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Adenovirus-based vaccine prevents pneumonia in ferrets challenged
with the SARS coronavirus and stimulates robust
immune responses in macaques
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Abstract

A ferret model of severe acute respiratory syndrome (SARS)-CoV infection was used to evaluate the efficacy of an adenovirus vaccine.
Animals were subjected to heterologous prime-boost using vectors from human serotype 5 and chimpanzee derived adenoviruses (human
AdHu5 and chimpanzee AdC7) expressing spike protein followed by intranasal challenge with SARS-CoV. Vaccination led to a substantial
reduction in viral load and prevented the severe pneumonia seen in unvaccinated animals. The same prime-boost strategy was effective in
rhesus macaques in eliciting SARS-CoV specific immune responses. These data indicate that a heterologous adenovirus-based prime-boost
vaccine strategy could safely stimulate strong immunity that may be needed for complete protection against SARS-CoV infection.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Severe acute respiratory syndrome (SARS) was caused
by a new coronavirus called SARS-CoV which is phy-
logenetically distinct from all known human and animal
coronaviruses. The virus emerged as a highly aggressive
pathogen in the adult and aged human population as a result
of animal-to-human transmission followed by a high rate of
human-to-human transmission. The most recent data sug-
gest that bats may be an animal reservoir for the SARS-CoV
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[1,2]. SARS-CoV replicates in the cytoplasm of host cells; it
contains a single-stranded plus-sense RNA genome which is
about 30 Kb in length. The major viral proteins include spike
(S), membrane (M) and nucleocapsid (N) proteins [3]. The
main clinical symptoms of SARS-CoV infection are those of
severe respiratory illness although SARS-CoV also causes
infection of other organs such as the gastrointestinal and uri-
nary tracts. Infected individuals who die within 10 days of
the onset of symptoms show diffuse alveolar damage with a
mixed alveolar infiltrate, lung edema and hyaline membrane
formation [4]. Several inflammatory cytokines (IL-1{3, IL-6
and IL-12) and chemokines such as MCP-1 and IP-10 were
found to be elevated in infected individuals [5].

Whether SARS will re-emerge and, if so, when, remain
open questions. Uncertainty in the precise steps involved in
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its initial zoonotic transmission and the new data regard-
ing its high prevalence in bat populations raise concern that
human infections with SARS-CoV will return. This hit and
run behavior is a well known phenomenon for several highly
pathogenic agents such as Ebola and Marburg hemorrhagic
fever viruses, which also appear to reside in bat populations
[6]. Therefore, a prudent approach would support the devel-
opment of preventive and curative strategies to protect against
SARS-CoV re-emergence.

A critical evaluation of vaccine efficacy has been
hampered by limitations of authentic animal models.
Intrapulmonary administration of SARS-CoV to immune
competent rodents results in infection and some replica-
tion although the virus is rapidly cleared and there is little
pathology other then mild bronchiolitis [7]. The outcome
is substantially different if the animal has defects in host
responses such as STAT-1 deficiency where animals develop
a progressive infection with severe lung pathology and wide
dissemination of the virus [8]. The initial study of SARS-CoV
infection in cynomolgus macaques indicated the animals
develop a clinical syndrome and lung histopathology simi-
lar to what is observed in SARS [9]. Subsequent SARS-CoV
infection studies in cynomolgus and rhesus macaques and
African green monkeys by two different groups failed to
demonstrate significant clinical sequelae and only limited
replication of the virus [10,11]. An initial report on ferrets
exposed to SARS-CoV described animal-to-animal transmis-
sion and the development of a lethal syndrome not associated
with lung pathology [12]. Subsequent work by this group with
the ferret model did show replication of SARS-CoV in the
lung and pneumonia [13].

Vaccine strategies have attempted to elicit both neutraliz-
ing antibodies (NABs) and CD8* T cells against SARS-CoV
antigens. Killed SARS-CoV, pseudo particles and protein
subunit vaccines containing S have produced NABs to
SARS-CoV in mouse models which inhibit virus replication
in vitro [14,15]. In fact, a clinical trial of inactivated
SARS-CoV is underway in China (http://www.sfda.gov.cn/
cmsweb/webportal/W4291/A43486324.html?searchword=
9%28S ARS%D2%DF+AND+%C3%E7 %29 http://www.
sfda.gov.cn/cmsweb/webportal/W945325/A32017542.html1?
searchword=%28S ARS%D2%DF+AND+%C3%E7%?29).
A variety of genetic vaccines expressing various SARS-CoV
open reading frames such as S and N have also been tested
in mice and have shown production of SARS-CoV NAB and
CD8" T cells and protection in terms of diminishing virus
replication in vivo. A human adenovirus vector expressing
SARS-CoV antigens was shown to be immunogenic in
macaques [16]. In a previous study, we evaluated a number
of adenovirus constructs for immunogenicity in mice
[17]. These experiments identified two adenovirus vectors
capable of eliciting high T cell responses to the S protein
of SARS-CoV following intramuscular injection into two
different strains of mice. The first vector expresses a codon
optimized S open reading frame (i.e., nS) from a CMV
promoter in an E1 and E3 deleted genome of human serotype

5 adenovirus (AdHu5). The second vector expresses the
same S open reading frame from an optimized chicken
B-actin promoter/CMV enhancer in an El and E3 deleted
genome from the chimpanzee adenovirus AdC7. These
two vectors are serologically distinct from one another.
An additional advantage of the chimpanzee vector is that
pre-existing immunity in humans to natural adenovirus
infections should not diminish its efficacy [18,19]. In this
study, we utilize the vaccine platform based on adenoviruses
isolated from chimpanzees to develop and evaluate a vaccine
for SARS-CoV using the ferret model.

