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CD40 LIGAND ADJUVANT FOR
RESPIRATORY SYNCYTIAL VIRUS

This is a divisional application of U.S. application Ser. No.
10/182,093, filed Jul. 25, 2002, issued as U.S. Pat. No. 7,371,
392 on May 13, 2008, which is a §371 National Stage appli-
cation of International Application PCT/US01/03584, filed
Feb. 2, 2001, which claims the benefit of U.S. provisional
application Ser. No. 60/179,905 filed on Feb. 2, 2000. Each of
the above-listed applications is herein incorporated by this
reference in its entirety.

FIELD OF THE INVENTION

The present invention relates to adjuvants and methods for
enhancing an immune response to respiratory syncytial virus.

BACKGROUND

Worldwide, the most important cause of bronchiolitis and
serious lower respiratory tract disease in infants and young
children is respiratory syncytial virus (RSV) (Collins et al.,
“Respiratory syncytial virus,” IN: Fields B, Knipe, D., How-
ley P., eds. Fields Virology. 3rd ed. 1. Philadelphia: Lippen-
cott-Raven Publishers: 1313 (1996); Crowe, I. E., Jr., “Cur-
rent approaches to the development of vaccines against
disease caused by RSV and parainfluenza virus (PIV),” Meet-
ing Report, WHO Programme for Vaccine Development. Vac-
cine 13:415 (1995); and Welliver et al., “Clinical and labora-
tory diagnosis of respiratory syncytial virus infection,”
Critical Reviews in Clinical Laboratory Sciences 13:213
(1981)). Natural infection with RSV provides limited protec-
tion from reinfection and disease as demonstrated by recur-
rence of severe RSV infections throughout life (Hall et al.,
“Immunity to and frequency of reinfection with respiratory
syncytial virus,” J. Infect. Dis. 163:693 (1991); and Hender-
son etal., “Respiratory syncytial virus infections, reinfections
and immunity: a prospective. Longitudinal study in young
children,” N. Engl. J. Med. 300:530 (1979)). Moreover, the
peak incidences of serious RSV disease are in young infants
who have maternally-acquired neutralizing RSV antibodies.
Thus, the development of RSV vaccines has long been a
priority for infants and young children (Crowe, J. E. Ir.,
“Current approaches to the development of vaccines against
disease caused by respiratory syncytial virus (RSV) and
parainfluenza virus (PIV). A meeting report of the who pro-
gramme for vaccine development,” Vaccine 13:415 (1995);
“New vaccine development: establishing priorities; diseases
of importance in the United States,” Washington D.C., Insti-
tute of Medicine National Academy Press (1985); “New vac-
cine development: establishing priorities, diseases of impor-
tance in developing countries,” Washington D.C. National
Academy Press I1 (1986); Doherty P. C., “Vaccines and cytok-
ine-mediated pathology in RSV infection,” Trends in Micro-
biology 2:148 (1994); and Murphy et al., “Current
approaches to the development of vaccines effective against
parainfluenza and respiratory syncytial viruses,” Virus
Research 11:1 (1988)). More recently, vaccines are being
developed for older children at risk for serious complications
of'infection and for the elderly (Piedra et al., “Purified fusion
protein vaccine protects against lower respiratory tract illness
during respiratory syncytial virus season in children with
cystic fibrosis,” Pediatric Infectious Disease Journal 15:23
(1996); Han et al., “Respiratory syncytial virus pneumonia
among the elderly: an assessment of disease burden,” Journal
of Infectious Diseases 179:25 (1999); and Falsey et al.,
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2
“Safety and immunogenicity of a respiratory syncytial virus
subunit vaccine (PFP-2) in ambulatory adults over age 60,”
Vaccine 14:1214 (1996)).

