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DESCRIPTION

PRODUCTION OF PEPTIDES IN PLANTS AS VIRAL COAT PROTEIN
FUSIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No.
60/556,746 filed March 25, 2004 and is a continuation-in-part of co-pending US
Patent Application Number 10/654,200, filed September 3, 2003, U.S. Patent
Application Serial No. 10/457,082 filed June 6, 2003, entitled “FLEXIBLE VACCINE
ASSEMBLY AND VACCINE DELIVERY PLATFORM”, which is incorporated
herein by reference in its entirety, which claims the benefit of U.S. Provisional
Application No. 60/386,921 filed June 7, 2002, entitled “FLEXIBLE VACCINE
ASSEMBLY AND VACCINE DELIVERY PLATFORM?”, which is incorporated
herein by reference in its entirety, and this application claims the benefit of U.S.
Provisional Application No. 60/407,795, filed September 3, 2002, entitled
“DEVELOPMENT OF TILED PEPTIDE LIBRARY ON THE SURFACE OF A
PLANT VIRUS AND EXPRESSION OF SPECIFIC EPITOPES OF HUMAN
PAPILLOMAVIRUS AND HUMAN IMMUNODEFICIENCY VIRUS ON THE
SURFACE OF A PLANT VIRUS”, which is incorporated herein by reference in its
entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

This invention was made with United States Government Support under
cooperative agreement number 70NANB2H3048 awarded by the National Institute
of Standards and Technology.
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BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION

The present invention relates to the field of genetically engineered
peptide production in plants, particularly to the use of tobamovirus vectors to

express fusion proteins.
DESCRIPTION OF PRIOR ART

Peptides are a diverse class of molecules having a variety of
important chemical and biological properties. Some examples include; hormones,
cytokines, immunoregulators, peptide-based enzyme inhibitors, vaccine antigens,
adhesions, receptor binding domains, enzyme inhibitors and the like. The cost of
chemical synthesis limits the potential applications of synthetic peptides for many
useful purposes such as large scale therapeutic drug or vaccine synthesis. There is a
need for inexpensive and rapid synthesis of milligram and larger quantities of
naturally-occurring polypeptides. Towards this goal many animal and bacterial

viruses have been successfully used as peptide carriers.

The safe and inexpensive culture of plants provides an improved
alternative host for the cost-effective production of such peptides. During the last
decade, considerable progress has been made in expressing foreign genes in plants.
Foreign proteins are now routinely produced in many plant species for modification
of the plant or for production of proteins for use after extraction. Animal proteins
have been effectively produced in plants (reviewed in Krebbers et al., 1992).

Vectors for the genetic manipulation of plants have been derived from
several naturally occurring plant viruses, including TMV (tobacco mosaic virus).
TMV is the type member of the tobamovirus group. TMV has straight tubular
virions of approximately 300 by 18 nm with a 4 nm-diameter hollow canal,
consisting of approximately 2000 units of a single capsid protein wound helically
around a single RNA molecule. Virion particles are 95% protein and 5% RNA by
weight. The genome of TMV is composed of a single-stranded RNA of 6395

nucleotides containing five large ORFs. Expression of each gene is regulated
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independently. The virion RNA serves as the messenger RNA (mRNA) for the 5'
genes, encoding the 126 kDa replicase subunit and the overlapping 183 kDa
replicase subunit that is produced by read through of an amber stop codon
approximately 5% of the time. Expression of the internal genes is controlled by
different promoters on the minus-sense RNA that direct synthesis of 3'-coterminal
subgenomic mRNAs which are produced during replication (FIG. 1) Other
tobamoviruses have a similar construction with genomic RNA of approximately 6.5
kb. The genomic RNA is used as an mRNA and translated to produce the replicase
protein. These viruses may produce two replicase proteins, with the larger protein
being produced by translational readthrough of an amber (AUG) stop codon. Both
viruses produce two smaller coterminal subgenomic RNAs. The coat protein is
encoded by the 3’-most RNA, and the movement proteins by the larger sgRNA. The
virion RNA and sgRNAs are capped. Tobamovirus RNAs are not polyadenylated,
but contain a tRNA-like structure at the 3’ end. Potevirus genomic and sgRNAs are
polyadenylated.. A detailed description of tobamovirus gene expression and life
cycle can be found, among other places, in Dawson and Lehto, Advances in Virus

Research 38:307-342 (1991).

For production of specific proteins, transient expression of foreign genes in
plants using virus-based vectors has several advantages. Products of plant viruses
are among the highest produced proteins in plants. Often a viral gene product is the
major protein produced in plant cells during virus replication. Many viruses are able
to quickly move from an initial infection site to almost all cells of the plant. Because
of these reasons, plant viruses have been developed into efficient transient
expression vectors for foreign genes in plants. Viruses of multicellular plants are
relatively small, probably due to the size limitation in the pathways that allow
viruses to move to adjacent cells in the systemic infection of entire plants. Most
plant viruses have single-stranded RNA genomes of less than 10 kb. Genetically
altered plant viruses provide one efficient means of transfecting plants with genes

coding for peptide carrier fusions.

Human papillomaviruses (HPVs) are the etiologic agents of many benign

and malignant tumors of stratified squamous epithelium (see recent reviews by Alani

PCT/US2005/010192
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and Munger, 1998; zur Hausen, 1999; Einstein and Goldberg, 2002). In general,
these tumors arise from keratinocytes of oral, epidermal, and anogenital sites,
although some tumors (e.g. adenocarcinoma of the cervix) have a glandular
morphology and origin. Not only do 95-99% of cervical cancers originate from
papillomavirus-infected cells (zur Hausen 1999), but papillomaviruses also appear to
contribute significantly to the development of oral and epidermal cancers (Balaram
et al., 1995). Malignant conversion of cervical epithelium appears to be restricted to
a “high risk” subset of papillomaviruses, whose association with cancer correlates
with the ability of their E6 and E7 proteins to efficiently inactivate the cellular p53
and pRb tumor suppressor proteins, respectively. A single “high risk” HPV type,
HPV-16 is associated with approximately 60% of cervical carcinomas.
Papillomavirus infection has become a significant public health issue in the United
States, where at least 17.9% of women are seropositive for HPV-16 infection (Stone
et al., 2002); this figure does not include rates of infection with other “high risk”
HPYV types, and is still significantly lower than infection rates in developing
countries. There is thus a great need for development of efficacious and cost-

effective vaccines that will prevent papillomavirus infection and associated disease.

Papillomavirus are small (55 nm), non-enveloped, double-stranded DNA
viruses with an 8 kb genome enclosed by a T=7 icosahedral capsid (Fields Virology
text). Seven, or in some viruses eight early genes are involved in such processes as
viral DNA replication (E1 and E2), RNA transcription (E2), and cell transformation
(ES, E6, E7). The late genes encode the major capsid protein, L1, and the minor
capsid protein, L2. The viral capsid is comprised of 72 pentamers, or capsomeres,
of L1. Approximately 12 molecules of the L2 protein are associated with each
capsid, probably at the capsid vertices. Regions of the L2 protein located towards
the N-terminus are thought to be displayed on the surface of papillomavirus virions,
since L2 antibodies can recognize both native virions and L1:L2 pseudovirions
(Roden et al., 1994b; Liu et al., 1997, Kanawa et al., 1998a). The L2 protein
interacts with the viral DNA and is probably involved in virion assembly (Day et al.,
1998). Recombinant expression of the L1 protein in eukaryotic cells, e.g. in S9

insect cells using baculovirus expression vectors, results in the self-assembly of the
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L1 protein within the nuclear compartment into capsid-like structures termed "virus-
like particles" or VLPs. Co-expression of L2 with L1 in eukaryotic expression
systems results in incorporation of L2 into VLPs. Evidence suggests that L1:1.2
VLPs are more stable than VLPs containing L1 alone (Kirnbauer ef al., 1993).
Papillomavirus L1:L2 VLPs can encapsidate plasmid DNA as well as genomic DNA
from other papillomaviruses, and these pseudovirions have proven useful for
development of surrogate infection assays that have allowed both antibody-mediated
virus neutralization studies and investigation of the mechanism of papillomavirus
binding and entry into host cells (Roden et al., 1996; Giroglou et al., 2001; Kawana
et al., 1998b; 2001b). While L1 VLPs can efficiently bind the cell surface,
pseudovirions containing .1 alone are much less efficient at DNA transfer than
L1:1.2 particles, implying that L2 plays a critical role in virus entry (Roden et al.,
1997; Unckell et al., 1997).

Early efforts to express L1 protein-based vaccines showed that denatured
protein purified from bacteria could not induce virus neutralizing antibodies in
vaccinated animals. Conformational integrity of L1-based vaccines is critical
because host antibodies recognized native, conformational epitopes on the virion
(Ghim et al., 1991; Thompson et al., 1987). In the early to mid 1990°s several
groups demonstrated that L1 protein expressed in eukaryotic expression systems—
recombinant baculovirus-transduced insect cells and yeast—could assemble into
virus-like particles (VLPs) that retain conformational epitopes essential for induction
of neutralizing antibodies. These purified VLPs were effective vaccines and
protected rabbits, dogs and cattle from experimental infections (Suzich et al., 1995;
Breitburd et al., 1995; Kirbauer ef al., 1996). These results have been corroborated
in several studies that show that sera from animals vaccinated with HPV L1 VLPs
neutralize homologous HPV types in psuedovirus-based cell infection studies, and
more recently that sera from participants in a HPV16 L1 VLP trial are also
neutralizing (Schiller, 1999; Evans ef al., 2001; Harro et al., 2001; Pastrana et al.,
2001). Recent data show that small T=1 VLPs and L1 capsomere structures

purified from bacteria expressing L1 fusion proteins retain many of the
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conformational epitopes that are required for effective L1 prophylactic vaccination,

and this has been confirmed in the COPV model (Yuan ef al. 2001).

Hemorrhagic fever viruses (HFVs) in the viral taxonomic families
Filoviridae, Arenaviridae, Bunyaviridae and Flaviviridae threaten the health of
humans and their livestock, particularly in developing countries. With the exception
of yellow fever, there are no widely available, safe and efficacious vaccines that
might prevent infection by any of the hemorrhagic fever viruses. In the wake of the
attacks on the USA in September 2001, there is heightened awareness of the
theoretical threat that biological terrorism, or biological warfare to human health.
Given that HFVs were known to have been weaponized by the former Soviet Union,
Russia, and the United States prior to 1969, development of safe, and easy-to-
administer vaccines against high-priority HFVs would appear prudent from a
National safety perspective (Borio et al., 2002). Certain of the HF Vs, such as Rift
Valley fever virus (RVFV) and Ebola virus (EBOV), present a threat to health of US
military personnel deployed in Africa and the Middle East, as well as to travelers to

those areas (Isaacson 2001).

Ideally, a vaccine designed to protect against infection with human
immunodeficiency type 1 (HIV-1) will induce sterilizing immunity against a broad
range of virus variants. However, generation of broadly-neutralizing antibodies
(Nabs) by vaccination, let alone natural infection, has proven nearly impossible thus
far. There have been some notable advances in development of vaccine regimens
that are able to generate significant levels of protection against development of
AIDS in non-human primate models (reviewed in 1,2,3,4). These vaccines allow
animals to control viral challenge by strong priming of virus-specific CD8" T-cells
(cytotoxic T cells, CTLs). However, a CTL response alone cannot prevent infection,
and mechanisms to induce Nabs that will neutralize a wide range of isolates remains
a vital goal, especially in light of the fact that viral escape from vaccine-induced
CTL control can sometimes occur (5). The Env spikes on the surface of the HIV-1
virion are the primary target for antibody-mediated neutralization. However, the
Env proteins of HIV-1 are poorly antigenic, and generation of Nabs is difficult to

achieve, probably because functionally important domains of the proteins are
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obscured by protein folding and carboydrate chains. Nevertheless, many infected
people do mount a Nab response that is generally highly specific to the autologous
virus, and not cross-neutralizing. This is not surprising given the phenomenal
sequence and structural variation that is present in the Env proteins. However, a rare
subset of infected individuals do produce broadly neutralizing Abs, which gives

hope that induction of sterilizing immunity is possible.

