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Genetic Vaccine for Respiratory Syncytial Virus
Provides Protection Without Disease Potentiation

Teresa R Johnson', David Rangel', Barney S Graham?, Douglas E Brough' and Jason G Gall'

'GenVec, Inc., Gaithersburg, Maryland, USA; ?Vaccine Research Center, National Institute of Allergy and Infectious Diseases, National Institutes of

Health, Bethesda, Maryland, USA

Respiratory syncytial virus (RSV) is a major cause of infec-
tious lower respiratory disease in infants and the elderly.
As there is no vaccine for RSV, we developed a genetic
vaccine approach that induced protection of the entire
respiratory tract from a single parenteral administration.
The approach was based on adenovirus vectors derived
from newly isolated nonhuman primate viruses with low
seroprevalence. We show for the first time that a single
intramuscular (IM) injection of the replication-deficient
adenovirus vectors expressing the RSV fusion (FO) glyco-
protein induced immune responses that protected both
the lungs and noses of cotton rats and mice even at low
doses and for several months postimmunization. The
immune response included high titers of neutralizing anti-
body that were maintained >24 weeks and RSV-specific
CD8* and CD4™* T cells. The vectors were as potently
immunogenic as a human adenovirus 5 vector in these
two key respiratory pathogen animal models. Importantly,
there was minimal alveolitis and granulocytic infiltrates in
the lung, and type 2 cytokines were not produced after
RSV challenge even under conditions of partial protection.
Overall, this genetic vaccine is highly effective without
potentiating immunopathology, and the results support
development of the vaccine candidate for human testing.
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INTRODUCTION

Respiratory syncytial virus (RSV) is a major cause of disease and
hospitalization in infants and young children worldwide,' result-
ing in >3.4 million hospitalizations and >200,000 deaths globally.?
Medically attended RSV pediatric disease in the USA exceeds $1
billion in direct medical costs annually.® RSV infections also cause
significant mortality and morbidity in the elderly and other high-
risk adults.** Synagis immunoprophylaxis reduces hospitalization
rates, but it is available only for infants with identified risk factors
for severe RSV disease."® Thus, development of a vaccine would
benefit both infant and adult populations.

Clinical trials of a formalin-inactivated RSV vaccine (FI-RSV)
in infants did not protect against infection, but increased disease
severity.” Over the subsequent 50 years, multiple vaccine strategies
have been investigated in preclinical and limited clinical testing."*
These vaccines generally have not progressed to clinical evaluation

or have met with limited success in human trials. Progress has
been hampered by limited immunogenicity, induction of Th2-
biased immunity, or unacceptable levels of adverse events. Natural
RSV infection does not induce long-term protection,’ possibly
due to the ability of RSV to suppress or evade host immunity.'
While not long-lived, the ability of maternally transferred anti-
bodies and passive administration of antibody products to protect
infants demonstrates the importance of neutralizing antibody in
protection against RSV disease.''"* These results define features of
an effective RSV vaccine: exclusion of immunosuppressive RSV
proteins, induction of potent neutralizing antibodies, and pre-
vention of memory immune responses producing type 2-associ-
ated and proinflammatory cytokines, which correlate with RSV
disease potentiation. Thus, an effective RSV vaccine will com-
bine an antigen and a delivery system that induce potent neu-
tralizing antibodies and Thl-biased cellular immune responses.
Replication-defective adenovirus-vectored vaccines have induced
antibody responses as well as CD8*1 and Th1 T-cell responses in
clinical vaccine trials.!*'* Surprisingly, replication-deficient ade-
novirus vectors have not been well tested for RSV, limited to sero-
type 5 vectors in mouse protection models only.'**® Thus, the true
potential for replication-deficient adenovirus—vectored vaccines
for RSV has not been evaluated in preclinical or clinical testing.

A limitation of Ad5 vaccine vectors is that 40-90% of the
global population has systemic neutralizing antibody from natural
infection. While vaccine trial volunteers possessing high titers of
Ad5 neutralizing antibodies generated significant antigen-specific
humoral and cellular responses, the magnitude and frequency of
T-cell responses and innate immune responses were lower than
those observed in Ad5-seronegative volunteers.'*'> Alternative
vectors based on serotypes with low seroprevalence have been
engineered, but they were generally less potent than Ad5-based
vectors.'”~*> Only two nonhuman primate adenovirus vectors have
been comparable to Ad5.2-%

We have isolated novel and genetically distinct adenovi-
ruses from wild gorillas (data not shown) that have low human
seroprevalence. As the RSV fusion (F0) glycoprotein is rela-
tively conserved across RSV A and B strains® and preclinical
and clinical data with Synagis demonstrate that RSV F-specific
antibody is effective independent of RSV strain," the adenovi-
ruses were engineered to be replication-defective and express
RSV F0. The GC44.F0, GC45.F0, and GC46.F0 vectors, evalu-
ated as candidate vaccines in cotton rat and mouse models,
elicited protective antibody and T-cell immunity. Detailed

Correspondence: Jason G Gall, GenVec Inc., 65 West Watkins Mill Road, Gaithersburg, Maryland 20878, USA. E-mail: jgall@genvec.com

Molecular Therapy


http://www.nature.com/doifinder/10.1038/mt.2013.142
mailto:jgall@genvec.com

Non-human Adenovirus-vectored Vaccines for RSV

evaluation of GC46.F0 immunogenicity showed a single intra-
muscular (IM) immunization protected both the upper and
lower respiratory tracts from RSV challenge with no evidence
of vaccine-enhanced disease. Antibody responses were durable
and broadly protective. Thus, a vaccine design has been identi-
fied which will not be hampered by pre-existing immunity in
the human population and which will rapidly generate effective
and safe immunity, allowing development of a universal RSV
vaccine for use in young infants.