RSV vaccine development has been focused toward live,
temperature sensitive, attenuated vaccines and subunit vac-
cines based on the F and/or G glycoproteins (Groothuis et al.,
“Safety and Immunogenicity of a purified F protein respira-
tory syncytial virus (PFP-2) vaccine in seropositive children
with bronchopulmonary dysplasia,” Journal of Infectious
Diseases 177:467 (1998); Neuzil et al., “Adjuvants influence
the quantitative and qualitative immune response in BALB/c
mice immunized with respiratory syncytial virus FG subunit
vaccine,” Vaccine 15:525 (1997); and Siegrist et al., “Protec-
tive efficacy against respiratory syncytial virus following
murine neonatal immunization with BBG2NA vaccine: influ-
ence of adjuvants and maternal antibodies,” Journal of Infec-
tious Diseases 179:1326 (1999)). In animal model systems,
the F glycoprotein is generally the most effective with the G
glycoprotein being the next most effective in inducing neu-
tralizing antibodies and protective immunity. Vaccination
with the G glycoprotein, however, generally induces only
limited, protection (Stott et al., “Immune and histopathologi-
cal responses in animals vaccinated with recombinant vac-
cinia viruses that express individual genes of human respira-
tory syncytial virus,” J. Virol. 61:3855 (1987); and Connors et
al., “Respiratory syncytial virus (RSV) F, G, M2 (22K), and N
proteins each induce resistance to RSV challenge, but resis-
tance induced by M2 and N proteins is relatively short-lived,”
Journal of Virology 65:1634 (1991)). In clinical studies, no
vaccine has yet proven safe and efficacious, mainly because
candidate live virus vaccines have been under or over attenu-
ated or have reverted to wildtype phenotype (Karron et al.,
“Evaluation of two live, cold-passaged, temperature-sensi-
tive respiratory syncytial virus vaccines in chimpanzees and
in human adults, infants, and children,” Journal of Infectious
Diseases 176:1428 (1997)). However, the recent availability
of'an RSV infectious clone has expanded the options in devel-
oping live virus candidate vaccine strains, and renewed hope
that a safe and efficacious live virus vaccine can be developed
(Teng et al., “Altered growth characteristics of recombinant
respiratory syncytial viruses which do not produce NS2 Pro-
tein,” Journal of Virology 73:466 (1999); Skiadopoulos et al.,
“Attenuation of the recombinant human parainfluenza virus
type 3 CP45 candidate vaccine virus is augmented by impor-
tation of the respiratory syncytial virus CPTS530 L poly-
merase mutation,” Firology 260:125 (1999); and Whitehead
etal., “Addition of a missense mutation present in the 1 gene
of respiratory syncytial virus (RSV) CPTS530/1030 to RSV
vaccine candidate CPTS248/404 increases its attenuation and
temperature sensitivity,” Journal of Virology 73:871 (1999)).
Nevertheless, there remains a need for efficacious methods
and adjuvants for enhancing the safety and efficacy of RSV
vaccines.

Development of subunit vaccines, in particular, has been
hindered by concerns about the enhanced lung disease that
occurred in young children who received a formalin-inacti-
vated RSV (FI-RSV) vaccine, and then had natural RSV
infection (Chin et al., “Field evaluation of a respiratory syn-
cytial virus vaccine and a trivalent parainfluenza virus vac-
cine in a pediatric population,” Am J Epidemiol 89:449
(1969)). Although the reasons for this vaccine-augmented
disease remain uncertain, evidence in the BALB/c mouse
model suggests that a heightened Th2 cytokine response may
in part be responsible (Anderson et al., “Cytokine Response
to respiratory syncytial virus stimulation of human peripheral
blood mononuclear cells,” Journal of Infectious Diseases
170:1201 (1994); Connors et al., “Enhanced pulmonary his-
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topathology induced by respiratory syncytial virus (RSV)
challenge of formalin-inactivated RSV-immunized BALB/c
mice is abrogated by depletion of interleukin-4 (IL-4) and
1L-10,” Journal of Virology 68:5321 (1994); and Waris et al.,
“Respiratory synctial virus infection in BALB/c mice previ-
ously immunized with formalin-inactivated virus induces
enhanced pulmonary inflammatory response with a predomi-
nant TH2-like cytokine pattern,” Journal of Virology 70:2852
(1996)). In these studies, enhanced lung pathology in FI-RSV
vaccinated mice challenged with live RSV was shown to be
mediated by Th2-type CD4* T cells expressing 1L.-4, IL-5,
1L-6, and IL.-10. In contrast, mice immunized and challenged
with live RSV do not develop extensive lung pathology and
respond with a mixed Th1/Th2 immune response (Anderson
et al. (1994); Graham et al., “Priming immunization deter-
mines T helper cytokine mRNA expression patterns in lungs
of' mice challenged with respiratory syncytial virus,” Journal
of Immunology 151:2032 (1993); Hussell et al., “Th1 and Th2
cytokine induction in pulmonary T cells during infection with
respiratory syncytial virus,” Journal of General Virology
77:2447 (1996); and Srikiatkhachorn et al., “Virus-specific
memory and effector T lymphocytes exhibit different cytok-
ine responses to antigens during experimental murine respi-
ratory syncytial virus infection,” Journal of Virology 71:678
(1997)). Based on this possible role of a heightened Th2
cytokine response in enhancing lung disease upon live RSV
infection, there is a need for methods and/or reagents for
promoting a Thl response over a Th2 response to live viral
challenge.