The envelope proteins of T-cell line-adapted (TCLA) strains of HIV-1 elicit
Nabs that mostly target linear epitopes in the third variable cysteine loop (V3 loop)
of gp120, a region that is involved in co-receptor binding and hence vital for virus
entry. Subtype C isolates of HIV-1, which infect more people worldwide than any
other subtype, have relatively low level of sequence variation in the V3 loop (6,7).
However, neutralization of subtype C virus by V3 loop Abs is not extremely
efficient in vitro, perhaps reflecting poor immunogenicity of epitopes in this region
(7). There is concern that the V3 loop may be hidden in the native gp120 structure
and not accessible to the immune system, and therefore that generation of V3-
specific Nabs will be difficult with gp120 subunit vaccines. However, the V3 loop
is vital for viral entry, and so significant levels of V3 loop-targeted Nabs should help

prevent transmission of HIV-1.

To date, six human monoclonal antibodies (Mabs) have been described that
are capable of neutralizing a broad spectrum of HIV-1 variants in vitro. Three of
these (IgGb12; 2G12 and 2F5) were described several years ago, and lend insight
into the domains of the Env proteins that are important in viral entry, and thus for
vaccine design. Monoclonal antibody “b12” recognizes a conformational epitope in
the CD4 binding site of gp120; 2G12 recognizes a discontinuous epitope in the C2-
V4 region of gp120 that includes N-glcyosylation sites, and 2F5 maps to a linear
epitope, SEQ ID NO: 104 (ELDKWA) in the membrane-proximal ectodomain of
gp41 (9). Recently, two broadly neutralizing monoclonal antibodies 4E10 and Z13

were shown to recognize a continuous epitope with core sequence, SEQ ID NO: 16

NWEDIT, just C-terminal to the 2F5 recognition sequence (10,11). This strongly

indicates that the membrane proximal region of gp41 plays a critical role in virus

entry. Another recently described monoclonal Fab was selected for binding to

PCT/US2005/010192
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gp120-CD4-CCRS5 complexes, and also displays a broad neutralization phenotype
(12).

Passive transfer studies have shown that neutralizing Mabs are able to confer
concentration-dependent sterilizing immunity to virus challenge by intravenous, oral
and vaginal routes in Rhesus macaques. It is encouraging that the mAbs tested
display significant synergy in their neutralization activity: this will reduce the
minimum antibody concentration that is required for effective neutralization
(reviewed in 13,14). A recent publication (15) demonstrates that MAb neutralizing
activity can also be generated in vivo: in mice that expressed the gene for b12 from a
recombinant adeno-associated virus vector. These studies on neutralizing Mabs
have helped to demonstrate that one should be able to achieve significant levels of
protection against HIV-1 infection and reduced rates of transmission of virus, if a
way is found to induce robust production of Nabs in vaccinated animals and is

incorporated into a vaccine regimen that includes strong priming of a CTL response.

In the light of the disappointing performance of whole Env-based vaccines,
and the problems associated with poor immunogenicity of Env subunit vaccines,
several studies have focused on the use of immunogens based on domains of Env
proteins that are presumed targets for Abs. Data presented by Letvin et al. (8), that
showed that antibodies induced against the V3 loop could provide partial protection
against challenge with primary isolate-like SHIV-89.6 in Rhesus macaques. Efforts
at generation of neutralizing antibodies with immunogens containing the core linear
epitope recognized by the 2F5 antibody have been generally disappointing, with
only non-neutralizing antibodies being produced (16,17). However, there is one
notable exception: recently, Marusic et al. (18) showed that virus-like particles of
the flexuous plant virus potato virus X (PVX) dispaying the 2F5 ELDKWA epitope,
SEQ ID NO: 104 could induce high levels of HIV-1 specific IgG and IgA in mice

immunized with the recombinant virus-like particles (VLPs). This immunogen was
able to induce production of human HIV-1 specific neutralizing antibodies
(measured by in vitro inhibition of syncytium formation) in severe combined
immunodeficient mice reconstituted with human periferal blood lymphocytes (hu-

PBL-SCID) that had been immunized with human dendritic cells (DCs) pulsed with
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the PVX-2F5 VLPs. These authors speculate that presentation of, SEQ ID NO: 13
the ELDKWAS sequence in a highly repetitive fashion on the surface of the PVX

virion rendered the sequence highly immunogenic, and thus were able to generate

Nabs. These results clearly warrant further investigation.

Until the recent discovery of the 4E10/Z3 human Mab, 2F5 was the only
human Mab that appeared to recognize a linear epitope, and so peptides that could
mimic the neutralizing epitope of b12 and 2G12 were not available for testing as
potential immunogens. However, a linear peptide mimotope of the b12 epitope has
recently been discovered using phage peptide display technology (19). This peptide
(B2.1) appears to bind best to b12 when presented as a disulphide-linked homodimer
on the surface of the phage. This phage particle is being optimized for use as an
immunogen. Scala et al. (20) selected epitopes from libraries of peptides displayed
on the surface of filamentous phage particles with sera from HIV" patients, both
from long term infected non-progressor donors and from donors who had progressed
to AIDS illness. Five epitopes, presumed to be mimotopes of Env-specific
neutralizing epitopes, were able to induce production of antibodies that neutralized
TCLA HIV-1 strains ITIB and NLA4-3, as well as the primary isolate ADS, but this
less strongly than the TCLA strains (20). Subsequently, these authors showed that
sera from individuals infected with all group M HIV-1 subgroups were able to
recognize the phage-displayed mimotopes (21). Rhesus monkeys were immunized
with phage particles displaying the five epitopes that had shown potentially
protective immune responses in mice, and challenged with pathogenic SHIV-
89.6PD. While the immunized animals were not protected from SHIV infection,
there was evidence of significant control of the challenge virus and the monkeys
were protected from progression to AIDS. These results show similar levels of
control to vaccines designed to generate virus-specific CTLs and infer that the
antibody response was able to control viremia in the challenged animals. A recent
publication (22) described successful isolation of a number of human Nabs from
XenoMouse immunized with gp120 derived from a primary Subtype B isolate
(SF162). The authors noted potent neutralizing activity against the autologous virus

isolate, and reactivity against both R5 and X4 isolates in Subtype B. The Nabs
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mapped to novel epitopes in domains known to possess neutralizing epitopes: V2-,
V3- and CD4-binding domains of gp120, as well as in the C-terminal region of the
V1 loop.

Some non-structural HIV-1 proteins, particularly Tat and Vpr, are found in
the serum of infected individuals, and exert biological function, resulting in
immunodeficiency and disease. The Tat protein is required for HIV-1 replication
and pathogenesis. It is produced early in the viral life cycle. In the nucleus of the
infected cell, it interacts with host factors and the TAR region of the viral RNA to
enhance transcript elongation and to increase viral gene expression (Jeang et al.,
1999). Tat also is also found extracellularly, where it has distinct functions that may
indirectly promote virus replication and disease, either through receptor mediated
signal transduction or after internalization and transport to the nucleus. Tat
suppresses mitogen-, alloantigen- and antigen-induced lymphocyte proliferation in
vitro by stimulating suppressive levels of alpha interferon and by inducing apoptosis
in activated lymphocytes. In vivo, it is thought that Tat may alter immunity by
upregulating IL-10 and reducing IL-12 production, or through its ability to increase
chemokine receptor expression (Gallo et al., 2002; Tikhonov et al., 2003).

Antibody production against Tat has, in some cases, correlated with delayed
progression to AIDS in HIV-1 infected people (Gallo ef al., 2002). Recently,
Agwale et al. (2002) showed that antibodies induced in mice against a Tat protein
subunit vaccine could negate the immune suppression activities of Tat i vivo.
Subsequently, Tikhonov et al. (2003) identified linear epitopes on Tat that were
reactive with Tat-neutralizing antibodies produced in vaccinated Rhesus macaques.
From these data it is clear that antibodies that target the N-terminus, an internal basic
domain, and the cell-binding domain of Tat (containing the integrin-binding motif
“RGD”) can neutralize the extracellular version of Tat, and reduce the negative

impact of Tat on the immune system.

Parvoviruses that are associated with enteric disease in domestic cats, dogs,
mink and pigs are closely related antigenically, with different isolates diverging less
than 2% in the sequence of the viral structural proteins. Vaccination with killed or

live-attenuated parvovirus protects animals against infection by Feline
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panleukopenia virus (FPV), canine parvovirus (CPV), mink enteritis virus (MEV)
and porcine parvovirus (PPV). However, maternal antibodies neutralize the vaccine,
making it ineffective in animals that have not been weaned. Subunit vaccines might

overcome this limitation, and provide useful alternatives to conventional vaccines.
SUMMARY OF THE INVENTION

The present invention includes an immunological reagent having a plant viral
protein covalently bound to an epitope peptide having the same linear sequence as
an immunologically recognized epitope of a human papilloma virus, human

immunodeficiency virus, ebola virus, rift valley fever virus or parvovirus.

The present invention also includes an immunological reagent having a plant
viral protein covalently bound to an epitope peptide having the same linear sequence
as an immunologically recognized epitope of a human papilloma virus, human
immunodeficiency virus, ebola virus, rift valley fever virus or parvovirus, wherein
the epitope peptide contains a sequence selected from the group consisting of the
peptide sequences of Table 1, the peptide sequences of Table 6, the peptide
sequences of Table 7, the peptide sequences of Table 8, HNTPVYKLDISEATQVE
(SEQ ID NO: 101) , ATQVEQHHRRTDNDSTA (SEQ ID NO: 102) ,
GKLGLITNTIAGVAGLI (SEQ ID NO: 103) , VQPDGGQPAVRNERAT (SEQ ID
NO: 99) , MSDGAVQPDGGQPAVRNERA (SEQ ID NO: 98) ,
MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and KGTMDSGQTKREL
(SEQ ID NO: 100) .

The invention also includes a vaccine having an immunological reagent
having a plant viral protein covalently bound to an epitope peptide having the same
linear sequence as an immunologically recognized epitope of a human papilloma
virus, human immunodeficiency virus, ebola virus, rift valley fever virus or
parvovirus, wherein the epitope peptide contains a sequence selected from the group
consisting of the peptide sequences of Table 1, the peptide sequences of Table 6, the
peptide sequences of Table 7, the peptide sequences of Table 8,
HNTPVYKLDISEATQVE (SEQ ID NO: 101) , ATQVEQHHRRTDNDSTA (SEQ
ID NO: 102) , GKLGLITNTIAGVAGLI (SEQ ID NO: 103) ,

PCT/US2005/010192
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VQPDGGQPAVRNERAT (SEQ ID NO: 99) , MSDGAVQPDGGQPAVRNERA
(SEQ ID NO: 98) , MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and
KGTMDSGQTKREL (SEQ ID NO: 100) , and a pharmaceutically acceptable

carrier or excipient.

The present invention also includes a method for eliciting an immune
response in an animal by administering a vaccine having an immunological reagent
having a plant viral protein covalently bound to an epitope peptide having the same
linear sequence as an immunologically recognized epitope of a human papilloma
virus, human immunodeficiency virus, ebola virus, rift valley fever virus or
parvovirus, wherein the epitope peptide contains a sequence selected from the group
consisting of the peptide sequences of Table 1, the peptide sequences of Table 6, the
peptide sequences of Table 7, the peptide sequences of Table 8,
HNTPVYKLDISEATQVE (SEQ ID NO: 101), ATQVEQHHRRTDNDSTA (SEQ
ID NO: 102) , GKLGLITNTIAGVAGLI (SEQ ID NO: 103),
VQPDGGQPAVRNERAT (SEQ ID NO: 99) , MSDGAVQPDGGQPAVRNERA
(SEQID NO: 98) , MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and
KGTMDSGQTKREL (SEQ ID NO: 100) , and a pharmaceutically acceptable

carrier or excipient to the animal.

The present invention includes a virus-like particle having a plurality of
assembled protein subunits wherein each protein subunit is a plant viral coat protein
covalently bound to an epitope peptide having the same linear sequence as an
immunologically recognized epitope of a human papilloma virus, human

immunodeficiency virus, ebola virus, rift valley fever virus or parvovirus.