RESULTS

A single dose of GC44.F0, GC45.F0, or GC46.F0 was
immunogenic and protective

Cotton rats were immunized with GC44.F0, GC45.F0, GC46.
FO, Ad5.F0, and RSV. Each adenovirus vector elicited neutral-
izing antibody responses at high and low doses (Figure 1a) with
only animals immunized with 107 particle units (PU) of GC45.F0
having IC_ titers significantly less than RSV-immunized controls.
Neutralizing antibody titers trended higher at the higher dose with
significant differences between 107 and 10° PU doses in the GC45.
FO-immunized cotton rats. RSV titers in the lung were examined
5 days after challenge, and RSV was not detected in cotton rats
immunized with RSV or any adenovirus vector (Figure 1b). In a
parallel experiment, BALB/c mice immunized with 107 or 10° PU
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GC44.F0, GC45.F0, or GC46.F0 had no RSV in the lung tissue at
5 days post-RSV challenge except one of five mice in the 10" PU
GC45.F0 group (Figure 1c).

RSV-specific T-cell responses were examined by intracellular
interferon-y (IFN-y) staining of peptide-stimulated lung lympho-
cytes. In BALB/c mice immunized with GC44.F0, GC45.F0, GC46.
FO, or Ad5.FO, significantly greater percentages of CD8"1 T cells
stimulated with F_ . peptide produced IFN-y than did cells from
RSV-immunized mice (Figure 1d). F_ -specific CD4™" T-cell
responses were greater in adenovirus vector-immunized mice
with levels in Ad5.FO-immunized mice statistically greater than
in RSV-immunized animals (Figure 1e). The propensity of RSV
to induce weak memory T-cell responses is demonstrated by the
minimal responses in peptide-stimulated CD8* and CD4™" T cells
from RSV-immunized mice where only the CD8 M2, -specific is
greater in RSV-immunized mice than in final formulation buffer
(FFB)-immunized negative control mice (Figure 1d,e). The lack
of responses in the adenovirus vector-immunized mice to the RSV
M2, ,, CD8 (Figure 1d) and the G, ,,. CD4 (Figure le) peptides
confirms that the F,, /- CD8 and F,_  CD4 responses are vaccine-
induced and not primary responses to the RSV challenge. Thus, the
GC44.F0, GC45.F0, and GC46.F0 vectors induced protective neu-
tralizing antibody titers comparable to RSV immunization with
higher cellular responses.
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Figure 1 GC44.FO, GC45.F0, and GC46.F0 elicit antibody and T-cell responses which protected against RSV challenge. (a,b) Cotton rats
and (c—e) mice were immunized intramuscularly with 107 or 10° PU adenovirus-F vector and challenged intranasally with RSV A2 6 weeks later. (a)
Neutralizing serum antibodly titers (IC) were measured 4 weeks postimmunization by plaque reduction neutralization test assay. Limit of detection =
20, denoted by dashed line. (b,c) RSV titers in the lungs at 5 days postchallenge were measured by plaque assay. Limit of detection = 70 PFU/g lung,
denoted by dashed line. (d,e) RSV-specific IFN-y production by (d) CD8* and (e) CD4* T cells was evaluated at day 5 postchallenge. N = 5 animals
per group. Statistical significance determined by one-way analysis of variance, where P < 0.05. *Statistically different from RSV-immunized animals;
+Statistica|ly different between doses of same immunogen; *Statistically different from FFB-immunized animals. FFB, final formulation buffer; IFN,
interferon; NT, neutralizing; PFU, plaque-forming units; PU, particle units; RSV, respiratory syncytial virus.
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GC44, GC45, and GC46 have low seroprevalence in
humans

The prevalence of pre-existing immunity to the GC vectors was
estimated for the US population by viral neutralization assays
based on luciferase transgene activity.”’ Human serum samples
from five regions of the USA were tested for GC44 (n = 245),
GC45 (n = 245), and GC46 (n = 240) neutralization.”’ Greater
than 94% of the serum samples were negative (IC, titers <16) for
neutralization of GC44, GC45, and GC46 with seroprevalence fre-
quencies of 4.5, 0.4, and 5.4%, respectively (Figure 2a). In addi-
tion, the IC, titers of the positive sera were low. Titers for GC45
and GC46 neutralization were all <200 and only one sample had a
GC44 1C titer >200 (Figure 2b). Titers <200 may not be inhibi-
tory in vivo.” In comparison, 50.8% were positive for neutraliza-
tion of Ad5, with 55.2% of the positive samples having endpoint
titers >200 (Figure 2b).

GC46.F0 protected upper and lower respiratory tracts
without enhanced disease in the cotton rat model