Since passive administration of high titered neutralizing
RSV antibodies can decrease the risk of serious RSV disease,
one of the best indicators of protection from RSV disease is
high titers of neutralizing antibodies (Groothuis et al., “Use of
intravenous gamma globulin to passively immunize high-risk
children against respiratory syncytial virus: safety and phar-
macokinetics. The RSVIG study group,” Antimicrobial
Agents & Chemotherapy 35:1469 (1991); and Hemming et
al., “Hyperimmune globulins in prevention and treatment of
respiratory syncytial virus infections,” Clinical Microbiology
Reviews 8:22 (1995)). Unfortunately, both attenuated live and
subunit candidate vaccines induce only modest increases in
antibodies (Dudas et al., “Respiratory syncytial virus vac-
cines,” Clinical Microbiology Reviews 11:430 (1998); and
Murphy et al., “An update on approaches to the development
of respiratory syncytial virus (RSV) and parainfluenza virus
type 3 (PIV3) vaccines,” Virus Research 32:13 (1994)). As
evidenced by the variety of adjuvants that are being evaluated
for their ability to enhance the immune response to subunit
vaccines (See e.g., Xin et al., “Immunization of rantes expres-
sion plasmid with a DNA vaccine enhances HIV-1-specific
Immunity,” Journal of Applied Biomaterials (Orlando) 92:90
(1999); Ciupitu et al., “Immunization with a lymphocytic
choriomeningitis virus peptide mixed with heat shock protein
70 results in protective antiviral immunity and specific cyto-
toxic T lymphocytes,” Journal of Experimental Medicine
187:685 (1998); and Hancock et al., “formulation of the puri-
fied fusion protein of respiratory syncytial virus with the
saponin QS-21 induces protective immune responses in
BALB/c Mice that are similar to those generated by experi-
mental infection,” Vaccine 13:391 (1995)), there remains a
need for an adjuvant that is effective at enhancing immune
responses to RSV vaccines, especially subunit vaccines.

One potential immune-enhancing molecule is CD40L
which is important to productive interactions between T cells
and antigen presenting cells (Armitage et al., “CD401: a
multi-functional ligand,” Seminars in Immunology 5:401
(1993); Grewal et al., “The CD40 Ligand. At the center of the
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immune universe?” Immunologic Research 16:59 (1997);
Laman et al., “Functions of CD40 and its ligand, GP39
(Cd401),” Critical Reviews in Immunology 16:59 (1996);
Ramshaw et al., “Cytokines and immunity to viral infec-
tions,” Immunological Reviews 159:119 (1997); van Kooten
etal., “Functional role of CD40 and its ligand,” International
Archives of Allergy & Immunology 113:393 (1997); van
Kooten et al., “Functions of CD40 on B cells, dendritic cells
and other cells,” Current Opinion in Immunology 9:330
(1997); Bennett et al., “Help for a cytotoxic-T-cell response is
mediated by CDA40 signaling,” Nature 393:478 (1998); and
Ridge et al., “A conditioned dendritic cell can be a temporal
bridge between a CD4+ T-helper and a T-killer,” Nature 393:
474 (1998)). CD40L has been shown to enhance both
humoral and cellular immune responses (Grewal et al.
(1997); Laman (1996); Gurunathan et al., “CD40 ligand/
trimer DNA enhances both humoral and cellular immune
responses and induces protective immunity to infectious and
tumor challenge,” Journal of Immunology 161:4563 (1998);
and Durie et al., “The role of CD40 in the regulation of
humoral and cell-mediated immunity,” Immunology Today
15:406 (1994); Klaus et al., “CD40 and its ligand in the
regulation of humoral immunity,” Seminars in Immunology
6:279 (1994); and Noelle et al., “CD40 and its ligand in
cell-mediated immunity,” Agents & Actions—Supplements
49:17 (1998)). For example, CD40L expression has been
shown to enhance T cell and APC activation and signaling, the
importance of which has been revealed by studies of
CD40L ™"~ mice (Borrow et al., “CD40L-deficient mice show
deficits in antiviral immunity and have an impaired memory
CD8+ CTL response,” Journal of Experimental Medicine
183:2129 (1996); Castigli et al., “CD40-deficient mice gen-
erated by recombination-activating gene-2-deficient blasto-
cyst complementation,” Proceedings of the National Acad-
emy of Sciences of the United States of America 91:12135
(1994); Cosyns et al., “Requirement of CD40-CD40 ligand
interaction for elimination of Cryptosporidium parvum from
mice,” Infection & Immunity 66:603 (1998); Grewal et al.,
“Impairment of antigen-specific T-cell priming in mice lack-
ing CD40 ligand,” Nature 378:617 (1995); Kawabe et al.,
“The immune responses in CD40-deficient mice: impaired
immunoglobulin class switching and germinal center forma-
tion,” Immunity 1:167 (1994); Kennedy et al., “CD40/CD40
ligand interactions are required for T cell-dependent produc-
tion of interleukin-12 by mouse macrophages,” Furopean
Journal of Immunology 26:370 (1996); Lei et al., “Disruption
of antigen-induced inflammatory responses in CD40 ligand
knockout mice,” Journal of Clinical Investigation 101:1342
(1998); Soong et al., “Disruption of CD40-CD40 ligand inter-
actions results in an enhanced susceptibility to Leishmania
amazonensis infection,” Immunity 4:263 (1996); and Stout et
al., “Impaired T cell-mediated macrophage activation in
CDA40 ligand-deficient mice,” Journal of Immunology 156:8
(1996)) and in CD40L~"~ humans (Allen et al., “CD40 ligand
gene defects responsible for X-linked hyper-IgM syndrome,”
Science 259:990 (1993)). Coincident expression of CD40L
has been shown to promote T cell mediated immunity (Ram-
shaw et al. (1997); Yang et al., “Transient subversion of CD40
ligand function diminishes immune responses to adenovirus
vectors in mouse liver and lung tissues,” Journal of Virology
70:6370 (1996); Ruby et al., “CD40 ligand has potent antivi-
ral activity,” Nature Medicine 1:437 (1995); Couderc et al.,
“Enhancement of antitumor immunity by expression of
CD70(CD27 ligand) or CD154 (CD40 ligand) costimulatory
molecules in tumor cells,” Cancer Gene Therapy 5:163
(1998); and Brown et al., “Thymic lymphoproliferative dis-
ease after successful correction of CD40 ligand deficiency by
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gene transfer in mice,” Nature Medicine 4:1253 (1998)).
Administering anti-CD40 monoclonal antibody to mice
together with pneumococcal polysaccharide generated
strong, isotype-switched antibody responses (Dullforce et al.,
“Enhancement of T cell-independent immune responses in
vivo by CD40 antibodies,” Nature Medicine 4:88 (1998)).
Immunization of BALB/c mice with DNA plasmids express-
ing -galactosidase and a protein consisting of CD40L linked
to a leucine zipper motif increased the Thl-type immune
response to [-galactosidase (Gurunathan et al. (1998)). The
importance of CD40L expression in the development of Th1
cytokine responses was also demonstrated by antibody inhi-
bition studies in which anti-CD40L antibody decreased Th1-
mediated autoimmune diabetes in NOD mice by reducing
IL-12 secretion and slightly increasing I[.-4 production
(Balasa et al., “CD40 ligand-CD40 interactions are necessary
for the initiation of insulitis and diabetes in nonobese diabetic
mice,” Journal of Immunology 159:4620 (1997)).