The present invention also includes a virus-like particle having a plurality of
assembled protein subunits wherein each protein subunit is a plant viral coat protein
covalently bound to an epitope peptide having the same linear sequence as an
immunologically recognized epitope of a human papilloma virus, human
immunodeficiency virus, ebola virus, rift valley fever virus or parvovirus, wherein
the sequence selected from the group consisting of the peptide sequences of Table 1,

the peptide sequences of Table 6, the peptide sequences of Table 7, the peptide
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sequences of Table 8, HNTPVYKLDISEATQVE (SEQ ID NO: 101) ,
ATQVEQHHRRTDNDSTA (SEQ ID NO: 102) , GKLGLITNTIAGVAGLI (SEQ
ID NO: 103) , VQPDGGQPAVRNERAT (SEQ ID NO: 99) ,
MSDGAVQPDGGQPAVRNERA (SEQ ID NO: 98) ,
MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and KGTMDSGQTKREL
(SEQ ID NO: 100) .

The invention includes a vaccine having a virus-like particle having a
plurality of assembled protein subunits wherein each protein subunit is a plant viral
coat protein covalently bound to an epitope peptide having the same linear sequence
as an immunologically recognized epitope of a human papilloma virus, human
immunodeficiency virus, ebola virus, rift valley fever virus or parvovirus, and a

pharmaceutically acceptable carrier or excipient.

The invention also includes a method for eliciting an immune response in an
animal including administering the vaccine having a virus-like particle having a
plurality of assembled protein subunits wherein each protein subunit is a plant viral
coat protein covalently bound to an epitope peptide having the same linear sequence
as an immunologically recognized epitope of a human papilloma virus, human
immunodeficiency virus, ebola virus, rift valley fever virus or parvovirus, and a

pharmaceutically acceptable carrier or excipient to the animal.

The invention includes a plant virus having at least one plant viral coat
protein covalently bound to an epitope peptide having the same linear sequence as
an immunologically recognized epitope of a human papilloma virus, human

immunodeficiency virus, ebola virus, rift valley fever virus or parvovirus.

The invention also includes a plant virus having at least one plant viral coat
protein covalently bound to an epitope peptide having the same linear sequence as
an immunologically recognized epitope of a human papilloma virus, human
immunodeficiency virus, ebola virus, rift valley fever virus or parvovirus, wherein
the sequence sequence is selected from the group consisting of the peptide
sequences of Table 1, the peptide sequences of Table 6, the peptide sequences of
Table 7, the peptide sequences of Table 8, HNTPVYKLDISEATQVE (SEQ ID NO:

PCT/US2005/010192
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101) , ATQVEQHHRRTDNDSTA (SEQ ID NO: 102) , GKLGLITNTIAGVAGLI
(SEQ ID NO: 103) , VQPDGGQPAVRNERAT (SEQ ID NO: 99) ,
MSDGAVQPDGGQPAVRNERA (SEQ ID NO: 98) ,
MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and KGTMDSGQTKREL
(SEQ ID NO: 100) .

The present invention also includes a vaccine having a plant virus having at
least one plant viral coat protein covalently bound to an epitope peptide having the
same linear sequence as an immunologically recognized epitope of a human
papilloma virus, human immunodeficiency virus, ebola virus, rift valley fever virus
or parvovirus, wherein the sequence sequence is selected from the group consisting
of the peptide sequences of Table 1, the peptide sequences of Table 6, the peptide
sequences of Table 7, the peptide sequences of Table 8, HNTPVYKLDISEATQVE
(SEQ ID NO: 101) , ATQVEQHHRRTDNDSTA (SEQ ID NO: 102) ,
GKLGLITNTIAGVAGLI (SEQ ID NO: 103) , VQPDGGQPAVRNERAT (SEQ ID
NO: 99) , MSDGAVQPDGGQPAVRNERA (SEQ ID NO: 98) ,
MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and KGTMDSGQTKREL
(SEQ ID NO: 100) and a pharmaceutically acceptable carrier or excipient.

The invention also includes a method for eliciting an immune
response in an animal including administering a vaccine having a plant virus having
at least one plant viral coat protein covalently bound to an epitope peptide having
the same linear sequence as an immunologically recognized epitope of a human
papilloma virus, human immunodeficiency virus, ebola virus, rift valley fever virus
or parvovirus, wherein the sequence sequence is selected from the group consisting
of the peptide sequences of Table 1, the peptide sequences of Table 6, the peptide
sequences of Table 7, the peptide sequences of Table 8, HNTPVYKLDISEATQVE
(SEQ ID NO: 101) , ATQVEQHHRRTDNDSTA (SEQ ID NO: 102) ,
GKLGLITNTIAGVAGLI (SEQ ID NO: 103) , VQPDGGQPAVRNERAT (SEQ ID
NO: 99) , MSDGAVQPDGGQPAVRNERA (SEQ ID NO: 98) ,
MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and KGTMDSGQTKREL

(SEQ ID NO: 100) and a pharmaceutically acceptable carrier or excipient to the

animal.
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The present invention also includes the composition of the sixth paragraph of
this section or the composition of the tenth paragraph of this section containing a
plurality of different epitope peptides, each on a separate plant viral coat protein

molecule.

The present invention also includes a method for preparing an antibody
against a papilloma virus, ebola virus, HIV virus, Rift Valley Fever virus or a
parvovirus including: exposing an animal to the vaccine described in the third,
seventh, or eleventh paragraph of this section, recovering cells or body fluids from

the animal, and preparing an antibody from said cells or body fluids.

The present invention includes the method of the above paragraph wherein

the antibody is neutralizing.

The present invention includes a method for detecting a papilloma virus,
ebola virus, HIV virus, Rift Valley Fever virus or a parvovirus comprising
contacting an antibody produced by the method of the 14™ paragraph of this section
with a sample suspecting of containing a virus, and detecting the presence or

absence of antibody binding to the virus.

The present invention includes a method for inducing an immune response in
an animal against a peptide epitope including: coupling the peptide epitope to a first
carrier antigen to make a first vaccine composition, coupling the peptide epitope to a
second carrier antigen, which is different from the first carrier antigen, to make a
second vaccine composition, immunizing the animal with the first vaccine
composition, at a later time, immunizing the animal with the second vaccine
composition, wherein the immune response to the peptide epitope is boosted greater

than the boosting of either carrier antigen.

The present invention also includes the method according to the previous
paragraph further including: coupling a second peptide epitope to a third carrier
antigen to make a third vaccine composition, coupling the second peptide epitope to
a fourth carrier antigen, which is different from the third carrier antigen but may be

the same as either the first carrier antigen or the second carrier antigen, to make a
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fourth vaccine composition, immunizing an individual animal with the first vaccine
composition and the third composition, at a later time, immunizing the same
individual animal with the second vaccine composition and the fourth composition,
wherein the immune responses to the first and second peptide epitope are boosted

greater than the boosting of the carrier antigens.

It is still another object of the present invention to provide polynucleotides

encoding the genomes of the subject recombinant plant viruses.

It is another further object of the present invention to provide the coat fusion

proteins encoded by the subject recombinant plant viruses.

It is yet another further object of the present invention to provide plant cells

that have been infected by the recombinant plant viruses of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. Tobamovirus gene map and expression products are diagrammed.
Figure 2. A series of flow charts showing methods used for construction of
recombinant tobamoviruses with useful peptides genetically fused to the coat protein

gene

Figure 3. An uninfected Glurk plant leaf is shown on the left and a leaf with
lesions is shown on the right, where each necrotic local lesion indicates a virus

infection event.

Figure 4: SDS PAGE and MALDI-TOF analysis. The vaccine samples
were run in triplicate, with the Mark12 protein molecular weight markers
(Invitrogen) in the fourth lane in every case. The molecular weight marker bands,
from top to bottom are 36.5 kDa; 31 kDa; 21.5 kDa and 14.4 kDa. The molecular
weight of the upper viral band, as determined by MALDI-TOF is indicated in the
figure.
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Figure 5: Western blot analysis of TMV:papillomavirus vaccines. Samples
were loaded as indicated in the coomassie blue stained gel (lower right) and probed

with rabbit antisera indicated above the blots.

Figure 6: Scatter plot indicating ELISA (IgG) response of all immunized
animals to the cognate peptide antigen. Sera analyzed here were from bleed 3, post

vaccine 4.

Figure 7: Bar graph showing responses to peptide antigens, pooled data with
error bars indicating 95% confidence interval. Sera analyzed were from bleed 3,

post vaccine 4.

Figure 8: Analysis of serum cross-reactivity between papillomavirus peptide

antigens.

Figure 9: Comparison of IgG antibody response t0 vaccination with
CRPV2.1 vaccines, BEI treated and non-treated (left) and to the HPV6/11 vaccine

(right). Each bar represents the specific IgG level of an individual mouse.

Figure 10: shows the results of IgG subtype measurement in sera of animals
vaccinated with the five different papillomavirus L2 vaccines. The immune
response appears balanced; but, the concentration of 1gG1 subtype appears to be at
least 3-fold greater than that of IgG2, pethaps indicating a dominant Th2 response.

Figure 11: ELISA measurement of relative amounts peptide specific IgG
after vaccine 3 (left) and 4 (right)

Figure 12: IgG subtype measurements in sera of Guinea Pigs vaccinated

with TMV:papillomavirus vaccines.

Figure 13: Cross-reactivity of sera of guinea pigs immunized with CRPV- or
HPV 6/11 TMV peptide fusions, against HPV 16 L2 peptide capture antigen
(LVEETSFIDAGAP) (SEQ ID NO: 6). Each bar indicates the antibody response
induced in an individual animal. The dashed line indicates the probable level of

non-specific cross-reactive antibodies that were induced on vaccination with TMV
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virions carrying the very distantly related cottontail rabbit papillomavirus peptide
2.1. Figure 14, below, illustrates the amino acid identity between these three
peptides.

Figure 14: Shared amino acid identity between the HPV-11 L2 peptide (SEQ
ID NO: 5) present on recombinant TMV virion LSB2282; the CRPV 2.1 peptide
(SEQ ID NO: 1) present on recombinant TMV virion LSB2283, and the HPV-16 1.2
peptide (SEQ ID NO: 6) LVEETSFIDAGAP that was conjugated to bovine serum
albumin and used as the capture antigen in the ELISA.

Figure 15: Solubility of example coat fusion proteins carrying Ebola
epitopes. Photograph of SDS-PAGE gel of crude proteins extracts from plants
inoculated with infectious transcripts carrying the Ebola epitope-coat protein

fusions.

Figure 16 is a chart showing various papillomavirus L2 peptides

incorporated into rTMV vaccines.

Figure 17 includes a bar graph, similar to Figure 7, showing the results of a

pilot immunogenicity stuty in guinea pigs.

Figure 18 includes a bar graph, similar to Figures 7 and 17, showing the

results of a pilot immunogenicity stuty in BALB/c mice.

Figure 19 includes the results of vaccine studies performed on New Zealand

white rabbits.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

An “immunologically recognized epitope peptide” generally has at least 8
amino acids unique to an antigen, or closely related antigens, and is a binding site
for a specific antibody or T-cell receptor. The antibody and/or cytotoxic T-
lymphocyte containing the T-cell receptor are induced upon immunization or

infection with an antigen containing this epitope peptide.
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An “epitope peptide” or a “peptide epitope” includes the specific sequences
described below chemically bonded to the N-terminal, the C-terminal or an internal
region of an antigen. The epitope peptide may be longer than the specific sequences
described below with boardering sequence(s) having the same sequence as the viral
pathogen’s antigens. The epitope may contain slight amino acid substitutions
(preferably conservative substitutions) slight deletions in the sequences recited
provided that the epitope peptide contains a sufficient amount of the sequence to
bind to a specific antibody and/or to elicit a specific antibody capable of binding
specifically to the natural antigen. Examples of a shorter epitope peptide include the
1 N-terminal amino acid in the HPV-16 L1 protein epitope and Ebola virus epitope

GP-1 amino acid number 405.

The term "protein” is intended to also encompass derivitized molecules such

as glycoproteins and lipoproteins as well as lower molecular weight polypeptides.

The terms “binding component”, “ligand” or “receptor” may be any of a
large number of different molecules, and the terms are sometimes usable
interchangeably. In the context of the present invention the receptor is usually an
antibody and the ligand is usually the pathogenic virus such as a papilloma virus,

ebola virus, HIV virus, Rift Valley Fever virus or a parvovirus.