Based on low seroprevalence in humans and the strong induction
of protective antibody and T-cell responses in cotton rats and mice,
GC46.F0 was chosen for further analysis. The cotton rat model is
considered a sensitive model for RSV challenge studies and detec-
tion of RSV vaccine-enhanced disease by histology.?® Based on
prior cotton rat immunizations (Figure 1), cotton rats were immu-
nized with a protective dose of 10° PU and a low dose of 10° PU
and controls were immunized with FFB, RSV, or two IM injec-
tions of FI-RSV Lot 100. Sera were collected at day 28 (prior to
second FI-RSV injection) and at day 56 (prior to challenge), and
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Figure 2 Pre-existing immunity to GC44, GC45, and GC46 was rare
and weak. Seroprevalence in human sera was determined by neutral-
ization assay. (a) Frequency of neutralizing titers to Ad5, GC44, GC45,
and GC46. (b) IC,, titers of seropositive (IC,; > 16) samples. For AdS5,
endpoint titrations were performed on 37 randomly chosen seropositive
samples. Dashed line = IC,; of 200, a predicted threshold for inhibition
in vivo. Each serum sample was assayed in triplicate.
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neutralizing antibody activity was assessed by plaque reduction
neutralization test. At days 28 and 56 postimmunization, neutral-
izing antibody IC, titers in cotton rats immunized with 10° PU
GC46.F0 were the same as titers in RSV-immunized cotton rats
(Figure 3a). Animals immunized with 10° PU GC46.F0 had sig-
nificantly higher titers than FFB- and FI-RSV-immunized cotton
rats and significantly lower titers than GC46.F0 10° PU or RSV-
immunized groups. At day 5 postchallenge with 10° plaque-forming
units (PFU) of RSV A/Long, RSV titers in the lungs of GC46.F0-,
RSV-, and FI-RSV-immunized cotton rats were reduced to unde-
tectable levels and were significantly lower than in FFB-immunized
cotton rats with no statistically significant differences between these
four immunization groups (Figure 3b). The nasal RSV viral loads
in the 10° PU GC46.F0 and RSV groups were reduced ~1,000-fold
to undetectable levels, while immunization with the low dose of
GC46.F0 partially protected the nose from RSV challenge (signifi-
cantly lower than the FFB-immunized group).

At day 5 postchallenge, pulmonary inflammation was graded
in four areas of tissue — peribronchiolar, perivascular, interstitial,
and alveolar - to measure disease severity. The pathology scores
for GC46.F0 immunization were the same or lower than for RSV
and FFB immunization (Figure 3c). Cotton rats immunized with
10° PU GC46.F0 had significantly less perivasculitis than did those
immunized with FFB or FI-RSV. Interstitial pneumonia and alveo-
litis were significantly greater in FI-RSV-immunized cotton rats,
demonstrating vaccine-enhanced disease in this model (Figure
3c). The increased interstitial pneumonia and alveolitis in FI-RSV-
immunized cotton rats paralleled greater levels of the type 2 cyto-
kines: interleukin-4 and interleukin-13 (Figure 3d), all hallmarks of
vaccine-enhanced disease in the RSV cotton rat model.”” Production
of the inflammatory cytokine IFN-y was also significantly increased
in FI-RSV and FFB-immunized cotton rats (Figure 3d) with IFN-y
levels reflecting the degree of RSV replication (Figure 3b). The histo-
pathology and cytokine mRNA assessments are consistent with the
conclusion that immunization with GC46.F0 did not predispose for
enhanced disease in the cotton rat model.

GC46.F0 induced durable protective immunity in the
cotton rat model

Cotton rats were immunized with GC46.F0, RSV, or FI-RSV,
sera were collected periodically after immunization, and the
animals were challenged at 24 weeks postimmunization. RSV-
specific neutralizing antibody responses peaked by 4 weeks
postimmunization in all groups (Figure 4a). While IC, anti-
body titers began to decrease by week 16 postimmunization in
FI-RSV-immunized animals, antibody titers were maintained
in GC46.F0- and RSV-immunized cotton rats through at least
24 weeks after immunization. The cotton rats were challenged
with 10° PFU of RSV A2, and viral titers in the lung and nose
measured at day 5 postchallenge. Lungs of GC46.F0- and RSV-
immunized animals were fully protected against challenge with
no RSV detected after challenge (Figure 4b). To assess protec-
tion of the nose, GC46.F0- and RSV-immunized groups were
compared with the FI-RSV-immunized group. The nasal RSV
titers in the two dose groups immunized with GC46.F0 and in
the RSV group were significantly lower than the titers in the
FI-RSV group (Figure 4c). Full protection of the nasal tissues
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Figure 3 GC46.F0 induced protective immunity without enhanced immunopathology in cotton rats. Animals were immunized intramuscularly
with GC46.F0 and challenged with 10° PFU RSV A/Long 8 weeks later. (a) Neutralizing serum antibody (IC; ) responses were measured by plaque
reduction neutralization test in sera obtained before immunization (week 0) and at 28 and 56 weeks after immunization. (b) RSV titers in the nose
and lung measured by plaque assay at 5 days postchallenge. Limits of detection are 200 PFU/g lung and 100 PFU/nose as denoted by dotted
and dashed lines, respectively. (c) Inflammation severity was measured by histopathology scoring of peribronchiolar, perivascular, interstitial, and
alveolar regions 5 days postchallenge. (d) IFN- vy, IL-4, and IL-13 production was measured by quantitative reverse transcription PCR of lung tissue
5 days postchallenge. N = 5 cotton rats per group. Statistical significance determined by one-way analysis of variance, where P < 0.05. *Statistically
different from RSV-immunized cotton rats; *Statistically different from FI-RSV-immunized cotton rats; *Statistically different from FFB-immunized
cotton rats; ~Statistically different from 10° PU GC46.FO-immunized cotton rats. FFB, final formulation buffer; FI-RSV, formalin-inactivated respiratory
syncytial virus vaccine; IFN, interferon; IL, interleukin; PFU, plaque-forming units; PU, particle units; RSV, respiratory syncytial virus.
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Figure 4 GC46.F0 induces durable immunity that is protective. Cotton rats were immunized with 107 or 10° PU GC46.F0. (a) Neutralizing
serum antibody (IC,)) titers were measured by plaque reduction neutralization test assay at the indicated times after immunization. (b,c) Animals
were challenged with 10° PFU RSV A2 24 weeks postimmunization. RSV titers in the (b) lung and (c) nose were measured 5 days after challenge by
plaque assay. N = 4 to 6 cotton rats per group. Statistical significance determined by one-way ANOVA where P < 0.05. *Statistically different from
RSV-immunized cotton rats; *Statistically different from FI-RSV-immunized cotton rats. FI-RSV, formalin-inactivated respiratory syncytial virus vaccine;
PFU, plague-forming units; PU, particle units; RSV, respiratory syncytial virus.