Several studies that utilized CD40L deficient mice reveal a
role for CD40L in both humoral and cellular immune
responses to viruses. Constitutive retroviral expression of
CDA40L restored antigen-specific cytolytic and humoral
immune responses in CD40L~"~ mice infected intranasally
with the HKx31 strain of influenza (Brown et al. (1998)).
Infection of mice with recombinant vaccinia virus that
expressed CD40L markedly enhanced viral clearance by both
an IFNy-dependent mechanism and a novel CD40L-depen-
dent mechanism (Ruby et al. (1995)). In studies that exam-
ined the anti-adenovirus response in CD40L ™"~ mice, dimin-
ished CD4* T cell priming and reduced I1L.-4, I[.-10 and IFNy
cytokine expression occurred in the absence of CD40L. (Yang
et al. (1996)). A role for CD40L in antiviral B and T cell
immune responses was also shown in CD40L~~ mice chal-
lenged with lymphocytic choriomeningitis virus (LCMV),
(Borrow et al. (1996); Oxenius et al., “CD40-CD40 ligand
interactions are critical in T-B cooperation but not for other
anti-viral CD4+ T cell functions,” Journal of Experimental
Medicine 183:2209 (1996)). CD40L™"" mice infected with
LCMYV were capable of generating primary CTL responses,
but had defective memory CTL responses. Furthermore, pri-
mary anti-LCMV IgG1 antibody responses were severely
impaired in the absence of CD40L. Although an involvement
of CD40L in immune responses has been established, it has
not been established or suggested that CD40L, or vectors
capable of expressing CD40L, are effective in enhancing an
immune response, especially a Thl cytokine immune
response, to RSV.

Li et al. (“Nucleic Acid Respiratory Syncytial Virus Vac-
cines,” U.S. Pat. No. 5,880,104 (1999) and U.S. Pat. No.
5,843,913 (1998)) describe vaccines for RSV that utilize the
RSV F protein expressed from the cytomegalovirus promoter.