The term “bind” includes any physical attachment or close association,
which may be permanent or temporary. Generally, an interaction of hydrogen
bonding, hydrophobic forces, van der Waals forces etc. facilitates physical
attachment between the ligand molecule of interest and the receptor. The “binding”
interaction may be brief as in the situation where binding causes a chemical reaction
to occur. Reactions resulting from contact between the binding component and the
analyte are within the definition of binding for the purposes of the present invention.
Binding is preferably specific. Specific binding indicates substantially no strong
binding to other antigens. A comparison of the binding of different papilloma
viruses as shown below emphasizes the nature of the specific binding. The binding

may be reversible, particularly under different conditions,
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The term “bound to” refers to a tight coupling of the two components
mentioned. The nature of the binding may be chemical coupling through a linker
moiety, as a fusion protein produced by expression of a single ORF, physical
binding or packaging such as in a macromolecular complex. Likewise, all of the

components of a cell are “bound to” the cell.

"Labels" include a large number of directly or indirectly detectable
substances bound to another compound and are known per se in the Immunoassay
and hybridization assay fields. Examples include radioactive, fluorescent, enzyme,
chemiluminescent, hapten, a solid phase, spin labels, particles, etc. Labels include
indirect labels, which are detectable in the presence of another added reagent, such
as a receptor bound to a biotin label and added avidin or streptavidin, labeled or

subsequently labeled with labeled biotin simultaneously or later.

An “antibody” is a typical receptor and includes fragments of antibodies, e,g,
Fab, Fab2, recombinant, reassortant, single chain, phage display and other antibody

variations. The receptor may be directly or indirectly labeled.

In situations where a chemical label is not used in an assay, alternative
methods may be used such as agglutination or precipitation of the ligand/receptor
complex, detecting molecular weight changes between complexed and uncomplexed
ligands and receptors, optical changes to a surface and other changes in properties

between bound and unbound ligands or receptors.

The term "biological sample” includes tissues, fluids, solids (preferably
suspendable), extracts and fractions that contain proteins. These protein samples are
from cellular or fluids originating from an organism. In the present invention, the

host is generally a mammal, most preferably a human.

The present invention provides recombinant plant viruses that express fusion
proteins that are formed by fusions between a plan viral coat protein and protein of
interest. By infecting plant cells with the recombinant plant viruses of the invention,
relatively large quantities of the protein of interest may be produced in the form of a

fusion protein. The fusion protein encoded by the recombinant plant virus may have
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any of a variety of forms. The protein of interest may be fused to the amino terminus
of the viral coat protein or the protein of interest may be fused to the carboxyl
terminus of the viral coat protein. In other embodiments of the invention, the protein
of interest may be fused internally to a coat protein. The viral coat fusion protein
may have one or more properties of the protein of interest. The recombinant coat
fusion protein may be used as an antigen for antibody development or to induce a

protective immune response.

The subject invention provides novel recombinant plant viruses that code for
the expression of fusion proteins that consist of a fusion between a plant viral coat
protein and a protein of interest. The recombinant plant viruses of the invention
provide for systemic expression of the fusion protein, by systemically infecting cells
in a plant. Thus by employing the recombinant plant viruses of the invention, large
quantities of a protein of interest may be produced.

The fusion proteins of the invention comprise two portions: (1) a plant viral
coat protein and (ii) a protein of interest. The plant viral coat protein portion may be
derived from the same plant viral coat protein that serves a coat protein for the virus
from which the genome of the expression vector is primarily derived, i.e., the coat
protein is native with respect to the recombinant viral genome. Alternatively, the
coat protein portion of the fusion protein may be heterologous, i.e., non-native, with
respect to the recombinant viral genome. In a preferred embodiment of the
invention, the 17.5 KDa coat protein of tobacco mosaic virus is used in conjunction
with a tobacco mosaic virus derived vector. The protein of interest portion of the
fusion protein for expression may consist of a peptide of virtually any amino acid
sequence, provided that the protein of interest does not significantly interfere with
(1) the ability to bind to a receptor molecule, including antibodies and T cell
receptors (2) the ability to bind to the active site of an enzyme (3) the ability to
induce an immune response, (4) hormonal activity, (5) immunore gulatory activity,
and (6) metal chelating activity. The protein of interest portion of the subject fusion
proteins may also possess additional chemical or biological properties that have not
been enumerated. Protein of interest portions of the subject fusion proteins having

the desired properties may be obtained by employing all or part of the amino acid
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residue sequence of a protein known to have the desired properties. For example, the
amino acid sequence of hepatitis B surface antigen may be used as a protein of
interest portion of a fusion protein invention so as to produce a fusion protein that
has antigenic properties similar to hepatitis B surface antigen. Detailed structural
and functional information about many proteins of interest are well known; this
information may be used by the person of ordinary skill in the art so as to provide
for coat fusion proteins having the desired properties of the protein of interest. The
protein of interest portion of the subject fusion proteins may vary in size from one
amino acid residue to over several hundred amino acid residues, preferably the
sequence of interest portion of the subject fusion protein is less than 100 amino acid
residues in size, more preferably, the sequence of interest portion is less than 50
amino acid residues in length. It will be appreciated by those of ordinary skill in the
art that, in some embodiments of the invention, the protein of interest portion may
need to be longer than 100 amino acid residues in order to maintain the desired
properties. Likewise, it will be appreciated that a smaller sequence containing only
the particular epitope or even a fraction of it may be used. Preferably, the size of the
protein of interest portion of the fusion proteins of the invention is minimized (but
retains the desired biological/chemical properties), when possible.

While the protein of interest portion of fusion proteins of the invention may
be derived from any of the variety of proteins, proteins for use as antigens are
particularly preferred. For example, the fusion protein, or a portion thereof, may be
injected into a mammal, along with suitable adjutants, so as to produce an immune
response directed against the protein of interest portion of the fusion protein. The
immune response against the protein of interest portion of the fusion protein has
numerous uses, such uses include, protection against infection, and the generation of
antibodies useful in immunoassays.

The location (or locations) in the fusion protein of the invention where the
viral coat protein portion is joined to the protein of interest is referred to herein as
the fusion joint. A given fusion protein may have one or two fusion joints. The
fusion joint may be located at the carboxyl terminus of the coat protein portion of
the fusion protein (joined at the amino terminus of the protein of interest portion).

The fusion joint may be located at the amino terminus of the coat protein portion of
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the fusion protein (joined to the carboxyl terminus of the protein of interest). In other
embodiments of the invention, the fusion protein may have two fusion joints. In
those fusion proteins having two fusion joints, the protein of interest is located
internal with respect to the carboxy! and amino terminal amino acid residues of the
coat protein portion of the fusion protein, i.e., an internal fusion protein. Internal
fusion proteins may comprise an entire plant virus coat protein amino acid residue
sequence (or a portion thereof) that is "interrupted" by a protein of interest, i.e., the
amino terminal segment of the coat protein portion is joined at a fusion joint to the
amino terminal amino acid residue of the protein of interest and the carboxyl
terminal segment of the coat protein is joined at a fusion joint to the amino terminal
acid residue of the protein of interest.

When the coat fusion protein for expression is an internal fusion protein, the
fusion joints may be located at a variety of sites within a coat protein. Suitable sites
for the fusion joints may be determined either through routine systematic variation
of the fusion joint locations so as to obtain an internal fusion protein with the desired
properties. Suitable sites for the fusion jointly may also be determined by analysis of
the three dimensional structure of the coat protein so as to determine sites for
"insertion" of the protein of interest that do not significantly interfere with the
structural and biological functions of the coat protein portion of the fusion protein.,
Detailed three dimensional structures of plant viral coat proteins and their
orientation in the virus have been determined and are publicly available to a person
6f ordinary skill in the art. For example, a resolution model of the coat protein of
Cucumber Green Mottle Mosaic Virus (a coat protein bearing strong structural
similarities to other tobamovirus coat proteins) and the virus can be found in Wang
and Stubbs J. Mol. Biol. 239:371-384 (1994). Detailed structural information on the
virus and coat protein of Tobacco Mosaic Virus can be found, among other places in
Nambea et al, J. Mol. Biol. 208:307-325 (1989) and Pattanayek and Stubbs J. Mol.
Biol. 228:516-528 (1992).

Knowledge of the three dimensional structure of a plant virus particle and the
assembly process of the virus particle permits the person of ordinary skill in the art
to design various coat protein fusions of the invention, including insertions, and

partial substitutions. For example, if the protein of interest is of a hydrophilic nature,
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it may be appropriate to fuse the peptide to the TMVCP (Tobacco mosaic
tobamovirus coat protein) region known to be oriented as a surface loop region.
Likewise, alpha helical segments that maintain subunit contacts might be substituted
for appropriate regions of the TMVCP helices or nucleic acid binding domains
expressed in the region of the TMVCP oriented towards the genome.
Polynucleotide sequences encoding the subject fusion proteins may comprise
a "leaky" stop codon at a fusion joint. The stop codon may be present as the codon
immediately adjacent to the fusion joint, or may be located close (e.g., within 9
bases) to the fusion joint. A leaky stop codon may be included in polynucleotides
encoding the subject coat fusion proteins so as to maintain a desired ratio of fusion
protein to wild type coat protein. A "leaky" stop codon does not always result in
translational termination and is periodically translated. The frequency of initiation or
termination at a given start/stop codon is context dependent. The ribosome scans
from the 5'-end of a messenger RNA for the first ATG codon. Ifit is in a non-
optimal sequence context, the ribosome will pass, some fraction of the time, to the
next available start codon and initiate translation downstreaﬁ of the first. Similarly,

the first termination codon encountered during translation will not function 100% of

* the time if it is in a particular sequence context. Consequently, many naturally

occurring proteins are known to exist as a population having heterogeneous N and/or
C terminal extensions. Thus by including a leaky stop codon at a fusion joint coding
region in a recombinant viral vector encoding a coat fusion protein, the vector may
be used to produce both a fusion protein and a second smaller protein, e.g., the viral
coat protein. A leaky stop codon may be used at, or proximal to, the fusion joints of
fusion proteins in which the protein of interest portion is joined to the carboxyl
terminus of the coat protein region, whereby a single recombinant viral vector may
produce both coat fusion proteins and coat proteins. Additionally, a leaky start
codon may be used at or proximal to the fusion joints of fusion proteins in which the
protein of interest portion is joined to the amino terminus of the coat protein region,
whereby a similar result is achieved. In the case of TMVCP, extensions at the N and
C terminus are at the surface of viral particles and can be expected to project away
from the helical axis. An example of a leaky stop sequence occurs at the junction of
the 126/183 kDa reading frames of TMV and was described over 15 years ago
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(Pelham, H. R. B., 1978). Skuzeski et al. (1991) defined necessary 3' context
requirements of this region to confer leakiness of termination on a heterologous

protein marker gene (beta-glucuronidase) as CAR-YYA (SEQ ID NO: 105)

(C=cytidine, A=adenine, Y=pyrimidine).

In another embodiment of the invention, the fusion joints on the subject coat
fusion proteins are designed so as to comprise an amino acid sequence that is a
substrate for protease. By providing a coat fusion protein having such a fusion joint,
the protein of interest may be conveniently derived from the coat protein fusion by
using a suitable proteolytic enzyme. The proteolytic enzyme may contact the fusion
protein either in vitro or in vivo.

The expression of the subject coat fusion proteins may be driven by any of a
variety of promoters functional in the genome of the recombinant plant viral vector.
In a preferred embodiment of the invention, the subject fusion proteins are expressed
from plant viral subgenomic promoters using vectors as described in U.S. Pat. No.
5,316,931.

Recombinant DNA technologies have allowed the life cycle of numerous
plant RNA viruses to be extended artificially through a DNA phase that facilitates
manipulation of the viral genome. These techniques may be applied by the person
ordinary skill in the art in order make and use recombinant plant viruses of the
invention. The entire cDNA of the TMV genome was cloned and functionally joined
to a bacterial promoter in an E. coli plasmid (Dawson et al., 1986). Infectious
recombinant plant viral RNA transcripts may also be produced using other well
known techniques, for example, with the commercially available RNA polymerases
from T7, T3 or SP6. Precise replicas of the virion RNA can be produced in vitro
with RNA polymerase and dinucleotide cap, m7GpppG. This not only allows
manipulation of the viral genome for reverse genetics, but it also allows
manipulation of the virus into a vector to express foreign genes. A method of
producing plant RNA virus vectors based on manipulating RNA fragments with
RNA ligase has proved to be impractical and is not widely used (Pelcher, L. E.,
1982). Detailed information on how to make and use recombinant RNA plant
viruses can be found, among other places in U.S. Pat. No. 5,316,931 (Donson et al.),

which is herein incorporated by reference. The invention provides for polynucleotide
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encoding recombinant RNA plant vectors for the expression of the subject fusion
proteins. The invention also provides for polynucleotides comprising a portion or
portions of the subject vectors. The vectors described in U.S. Pat. No. 5,316,931 are

particularly preferred for expressing the fusion proteins of the invention.