GC46.F0 induced broadly reactive neutralizing
antibodies

Neutralization assays for the in vivo experiments described above
were performed with the lab-adapted RSV strains A2 or Long. Sera

was observed in 60% of RSV-immunized cotton rats and in 18%
of animals immunized with 10° PU GC46.F0. The results in the
cotton rat model demonstrate that GC46.F0 generated protec-
tive immunity without disease potentiation and protection was

durable, characterized by stable neutralizing antibody titers
across 24 weeks.

from cotton rats immunized with GC46.F0 were characterized for
breadth of neutralizing activity against RSV B strains and clinical
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Figure 5 GC46.F0-induced antibody responses have a great breadth of reactivity. (a) The ability of cotton rat antisera generated in the experi-
ment shown in Figure 1 was evaluated for the ability to neutralize lab-adapted RSV A2 and RSV B 18537 and WV strain viruses by plaque reduction
neutralization test assay. N = 5 individual sera per group. (b,c) Cotton rat antisera (a pool of 10 animals per immunogen) were evaluated for the
ability to neutralize lab strains (b) RSV A2 and RSV B WV and (c) seven genetically distinct RSV clinical isolates by microneutralization assay. FFB, final

formulation buffer; RSV, respiratory syncytial virus; WV, West Virginia.

isolates. The mean IC_ titers were comparable for lab-adapted strains
RSV A2, RSV B 18537, and RSV B West Virginia (WV), the paren-
tal strain for B1 (Figure 5a). The IC_ titers of the sera from animals
immunized with 10° PU of GC46.F0 were 508 + 156, 743+ 129, and
423+ 69, respectively (Figure 5a). In contrast to lab-adapted strains,
naturally circulating viruses may be more difficult to neutralize.’**!
Neutralization of RSV clinical isolates was determined in a micro-
neutralization assay. In this assay format, both RSV A2 and WV
were neutralized by sera from RSV- and GC46.F0-immunized cot-
ton rats and not by sera from FFB-immunized animals (Figure 5b).
The RSV G sequences have been determined for the clinical isolates.
Phylogenetic comparisons of these sequences demonstrated that the
seven RSV isolates are genetically distinct.”>** Microneutralization
analyses demonstrated that all seven clinical isolates were neutral-
ized by GC46.F0 sera (Figure 5c). Thus, GC46.F0 induces broad
and potent serum neutralizing activity.

GC46.F0 protected upper and lower respiratory tracts
without enhanced disease in the mouse model

Although human RSV does not replicate in murine respira-
tory tracts as well as in cotton rats, the mouse model has a few

Molecular Therapy

advantages, including ease of handling and the ability to readily
conduct cellular immune response analyses. We used the BALB/c
mouse model for broader assessments of dose, protection, cellular
immune responses, and kinetics of RSV replication in the lung and
nose. A sensitive approach for determining if immunization of ani-
mals potentiates for enhanced disease is to induce partial immunity,
allowing the challenge virus to replicate and thereby increasing the
antigen load in the lung. Therefore, a broad dose range of 10°-10°
PU of GC46.F0 was examined in mice to determine upper and
lower respiratory tract protection as well as RSV disease potentia-
tion. BALB/c mice were immunized, challenged with RSV 4 weeks
later, and RSV viral loads determined in the lung and nasal tissues
5 days postchallenge. Viral loads in both tissues were significantly
lower in GC46.F0-immunized groups, except the lung tissues from
the lowest dose group, 10° PU (Figure 6a). RSV was not detectable
in the lung tissue of animals immunized with 10° PU of GC46.F0
and only very low levels of RSV were detected in nasal tissue in two
of five animals with a group mean viral load of 3.7+ 1.5 PFU/ml in
nose tissue. Similarly, the mean lung viralloads in the 10”and 10° PU
GC46.F0-immunized groups were 1,000-fold lower than in the buf-
fer group with three out of five and four out of six animals having no
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Figure 6 GC46.F0 induced protective immunity in mice without vaccine-enhanced disease. Mice were immunized intramuscularly with GC46.
FO and challenged with 9 x 10° PFU RSV A2 4 weeks later. (a) Five days postchallenge, RSV titers in the nose and lung were measured by plaque assay.
Limits of detection are 70 PFU/g lung and 3.3 PFU/mI of homogenized nose tissue and are represented as dotted and dashed lines, respectively. (b)
T-cell responses were assessed by RSV-specific ICS at day 5 postchallenge with CD8¥IFN-yt shown. (c) Pulmonary eosinophils (represented as the
percentage of eosinophils in the leukocyte gate) were quantitated by flow cytometry at day 8 after challenge. (d) Inflammation severity was mea-
sured by histopathology scoring of peribronchiolar, perivascular, interstitial, and alveolar regions. N =5 or 6 mice per group per time point. Statistical
significance determined by one-way analysis of variance, where P < 0.05. *Statistically different from RSV-immunized mice; *Statistically different
from FI-RSV-immunized mice. FFB, final formulation buffer; FI-RSV, formalin-inactivated respiratory syncytial virus vaccine; ICS, intracellular cytokine
staining; IFN, interferon; ND, none detected; PFU, plaque-forming units; PU, particle units; RSV, respiratory syncytial virus.