Brams et al. (“Neutralizing High Affinity Human Mono-
clonal Antibodies Specific to RSV F-Protein and Methods for
their Manufacture and Therapeutic Use Thereof,” U.S. Pat.
No. 5,939,068 (1999) and U.S. Pat. No. 5,811,524 (1998))
describe methods for producing antibodies against the RSV F
protein, and describe several antibodies developed using
these methods.

Gurunathan et al., (“CD40 Ligand/Trimer DNA Enhances
Both Humoral and Cellular Inmune Response and Induces
Protective Immunity to Infectious and Tumor Challenge,” J.
Immunol. 161, 4563 (1998)), describes the use of plasmids
encoding a protein containing the CD40L coding region
fused to aleucine zipper motif, called the CD40 ligand/trimer,
to enhance Thl and cytotoxic T-lymphocyte responses.

Alderson et al.,, (“Method for Stimulating an Immune
Response,” W096/26735 (1996)), describes the use of a
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soluble, trimer-forming fragment of CD40L to enhance pro-
duction of interleukin 12 in vitro, and to treat infection with
Leishmania or Pneumocystis in CD40L-deficient mice.

The current invention provides adjuvants and methods that
utilize a source of a CD40 binding protein, such as a vector
operatively linked to CD40L, to enhance an immune
response, especially a Th1 cytokine immune response, to an
RSV vaccine.

SUMMARY OF THE INVENTION

The current invention discloses methods and adjuvants that
utilize a source of a CD40 binding protein for enhancing an
immune response to RSV.

A general embodiment of the current invention is a method
for enhancing an immune response to respiratory syncytial
virus (RSV), wherein an effective amount of an RSV vaccine
and an effective amount of a source ofa CD40 binding protein
is administered to the host. Preferably, the CD40 binding
protein is selected from the group consisting of CD40 ligand,
CDA40 ligand homologues, monoclonal antibodies that spe-
cifically bind CD40, and combinations thereof. Most prefer-
ably, the CD40 binding protein is CD40 ligand.

A preferred source of CD40 ligand, is a vector comprising
a promoter operatively linked to nucleic acids encoding the
CDA40 ligand. Preferably the vector is a plasmid or an aden-
ovirus vector.

In another embodiment of the method for enhancing an
immune response wherein the CD40 binding protein is CD40
ligand, the host is a human whose genome comprises a
mutated or a wild type CD40 ligand gene. In another embodi-
ment of the method of enhancing an immune response
wherein the CD40 binding protein is CD40 ligand, the RSV
vaccine is selected from a vaccine comprising an RSV F gene
product or a vaccine comprising a vector comprising a nucleic
acid sequence encoding the RSV F gene product. In another
embodiment of the method of enhancing an immune response
wherein the CD40 binding protein is CD40 ligand, the RSV
vaccine is selected from a vaccine comprising an RSV G gene
product or a vaccine comprising a vector comprising a nucleic
acid sequence encoding the RSV G gene.

In another embodiment of the method of enhancing an
immune response wherein the CD40 binding protein is CD40
ligand, the immune response comprises a Thl cytokine
immune response. The phrase “Thl cytokine immune
response” as used herein refers to an increase in expression of
IFNy or IFN-2 by T-cells. In another embodiment the immune
response comprises an antibody response.

In another general embodiment, the current invention com-
prises an adjuvant for enhancing an immune response of a
host to respiratory syncytial virus (RSV) vaccination com-
prising an effective amount of a source of a CD40 binding
protein. Preferably, the CD40 binding protein provided by the
source is selected from the group consisting of CD40 ligand,
CDA40 ligand homologues, monoclonal antibodies that spe-
cifically bind CD40, and combinations thereof. More prefer-
ably, the CD40 binding protein is CD40 ligand. In this more
preferred embodiment, the host is preferably a human.

In another embodiment, the source of CD40 ligand is a
vector comprising a promoter operatively linked to nucleic
acids encoding the CD40 ligand. In yet another embodiment,
the vector in the adjuvant is a plasmid or an adenovirus vector.

In one preferred embodiment, the invention is an adjuvant
for enhancing a Th1 immune response to an RSV antigen of
a host that has a wild type CD40 ligand gene, wherein the
adjuvant comprises an effective amount of an adenovirus



US 8,354,115 B2

7

vector comprising the cytomegalovirus (CMV) promoter
operatively linked to nucleic acids encoding CD40 ligand.

In another general embodiment, the invention is a method
for immunizing a host against disease caused by infection
with respiratory syncytial virus (RSV), wherein the method
comprises administering to the host, an effective amount of an
RSV vaccine and an effective amount of a vector comprising
apromoter operatively linked to nucleotide sequences encod-
ing CDA40 ligand. Preferably, the host is a human.