Figure 2 demonstrates one way used in the present invention for constructing
the recombinant tobamoviruses used in the present invention. An infectious clone
of TMV strain U1 called pBSG801 was used as the basic vector for construction of
peptide fusion constructs, as well as for building other peptide fusion-acceptor
vectors. In some cases, an Neol restriction site was required for peptide insertions.
A version of pBSG801 was created where the Neol site in the movement protein
gene was mutated, without altering the amino acid sequence of the movement
protein. In this construct (pBSG801ANco), Neol is available as a cloning site. A.
shows a method that was used for construction of peptide fusion constructs using a
PCR-ligation method. PCR primers F (SEQ ID NO: 106)
(GGAGTTTGTGTCGGTGTGTATTG)and R (SEQ ID NO: 106)
(GGAGTTTGTGTCGGTGTGTATTG) amplify a fragment of the pBSG801 or

plasmid that spans the 3’ end of the viral genome to a point upstream of the native

Ncol site within the movement protein open reading frame. Peptides may be fused
to internal positions in the coat protein open reading frame by addition of synthetic
DNA encoding the a fragment of the peptide of interest to internal primers F* and
R’. Primers F and R’ and R and F’ are then used to amplify PCR products A and B.
Ligation of A and B reconstitutes the peptide of interest in the same reading frame as
the éoat protein. The ligated product is digested with Neol and Kpnl The
engineered coat protein-peptide fusion is then translated i vivo when in vitro-
generated infectious RNA is used to infect Nicotiana plants. B. Shows part of the
plasmid pLSB2268 which was generated from pBSG801ANco: an Neol site
(CCATGG) was inserted at the start of the coat protein open reading frame to
facilitate cloning of N-terminal peptide fusions by PCR. Synthetic DNA encoding
peptides of interest was inserted in frame with the ATG in the Neol site into a primer
homologous with the 5°1 end of the coat protein gene. The specific PCR primer was
used in PCR reactions with primer R (SEQ ID NO: 106)

PCT/US2005/010192
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(GGAGTTTGTGTCGGTGTGTATTG) and resulting PCR product was digested
with Ncol and Kpnl and cloned into pL.SB2268. An alternative strategy for insertion
of synthetic DNA encoding peptides of interest in different positions of tobamovirus
coat proteins is shown in C. Three different vectors were created; all were derived
from pBSG801ANco. These acceptor vectors, pLSB2268; pLSB2269 and
pLSB2109 contain restriction sites suitable for accepting double stranded
oligonucleotides with sticky ends compatible with Ncol (5°) and NgoMIV (3°).
Complementary single stranded oligonucleotides are synthesized that encode the
peptide of interest, such that the sense (top) strand has the sequence 5°-
CATG(NNN),G-3’ and the antisense (bottom) strand has the sequence 5°-
CCGGC(NNN),~-3" where (NNN), denotes a sequence of DNA that encodes amino
acids in the peptide of interest. The complementary oligonucleotides are annealed i
vitro and the resulting dsDNA oligonucleotide with overhanging CATG and CCGG
ends is ligated with acceptor vector that has been digested with Neol and NgoMIV to

create various coat protein fusion constructs.

In addition to providing the described viral coat fusion proteins, the
invention also provides for virus particles that comprise the subject fusion proteins.
The coat of the virus particles of the invention may consist entirely of coat fusion
protein. In another embodiment of the virus particles of the invention, the virus
particle coat may consist of a mixture of coat fusion proteins and non-fusion coat
protein, wherein the ratio of the two proteins may be varied. As tobamovirus coat
proteins may self-assemble into virus particles, the virus particles of the invention
may be assembled either in vivo or in vitro. The virus particles may also be
conveniently dissassembled using well known techniques so as to simplify the
purification of the subject fusion proteins, or portions thereof,

The invention also provides for recombinant plant cells comprising the
subject coat fusion proteins and/or virus particles comprising the subject coat fusion
proteins. These plant cells may be produced either by infecting plant cells (either in
culture or in whole plants) with infectious virus particles of the invention or with
polynucleotides encoding the genomes of the infectious virus particle of the

invention. The recombinant plant cells of the invention have many uses. Such uses
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include serving as a source for the fusion coat proteins of the invention.

The protein of interest portion of the subject fusion proteins may comprise
many different amino acid residue sequences, and accordingly may have different
possible biological/chemical properties however, in a preferred embodiment of the
invention the protein of interest portion of the fusion protein is useful as a vaccine
antigen. The surface of TMV particles and other tobamoviruses contain continuous
epitopes of high antigenicity and segmental mobility thereby making TMV particles
especially useful in producing a desired immune response. These properties make
the virus particles of the invention especially useful as carriers in the presentation of
foreign epitopes to mammalian immune systems.

While the recombinant RNA viruses of the invention may be used to produce
numerous coat fusion proteins for use as vaccine antigens or vaccine antigen
precursors, it is of particular interest to provide vaccines against viral pathogens of
humans, and domestic animals. It is of particular interest to provide vaccines
against human papillomavirus (HPV) types that are implicated in the etiology of
cervical cancer, and other neoplasias, including but not limited to HPV-16, HPV-18,
HPV-31, HPV-33, HPV-35 and HPV-52. While not implicated in cervical cancer a
vaccine against HPV-6 and HPV-11 is also desirable as such viruses cause much
disease. It is also of particular interest to provide vaccines against hemorrhagic
fever-causing viruses such as Rift Valley fever virus (RVFV) and Ebola viruse
(EBOV), as these pathogens present significant threat to the US population if
weaponized by terrorists. In addition, it is of interest to provide vaccines against
human immunodeficiency virus type 1 (HIV-1), and against parvoviruses that are
significant pathogens of human companion animals (particularly cats and dogs), and

livestock (especially pigs).

When the fusion proteins of the invention, portions thereof, or viral particles
comprising the fusion proteins are used in vivo, the proteins are typically
administered in a composition comprising a pharmaceutical carrier. A
pharmaceutical carrier can be any compatible, non-toxic substance suitable for
delivery of the desired compounds to the body. Sterile water, alcohol, fats, waxes

and inert solids may be included in the carrier. Pharmaceutically accepted adjuvants
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(buffering agents, dispersing agent) may also be incorporated into the
pharmaceutical composition. Additionally, when the subject fusion proteins, or
portion thereof, are to be used for the generation of an immune response, protective
or otherwise, formulation for administration may comprise one or immunological
adjuvants in order to stimulate a desired immune response.

When the fusion proteins of the invention, or portions thereof, are used in
vivo, they may be administered to a subject, human or animal, in a variety of ways.
The pharmaceutical compositions may be administered orally or parenterally, i.e.,
subcutaneously, intramuscularly or intravenously. Thus, this invention provides
compositions for parenteral administration which comprise a solution of the fusion
protein (or derivative thereof) or a cocktail thereof dissolved in an acceptable carrier,
preferably an aqueous carrier. A variety of aqueous carriers can be used, e.g., water,
buffered water, 0.4% saline, 0.3% glycerine and the like. These solutions are sterile
and generally free of particulate matter. These compositions may be sterilized by
conventional, well known sterilization techniques. The compositions may contain
pharmaceutically acceptable auxiliary substances as required to approximate
physiological conditions such as pH adjusting and buffering agents, toxicity
adjusting agents and the like, for example sodium acetate, sodium chloride,
potassium chloride, calcium chloride, sodium lactate, etc. The concentration of
fusion protein (or portion thereof) in these formulations can vary widely depending
on the specific amino acid sequence of the subject proteins and the desired
biological activity, e.g., from less than about 0.5%, usually at or at least about 1% to
as much as 15 or 20% by weight and will be selected primarily based on fluid
volumes, viscosities, etc., in accordance with the particular mode of administration
selected.

Actual methods for preparing parenterally administrable compositions and
adjustments necessary for administration to subjects will be known or apparent to
those skilled in the art and are described in more detail in, for example, Remington's
Pharmaceutical Science, current edition, Mack Publishing Company, Easton, Pa.,
which is incorporated herein by reference.

The invention having been described above, may be better understood by

reference to the following examples. The examples are offered by way of illustration
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and are not intended to be interpreted as limitations on the scope of the invention.

The vaccine compositions of the present invention are used for inducing an
immune response to prevent infection by one or more of the pathogenic viruses.
When the infection is of a long duration such as with HPV and HIV, the vaccines
may be provided to help in clearing the infection or to suppress the infection.
Generally, vaccines are given by injection or contact with mucosal, buccal, lung, eye
or similar tissues. Transdermal and oral administration may be used when

sufficiently adsorbed and stable, particularly when tolerization is desired.

One or more of the vaccines may be used cross-immunize the individual
recipient against related strains or viruses. Likewise, a single vaccine designed
against one pathogen may be used against other related ones. For example, a single
parvovirus vaccine composition may be used to induce an immune response against
feline, canine and porcine parvoviruses in cats, dogs and pigs respectively due to a
very similar viral antigen common to each virus. The peptide epitope containing
compositions may also be used as positive controls for diagnostic, epidemiological

and other screening purposes.

The same compositions as used for vaccines may be used to immunize an
animal for the production of antibodies, antibody-secreting cells (e.g. for
monoclonal antibody production), T-cell receptors and corresponding T-cells. These
materials may be used for diagnostic purposes, given by injection to provide passive

immunity prophalactically or to treat an active infection.

A number of different binding assay formats may be used to detect the
pathogenic viruses or antibodies to the viruses as a measure of past infection. Both
competitive and non-competitive assays may be used with direct or indirect labels to
one or more binding partners. These binding assays, particularly immunoassays are

well known in the art.
EXAMPLE 1: Papillomavirus Vaccines

Antigens are most effectively delivered to the immune system in a repetitive

configuration, like that presented by virus-like particles. For B cell responses, a
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crucial factor for immunogenicity is repetitiveness and order of antigenic
determinants. Many viruses display a quasicrystalline surface with a regular array
of epitopes which efficiently crosslink antigen-specific immunoglobulins on the
surface of B cells, leading to B cell proliferation and production of secreted
antibodies (Bachmann et al., 1993; Fehr et al., 1998). Triggered B cells can activate
helper T cells, leading to long-lived B cell memory—essential for any vaccine. In
part due to these observations, and because only very low levels of L2-specific
antibodies are detected in vaccinated or infected animals, only L1 VLP vaccines
have been pursued in clinical trials of prophylactic vaccines. However, because
VLP and capsomeric L1 vaccines induce mainly type-specific neutralizing
antibodies, a comprehensive solution to HPV prophylactic vaccination probably

requires vaccination with L1 from multiple types.