detectable RSV, respectively. The reduction in nasal virus load was
also significant, with 325- and 46-fold reductions in the 107 and 10°
PU GC46.F0-immunized groups, respectively. Neutralizing anti-
body titers could not be determined due to high background inhi-
bition in preimmunization mouse sera (IC, titers of 12039, n =
12). Immunization with GC46.F0 induced RSV F-specific CD8*
and CD4% T cells in all groups. At day 5 postchallenge, levels of
IFN-y-producing CD8* T cells were significantly greater in mice
immunized with 10, 107, or 10® PU GC46.F0 than in FFB-, RSV-,
or FI-RSV-immunized mice, but not in mice immunized with 10°
PU GC46.F0 (Figure 6b). Similarly, CD4" T-cell responses were
higher in mice immunized with 10°, 107, or 10° PU GC46.F0 than
in FFB- or RSV-immunized mice and mice immunized with 10°
PU GC46.F0 (Supplementary Figure S1). When compared with
responses in RSV- and FI-RSV-immunized animals, the relative
lack of RSV M2-specific CDSTIFN-y* T cells (Figure 6b) and
RSV G-specific CD4TIEN-y* T cells (Supplementary Figure S1)
in GC46.F0-immunized mice demonstrates that the RSV F-specific
responses are vaccine-induced and not primary immune responses
resulting from RSV challenge. These data demonstrate that IM
immunization with GC46.F0 induced RSV-specific immunity that
protected the entire airway against RSV challenge.

While histological correlates of vaccine-enhanced disease have
been defined in the cotton rat model, the mouse model is more ame-
nable to detailed phenotypic evaluation of cellular immune responses
associated with FI-RSV vaccine-enhanced disease. Therefore, pul-
monary histopathology was evaluated for eosinophilic infiltrates at
8 days postchallenge in BALB/c mice, and leukocytes isolated from
lungs were stained for CD3, CD4, CD8, Gr1, and CCR3. Eosinophils,
defined as CD3~CD4~CD8~Gr1*CCR3™, were significantly ele-
vated only in FI-RSV-immunized mice with minimal eosinophil
recruitment in lungs of mice immunized with any dose of GC46.
FO tested (Figure 6c¢). The lungs from GC46.F0 immunized animals
that had the greatest RSV viral loads, i.e., the 10° and 10° PU groups,
were assessed for inflammation and compared with lungs from RSV-
and FI-RSV-immunized animals. In the histopathology assessment,
the magnitude of pulmonary inflammation was similar (Figure 6d),
but a greater frequency of eosinophils were noted in the peribron-
chiolar and perivascular infiltrates in FI-RSV-immunized mice with
only mononuclear cells present in RSV- and GC46.F0-immunized
mice (data not shown), consistent with the detection of eosinophils
by flow cytometry (Figure 6¢). Thus, immunization with low doses
of GC46.F0 which provided only partial protection against challenge
did not predispose for allergic inflammation in BALB/c mice.
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GC46.FO0 immunization affected the RSV challenge
virus differently in the lung and nose

The reduction of RSV viral load at 5 days postchallenge in GC46.
FO-immunized animals could be due to prevention of RSV infec-
tion or to more rapid clearance of RSV from the tissues. BALB/c
mice were immunized with 10° PU of the adenovirus vectors
GC46.F0, to induce high neutralizing antibody titers, or SAV7.
FO, to induce low neutralizing antibody titers (data not shown).
One set of mice were challenged with RSV A2 at 7 weeks postim-
munization, and RSV viral loads were determined every 24 hours
from day 1 through 5 postchallenge to characterize the protec-
tive response. In addition, to determine the durability of mucosal
protection, separate groups of mice were challenged at 12 weeks
postimmunization and viral loads determined at 5 days postch-
allenge. Prior to challenge, the GC46.F0 and RSV groups had
comparable serum neutralizing antibody titers, and neutraliz-
ing antibody titers induced by SAV7.FO were significantly lower
(Figure 7a). When challenged at 7 weeks postimmunization, RSV
was not detectable 24 hours postchallenge in the lungs of GC46.
FO-immunized mice, whereas RSV was present (2649 +4973
PFU/g lung tissue) in all animals immunized intranasally with
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RSV (Figure 7b). The viral loads in these two groups remained
low; on day 2, RSV was not detectable in 40 and 80% of RSV- and
GC46.F0-immunized animals, respectively. Similarly, on day 3,
RSV was not detectable in 60% of lung samples from both groups,
and RSV was not detectable in the lungs from both groups on days
4 and 5 postchallenge. SAV7 immunization resulted in a different
pattern of pulmonary RSV replication. Viral loads increased from
day 1 through 3 postchallenge and then declined to undetectable
levels in four out of five animals at day 5 postchallenge, consistent
with a lack of protective antibody and with clearance mediated
by T cells. Adenovirus vector immunization did not prevent the
intranasal challenge dose of 5x10° PFU from establishing infec-
tion of the nose as evidenced by viral loads comparable to buffer
immunization at 24 hours postchallenge (Figure 7c). However,
viral loads were significantly reduced from day 2 through 5 postch-
allenge with only one nose sample having detectable RSV on day 5
in the GC46.F0 group. Protection against RSV challenge was also
determined at 12 weeks postimmunization. At 5 days postchal-
lenge, the viral load in GC46.F0-immunized animals was near the
limit of detection and equal to the viral load in RSV-immunized
mice (Figure 7d). The nasal RSV titers in GC46.F0-immunized
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Figure 7 GC46.F0 induces protective immunity rapidly, clears RSV infection, and is durable. Mice were immunized intramuscularly with 10¢ PFU
RSV A2, 108 particle units (PU) GC46.F0, or 108 PU SAV7.FO0. (a) Serum was obtained at 7 and 12 weeks postimmunization, and neutralizing IC, titers
determined by plaque reduction neutralization test assay. N = 10 mice per group at each time point. *Statistically different from FFB-immunized mice;
*Statistically different from SAV7.FO-immunized mice by one-way analysis of variance (ANOVA). (b,c) A subset of mice was challenged with 5x10¢
PFU RSV A2 at 7 weeks postimmunization. Mice were euthanized at days 1, 2, 3, 4, and 5 postchallenge, and RSV titers in the (b) lung and (c) nose
were measured by plaque assay. N = 5 mice per group per time point, and limits of detection are 70 PFU/g lung and 6.7 PFU/nose. Statistical signifi-
cance was determined by one-way ANOVA, where P < 0.05. #Statistically difference between FFB- and RSV-immunized mice; *Statistically difference
between FFB-immunized mice and GC46.F0- or SAV7.FO-immunized mice. (d) A subset of mice was challenged with 5x 10° PFU RSV A2 at 12 weeks
postimmunization, then euthanized at day 5 postchallenge. RSV titers in the lung and nose were determined by plaque assay. Limits of detection
are 70 PFU/g lung and 6.7 PFU/nose as denoted by dotted and dashed lines, respectively. N = 5 mice per group. FFB, final formulation buffer; PFU,
plaque-forming units; RSV, respiratory syncytial virus.
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mice challenged at 12 weeks postimmunization were comparable
to challenge at 7 weeks postimmunization: 28+17 and 15+21
PFU/nose, respectively. In contrast, the RSV titer in nasal tissues
in animals immunized with SAV7.F0 12 weeks before challenge
was 200-fold higher than upon challenge at 7 weeks and when
compared with titers in GC46.F0-immunized animal challenged
at 7 or 12 weeks after immunization. Thus, GC46.F0 induced high
titers of neutralizing antibody and mucosal protection that was
durable through at least 3 months. Taken together, these data
demonstrate that GC46.F0 immunization prevented RSV replica-
tion in the lung and increased clearance in nasal tissues.