2. Materials and methods
2.1. Adenovirus vaccine vectors

Complementary DNA (cDNA) of the S gene was isolated
by RT-PCR from the viral RNA of the SARS-CoV (Tor2
isolate). The PCR fragment was cloned in Topo (InVitro-
gene, CA) and characterized by sequencing at SeqWright
(SeqWright, TX), and was found to be 100% identical to the
published sequence [3]. For codon optimization of S cDNA,
the cloned Tor2 S gene was used as a template and amplified
with overlapping oligonucleotides in which human codon
usage were introduced. Resulting overlapping PCR frag-
ments were fused and a full-length codon optimized S cDNA
(nS) was created. Plasmid molecular clones AdHu5-CMVnS
(AdHu5-nS) and AdC7-CAG2nS (AdC7-nS) vectors were
created through a direct cloning of nS insert and green-
white selection procedure as described elsewhere [20,21].
The chicken B-actin/CMV hybrid promoter CAG2 used to
drive the expression of nS from AdC7 was created by deleting
a 955 bp Apa I/Afl IT fragment from the original CAGGS pro-
moter [22]. For production of replication-defective AdHu5-
and AdC7-nS viral vectors, respective DNA was transfected
into 293 cells for virus rescue. The rescued vectors were
expanded to large-scale infections in 293 cells and purified
by the standard CsCl gradient sedimentation method. CsCl
was removed by desalting using Bio-Gel P-6DG equilibrated
with phosphate buffer saline (PBS). Virus preparations were
suspended in PBS with 10% glycerol and kept at —80°C.
Genome structures of the vectors were confirmed by restric-
tion analysis (Age I plus BsrGI for AdHu5-nS and Age I plus
AflIII for AAC7-nS) and visual inspection on agarose gels
stained with ethidium bromide. Infectivity of the viral vectors
was determined by the standard plaque assay on 293 cells and
levels of replication competent adenovirus (RCA) contami-
nants in the vector preparations were inspected as described
previously [23]. All viral vector preparations were character-
ized for the concentration of physical particles (measuring
viral DNA particle concentrations spectrophotometerically
at 260nm), the concentration of infectious virus (RCA),
genome integrity (enzymatic restriction, see above), and
absence of endotoxin using the Limulus Amebocyte Lysate
(LAL) gel-clot method (QCL-1000, Bio Whittaker, MD).
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These quality control assays confirmed the presence of highly
infectious intact recombinant viral vector in all cases except
for the AdHu5-nS preparation used in the nonhuman primate
(NHP) study where we learned subsequent to injection that
there was a deletion in the S gene in 90% of the genomes;
the dose indicated for this preparation reflects the number of
intact viral vectors.

2.2. Animal studies

Four adult Chinese rhesus macaques that were free of anti-
AdHu5 and AdC7 neutralizing antibodies were purchased
from Covance Research Products (Alice, Texas). The pri-
mates were housed in the Nonhuman Primate Facility of the
Division of Medical Genetics of the University of Pennsyl-
vania. Rhesus macaques were immunized by intramuscular
(IM) injection in the quadriceps femoris (vastus lateralis)
muscle. The animals were primed with 1 x 10'° viral parti-
cles of intact AdH5-nS and subsequently, boosted at week 13
with 1 x 102 particles of AdC7-nS. The viral particles were
diluted into sterile normal saline to a total volume of 1 ml and
the vector was delivered into two injection sites on the same
leg per animal. Red top serum separator tubes were used to
collect venous blood in order to isolate serum. PBMCs were
isolated from whole blood collected in ethylenediaminete-
traacetic acid (EDTA) containing vacutainer tubes after ficoll
density gradient centrifugation at 1000 x g for 25 min. Cells
were collected from the interphase, washed with phosphate
buffered saline and resuspended in complete RPMI medium.

Male fitch ferrets (Mustela putorius furo, Marshall Farms,
North Rose, NY) who were 18-20 weeks old and weighed
around 1kg were held for a minimum of 7 days prior to
vaccination in a biosafety level 2 laboratory (BSL-2) ani-
mal holding area. Ferrets were vaccinated intramuscularly
with 5 x 10!! particles/kg of the appropriate adenoviral vec-
tor expressing the SARS-CoV S protein. One group of six
ferrets was boosted intramuscularly 30 days post-prime with
5 x 10! particles/kg of AdC7nS. Blood samples were taken
at week 3 and/or 7 and tested for the presence of NAB to
SARS-CoV and proliferation of lymphocytes in response to
re-stimulation with SARS-CoV (see below for details). Fer-
rets were sent to Southern Research Institute and held in a
BSL3 laboratory prior to challenge. During the quarantine
period, baseline temperatures were measured using a sub-
cutaneous implantable temperature transponder (BioMedic
Data Systems, Inc., Seaford, DE). Preinfection values were
averaged to obtain a baseline temperature for each ferret. Fol-
lowing challenge, temperatures were measured once daily at
approximately the same time each day. The change in temper-
ature (in degrees Fahrenheit) was calculated at each time point
for each animal. Clinical signs of sneezing (before anesthe-
sia), inappetence, dyspnea and level of activity were assessed
daily.

At time of challenge, ferrets were first anesthetized
with ketamine (25 mg/kg), xylazine (2 mg/kg) and atropine
(0.05 mg/kg) followed by intranasal (IN) challenge with a

total of 10°pfu of SARS-CoV (Tor2 strain, see Propaga-
tion and assay of SARS-CoV below) in 1 ml phosphate
buffered saline delivered to the nostrils. Animals were housed
in an AAALAC-accredited facility. All procedures were in
accordance with the NRC Guide for the Care and Use of Lab-
oratory Animals, the Animal Welfare Act and the CDC-NIH
Biosafety in Microbiological and Biomedical Laboratories.
In addition, all procedures were approved by the South-
ern Research Institute Institutional Animal Care and Use
Committee and the Southern Research Institute Institutional
Biosafety Committee.