The dominant virus neutralizing immune response against HPV-16 particles
is directed against a conformational epitope, described by the monoclonal antibody
named V5 (Christensen et al.,1996). There are, in addition, two linear epitopes in
HPV-16 L1 that may induce antibodies capable of neutralization of other
papillomavirus types; these two epitopes (QPLGVGISGHPLLNKLDDTE (SEQID
NO: 9) and ENVPDDLYIKGSGS (SEQ ID NO: 8) ) bind monoclonal antibodies

123 and J4, respectively. Unfortunately, the immune response that is generated to

L1-derived VLP vaccines is a dominant type-specific neutralizing response. If there
were ways to enhance the recognition of the sub-dominant epitopes that might
induce antibodies with a broader specificity against other papillomavirus types, this
method could be incorporated into a vaccine regimen to generate a protective
immune response against multiple high risk papillomavirus types. The cross-
neutralizing epitopes I-23 and J-4 were displayed on the surface of TMV particles as

shown in

Table 1. Other peptide fusion vaccines are also shown in Table 1.
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Table 1: TMV — Papillomavirus Peptide Fusion Vaccines

Construct Virus Name Origin of Peptide Peptide Sequence

Name

LSB2283 (GPAT) | TMV:CRPV2.1 Cottontail rabbit VGPLDIVPEVADPGGPTL

papillomavirus L2 protein (SEQ ID NO: 1)

LSB2288 TMV:CRPV2. | Cottontail rabbit PGGPTLVSLHELPAETP

(GPAT) 2 papillomavirus 1.2 protein (SEQ ID NO: 2)

LSB2285 TMV:ROPV2. | Rabbit oral papillomavirus L2 | VGPLEVIPEAVDPAGSSI

(GPAT) 1 protein (SEQ ID NO: 3)

LSB2280 TMV:ROPV2. | Rabbit oral papillomavirus L2 | PAGSSIVPLEEYPAEIP

(GPAT) 2 protein (SEQ ID NO: 4)

LSB2282 TMV:HPV-11 | Human papillomavirus type | LIEESAIINAGAP

(GPAT) L2 11 L2 protein (SEQ ID NO: 5)

LSB2406 (N-

ter)

LSB2278 TMV:HPV-16 | Human papillomavirus type | LVEETSFIDAGAP

(GPAT) L2 16 L2 protein (SEQ ID NO: 6)

LSB2291 (N-

ter)

LSB2281 TMV:HPV-18 | Human papillomavirus type LIEDSSVVTSGAP

(GPAT) L2 18 L2 protein (SEQ ID NO: 7)

LSB2297 (N-

ter)

LSB2284 TMV:HPV- Human papillomavirus type | GENVPDDLYIKGSGS

(GPAT) 16J4 16 L1 protein (SEQIDNO: 8)

LSB2404 (N-

ter)

LSB2279 TMV:HPV- Human papillomavirus type | QPLGVGISGHPLLNKLDD']

(GPAT) 16123 16 L1 protein (SEQ ID NO: 9)
TMV wild type | N/A N/A
TMV:HPV16L | Human papillomavirus type | SAKRTKRASATQLYKTCK
2.1 16 L2 protein AG
TMV:HPV16L QAGTCPPDIIPKVEGKTIAI
2.2 Human papillomavirus type | Q

16 L2 protein (SEQ ID NO: 106)

TMV:HPV16L | Human papillomavirus type | GTGGRTGYIPLGTRPPTA:
2.3 16 1.2 protein DT (SEQ ID NO: 107)
TMV:HPV16L | Human papillomavirus type | LTVDPVGPSDPSIVSLVEE
2.4 16 L2 protein S (SEQ ID NO: 108)
TMV:HPV16L | Human papillomavirus type | SIVSLVEETSFIDAGAPTS\
2.5 16 L2 protein P (SEQ ID NO: 109)
TMV:HPVI16L | Human papillomavirus type | IDAGAPTSVPSIPPDVSG
2.6 16 L2 protein (SEQ ID NO: 110)
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Antibodies against the N-terminus of L2 can be neutralizing in
pseudoinfection studies, but paradoxically the neutralizing antibodies do not inhibit
virion binding to the cell surface (Gaukroger et al., 1996; Roden et al., 1994). Itis
possible that domains of L2 that bind neutralizing antibodies are not accessible in
native virions or pseudovirions, but are exposed at some point during viral entry into
cells. Recently Kawana ef al. (2001b) showed that amino acids 108-126 of HPV16
L2 (a neutralizing domain) could bind a proteinaceous receptor, present at higher
level on the surface of epithelial cells than non-epithelial cells. These data suggest
that L2 binds a co-receptor on the cell surface and that at least a subset of virus
neutralizing antibodies can block L2-mediated virus entry. Papillomavirus virions
and pseudovirions bind a wide variety of cell types and the N-termini of L2 proteins
of mucosotropic papillomaviruses show high homology. In the light of these facts it
is tempting to speculate that the binding specificity between L2 and a papillomavirus

cell surface coreceptor could be a determinant of papillomavirus tissue tropism.

The data of Kawana and colleagues show that immunization of mice
(Kawana et al., 1999; 2001) and humans (Kawana ef al., 2003) with the 13 amino
acid HPV-16 L2-derived peptide (sequence: LVEETSFIDAGAP) (SEQ ID NO: 6)
could induce antibodies that can neutralize papillomavirus infection in vitro.
Importantly, sera from animals and humans immunized with this peptide can
neutralize the homologous virus (HPV-16) as well as related mucosotropic viruses:
HPV-11; HPV-6 and HPV52 (Kawana et al., 1999; 2001; 2003). These results are
very significant, since this is the first time that antibodies from animals immunized
with papillomavirus antigens have shown cross-type neutralization activity. Kawana
et al. (2003) had to deliver relatively large quantities of peptide - 500ug, by the
intranasal route, to induce papillomavirus L.2-specific antibodies. The inventors
predicted that display of the peptide as a highly repetitive antigen array, such as on
the surface of TMV, would enhance the immunogenicity of the peptide.

Genetic fusion of papillomavirus peptides to the coat protein of tobacco mosaic

virus strain U1l
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Tobacco mosaic virus strain U1 (vulgare) was used as the carrier for peptide
fusions. All peptides were fused near the carboxy-terminus of the U1 coat protein,
at a position four residues before the carboxy terminal amino acids (GPAT). DNA
sequences encoding the papillomavirus epitopes were synthesized in PCR primers
and a PCR strategy was used to fuse the sequences to the TMV coat protein at a
position four amino acids from the C-terminus (position “GPAT”) or at the N-
terminus, immediately after the initiating methionine (“N-ter”). A synthetic DNA
sequence encoding the 1.2 peptide of interest was inserted into the U1 coat protein
DNA sequence, by PCR with specific primers and fragment ligation. Recombinant
TMV clones were sequenced, and clones with DNA sequences that matched

predicted sequences were assigned clone identifiers, as indicated in Table 1.
Infection of plants with infectious chimeric TMV:papillomavirus clones

The plasmids described in Table 1 were transcribed in vitro to generate
capped infectious RNA transcripts (nMESSAGE mMACHINE Kit, Ambion, Austin
TX). Transcription reactions were diluted in FES buffer, and plants were inoculated
by leaf abrasion. The four rabbit papillomavirus constructs (pLSB2283, pLSB2288,
pLSB2285 and pLSB2280) were inoculated on two leaves of each of 40 to 46
Nicotiana benthamiana plants, 24 days post-sowing, and infectious transcripts of
pLSB2282 (TMV:HPV-11L2) were inoculated on two leaves of each of 40, 27 day-
old, Nicotiana excelsiana plants, a Large Scale Biology Corporation-proprietary
field host for TMV (Fitzmaurice WP, US Patent 6,344,597). Wild type TMV Ul
was prepared from infected tobacco (Nicotiana tabaccum). The recombinant
TMV:ROPV2.2 virus induced necrotic symptoms on infected N, benthamiana
plants; the other recombinant viruses induced symptoms typically seen in Nicotiana
plants infected with TMV coat protein fusions, i.e. leaf crinkling, bubbling and
twisting, and a stunted plant growth habit. The number of grams of tissue and DPI

for each construct is summarized in Table 2.
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Table 2: Record of production of recombinant TMV in Nicofiana plants

Virus Name Plant Species DPI | #plants | Tissue
weight

TMV:CRPV2.1 | Nicotiana 8 60 247 g
Benthamiana

TMV:HPV-11 Excelsiana 11 |45 267 g

L2

TMV:ROPV2.2* | Nicotiana 10 |90 143 g
Benthamiana

TMV wild MD609 15 |12 258 g

Type**

TMV:CRPV2.2 | Nicotiana 11 |81 269 g
Benthamiana

TMV:ROPV2.1 | Nicotiana 10 | 81 281 g
Benthamiana

* very severe viral symptoms- most infected tissue only was harvested.
** only upper infected tissue was harvested.

N. benthamiana plants were used for the rabbit papillomavirus constructs.

Excelsiana plants were chosen for the HPV construct because if this moved forward

to a product it would most likely be grown in the field and Excelsiana is a better host
for the field. The control virus was wild type TMV U1 for which MD609 plants are

the host of choice. Virus is generally allowed to accumulate for longer time periods

in the larger MDD plants prior to harvest.

Purification of chimeric virus constructs from infected Nicotiana plants

Infected plant material was harvested between 8 and 14 days post-inoculation, when

the virus accumulation was estimated to be the highest in infected leaf tissues. Only

plant material (stem and leaves) above the inoculated leaf was harvested. The

harvested tissue was weighed and chopped into small pieces. The virus was

extracted by grinding the tissue in a four liter Waring Blender, for two minutes on
high speed in a 1:2 ratio (tissue:buffer) of 0.86M sodium chloride, 0.04% sodium
metabisulphite solution that had been chilled to 10°C. The temperature of the

homogenate (“green juice™) was measured and recorded: this averaged 20.5°C. The

homogenate was recovered by squeezing through four layers of cheesecloth, and the
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volume of homogenate measured. Two 0.5 ml samples of the green juice were

collected for analysis by SDS-PAGE, and for bioburden analyses.

The pH of the homogenate was measured and adjusted to pH5.0 with concentrated
phosphoric acid. The green juice was then heated to 47°C, and held at that
temperature for 15 minutes to coagulate contaminating plant proteins. The
homogenate was then cooled to 15°C in an ice bath. The pH/heat treated
homogenate was clarified by centrifugation at 6,000 x g for 5 minutes. The
supernatant (S1) was decanted through two layers of Miracloth, and the volume of
S1 recovered was recorded. Two 0.5 ml samples were collected for SDS-PAGE,
protein assay and bioburden analyses. The pellet (P1) was resuspended in distilled
water, adjusted to pH 7.4 with NaOH and centrifuged at 6,000 x g for 5 minutes to
clarify. The volume of the second supernatant (S2) was recorded, and sampled for
SDS PAGE to verify that the majority of the virus was in the S1 fraction.

Recombinant virus was precipitated from S1 by adding polyethylene glycol (6000
Da molecular weight) to 4% final concentration. The solution was stirred for 20
minutes, and then chilled on ice for one hour. Precipitated virus was recovered by
centrifugation at 10,000 x g for 10 minutes. The supernatants were decanted and
discarded. The recombinant virus pellets were resuspended in a modified phosphate
buffered saline containing 0.86M NaCl, and chilled on ice for 30 minutes. The virus
was centrifuged at 8,000 x g for 5 minutes to clarify. The supernatants were
decanted through miracloth. Two 0.5 ml samples were collected for SDS PAGE
analysis. A second PEG-mediated virus precipitation was then performed, as before,
and the virus pellets resuspended in phosphate-buffered saline (PBS), pH 7.4.
Insoluble material was pelleted by centrifugation at 10,000 x g for 5 minutes and the
supernatant was recovered with a serological pipette. The final purification step
involved freezing and thawing of the virus samples to precipitate any remaining
plant contaminants: samples were frozen at -20°C for several hours and then thawed
at room temperature. Insoluble material was eliminated by centrifugation at 10,000
x g. The additional freeze-thaw purification steps were not carried out for the
TMV:CRPV2.1 and TMV:HPV11L2 samples.

PCT/US2005/010192
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The virus concentration of each fusion was measured using the BCA protein assay
with IgG as the standard. Based on the virus concentration determination, a portion
of each virus preparation was diluted to 0.5 mg/ml (live virus) or 0.55 mg/ml for the

virus inactivation step.

Virus Inactivation with Binary Ethylenimine

Each recombinant TMV preparation was diluted to 0.55 mg/ml in PBS, pH 7.4 to
account for the slight dilution due to reagent addition. Virus was chemically
inactivated by treatment with binary ethylenimine (BEI), by addition of a 0.1M BEI
stock solution to a final concentration of 5mM BEL Samples were incubated for 48
hours at 37°C with constant mixing by rotating tubes end over end in a 37°C
incubator. After 48 hours the BEI was neutralized by addition of a 3 molar excess of

sodium thiosulphate.
EXAMPLE 2: Viral Hemorrhagic Fever Vaccines

Amongst all of the HFVs, RVFV is perhaps the easiest to weaponize: aerosols are
particularly infectious, and have frequently caused infection in laboratory personnel
(Borio et al., 2002; Isaacson, 2001). Monoclonal antibody 4D4 has been shown to
inhibit RVFV plaque formation in cell culture and to protect mice against lethal
challenge (Keegan and Collet, 1986; London et al., 1992).

The general method used in Example 1 was repeated with the linear epitope that
binds mAb 4D4 (sequence: KGTMDSGQTKREL) (SEQ ID NO: 100) inserted at
three different positions in the TMV U1 coat protein: N-terminal (between amino

acids 1 and 2); in the surface-located loop structure (between amino acids 64 and 65)
and at the C-terminus, between amino acids 155 and 156. The genetic constructs
were verified by DNA sequencing, and assigned LSBC identifiers. Table 5
summarizes the expression and MALDI-TOF characterization for these viral fusion

constructs.