DISCUSSION

In this report, we describe the development of a novel nonhuman
adenovirus vector, GC46, expressing the RSV F protein and dem-
onstrate the generation of protective immunity with a single IM
injection in two animal models. This immunization induced sig-
nificant neutralizing serum antibody responses which were durable
and had broad activity. Furthermore, the GC46.F0 vaccine elicited
RSV F-specific CD41 and CD8™ T cells. These antibody and T-cell
responses were sufficient to protect both the upper and lower respi-
ratory tracts against live RSV challenge with no evidence of vaccine-
enhanced immunopathology in either cotton rat or mouse models.

Vaccine-induced antibodies must have strong neutralization
activity to safely inhibit RSV infection, as illustrated by the poor
neutralization capacity of FI-RSV-induced antibodies.** The pas-
sively administered antibody Synagis was shown to protect cot-
ton rats against RSV when the Synagis concentration in serum
was 35 pug/ml.” To relate our plaque reduction neutralization test
assay to this protective activity in cotton rats, we determined that
the IC_ titer of 40 pg/ml of Synagis for RSV A2 was 89 +5 (data
not shown). In this report, the IC, | titers in GC46.F0-immunized
cotton rats were in the range of 200-400, demonstrating that the
vaccine-induced antibodies had significant neutralizing activity.

In animal models, a vaccine candidate does not need to gen-
erate protective responses better than RSV infection because the
most effective immunization against RSV is infection by RSV.
Immunity in humans induced by RSV infection is effective but
short-lived. Immunization of adults with an Ad26 vector express-
ing a human immunodeficiency virus Env gene induced antibody
responses that persisted for the duration of the study (1 year).”
The durability and breadth of the antibody responses induced by
GC46.F0 in these animal models suggests that the vaccine has the
potential to serve as a universal RSV vaccine in humans.

The mechanisms of RSV protection from GC46.F0 immuniza-
tion are currently unknown, yet it is probably that both humoral
and cellular responses play a role. First, there was an inverse rela-
tionship between the dose of GC46.F0 and RSV viral loads in both
animal models. As the dose of GC46.F0 was increased, the plaque
reduction neutralization test titers increased and nasal viral loads
were reduced, but the magnitude of the T-cell responses did not
change. In addition, lung and nasal protection persisted in GC46.
FO-immunized animals, consistent with long-lived antibody
responses. Second, the differences in RSV replication from day 1
through 5 postchallenge in immunized mice were consistent with
antibody and cellular mechanisms of protection. RSV infection of
the lung was blocked and viral replication was severely restricted by
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immunization with GC46.F0. This observed prevention of infection
was probably mediated by antibody. The effect of GC46.F0 immuni-
zation on RSV replication in nasal tissue differed from the effect in
lung tissue. Peak viral load occurred immediately postchallenge (24
hours) with continuous clearance of RSV from nasal tissues after
the first 24 hours, consistent with a cellular mechanism of protec-
tion. Taken together, these data suggest that immunity induced by
GC46.F0 prevented infection as well as contributed to clearance of
RSV. Defining the contributions of B-cell and T-cell immunity to
protection and characterization of the antibody repertoire induced
by GC46.F0 immunization are active areas of research.

As with other nonhuman primate adenovirus vectors, there will
be T-cell epitopes conserved between GC46 and human adenovi-
ruses in structural proteins, particularly hexon. Thus, it is expected
that many people with natural exposure to adenoviruses will have
CD4™" T cells that recognize epitopes in the GC46 vector. However,
the impact of this is unclear in the context of a pediatric vaccine. The
recipients of the RSV vaccine will not have pre-existing T cells to
human adenovirus and they may have neutralizing antibodies, pas-
sively acquired from their mothers. These adenovirus antibodies will
not neutralize the GC46 RSV vaccine vector. In addition, the con-
struction of the GC46 vector for clinical testing includes the dele-
tion of E4 which is done to improve safety and reduce the likelihood
of recombination leading to replication-competent adenovirus, to
make room for larger antigen inserts, and to reduce the transcription
and production of adenovirus structural proteins that require E4.