2.3. Pathology and histological analysis

Samples were collected and processed according to stan-
dard procedures [24]. Nasal washes were collected on days 1,
2 and 5 or 6. Ferrets were sedated with ketamine (25 mg/kg),
and 0.5 ml of sterile PBS containing 1% bovine serum albu-
min and penicillin (100 U/ml), streptomycin (100 wg/ml) and
gentamicin (50 pg/ml) was injected into each nostril and col-
lected in a Petri dish when expelled by the ferret. Sedated
ferrets were weighed and bled via venipuncture of the ante-
rior vena cava prior to infection and at time of sacrifice and
I ml of blood was collected in heparinized tubes. Ferrets
were euthanized post-challenge by intra-cardiac injection of
Beuthanasia-D solution (euthanasia solution, 1 ml/10kg of
body weight; Schering-Plough Animal Health Corp., NJ).
A gross necropsy of both the abdomen and thorax was per-
formed. Lungs were collected and either frozen on dry ice
for virus isolation or placed in formalin for histologic anal-
yses. All tissue samples and nasal washes were immediately
placed on dry ice and subsequently stored at —80 °C for viral
load determination.

For histology, tissues were removed at necropsy, cut in
small pieces and fixed in 10% neutral buffered formalin for
3 days. Lungs were inflated with formalin cut into pieces
and immersed in formalin for 3 days. Tissues were exten-
sively rinsed in tap water to remove formalin and stored
in 70% ethanol. Tissues were later embedded in paraffin
and sections of 6 um were prepared on glass slides and
stained with hematoxylin and eosin before being analyzed by
light microscopy. For the detection of SARS-CoV antigens,
immunohistochemistry was performed on formalin-fixed
paraffin-embedded tissues with rabbit antibodies directed
against S [8] or the N-terminus of the nucleocapsid (N) pro-
tein (diluted 1:50; Abgent, San Diego, CA). Briefly, sections
were deparaffinized (three washes in xylene for 5 min each
followed by a descending ethanol series of 100% [twice],
95% and 70% ethanol and water), boiled in a microwave
for 6 min in 10 mM citrate buffer (pH 6.0), treated sequen-
tially with 2% H,O,, avidin/biotin blocking reagents (Vector
Laboratories, Burlingame, CA), and protein blocking agent
(Fisher Scientific) followed by incubation with primary and
biotinylated secondary antibodies (Vector). Vectastain Elite
ABC kit (Vector) was used with DAB as substrate to visu-
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alize bound antibodies as brown precipitate. Sections were
slightly counterstained with hematoxylin to show nuclei.

2.4. Propagation and assay of SARS-CoV

The “Toronto-2” (Tor2) SARS-CoV strain [3] was kindly
provided by Dr. Heinz Feldmann from the Canadian Science
Centre for Human and Animal Health, Winnipeg, Canada
(Health Canada). The virus was isolated from a fatal Cana-
dian SARS case and passaged twice in VeroE6 cells [25] at
Health Canada. The virus was passaged once in VeroEG6 cells
to generate the virus stock, to a titer of 2.1 x 108 PFU/ml
by standard plaque assay. Briefly, confluent monolayers
(90-95%) of VeroE6 cells were infected with Tor2 in 225 cm?
tissue culture flasks (Costar) containing 5 ml DMEM and
virus (MOI ~0.1). Flasks were incubated at 37 °C (5% CO,)
for 1 h with rocking every 15 min. After 1 h, 45 ml of DMEM
supplemented with 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 200 mM L-glutamine and 1% bovine serum albumin
(BSA) was added to flasks. Flasks were incubated and mon-
itored daily for the appearance of virus-specific cytopathic
effects (CPE). When >90% CPE was observed, cells were
harvested by scraping to remove adherent cells. The cell sus-
pension was centrifuged at 300 x g for 10 min at4 °C to pellet
the cells and the clarified culture fluid containing virus was
aliquoted in 1 ml volumes and stored at —80 °C until use.

2.5. Measurement of virus and viral genomes

Frozen lung samples were homogenized in 1-2ml PBS
containing penicillin (100 U/ml), streptomycin (100 pwg/ml)
and gentamicin (50 wg/ml). Homogenates were clarified by
centrifugation at 300 x g for 10 min at 4 °C and the resulting
supernatant, bronchoalveolar lavage (BAL) and nasal wash
(NW) samples were serially diluted (five-fold; 1/5, 1/10, 1/50,
etc.) in DMEM containing 2% heat-inactivated fetal bovine
serum (Atlanta Biologicals, Atlanta, GA) and antibiotics
(penicillin and streptomycin). Each pre-diluted processed
sample was then added to 90-95% confluent Vero76 cells
after removal of culture medium (6 wells per sample with
100 wl per well) in 96-well plates and monitored for cytopatic
effect (CPE). Vero76 or VeroE6 cells were used in different
assays as no differences were noted in SARS-CoV suscep-
tibility or replication kinetic. After approximately 48h of
incubation (maximum CPE of positive controls) at 37 °C,
5%CO,, CPE was measured by neutral red staining of wells
followed by measurement of absorbance (at 540 nm). Titres
are reported as the reciprocal of the dilution required to
infect 50% of cell cultures per milliliter (TCID50/ml) and
values were calculated according the method of Reed and
Muench [26]. The number of SARS-CoV genomes in fer-
ret tissue samples was quantified by using an RT TagMan
assay. Fifty to 100 mg each of tissues were homogenized in
1 ml of Trizol® using a disposable tissue grinder (Kendall,
MA). The sample volume did not exceed 10% of the Trizol®
reagent used for homogenization. Trizol® reagent was added