In still another embodiment of the general method for
immunizing the host, the RSV vaccine is selected from a
vaccine comprising an RSV F gene product or a vaccine
comprising a vector comprising a nucleic acid sequence
encoding the RSV F gene product. In another embodiment,
the RSV vaccine is selected from a vaccine comprising an
RSV G gene product or a vaccine comprising a vector com-
prising a nucleic acid sequence encoding the RSV G gene
product.

In another preferred embodiment of the general method for
immunizing the host, the vector is a plasmid. In another
preferred embodiment, the vector is an adenovirus vector.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a series of bar graphs of the kinetics of intracel-
Iular cytokine expression by CD3* T lymphocytes isolated
from the BAL after simultaneous intranasal infection with
RSV and i.p administration of saline (sham-treatment) (FIG.
1A), or Ad-VC (FIG. 1B), or Ad-CD40L (FIG. 1C). The data
for each time point is given as the mean percent of cells
positive for the respective IC cytokine plus SEM of 4-6 indi-
vidual mice.

FIG. 2. is a series of bar graphs of the kinetics of intracel-
lular cytokine expression by CD3* T lymphocytes isolated
from the spleen after simultaneous intranasal infection with
RSV and i.p administration of saline (sham-treatment) (FIG.
2A), or Ad-VC (FIG. 2B), or Ad-CD40L (FIG. 2C). The data
for each time point is given as the mean percent of cells
positive for the respective IC cytokine plus SEM of 4-6 indi-
vidual mice.

FIG. 3. is a series of bar graphs quantifying Th1l (IL-2,
IFNy) and Th2 (IL-4, IL-5) cytokine secretion in the cell-free
BAL fluid during the immune response of mice treated simul-
taneously with RSV intranasal and intraperitoneal injections
of saline (sham-treated) (FIG. 3A), or Ad-VC (FIG. 3B), or
Ad-CDA40L (FIG. 3C). The data for each time point is given as
the mean pg/ml of the cytokine plus SEM of 4-6 individual
mice.

FIG. 4. is a bar graph of nitrite levels produced in the
cell-free BAL of mice treated simultaneously with RSV and
intraperitoneal injections of saline (sham-treated), or Ad-VC,
or Ad-CDA40L. The data for each time point is given as uM of
nitrite plus SEM of 4-6 individual mice.

FIG. 5. is a graph of CTLp frequencies during the immune
response of mice simultaneously challenged with RSV intra-
nasally and given intraperitoneal injections of saline (sham-
treated), or Ad-VC or AD-CD40L. The frequencies of class
I-restricted CTLp and the ranges are shown for 9 experiments.
Significant differences are given by 95% confidence limits.

FIG. 6.1s a bar graph of RS V-specific antibody titers in sera
from DNA-immunized mice challenged one week after the
last immunization with RSV. Mice were immunized intrad-
ermally each week for 3 weeks using plasmid-coated gold
beads administered by gene gun. Mice were immunized sin-
gly or in combination with plasmid DNA vectors that
encoded F or G subunits or CD40L and subsequently chal-
lenged intranasally with 10° pfu of RSV/A2. Sera were col-
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8
lected 2 weeks post RSV challenge and examined by ELISA
for anti-RSV antibody titers. The data are expressed as ratios
of the absorbance values for RSV-infected Vero cell lysates
divided by uninfected Vero cell lysates. The results shown are
the mean absorbance ratios for serum at a serum dilution of
1:3200 from 5-6 mice.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

CD40 Binding Proteins. The current invention includes
methods and adjuvants for enhancing an immune response to
a vaccine for respiratory syncytial virus (RSV) and, that uti-
lize a source of a CD40 binding protein. The phrase “immune
response” as used herein refers to a cell-mediated (cellular
immunity) or antibody-mediated (humoral immunity)
response of the immune system of a host. As used herein, the
term “host” refers to a mammal. Methods for detecting and
measuring an immune response are known to those skilled in
the art. Some of these methods are illustrated in the examples
found herein. As used herein the phrase “CD40 binding pro-
tein” refers to a protein that selectively binds to human CD40
antigen (CD40). As used herein, the term “selectively binds
t0” CDA40, refers to the ability of proteins used in the present
invention to preferentially bind to human CD40 antigen
(CDA40). Human CD40 antigen is a peptide of 277 amino
acids having a molecular weight of 30,600 (Stamenkovic et
al.,, EMBO J. 8:1403, (1989)). Methods are known in the art
for detecting the selective binding of a protein to CD40. CD40
binding proteins include CD40L, homologues of CD40L,
mimotopes of CD40L and monoclonal antibodies that selec-
tively bind to CDA40.