The unique immunological state of infant humans provides
challenges to vaccination of the youngest babies.” Although it is
not known whether adenovirus-vectored vaccines will be effective
in infants, adenovirus vectors have been shown to induce protective
levels of rabies antibodies in neonatal animals.”” Another significant
hurdle to overcome in development of a pediatric RSV vaccine is the
legacy of vaccine-enhanced disease observed in the FI-RSV clinical
trials.” While the precise molecular mechanism(s) underlying the
generation of this immunopathologic immunity may not be fully
elucidated, well-defined correlates of FI-RSV-enhanced RSV disease
in children are induction of antibody responses with poor neutraliza-
tion capacity* and enhanced eosinophil and/or neutrophil recruit-
ment to the lung,** suggesting Th2-biased responses.”*>* GC46.
F0 induces strong neutralizing antibody responses, T-cell responses
which do not produce type 2 cytokines or cause illness, and immune
responses which do not augment eosinophilic pulmonary infiltrates
following RSV challenge. This demonstration of protective immu-
nity that lacks disease-enhancing correlates in two animal models
demonstrates the feasibility of GC46.FO0 for RSV vaccination.

The potency of the immune response elicited by GC46.F0
is unprecedented. A single IM immunization was sufficient to
induce durable immunity which protected both the upper and
lower respiratory tracts. To our knowledge, this is the first report
of protection of the upper respiratory tract with one dose of a non-
mucosally administered vaccine. Overall, critical to the safe and
effective immunity generated by GC46.F0 immunization may be
the unique induction of a balanced immune response, composed of
high titers of neutralizing antibody and type 1-associated CD4 and
CDB8 T cells. Taken together, these observations support the contin-
ued evaluation of GC46.F0 as a universal RSV vaccine that may be
administered safely to populations with urgent medical needs.

www.moleculartherapy.org



© The American Society of Gene & Cell Therapy

MATERIALS AND METHODS

Viruses and cells. HEp-2, Vero, and A549 cells and RSV A (A2, VR-1540;
Long, VR-26) and RSV B (WV, VR-1400; 9320, VR-955; 18537, VR-1540)
strains were purchased from the American Type Culture Collection
(Manassas, VA). RSV stocks were grown in HEp-2 cells with Eagle’s mini-
mal essential media supplemented with 10% fetal bovine serum (10%
Eagle’s minimal essential medium (EMEM)). FI-RSV was prepared using
RSV A2 and HEp-2 cells as previously described.” RSV clinical isolates
were provided by Martin Moore (Emory University, Atlanta, GA; ref. 32)
and JoAnn Kirman (Malaghan Institute, Wellington, New Zealand; ref. 33)
and expanded in HEp-2 cells. E1-deleted vectors cloned from adenovi-
ruses isolated from wild gorillas, designated GC44, GC45, and GC46, and
from Ad5 were engineered to express firefly luciferase (GC44.L, GC45.L,
GC46.L, Ad5.L) or full-length RSV F, protein (GC44.F0, GC45.F0, GC46.
F0, Ad5.F0) using published methods.”” An E1-deleted vector based on a
monkey adenovirus, SAV7 (ATCC VR-201; ATCGC; ref. 40), was similarly
constructed. The El-deletion rendered the viral vectors replication-defi-
cient. Adenovirus stocks were produced in 293-ORF6 cells*' and purified
into FFB as previously described.” Post-purification vector yields >50,000
PU/cell were readily obtained. Pre-purification yields of GC46 expressing
RSV E0 averaged 137,333 +30,742 PU/cell.

Adenovirus seroprevalence. A549 cells, grown in Dulbeccos modified
essential media with 10% fetal bovine serum (10% Dulbecco’s modified
eagle medium), were infected with luciferase-expressing vectors (Ad5.L,
GC44.L, GC45.L, and GC46.L) at a multiplicity of infection determined
to produce 10,000 relative luciferase units (multiplicity of infection
= 2,000-4,000 PU). Neutralization activity in human sera (New York
Biologics, South Hampton, NY) was determined as previously detailed,”
mixing diluted sera with the optimal multiplicity of infection of each virus.
Neutralization (IC, ) titers were defined as the maximum serum dilution
which inhibited adenovirus activity (i.e., luciferase expression) by 90%. For
endpoint titrations in Ad5 seropositive specimens, 37 seropositive samples
(IC,, > 16) were randomly chosen and tested.

Immunization and challenge. Five- to 8-week old Cotton rats (Harlan
Sprague Dawley, Frederick, MD or Sigmovir, Gaithersburg, MD) or 5-
to 6- week old mice (Harlan Sprague Dawley) were immunized with 10°
PFU RSV intranasally under isoflurane anesthesia. Animals were immu-
nized with FFB, FI-RSV, or RSV F-expressing adenovirus by IM injection.
Cotton rats were challenged intranasally with 10° PFU (in 0.1 ml) live RSV
while mice were challenged with 4x 10° to 9x 10° PFU RSV in 0.1 ml.

RSV titers. At days 5-8 postchallenge, animals were euthanized, and the
lungs and noses were removed and quick-frozen in 10% EMEM. RSV titers
were then determined by plaque assay as previously described* with minor
modification. Noses were ground with mortar and pestle as originally
described, but lungs were ground using a GentleMACS (Miltenyi Biotech,
Cambridge, MA) dissociator. After formalin fixation, cell monolayers were
stained with Giemsa histologic stain (Azer Scientific, Morgantown, PA)
rather than hematoxylin and eosin. The data are expressed in PFU/g lung
tissue or PFU/nose.