as expeditiously as possible to minimize RNA degradation.
The homogenates were snap-frozen and stored at —80°C.
At the time of processing, samples were allowed to thaw
on ice and RNA extraction was performed according to the
manufacturer’s instruction. Total RNA from each sample
was quantified with a spectrophotometer. RNA integrity was
inspected on a 1.2% agarose gel and compared to transcripts
of the house keeping gene GAPDH by real time RT-PCR.
One microgram of total tissue RNA was reverse-transcribed
using the High-Capacity cDNA Archive Kit (Applied Biosys-
tems, CA) following the manufacturer’s instructions. Crude
SARS-CoV RNA that was extracted from infected VeroE6
cells, as described above for tissue samples, served as control
in each RT-PCR run. For real time PCR reactions, primer and
probe set was designed to target the N gene of SARS-CoV.
A restriction fragment of the N gene isolated from a plas-
mid was serially diluted and used as a template to establish
the standard curve. One-tenth of each RT reaction was used
per TagMan PCR reaction, which was carried out on an ABI
PRISM™ 7700 Sequence Detector (Applied Biosystems)
under the manufacturer’s suggested conditions. Results were
expressed in genome copy numbers per micrograms (Lg) of
total RNA extracted (for representative tissue samples, i.e.,
ferret lung, etc.).

2.6. Neutralizing antibody, lymphoproliferation,
ELISPOT and intracellular cytokine staining assays

Sera collected from immunized ferrets were inactivated at
56 °C for 45 min. Serial dilutions of each sample (1:10, 1:20,
1:40, etc., in 50 pwl of DMEM) was mixed with equal volume
of SARS-CoV (1000 pfu/well) and incubated at 37 °C for
60 min. The mixture was then transferred onto subconfluent
VeroEG6 cells in 96-well flat-bottomed plates and incubated
for 90 min at 37 °C in 5% CO,. Control wells were infected
with equal amount of virus without addition of serum or
with non-immune serum. One hundred microliters of DMEM
supplemented with 20% FBS was then added to each well
and plates were incubated at 37 °C in 5% CO; for 3 days.
Cells were subsequently scored for the presence of CPE
under a light microscope. The lowest sample dilution for
which CPE could not be detected was taken as the NAB titer
(e.g. 1/80).

For lymphoproliferation assays, ferret PBMCs were har-
vested from 5 ml of whole blood (EDTA-blood vacutainer
tubes) and isolated following Ficoll-Hypaque density gra-
dient centrifugation at 184 x g for 40 min, washed with PBS
and resuspended in RPMI 1640 supplemented with 10% FCS
and antibiotics at a final concentration 1% penicillin (v/v),
1% streptomycin (v/v) and 0.1% gentamycin (w/v). Tripli-
cate cultures (100 pl of 2 x 10° PBMCs/ml) were cultured
with heat inactivated SARS-CoV (with 2 x 108 pfu/ml equiv-
alence) or medium alone. Heat inactivation was performed by
incubating the virus at 65 °C for 1 h. After 72 h of incubation,
tritiated thymidine (Amersham Biosciences, NJ) was added
to all wells (1 uCi/well) and proliferation was measured by
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a 16-h 3H-thymidine pulse on a Wallach liquid scintillation
counter (Gaithersburg, MD, USA). Results are presented as
stimulation indices (SI), which denotes the ratio of 3H activity
(cpm) in stimulated cultures to activity (cpm) in unstimulated
cultures.

ELISPOT for IFN-y was performed as described previ-
ously [27] with the modification that the primary coating
antibody used was anti-Human IFN-vy (Clone GZ-4, Mabtech
Inc., OH) at a concentration of 10 wg/ml. Briefly, ELISPOT
plates were coated with anti-IFN-y capture antibody (Clone
GZ-4, Mabtech Inc.) overnight at 4 °C. PBMCs were plated
with appropriate stimuli in duplicates at two cell densities,
1 and 2 x 10° cells per well. For antigen specific stimula-
tion, cells were stimulated with the SARS-S specific peptide
library (15 mers with 10 a.a. overlap, with a total of 5 pools
of ~50 peptides/pool, Mimotopes Pty Ltd., Australia). Cells
were also stimulated with Staphylococcal enterotoxin B
(Sigma—Aldrich) or medium alone as positive and negative
controls, respectively. After incubation for 18-24 h, the plates
were washed and subsequently treated with the detection anti-
body (biotinylated, anti-Human IFN-vy polyclonal antibody)
followed by appropriate secondary color developing agents
(conjugated streptavidin-HRP revealed with the AEC chro-
mogen substrate solution; BD Bioscience, CA). Spots were
enumerated by eye, using a stereo dissection microscope and
expressed as the number of spot forming cells (SFC)/million
PBMCs units.

Intracellular cytokine staining assays were performed as
follows. Briefly, PBMCs were stimulated with each of the five
SARS S peptide pools at the final concentration of 2 pg/ml
for each peptide for an hour at 37°, 5% CO; in complete
medium containing the co-stimulatory antibodies anti-CD28
and anti-CD49d (Pharmingen). Brefeldin-A (Pharmingen)
was added to the stimulating medium for an additional 4 h at
37 °C to force intracellular accumulation of IFN+y. Following
stimulation, cells were subsequently fixed and permeabilized
with cytofix/cytoperm (Pharmingen) for 20 min on ice and
then stained with an anti-IFN+y antibody labeled with the
fluorescent dye APC. Stained cells were run through a Dako-
Cytomation CyAN LX flow cytometer, acquiring at least
500,000 events per sample. Final data analyses were per-
formed using the software Flowjo. A response was considered
positive when the frequency from stimulated samples was
three-fold or higher over non-stimulated or stimulated with
unrelated peptides control samples.