PCT/US2005/010192
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Construct | Description Systemic Soluble Theoretical | Actual mass
name infection in V. virions Mass determined by
benthamiana extracted MALDI-TOF

LSB2472 | 4D4 epitope at | Yes Yes

N-terminus of

TMV Ul
LSB2471 4D4 epitope in | Yes No

surface loop of

TMV Ul
LSB2470 4D4 epitope at | Yes Yes

C-terminus of

TMV Ul

The general method used in Example 1 was repeated with the three known linear
epitopes from EBOV GP1 that bind monoclonal antibodies that neutralize EBOV
infection in vitro and in vivo (Wilson et al. 2000). The peptide VYKLDISEA (SEQ
ID NOQ: 10) is bound by Mab 6D8-1-2; Mab 13F6-1-2 binds the amino acid
sequence DEQHHRRTDND (SEQ ID NO: 11) and mAb 12B5-1-1- binds amino
acid sequence LITNTIAGV (SEQ ID NO: 12) (Wilson et al.,2000). Table 6

summarizes the expression and solubility data for these recombinant TMV virions.
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Table 6: Solubility and confirmation of three Ebola epitopes fused to three

locations

on the TMV Ul coat protein.

Epitope (sequence') Position” | Solubility [ Predicted ~ Mass | MALDI _ mass
. (Da) (Da)
GP1-393 (VYKLDISEA) N Yes 18639 18641
(SEQ ID NO: 10) 60’s Loop | No - -
Near C Yes 18826 18818
GP1-405 (DEQHHRRTDND)4 N Yes 19197 19199
(SEQ IDNO: 11) 60’s Loop | No - -
Near C nd.’ - -
GP1-481 (LITNTIAGV) N Yes 18634 18632
(SEQ IDNO: 12) 60’s Loop | No - -
Near C Yes 18690 18692

" This is the minimal consensus sequence.

2 N: N-terminus, Near C: the insertion site is before the last four amino acid of the
coat protein.

> Not determined.

* The extra “D” at the N-terminus was added to the minimal consensus sequence to
balance the overall charge of the coat protein.

Figure 15 shows an SDS PAGE gel where extracts from plants infected with
infectious transcripts of the various EBOV peptide:TMV fusion constructs were
separated according to molecular mass. Proteins from leaf tissues of two infected
plants were extracted in sodium acetate “N” buffer (pH 5), the pellet was further
extracted in TRIS-C1 “T” buffer (pH 7.5). To extract total protein, another leaf
sample was extracted in SDS denaturing “S” buffer (75 mM TRIS (pH 7), 2.5%
sodium dodecyl sulfate (SDS), 6% glycerol, 2.5% beta-mecapthoethanol, and 0.05%
bromphenol blue). The protein molecular weight marker “M12” is Mark 12 (In
vitrogen) spiked with 1.2 meg of wild type TMV U1 coat protein (CP). The arrow

indicates the recombinant product (coat protein fused to an Ebola GP; epitope).

EXAMPLE 3: Human Immunodeficiency virus type 1 (HIV-1) vaccines

The general method used in Example 1 was repeated with the linear epitopes
from HIV proteins. In Table 7, a list of peptides that have been displayed on the
surface of TMV Ul and/or U5 virions is displayed.
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Table 7 HIV-1 Epitopes Expressed on the surface of TMV

Epitope | Epitope sequence Location on Comments and (reference)
Name Env
2F5 short | ELDKWAS gp41 membrane | Linear epitope. Induction of
(SEQ ID NO: 13) proximal region | Nabs when displayed on the
surface of PVX (18); soluble
on TMV.
gp41 membrane | Identified as being protected
2F5 long | NEQELL[[ELDKWASTILW | proximal region | by 2F5 antibody by
#1 N proteolytic protection assays
(SEQ ID NO: 14) (46); insoluble on N-terminus
of TMV.
gp41 membrane | Selected by 2F5 from a gp160
2F5 long | EQELL[[ELDKWASI]LW proximal region | expression library (1 1)
#2 (SEQ ID NO: 15)
gp41 membrane | Selected by 4E10 from a
4E10 NWEFDIT proximal region | gp160 expression library (1 1)
short (SEQ ID NO: 16)
gp41 membrane | Core 4E10 recognition site
4E10 LW[INWEDIT]INWLW proximal region | (11), flanked by adjacent
long (SEQ ID NO: 17) gp41 sequence
gp41 membrane | Peptide binds both 2F5 and
2F5/4E10 | LL[[ELDKWAS]JLW[[NWF | proximal region | 4E10 neutralizing antibodies
DIT]INWLW (11)
(SEQ ID NO: 18)
Identified from phage-
P195 KSSGKLISL gpl20 V1 displayed peptide library with
(SEQ ID NO: 19) human HIV-1 antisera (20)
Identified from phage-
P217 CNGRLYCGP gpl20 C2 displayed peptide library with
(SEQ ID NO: 20) human HIV-1 antisera (20)
Identified from phage-
P197 GTKLVCFAA Gp41 displayed peptide library with
(SEQ ID NO: 21) human HIV-1 antisera (20)
Identified from phage-
P287 CAGGLTCSV Undetermined | displayed peptide library with
(SEQ ID NO: 22) human HIV-1 antisera (20)
Identified from phage-
P335 SGRLYCHESW Undetermined | displayed peptide library with
(SEQ ID NO: 23) human HIV-1 antisera (20)
Selected by b12 Mab from
B2.1 HERSYMFSDLENRCI gp120 CD4 phage displayed peptide
(SEQ ID NO: 24) binding site library. May require display
as a homodimer (19)
Linear peptide recognized by
8.22.2 TTSIRNKMQKEYALFYK | gp120 V2 Mab isolated from
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(SEQ ID NO: 25) region XenoMouse immunized with
gp120 (22)
Tat N
terminal
Bl MEPVDPRLEPWKHPGSQP | Tat N terminal Peptide corresponding to
(SEQ ID NO: 26) HIV-1 subtype B Tat protein
B2 MEPVDPKLEPWKHPGSQP | Tat N terminal Peptide corresponding to
(SEQ ID NO: 27) HIV-1 subtype B Tat protein
B3 MEPVDPNLEPWKHPGSQP | Tat N terminal Peptide corresponding to
(SEQ ID NO: 28) HIV-1 subtype B Tat protein
C1 MEPVDPNLEPWKHPGSQP | Tat N terminal Peptide corresponding to
(SEQ ID NO: 29) HIV-1 subtype C Tat protein
C2 MDPVDPSLEPWKHPGSQP | Tat N terminal | Peptide corresponding to
(SEQ ID NO: 30) HIV-1 subtype C Tat protein
SA MEPVDPSLEPWNHPGSQP | Tat N terminal Peptide corresponding to Tat
(SEQ ID NO: 31) of HIV-1 subtype found in
Nigeria
Tat
Peptide 3
B1 PTSQSRGDPTGPKE Tat cellular Peptide corresponding to
(SEQ ID NO: 32) binding domain | HIV-1 subtype B Tat protein
B2 PSSQPRGDPTGPKE Tat cellular Peptide corresponding to
(SEQ ID NO: 33) binding domain | HIV-1 subtype B Tat protein
B3 PASQSRGDPTGPTE Tat cellular Peptide corresponding to
(SEQ ID NO: 34) binding domain | HIV-1 subtype B Tat protein
Cl PLPRTQGDPTGSEE Tat cellular Peptide corresponding to
(SEQ ID NO: 35) binding domain | HIV-1 subtype C Tat protein
C2 PLPQTRGDPTGSKE Tat cellular Peptide corresponding to
(SEQ ID NO: 36) binding domain | HIV-1 subtype C Tat protein
SA PLPTTRGNPTGPKE Tat cellular Peptide corresponding to
, (SEQ ID NO: 37) binding domain | HIV-1 subtype C Tat protein
Gp4l
LQARILAVE Gp41 Peptide from gp41 of an HIV-
(SEQ ID NO: 38) 1 subtype B strain
SA LQARVLAVEGQARVLALE | Gp41 Peptide from gp41 of an HIV-
R (SEQ ID NO: 39) 1 type found in Nigeria
SAELD | EKNEQDLLALDKWASLW | Gp41 Peptide from gp41 of an HIV-
N (SEQ ID NO: 40) 1 type found in Nigeria
V3 Loop
V3MN ADTIGPGRAFYTTK Gp120 V3 loop | Peptide from crown of the V3
(SEQ ID NO: 41) loop of TCLA HIV-1 strain
MN
V3BaL ADTIGPGRAFYTTG Gp120 V3 loop | Peptide from crown of the V3
(SEQ ID NO: 42) loop of HIV-1 strain Bal
Nigeria | ADTIGPGQAFYAGG Gp120 V3 loop | Peptide from crown of the V3
(SEQ ID NO: 43) loop of HIV-1 strain found in
Nigeria
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The expression, extraction and solubility data for these recombinant viruses is

summarized in Table 8 below.

Table 8.
Epitope Peptide ~ g >
pLSB Sequence Charge| Charge ;:2; E‘ » f?g Plantj;
# Name PI__|@pH5| @pH7 |2 |&|3 |58 8 alppi|score |3
US| - [tmv
Ul - itMv
GLVEETSFIDAGAP
2405 [U1| N |62 (SEQ ID NO: 44) 441 | -3.7 |[[-5.1]]
GLVEETSFIDAGAP
2405 [U1| N |i6r2 (SEQ ID NO: 44) 4.41 | 3.7 [[[-SAQ7) N [+ [+{-(+] 28 {7 | SI|Y
GLVEETSFIDAGAP
2409 US| N |1612 (SEQ ID NO: 44) 4.41 | -3.7 |[[-5.1]]
GLVEETSFIDAGAP
2409 [U5| N li612 (SEQ ID NO: 44) 4.41 | 3.7 [[[SA03) N [+ |+ ({+|+] 28 | 7| SI|Y
LVEETSFIDAGAP
2278 U1 C ner2cy (SEQ ID NO: 6) 441 | -3.7 |[[[-5.1]]| + |na|+|+|+| 23 | 8 [ SI|Y
LVEETSFIDAGAP
2278 [U1] C Jper2cyy (SEQ ID NO: 6) 441 | -3.7 |[[-5.173] + [+[+|+|+] 26 | 9 [SLC
GLIEDSSVVTSGAP
2402 [U1l| N |isL2 (SEQ ID NO: 45) 4.50 | -2.8 |[[-4.17]
GLIEDSSVVTSGAP
2402 [U1| N 1512 (SEQ ID NO: 45) 4.50 | 2.8 [[[-41]1 \ [+|+]+(-| 28 | 7| U | Y
GLIEDSSVVTSGAP
2416 U5 N 1312 (SEQ ID NO: 45) 4.50 | -2.8 |[[-4.1]]
GLIEDSSVVTSGAP
2416 U5 N 1812 (SEQ ID NO: 45) 4.50 | -2.8 [[[-4.1]]] \ |[+|+|+|+| 28 | 7SI |{Y
LIEDSSVVTSGAP
2270 [U1] C |psracy [(SEQID NO: 7) 4.50 | -2.8 |[[-4.1]] - N
LIEDSSVVTSGAP
2281 [U1| C Jpisracy; (SEQ ID NO: 7) 4.50 | -2.8 [[[-4.17]| + |na|+|+|+| 21 {11] ST | Y
LIEDSSVVTSGAP
2281 |U1] C Jnsracy (SEQ ID NO: 7) 4.50 | -2.8 |[[4.1]]| + [+[+]+|+] 26 | 9 [SI,C| Y
INWFDIT
2427 U1} C kE1o (SEQ ID NO: 16) 4.82 | -1.0 [[[-247]] - |-[-]|-|-| 22 |13| U | N
NWFDIT
2430 {U1| L k1o (SEQ ID NO: 16) 4.82 | -1.0 [[[-2.17]] -~ [-[+]|-|-] 22 13| N | N
Ul L [j4e10y INWFDIT 4.82 | -1.0 {[[-2.17]] - | -|-{-|- Y
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(SEQ ID NO: 16)

2407

Ul

4E10

GNWEDIT
(SEQ ID NO: 46)