Neutralization assays. Neutralizing activity titers in sera from immunized
animals were measured by plaque reduction neutralization test assay as
previously described except for using Giemsa to stain the plates after for-
malin fixation.*” Serum samples were heat-treated to inactivate comple-
ment, and no exogenous complement was used. Neutralization of RSV
clinical isolates was evaluated by microneutralization (microNT) assay as
follows. Triplicate serial threefold dilutions of RSV clinical isolate stocks
were made in serum-free EMEM in U-bottom microtiter plates, and
an equal volume of antiserum (diluted to IC,, titers) was added to each
well, pipetting to mix. After incubating at 37 °C for 1 hour, 20 pul antisera-
RSV mix were transferred to HEp-2 monolayers (>24-hour post-plating,
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~90% confluent), and infected at room temperature for 1 hour. After add-
ing 0.1ml 10% EMEM to each well, plates were incubated at 37 °C for
48 hour. Media was removed, and cells were gently washed with phos-
phate-buffered saline-Tween (0.05% vol/vol). Cells were fixed with 80%
acetone/phosphate-buffered saline (vol/vol) at 4 °C for 15 minutes, then
plates were blocked with phosphate-buffered saline-1% bovine serum
albumin (wt/vol) at room temperature for 1 hour. Plates were washed 3x
with phosphate-buffered saline-Tween using an ELx405 Select automated
plate washer (BioTek, Winooski, VT). Infected cells were detected using
mouse anti-RSV F monoclonal antibody (Millipore, Billerica, MA), fol-
lowed by HRP-labeled goat anti-mouse IgG (Jackson ImmunoResearch,
West Grove, PA). The reaction was developed with TMB substrate reagent
(R&D Systems, Minneapolis, MN), stopped by the addition of 2 NH_SO,,
and plates were read at A, and A_, on a SpectroMax 340 PC plate reader
(Molecular Devices, Sunnyvale, CA). Data are represented as the A .V
value for each virus dilution.

Flow cytometry analysis. To evaluate vaccine-induced RSV F-specific
T-cell function, intracellular cytokine analysis was performed on pep-
tide-stimulated lung lymphocytes 5 days after RSV challenge. Ground
lung tissue was passed over a 100 micron filter, and the cell suspension
was overlaid on mouse Fico-Lyte separation media (Atlanta Biologicals,
Lawrenceville, GA). The mononuclear cell band was isolated, washed in
10% EMEM, counted, and resuspended to 2 x 10° cells/ml. Aliquots of cells
(1x10°) were stimulated with 2 pg/ml CD4 and CD8 peptides in the pres-
ence of 1 ug each CD28 and CD49d costimulatory antibodies and 0.7 pl
GolgiStop (BD Pharmingen, San Jose, CA). To measure RSV F-specific
responses, one aliquot was stimulated with the CD4 peptide F, * and
CDS8 peptide F,, ,..** To measure RSV-specific responses induced solely by
RSV challenge, one aliquot was stimulated with the RSV G ,; .. CD4 pep-
tide” and the RSV M2, , CD8 peptide.* Controls included one aliquot
from each mouse stimulated with no peptide and PMA-ionomycin-stimu-
lated cells. The cells were incubated at 37 °C for 5 hours, then fixed, per-
meabilized, and stained for intracellular cytokine analysis according to the
CytoFix/CytoPerm Plus kit protocol (BD Pharmingen). Cells were stained
with LIVE/DEAD aqua-fluorescent reactive dye (Invitrogen, Grand Island,
NY) and with antibodies to anti-CD3-APC-Cy7 (BD Pharmingen), anti-
CD4-eFluor450 (eBiosciences, San Diego, CA), anti-CD8-PerCP-Cy5.5
(eBiosciences), and anti-IFN-y-PE (BD Pharmingen). The cells were ana-
lyzed on a Becton Dickinson FACSCalibur E1610 upgraded to acquire
eight fluorescent spectra from three lasers for multi-color analysis (Cytek,
Fremont, CA). FlowJo software (TreeStar, Ashland, OR) was used for off-
line analysis.

Granulocytic infiltrates in mouse lungs were quantitated by surface
staining with anti-CD3-APC-Cy7, anti-CD4-eFluor450, and anti-CD8-
PerCP-Cy5.5 to identify T cells, and anti-Gr1-PE-Cy7 and anti-CCR3-
AX647 (both from BioLegend, San Diego, CA) to identify neutrophils
(CD37478~Gr1*tCCR3™) and eosinophils (CD374~8 Grl1TCCR3™).

Cytokine production. IFN-y, interleukin-4, interleukin-13, and eotaxin
levels were measured in mouse lung supernatants using Quantikine kits
(R&D Systems) according to kit protocols. Cotton rat cytokine responses
were evaluated by quantitative reverse transcription PCR analyses of lung
tissue as described.*

Histopathology. Lungs were formalin-fixed, and thin sections were
stained with hematoxylin and eosin or with Giemsa. Sections were scored
in a blinded fashion as previously described.”” Briefly, four parameters of
pulmonary inflammation were evaluated: peribronchiolitis (inflamma-
tory cell infiltration around the bronchioles), perivasculitis (inflammatory
cell infiltration around the small blood vessels), interstitial pneumonia
(inflammatory cell infiltration and thickening of alveolar walls), and alveo-
litis (cells within the alveolar spaces). Slides were scored blind on a severity
scale of 0-4. The scores were subsequently converted to a histopathology
scale of 0-100%.
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Statistical analyses. Data sets were maintained in Excel and Origin
spreadsheets. Statistical analyses were performed in Origin and included
Student’s ¢ test, one-way analysis of variance using Tukey’s test for means
comparison, and nonlinear curve fitting with x* testing.

Ethics statement. All studies were conducted under the animal care and
use protocol MP-GAL-01 approved by the Institutional Animal Care and
Use Committee of GenVec (Gaithersburg, MD), and in compliance with
policies as outlined in the “NIH Guide for the Care and Use of Laboratory
Animals” and the Public Health Service “Policy on Humane Care and Use
of Laboratory Animals”

SUPPLEMENTARY MATERIAL
Figure S1. GC46.F0 induced RSV F-specific CD4™ T cells.
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