2.7. Statistical analysis

Data were analyzed for statistical difference by perform-
ing unpaired #-test (two-tailed p-value, method Kolmogorov
and Smirnov), one-way analysis of variance (ANOVA,
Tukey—Kramer multiple comparisons test) or multiple com-
parisons versus control group (Holm-Sidak method) when
appropriate. The differences in the mean or raw values among
treatment groups were considered significant when p <0.05.

2.8. Biosafety

All experiments involving the manipulation of replication-
competent SARS-CoV were performed under biosafety level
3+ containment, as approved by the Southern Research Insti-
tute Institutional Biosafety Committee and the University of
Pennsylvania Institutional Biosafety Committee.

3. Results
3.1. A model of SARS-CoV in the ferret

Ferrets have been a useful model for studying human
pulmonary biology because of anatomical and functional
similarities with the human lung. A number of human res-
piratory pathogens such as influenza have been effectively
modeled in the ferret, which has been used to evaluate
efficacy of therapeutics and vaccines [28]. In order to
develop a model of SARS useful for evaluating the efficacy
of adenovirus vaccines, we infected ferrets with SARS-CoV
of the Tor2 strain via intranasal administration. Following
infection, the animals were monitored for clinical signs of
disease and evidence of viral replication and pathology.
Pilot studies in which animals were followed for 2 months
after infection demonstrated the development of a severe
respiratory illness with the highest levels of circulating virus
after 2 days and the peak of pathology occurring 5 days
after infection. Most animals survived SARS-CoV infection
after a long recovery period although the disease can be
lethal in rare occasions (manuscript in preparation). Based
on these studies, groups of three ferrets were immunized
intramuscularly with 5 x 10'! genomes/kg of the control or
adenovirus-based vaccines and evaluated for vaccine efficacy
2 and 5 days after challenge. The specific studies included:
(1) daily observations for signs of illness, (2) harvest of
rectal swabs and nasal washes for analysis of infectious
virus and viral genomes on days 1, 2 and 5 and (3) necropsy
of animals on days 2 and 5 and analysis of tissues for viral
load, pathology and expression of SARS-CoV antigens. The
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Fig. 1. Basal temperature. Temperatures were measured using a subcuta-
neous implantable temperature transponder. Preinfection values from each
ferret were averaged to obtain a baseline temperature. Following challenge,
temperatures were measured once daily at approximately the same time each
day. The change in temperature (in degrees Fahrenheit) is represented at each
time point for each group of animals.
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Table 1
Activity and nasal discharge in ferrets challenged with SARS-CoV
Mean activity score® Nasal discharge (%)®
Day 1 Day 2 Day 3 Day 4 Day 5 Day 1 Day 2
AdHu5-LacZ 0 0.8 1 1 1 66.7 333
AdHu5-nSpike 0 0.2 1 1 0 333 16.7
AdC7-nSpike 0 1 0.7 0.7 0 66.7 16.7
AdHu5-/AdC7-nSpike 0 1.2 0.2 0 0 16.7 16.7

% Mean activity score represent the group average of daily activity scores for each ferret (score: 0, normal; 1, alert but playful only when stimulated; 2, alert
but not playful when stimulated; 3, neither alert nor playful when stimulated; the scoring system is based on that described by Reuman et al. [30].
b Percent of ferrets per group with serous nasal discharge. Note that nasal discharge was mainly resolved by day 3. Six ferrets per group were evaluated at

days 1, 2 and 3 ferrets per group at days 3-5.

control group described below represents animals vaccinated
with a human adenovirus vector expressing the lacZ gene
(AdHu5-LacZ); identical findings were obtained with naive
ferrets (data not shown).

Soon after infection with SARS-CoV, the animals demon-
strated a number of clinical signs including decreased activity
on days 2-5 and nasal discharge on days 1 and 2 (Table 1).
The basal body temperature, recorded with an implanted
transponder, increased by 2.5 °F, peaking at day 2 and slowly
returning to normal (Fig. 1). Substantial quantities of infec-
tious SARS-CoV, as measured by TCID5( and viral genomes,
as measured by real time PCR, were shed in nasal washes
increasing to a peak of 10% and 107, respectively, on day 2 and

returning to lower but still detectable levels by day 5 (Fig. 2A,
group 1). Viral genomes were detected in rectal swabs on all
days (Fig. 2B) although no infectious virus was found.
Organs harvested at necropsy were evaluated for viral
genomes and also analyzed for infectious virus. The most
significant findings were in the lung where both genomes and
infectious virus were measured at high levels on both days
2 and 5 (Fig. 2C, group 1). SARS-CoV was not detected in
liver and spleen (data not shown). Gross inspection of the
lung revealed large patches of red discoloration on the sur-
face on days 2 (data not shown) and 5 (Fig. 3A, large arrows).
In addition, well demarcated but smaller red punctate lesions
were observed in lungs harvested at day 5 (Fig. 3A, small
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Fig. 2. Recovery of infectious SARS-CoV virus and viral genomes from biological samples 1, 2 or 5 days post-challenge. Based on the vaccine regimens
received, the ferrets were classified into four groups: Group 1: immunized with AdHu5-lacZ, Group 2: immunized with AdHuS5-nS, Group 3: immunized with
AdC7-nS and Group 4: primed with AdHu5-nS and boosted with AdC7-nS. Infectious virus load was evaluated by TCIDsp/ml (black rhombus) and viral
genomes by TagMan PCR on reverse-transcribed RNA (genome copy number/pg of total RNA; white circles). The left axis represent TCIDso/ml and the
right axis genomes/pg. Data obtained from nasal washes (A), fecal swabs (B) or lung tissue (C) are shown for every group at different days. Each data point
represents a single ferret. The mean of each group is represented by horizontal plain or dashed lines for TCIDs or viral genomes, respectively.
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Fig. 3. Gross lung pathology and expression of SARS CoV antigens in lungs. Lungs were removed at necropsy and photographed. Top view (A) or side view
(B) of lungs isolated, respectively, from one AdHu5-LacZ control or one AdHuS5-nS vaccinated ferret after challenge with SARS-CoV, respectively. Top view
of lungs isolated from an AdHu5-nS/AdC7-nS prime-boost vaccinated ferret (D). All gross photographs were taken 5 days after challenge with SARS-CoV
and represent findings consistent with all others in the group. Large arrow demonstrates the large hemorrhagic areas (red discoloration) while the small arrows
show more focal red punctate lesions. Histochemical detection of SARS-CoV N on a lung section from an AdHuS5-LacZ control animal at day 5 post-infection
(C). Positive staining in cells is seen as a brown precipitate (magnification 200x).