As used herein, CD40L. refers to full-length CD40L found
in a mammalian species. Preferred are murine and human
CDA40L. Especially preferred are human CD40L. Human
CD40L, a membrane-bound glycoprotein, has been cloned
from peripheral blood T-cells as described in Spriggs et al., J.
Exp. Med. 176:1543 (1992). The cloning of murine CD40L. is
described in Armitage et al., Nature 357:80, 1992. A murine
CD40L cDNA is described in Dilloo et al., “CD40 Ligand
Induces an Antileukemia Immune Response In Vivo,” Blood
90:1927 (1997).

Preferably, the CD40L used in the present invention is from
the same species as the host to which it is administered to
enhance an immune response. Human CD40L cDNA is pre-
dicted to encode a polypeptide 0of 261 amino acids comprising
a 22 amino acid cytoplasmic domain, a 24 amino acid trans-
membrane domain, and a 215 amino acid extracellular
domain with five cysteines (Banchereau et al. “The CD40
Antigen and Its Ligand,” Arnnu Rev. Immunol. 12:881 (1994).
The murine CD40L cDNA is predicted to encode a polypep-
tide of 260 amino acid comprising a 22 amino acid cytoplas-
mic domain, a 24 amino acid transmembrane domain, and a
214 amino acid extracellular domain with four cysteines
(Banchereau et al. (1994)). CD40L is a type Il membrane
polypeptide having an extracellular region at its C-terminus,
a transmembrane region and an intracellular region at its
N-terminus.

As used herein, a homologue of CD40L can include any
portion (i.e. fragment) of CD40L, with or without modifica-
tions, or a modified full length CD40L, provided that the
protein shares structural similarity with CD40L in the CD40
binding region and is capable of binding to CD40 and enhanc-
ing an immune response. When the homologue is adminis-
tered to an animal as an adjuvant, using techniques known to
those skilled in the art, the animal will produce an enhanced
immune response against immunization with an RSV vac-
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cine. Examples of CD40L homologues include CD40L pro-
teins in which amino acids have been deleted (e.g., a truncated
version of the protein, such as a peptide), inserted, inverted,
substituted, and/or derivatized (e.g., by glycosylation, phos-
phorylation, acetylation, myristoylation, prenylation, palmi-
toylation, amidation and/or addition of glycerophosphatidyl
inositol). CD40L homologues include fusion proteins that
contain structural motifs not found on CD40L, connected to
full length CD40L, or connected to fragments of CD40L.

CD40L homologues can be the result of natural allelic
variation or natural mutation. CD40L homologues can also be
produced using techniques known in the art including, but not
limited to, direct modifications to the protein or modifications
to the gene encoding the protein using, for example, classic or
recombinant DNA techniques to effect random or targeted
mutagenesis.

CD40L homologues of the present invention can be fusion
proteins that include all, or part of, CD40L attached to one or
more fusion segments. Suitable fusion segments for use with
the present invention include, but are not limited to, segments
that can enhance a protein’s stability, assist in purification of
the protein (e.g., by affinity chromatography), or preferably,
that facilitate interactions between proteins with a structur-
ally similar segment (e.g. a leucine zipper motif). Fusion
segments can be joined to amino and/or carboxyl termini of
the CD40L-containing domain of the protein and can be
susceptible to cleavage in order to enable straight-forward
recovery of CD40L protein.

Fusion proteins are preferably produced by culturing a
recombinant cell transformed with a fusion nucleic acid mol-
ecule that encodes a protein including the fusion segment
attached to either the carboxyl and/or amino terminal end of
a CD40L-containing domain. Examples of fusion segments
include a metal binding domain (e.g., a poly-histidine seg-
ment); an immunoglobulin binding domain (e.g., Protein A;
Protein G; T cell; B cell; Fc receptor or complement protein
antibody-binding domains); a domain facilitating dimeriza-
tion (e.g., a leucine zipper), a sugar binding domain (e.g., a
maltose binding domain); and/or a “tag” domain (e.g., at least
a portion of f-galactosidase, a strep tag peptide, a T7 tag
peptide, a Flag™ peptide, or other domains that can be puri-
fied using compounds that bind to the domain, such as mono-
clonal antibodies). As used herein, the term “purified” in
relation to CD40 binding proteins means that the proteins are
of sufficient purity so that they may be employed, and will
function properly, in the methods of the present invention, as
well as in clinical, diagnostic, experimental or other proce-
dures. Many procedures are known by those of ordinary skill
in the art for purifying proteins.

Certain CD40L homologues are described in the prior art.
For example, a soluble form of CD40L has been described
which comprises an extracellular region of CD40L, or a frag-
ment thereof (Alderson et al., (1996)). Preparation of a
soluble CD40L/Fc fusion protein referred to as CD40L/FC2
has been reported which contains an eight amino acid hydro-
philic Flag™ sequence, an IgGl Fc domain, a linker
sequence, and the extracellular region of human CD40L (Al-
derson et al., (1996)). This CD40L homologue is capable of
forming oligomers and capable of inducing human B cell
proliferation in the absence of any co-stimuli, and, in con-
junction with the appropriate cytokine, induces the produc-
tion of IgG, IgE, IgA and IgM.

