or, if they were outside the normal range and different from the
control animals on study, they were not consistent between gen-
ders or across timepoints. Those clinical pathology parameters
that were consistently different from controls between genders
or across timepoints or studies are reported in Table 5. None
of these Þndings appeared correlated with clinical observations
or gross or histopathological Þndings. Thus, their clinical rele-
vance is uncertain and presumed to demonstrate inßammation
reßective of immune responses to vaccination.

Serum chemistries that appear to be impacted by treatment
with adenovector vaccines include cholesterol and triglycerides
in the period following initial inoculation, and globulin and A/G
ratios following each inoculation. Serum globulin levels and the
commensurate A/G ratios may reßect the intended immune re-
sponse to vaccination and in fact, in each case, immunogenicity,
as measured by ELISA, was demonstrated by study endpoint.
While cholesterol and triglycerides were elevated following ini-
tial adenovector inoculations in most cases (see description of
Study F below for exception), this may simply reßect inßam-
mation in response to the recognition of expressed or delivered

adenovector antigens. Other liver enzymes, such as ALT, AST,
and alkaline phosphatase at the same timepoints were either
not statistically signiÞcantly different from concurrent gender-
matched controls or the differences were of a direction that did
not indicate liver toxicity (e.g., the treated animals had lower
values than the controls). Furthermore, these parameters were
only sporadically different from controls and did not provide
any consistent pattern.

In contrast to studies D (Ad5 HIV-1) and E (Ebola) in which
cholesterol and triglycerides were elevated after the Þrst aden-
ovector dose, in study F (Marburg), these parameters were un-
affected by adenovector boosting. However, triglycerides (but
not cholesterol) were elevated at SD4 and SD30 (post DNA
dosing) only in treated males. At the same time (SD4), other
liver function tests were unaffected. At SD30, however, males
had elevated AST compared to concurrent controls, remain-
ing within the lower half of the normal range. At SD90, post
adenovector dosing, treated males had elevated mean ALT, but
treated females had lower mean AST and at SD120, post-second
adenovector dosing, treated males had an elevated mean AST.
Given the inconsistency of these results and the lack of liver
histopathology noted that was not also seen in the controls, there
did not appear to be liver toxicity.

Hematology parameters that appear to be impacted by ade-
novector delivery include hemoglobin, hematocrit, platelets,
and mean platelet volume (MPV). It is not surprising that
hemoglobin and hematocrits may decrease over time on study
given that the animals are having frequent blood-draws. How-
ever, there does appear to be a consistent pattern in comparison
to concurrent gender-matched controls in animals that receive
adenovectors and these effects are seen at multiple timepoints
across any particular study. While the mean values do some-
times fall outside the historical reference range, the magnitude
of differences between the lower bound of the reference range
and the mean values observed are small and likely not clinically
signiÞcant.

Regarding coagulation parameters, all appear to be impacted
by intramuscular adenovector delivery, as follows: Prothrom-
bin time was frequently shortened at various time-points post-
vaccination. There is no clinical relevance to shortened times.
Activated Partial Thromboplastin time (APTT) was frequently
prolonged, and many times outside the historical reference
range. Fibrinogen was also frequently elevated and sometimes
outside the historical reference range. These effects appeared
to be reversible, as they were not generally observed by the
recovery sacriÞce timepoint (see Table 5). These effects were
interpreted to be a reßection of acute inßammation due to the
immune response to vaccination and inßammation associated
with intramuscular delivery.

Immunogenicity
In Study D (Ad5 HIV only and prime-boost), immuno-

genicity results demonstrated that all vaccinated animals