AdHu5-LacZ AdC7-nSpike

Fig. 4. Histopathology of lungs from animals challenged with SARS-CoV after being either mock-vaccinated with AdHuS-LacZ (A, D, G), vaccinated with
AdC7-nS (B, E, H) or vaccinated with AdHu5-nS followed by a boost with AdC7-nS (C, F, I). Lungs were harvested 5 days post-challenge with SARS-CoV. In
control animals, large consolidated lung areas (A) with infiltration sites (D) were observed. A small bronchus filled with proteinaceous fluid and lymphocytes
is shown (G). Milder forms of lung consolidation (B and E) with open airways (H) were visible in animals that received a single dose of S-expressing vector.
Animals vaccinated according to the heterologous prime-boost regimen with S-expressing vectors showed essentially normal lung histology (C) including
alveolar regions (F) and airways (I). Magnification: A-C, 40x; D1, 200x.
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arrows). Histological analysis revealed several regions of
acute bronchopneumonia with substantial consolidation con-
taining both mononuclear cells and neutrophils (Fig. 4 panels
A, D and G). Immunohistochemical studies demonstrated
expression of SARS-CoV N protein in mononuclear cells
within these areas of consolidation in two of the six animals
studied; when present they were quite abundant although
there were many areas of consolidation where they were not
detected (Fig. 3C). All animals were positive for high lev-
els of SARS-CoV genomes and infectious virus suggesting
that antibody recognition to SARS-CoV N antigen in our
histological assay was sub-optimal.

3.2. Adenoviral vaccines effectively activate T and B
cells to SARS antigen in ferrets

Ferrets were injected intramuscularly with 5 x 10!!
genomes/kg of AdHuS5-LacZ (group 1), the AdHu5-nS vec-
tor (group 2), the AAC7-nS vector (group 3) or a combination
of AdHu5-nS as a prime and AdC7-nS as a boost (group 4).
Sera were harvested 21 days after the last administered vac-
cine and analyzed for NABs against SARS-CoV (Fig. 5A). A
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Fig. 5. Antigen specific immune responses in ferrets before challenge with
SARS-CoV. Sera and peripheral blood mononuclear cells were collected
21 days after the last administered vaccine and analyzed for NABs against
SARS-CoV and lymphoproliferation LPR. Neutralizing antibody (NAB)
titers to SARS-CoV in sera of vaccinated ferrets (A). NAB titers are
expressed as the reciprocal highest dilution of serum at whichno SARS-CoV-
mediated cytopathic effect was observed on Vero E6 cells. Samples were
tested in triplicates and the experiment was performed twice. Bar represent
individual animal. Peripheral blood mononuclear cells that were evaluated
for T cell response using the LPR assay with heat inactivated SARS-CoV
(~MOI =10) as the antigenic stimulant (B). Two positive antigen-specific
stimulation control samples which consisted of PBMCs from two rhesus
macaques (NHPs) receiving a heterologous prime-boost were included in
every LPR assay. LPR was measured by >H-thymidine incorporation and
presented as stimulation index of c.p.m. from SARS-CoV stimulated cul-
tures per c.p.m. in the presence of medium alone. PBMCs were tested in
triplicates in a single experiment. Error bars represent the standard deviation
of the data. The log scale of the stimulation index is plotted along the y-axis.

single administration of either the AdHu5- or AdC7-nS vec-
tors resulted in titers of neutralizing antibodies around 100
(reciprocal dilution). The heterologous boost increased pro-
duction of NABs at least 10-fold in four out of six animals
(»=0.01).

Measurements of T cell responses were limited because
the outbred nature of the ferret model and the lack of
reagents such as antibodies to IFN-y and IL-2. Therefore,
lymphoproliferation following stimulation with heat inacti-
vated SARS-CoV was assessed. PBMCs were harvested from
animals 10 days after prime with control vector or the var-
ious vaccine vectors or after the heterologous prime-boost
immunizations. The cells were incubated with heat inacti-
vated SARS-CoV as a source of antigen and subsequently
studied for activation by measuring the incorporation of *H-
thymidine into DNA. PBMCs from two rhesus macaques
that received the same prime-boost regimen used in group
4 were evaluated as a positive control for the assay (see
below; ELISPOT analyses of these cells showed high levels
of antigen specific, IFN-vy expressing T cells, Fig. 6A). The
stimulation index (SI) for the rhesus PBMCs ranged from
5 to 6. Analysis of PBMCs from the ferrets yielded SIs of
around one for the control group and Sls greater than one
from animals of the other groups although there was sig-
nificant animal-to-animal variation in S immunized animals
(Fig. 5B).