Additionally, CD40L homologues have been disclosed that
are capable of forming oligomers due to the presence of a
leucine zipper. Alderson et al., 1996, suggests a soluble
CD40L fusion protein referred to as trimeric CD40L, which
contains a 33 amino acid leucine zipper motif, the eight amino
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acid hydrophilic Flag™ sequence, followed by the extracel-
Iular region of human CD40L. Gurunathon et al., 1998
describes the preparation of a CD40L homologue comprising
murine CD40L fused to an IL-7 leader and a leucine zipper
sequence, designated CD40 ligand/trimer. These CD40L
homologues capable of forming oligomers have been
reported to be active at enhancing immunological responses.

CD40 binding proteins of the present invention also
include mimotopes of CD40L. As used herein, a mimotope of
CDA4O0L refers to any compound that is capable of binding to
CDA40. Such mimotopes generally have structures similar to a
portion of CD40L. Mimotopes can be, but are not limited to,
peptides that have been modified to decrease their suscepti-
bility to degradation such as all-D retro peptides; anti-idio-
typic and/or catalytic antibodies, or fragments thereof; non-
proteinaceous immunogenic portions of an isolated protein
(e.g., carbohydrate structures); and synthetic or natural
organic molecules, including nucleic acids. Such mimotopes
can be designed using computer-generated structures of
CDA40 binding proteins of the present invention. Mimotopes
can also be obtained by generating random samples of mol-
ecules, such as oligonucleotides, peptides or other organic
molecules, and screening such samples by affinity chroma-
tography techniques for binding to CD40L.

CD40 binding proteins of the present invention include
monoclonal antibodies that selectively bind to CD40 (CD40
mAb). CD40 mAbs have been described and shown to medi-
ate various biological activities on human B cells (Barrett et
al., “CD40 signaling activates CD11a/CD18 (LFA-1)-medi-
ated adhesion in B cells,” J. Immunol. 146:1722, 1991; Gor-
don et al., “Resting B lymphocytes can be triggered directly
through the CDw40 (Bp50) antigen. A comparison with I1.-4-
mediated signaling,” J. Immunol. 140:1425, 1988; Valle etal.,
“Activation of human B lymphocytes through CD40 and
interleukin 4,” Eur. J Immunol. 19: 1463, 1989; Clark et al.,
“Activation of human B cells mediated through two distinct
cell surface differentiation antigens, Bp35 and Bp50,” Proc.
Natl. Acad. Sci. USA 83:4494, 1986; Paulie et al., “The
human B lymphocyte and carcinoma antigen, CDw40, is a
phosphoprotein involved in growth signal transduction,” J.
Immunol. 142:590, 1989; Jabara et al., “CD40 and IgE: syn-
ergism between anti-CD40 monoclonal antibody and inter-
leukin 4 in the induction of IgE synthesis by highly purified
human B cells,” J. Exp. Med. 172:1861, 1990; Gascan et al.,
“Anti-CD40 monoclonal antibodies or CD4+ T cell clones
and IL-4 induce Ig(G4 and IgE switching in purified human B
cells via different signaling pathways,” J. Immunol 147:8,
1991; Cairns et al., “Soluble CD23 is released by B lympho-
cytes cycling in response to interleukin 4 and anti-Bp50
(CDw40),” Eur. J. Immunol. 18:349, 1988; Clark et al.,
“Association between IL-6 and CD40 signaling. I[.-6 induces
phosphorylation of CD40 receptors,” J. Immunol. 145: 1400,
1990). Additionally, CD40 mAbs are available through the
American Type Culture Collection ((HB-11339, HB-11340,
HB-12024), ATCC, Manassas, Va.). Additional CD40 mono-
clonal antibodies may be generated using conventional tech-
niques (see e.g., U.S. Pat. Nos. RE 32,011; 4,902,614; 4,543,
439; and 4,411,993; see also Antibodies: A Laboratory
Manual, Harlow and Lane (eds.), Cold Spring Harbor Labo-
ratory Press, 1988).

CDA40 binding proteins may also be constructed utilizing
recombinant DNA techniques to incorporate the variable
regions of a gene which encodes an antibody to CD40. (See
e.g., James W. Larrick et al., “Polymerase chain reaction
using mixed primers: Cloning of human monoclonal anti-
body variable region genes from single hybridoma cells,”
Biotechnology 7:934-938, September 1989; Reichmann et