3.3. Vaccination with spike expressing adenoviruses
decreases viral load and improves outcome following
challenge with SARS-CoV

The overall experience with single immunization of either
the AdHu5- or AdC7-nS vectors was encouraging but not
complete. The temperature curves from groups 2 and 3 were
similar to the control (Fig. 1). Clinical findings of decreased
activity and nasal discharge were significantly improved
only by days 5 and 2, respectively (Table 1). The large
patches of red discoloration on the lung surface at day 2
were not observed in animals receiving either AdHu5- or
AdC7-nS but punctate lesions were observed in lungs har-
vested at day 5 at a frequency and size similar to those
noted in the control group (Fig. 3, small arrows, com-
pare A and B). The AdHu5-nS vaccine affected a 1-log
decrease in infectious virus whereas a 3-logs diminution
was noted for the AdC7-nS vaccine in nasal washes by
day 2 (p <0.01), although the amount of viral genome did
not change (Fig. 2A). In the lungs, both infectious SARS-
CoV and viral genomes average levels were reduced by
2 logs (Fig. 2C). Lung histopathology was also significantly
improved in both groups immunized with a single dose of vac-
cine. Bronchopneumonia that characterized the control group
was absent in these groups. They did, however, demonstrate
rather diffuse interstitial inflammation (Fig. 4B) with areas of
consolidation within the airspaces (Fig. 4E) and bronchiolitis
(Fig. 4H).
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Fig. 6. Antigen specific immune responses in rhesus macaques. Four rhesus macaques were primed intramuscularly with AdHu5-nS (1.0 x 101 viral particles
per monkey) and boosted 84 days later with AdC7-nS (1.0 x 10'? viral particles per animal). Neutralizing antibody (NAB) titers to SARS-CoV in vaccinated
rhesus macaques (A). Sera were harvested prior to vaccination (r=0) and at various intervals subsequent to prime and boost. NAB titers are expressed as the
reciprocal highest dilution of serum at which no SARS-CoV-mediated cytopathic effect was observed on Vero E6 cells. Each colored bar represents a single
macaque per time point for A and B (e.g. the grey bar in A and B represent the same animal). T cell response in immunized rhesus macaques by IFN-y ELISPOT
(B). The IFN-vy response was monitored by ELISPOT following stimulation of PBMCs from each time point with 5 peptide pools of the S peptide library. The
sum of the frequencies within all five peptide pools for each animal, expressed as spot forming cells (SFC)/million PBMCs units is plotted against each time
point for three animals. Example of a T cell response by IFN-vy intracellular cytokine staining in a high responder (C). The panels show representative CD8
versus IFN-y density plots for PBMCs at 28 days post-boost from animal RQ4324, stimulated in the absence and presence of S peptide pool 4. For the analyses,
total lymphocytes were gated from forward and side scatter plots and the percentage of CD8* (gated on CD8 high cells only) and CD4* secreting IFN-y were
obtained using Flowjo analyses software.

The response of animals that received AdHu5/AdC7-nS 3.4. Heterologous adenovirus prime-boost vaccination
prime-boost before challenge with SARS-CoV was more in rhesus macaques yields high level and persistent T
complete. The clinical finding of decreased activity subsided and B cell immunity against SARS-CoV
significantly faster in this group than what was observed
in either the control or single immunized animals (day 3 The combination of AdHu5- and AdC7-nS immunization
instead of 5) and nasal discharge was noted for only one that protected so well in ferrets was also evaluated in four
animal out of six on day 1 and 2 (Table 1). Fever was rhesus macaques. Macaques were followed for the devel-
lessened and the peak was delayed to day 5 (Fig. 1). Infec- opment of NAB to SARS-CoV in blood and activation of
tious SARS-CoV levels in nasal washes was decreased by SARS-CoV specific y-IFN expressing T cells from PBMCs.
2 logs on day 2 (p <0.01) and both infectious virus and viral Animals were injected IM with 1 x 109 particles of AdHuS5-
genomes average levels in lung homogenates were dimin- nS and 13 weeks later injected with 1 x 10'? particles of
ished by 3logs at the same time point in comparison to AdC7-nS. Following the prime, all four animals generated
animals that received AdHu5-LacZ vector (Fig. 2A and C). levels of NAB to SARS-CoV ranging from 10 to 80 (recip-
The most impressive improvements were related to lung rocal dilutions; Fig. 6A). T cells specific for SARS-CoV S
histopathology. There were no evident abnormalities based and expressing IFN-y were measured using the ELISPOT
on gross observation of the lungs (Fig. 3D). Histological assay with peptides spanning the entire S open reading frame
analyses revealed broad areas of normal lung with dispersed (15 mers with 10 amino acid overlaps) pooled into five inde-
foci of interstitial inflammation and peribronchiolar inflam- pendent mixtures. Detectable T cell responses were obtained
mation without broncho or alveolar consolidation (Fig. 4C, in all monkeys with the peak for any peptide pool occurring

F and I). around week 5 at frequencies ranging from 1000 to 4800
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Table 2
Peak frequency of IFN-vy secreting CD8 and CD4" T cells by intracellular cytokine staining
Animal ID Peptide pool 1 Peptide pool 2 Peptide pool 3 Peptide pool 4 Peptide pool 5
RQ4324 0.13% CD4 2.55% CD8 0.81% CD8
RQ4338 0.32% CD8 0.32% CDS8
RQ4350 0.2% CD8 0.3% CD8

0.2% CD4
9.80E +29 0.18% CD8 0.34% CD8

Selected samples from different animals were analyzed for SARs CoV spike specific T cells by ICCS. Presented are the results in terms of frequency of IFN-y

expressing CD4* and CD8* fractions.

spots/million cells (Fig. 6B). ELISPOT assay was performed
for each time point for three of the animals—the data for the
fourth animal are similar but less time points were recorded
and thus this animal was omitted from Fig. 6B. All animals
showed responses to multiple pools, the relative activity of
which varied between the different animals. Levels of NABs
significantly increased in all animals by 20-fold in average
following the AdC7-nS boost (p <0.01) followed by a grad-
ual decline to levels around 160 £ 80. The heterologous boost
also increased IFN-vy expressing T cell frequencies 2—3-fold
relative to the peak following the prime and responses were
observed within the same peptide pools as observed during
the prime in all four animals. The peak of the T cell response
was observed around 3 weeks following the boost. Selected
samples of peripheral blood mononuclear cells harvested fol-
lowing the boost were also evaluated for antigen specific T
cell responses using the intracellular cytokine staining assay
which can fractionate the antigen specific T cells into dif-
ferent subsets based on cell surface markers. This analysis
showed that the cellular response was primarily CD8* T cells
and was directed against multiple epitopes. For each animal,
CD8* T cell responses were detected to two or three of the
five different peptide pools. A summary of the relevant data
are shown in Table 2 and an example of one of the assays is
shown in Fig. 6C. The T and B cell responses have persisted
for 29-38 weeks, respectively, which is the longest time point
followed.

4. Discussion

A number of vaccine strategies have been evaluated for
prevention of infection with SARS-CoV [14,15]. Many of
these approaches have indeed elicited antibodies that neu-
tralize SARS-CoV in vitro and activated T cells against
SARS-CoV epitopes. Whether any of these would provide
protection against a SARS-CoV infection is unclear because
correlates of protection have not been defined. Our approach
was to utilize a vaccine strategy based on recombinant ade-
noviruses that has been shown in other systems to activate
T cells against a broad range of SARS-CoV epitopes and
activate B cells to secrete high levels of NABs [18,19].
Two animal models were evaluated to assess the efficacy of
the adenovirus-based vaccine. Primary evaluation was per-

formed in ferrets which in our experience represented the
most susceptible and reliable animal model to SARS-CoV
infection with high virus replication and marked clinical
and pathologic sequelae. This model does have limitations
such as the absence of reagents to measure T cell responses
and potential differences in the biology of the adenovirus
platform as compared to primates. Selected immunologi-
cal studies were therefore performed in rhesus macaques to
assess the ability of the adenovirus platform to elicit SARS-
CoV specific T cell responses and NABs production although
protection to challenge cannot be adequately modeled in rhe-
sus.

Single administration of either AdHu5 or AdC7 vector
expressing S in ferrets did indeed lead to SARS-CoV NAB
(100-200, reciprocal dilution) and activated T cells based
on an in vitro proliferation assay (Fig. 5). Both adenovirus
vectors, injected individually, substantially diminished viral
loads in lung and nasal washes although the effects on lung
pathology, which we believe to be the most important end
point, were modest (Figs. 2-4). Heterologous adenovirus
prime-boost did further increase NAB production by 10-fold
and importantly almost completely prevented lung pathol-
ogy. It is interesting that we could not differentiate a single
adenovirus vaccine administration versus the prime-boost
strategy based on viral loads in the lungs at day 5 which
in all vaccinated groups were diminished to almost baseline
levels (Fig. 2). Important clinical efficacy was noted only in
the group receiving the prime-boost immunization regiment
suggesting that clinical outcome is mainly determined early
after exposure to SARS-CoV and may be independent of viral
load later on. These data suggest that a certain threshold of
NAB together with the possible contribution of virus specific
T cells may be necessary for clinically meaningful protec-
tion. It is interesting to note that the heterologous boost did
not increase the SIs over that achieved for the prime (Fig. 5).
This may reflect no real increase in T cell activation. Alter-
natively this may be a problem of capturing the peak level
of T cell activation, which will have different kinetics after
the prime and the boost. It is also possible that the level of T
cell activation in the prime-boost group was so high that the
in vitro stimulation induced apoptosis of antigen specific T
cells.

A previous report described severe hepatitis in ferrets chal-
lenged with SARS-CoV after vaccination with a modified
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vaccinia virus Ankara (MVA)-based recombinant express-
ing S [29]. Animals in the present study were carefully
scrutinized for similar pathology in the liver by histologi-
cal analysis. There was no statistical difference between S
vaccinated groups and untreated ferrets (data not shown).
A number of reasons may explain the absence of vaccine-
induced liver toxicity observed with adenovirus vaccine
vectors. One is that our vaccine approach did achieve sub-
stantial control of virus replication which was not the case
with the MVA vaccine. It is possible that a sub-therapeutic
vaccine response in term of SARS-CoV NAB and T cells
may lead to induced pathologies by generating enhancing
antibodies without sufficient levels of protective T cells and
NAB.

Evaluation of the adenovirus prime-boost strategy in rhe-
sus macaques was quite encouraging in that high levels of
NAB were generated peaking at reciprocal dilutions ranging
from 1280 to 2560 after the boost and declining to an appar-
ent average state level of 160 (reciprocal dilution), 37 weeks
later (Fig. 6B). The level of NAB detected in rhesus after the
boost was similar or exceeded that which provided protection
in the ferret model (compare Figs. SA and 6A). It is difficult
to compare the CD8* T cell responses between ferrets and
rhesus macaques because of the absence of reagents for the
ferrets. However, the CD8" T cell frequencies to S observed
in NHPs were as high as we have seen in our other vaccine
projects involving Ebola and HIV and they remained rela-
tively stable. The combined results of protection in the ferret
model and immunogenicity in the NHP model suggests that
this vaccine strategy holds promise for protecting humans
against SARS.
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