4.82

-1.0

[[-2.1]]

naj; -

21

N,SI

2407

Ul

4E10

GNWFDIT
(SEQ ID NO: 46)

4.82

-1.0

[[-2.1]]

2411

uUs

4E10

GNWEFDIT
(SEQ ID NO: 46)

4.82

-1.0

[[=2.1]]

na|+

21

N,SI

2411

us

4E10

GNWEDIT
(SEQ ID NO: 46)

4.82

-1.0

[[-2.1]]

SI

<o 1z |z

2406

U1

6/11L2

GLIEESAIINAGAP
(SEQ ID NO: 47)

4.54

[[-4.1]]

2406

Ul

6/111.2

GLIEESAIINAGAP
(SEQ ID NO: 47)

4.54

[[-4.1]]

SI

=

2282

U1

[[6/11L2C]]

LIEESAIINAGAP
(SEQ ID NO: 5)

4.54

[[-4.11]

11

ST

2282

Ul

Q |a |z (2 2 |2 |2 |=z

[[6/111.2C]]

LIEESAIINAGAP

(SEQ ID NO: 5)

2414

U5

6/11L2C

4.54

[[-4.1]]

SIC

GLIEESAIINAGAP
(SEQ ID NO: 47)

4.54

[[4.1]]

2414

uUs

z |z

6/11L2C

GLIEESAIINAGAP
(SEQ ID NO: 47)

2417

U1

N [crRPVL2.1

4.54

[[-4.1]]

UN

GVGPLDIVPEVADPG
GPTL
(SEQ ID NO: 48)

4.38

[[=5.1]]

2419

U1

GVGPLDIVPEVADPG
GPTL

(SEQ ID NO: 48)

4.38

[[-5.1]]

2283

U1

N [crevi2.1

[[CRPVL2.1

VGPLDIVPEVADPGG
PTL

C lcn

(SEQ ID NO: 1)

4.69

-1.8

[[-4.0]]

11

SI

2283

Ul

[[CRPVL2.1
C lcn

VGPLDIVPEVADPGG
PTL

(SEQ ID NO: 1)

4.69

-1.8

([-4.0]]

SLC

2274

U1

[[CRPVL2.1

VGPLDIVPEVADPGG
PTL

L L]

(SEQ ID NO: 1)

4.50

[[-4.1]]

SI, N|

2420

U1

N [crpvi2.2

GPGGPTLVSLHELPA
ETP

(SEQ ID NO: 49)

4.69

-1.8

[[-4.0]]

2410

U5

N [crrvL22

GPGGPTLVSLHELPA
ETP
(SEQ ID NO: 49)

4.69

-1.8

[[-4.0]

2288

Ul

[[CRPVL2.2

PGGPTLVSLHELPAE
TPY

C Icn

(SEQ ID NO: 50)

2287

U1

[[CRPVL2.2,

4.69

-1.8

[[-4.0]]

PGGPTLVSLHELPAE

L iy

PY

4.89

[[-3.0]
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(SEQ ID NO: 50)

2287

U1

-

[[CRPVL2.2
L]]

PGGPTLVSLHELPAE
TPY

(SEQ ID NO: 50)

4.89

26

2461

U1

[[EZCTL]]

DRAHYNIVTFAG
(SEQ ID NO: 51)

2463

U1

[[E7CTL]]

5.00

0.0

na

namnal !

25

DRAHYNIVTFAG
(SEQ ID NO: 51)

5.00

0.0

24

14

SI

2462

U1

'l (O I ®!

[[E7CTL]]

DRAHYNIVTFAG
(SEQ ID NO: 51)

5.65

1.0

27

13

SI

2462

U1

o

[[E7CTL]]

DRAHYNIVTFAG
(SEQ ID NO:51)

5.65

1.0

na

namnaj !

25

2461

U1

[[EZCTL]]

GDRAHYNIVTFAG
(SEQ ID NO: 52)

5.00

0.0

26

13

ST

2463

U1

[[EZCTL]]

GDRAHYNIVTFAG
(SEQ ID NO: 52)

5.00

0.0

na

namnaj !

25

2463

U1

z |Z |Z

[[EZCTL]]

GDRAHYNIVTFAG
(SEQ ID NO: 52)

5.00

0.0

2619

uUs

@

E7CTL

AMDRAHYNIVTFAG

(SEQ ID NO: 53)

4.55

-1.3

2428

U1

@!

E7CTLTH

DRAHYNIVTFAG
(SEQ ID NO: 51)

5.16

0.1

[[-2.07]

22

13

SL,Cl Y

2275

U1

[[EZCTLTH

QAEPDRAHYNIVTF
(SEQ ID NO: 54)

5.16

0.1

[[-2.0]]

na -

23

SN | N

2403

U1

E7CTLTH

GQAEPDRAHYNIVTF
(SEQ ID NO: 55)

5.16

0.1

[[-2.0]]

2290

Ul

E7CTLTHP
L

QAEPDRAHYNIVTFC
CKCD

(SEQ ID NO: 56)

5.70

1.1

[[-1.2]]

25

2276

Ul

[[E7CTLTH
PL}

QAEPDRAHYNIVTFC
CKCD

(SEQ ID NO: 56)

5.70

1.1

[[-1.2]]

23

N,M,

2400

Ul

E7CTLTHP
L

GQAEPDRAHYNIVTF
CCKCD
(SEQ ID NO: 57)

5.70

[[-L.2]]

2289

Ul

ELDKWAS

ELDKWAS
(SEQ ID NO: 13)

4.87

[[-2.1]]

25

2277

U1

[[ELDKWA
S]]

ELDKWAS
(SEQ ID NO: 13)

4.87

[[-2.1]]

24

2013

U1

ELDKWAS

GELDKWAS
(SEQ ID NO: 58)

4.87

[[=2.1]]

21

11

SI|Y

2013

U1

ELDKWAS

GELDKWAS

(SEQ ID NO: 58)

4.87

[[-2.1]]

na

24

21

SI [[[¥1]
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2013

U1

ELDKWAS

GELDKWAS
(SEQ ID NO: 58)

4.87

[[-2.1]]

SI

2413

ELDKWAS

GELDKWAS
(SEQ ID NO: 58)

2413

U5

us

ELDKWAS

4.87

-0.9

[[-2.1]]

na

ix
ed
up

24

21

SI

(]

GELDKWAS
(SEQ ID NO: 58)

4.87

-0.9

[[-2.1]]

2429

U1

EQ

EQELLELDKWASLW

(SEQ ID NO: 15)

4.59

[[-4.1]]

13

2271

U1

[[EQ]]

EQELLELDKWASLW

(SEQ ID NO: 15)

4.59

[[-4.11]

na

LSI

2401

U1

EQ

GEQELLELDKWASL
W
(SEQ ID NO: 59)

4.59

[[4.11]

na

24

21

ST

2401

U1

EQ

GEQELLELDKWASL
W
(SEQ ID NO: 59)

2412

us

EQ

4.59

[[-4.1]]

GEQELLELDKWASL
W
(SEQ ID NO: 59)

4.59

[[-4.1]]

na

24

21

SI

2412

Us

EQ

GEQELLELDKWASL
\
(SEQ ID NO: 59)

4.59

[[-4.1]]

3431

Ul

L1123

QPLGVGISGHPLLNK
LDDTE

(SEQ ID NO: 9)

4.68

-1.9

[[-4.0]]

13

2418

U1

L1123

GQPLGVGISGHPLLN
KLDDTE

(SEQ ID NO: 60)

2279

Ul

[[L1I23C]]

4.68

-1.9

[[-4.0]]

QPLGVGISGHPLLNK
LDDTE

(SEQ ID NO: 9)

4.68

-1.9

[[-4.0]]

naj

SI

2286

Ul

[[L1I23C]]

QPLGVGISGHPLLNK
LDDTE

(SEQ ID NO: 9)

4.68

-1.9

[[-4.01]

Ul

[[L1123L]]

QPLGVGISGHPLLNK
LDDTE
(SEQ ID NO: 9)

4.87

[[-3.0]]

2404

U1

L1J4

GGENVPDDLYIKGSG
S
(SEQ ID NO: 61)

2284

U1

[[L1J4C]]

4.50

-2.8

[[-4.1]]

GENVPDDLYIKGSGS
(SEQ ID NO: 8)

4.50

-2.8

[[-4.1]]

na

11

SI

2466

Ul

@lle]

[[LO]]

MLQARILAVEAGA

4.75

-0.9

-2.0

14

SI
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(SEQ ID NO: 62)

2466

U1

[{LO]]

MLQARILAVEAGA
(SEQ ID NO: 62)

4.75

24

ST

2465

U1

[LO]]

GSPMLQARILAVEAG
AGPS

(SEQ ID NO: 63)

5.05

0.1

-1.0

27

13| SI

2465

U1

[LO]]

GSPMLQARILAVEAG
AGPS
(SEQ ID NO: 63)

5.05

-1.0

24

SI

2464

U1

(LQ]]

LQARILAVEAGA
(SEQ ID NO: 64)

4.75

-2.0

26

13| SI

2464

U1

[LQ]]

LQARILAVEAGA
(SEQ ID NO: 64)

4.75

24

SI

2467

Ul

[[LON]]

MLQARVLAVEGQAR
VLALEAGA
(SEQ ID NO: 65)

4.75

25

2467

U1

[[LON]]

MLQARVLAVEGQAR
VLALEAGA

(SEQ ID NO: 65)

4.75

na

namna

namna

25

2468

U1

[[LON]]

GSPMLQARVLAVEG
QARVLALEAGAGPS
(SEQ ID NO: 66)

5.05

0.2

-1.0

2468

U1

[[LON]]

GSPMLQARVLAVEG
QARVLALEAGAGPS
(SEQ ID NO: 66)

5.05

0.2

25

25

SI

2469

Ul

[[LON]]

LQARVLAVEGQARV
LALEAGA
(SEQ ID NO: 67)

4.75

25

2469

U1

[[LON]]

LQARVLAVEGQARYV
LALEAGA

(SEQ ID NO: 67)

4.75

na

nama

namna

25

2421

U1

ROPVL2.1

GVGPLEVIPEAVDPA
GSSI
(SEQ ID NO: 68)

4.45

2422

U1

ROPVL2.1

GPAGSSIVPLEEYPAE
[P

(SEQ ID NO: 69)

2415

U5

ROPVL2.1

4.45

GVGPLEVIPEAVDPA
GSSI
(SEQ ID NO: 68)

4.15

-5.0

-6.0

2285

U1

[[ROPVL2.1

VGPLEVIPEAVDPAG
SSI

C1]

(SEQ ID NO: 3)

441

-3.7

[[-5.1]]

na|+

21

11| SI

2285

U1

[[ROPVI2.1

VGPLEVIPEAVDPAG
SSI

€1

(SEQ ID NO: 3)

4.41

-3.7

[[-5.17]

26

=}

SLC

2272

U1

[[ROPVI2.1

VGPLEVIPEAVDPAG

4.54

-2.8

[[-4.1]]

naj -

23

8 IN, SI

AL
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SSI
(SEQ ID NO: 3)

2280

U1

[[ROPVL2.2
C11

IPAGSSIVPLEEYPAEI
PT
(SEQ ID NO: 70)

4.45

-3.7

[[=5.1]]

na| -+

23

SI

2280

U1

[[ROPV].2.2

PAGSSIVPLEEYPAEI
PT

Cl]

(SEQ ID NO: 70)

445

[[-5.1]]

26

SLC

2273

Ul

[[ROPVL2.2
L]]

PAGSSIVPLEEYPAEI
PT
(SEQ ID NO: 70)

4.57

[[-4.1]]

na -

23

LSI

2408

U5

[[ROPVL2.2

GPAGSSIVPLEEYPAE
P

IN]]

(SEQ ID NO: 69)

4.25

-5.0

-6.0

2470

U1

[[RVEV]]

MYKGTMDSGQTKRE
AGA
(SEQ ID NO: 71)

2470

Ul

[[RVEV]]

5.05

0.2

-1.0

25

MYKGTMDSGQTKRE
AGA
(SEQ ID NO: 71)

5.05

0.2

-1.0

24

2471

Ul

[[RVEV]]

GSPMYKGTMDSGQT
KREAGAGPS
SEQ ID NO: 72)

7.00

1.1

0.0

25

2471

U1

[[RVEV]]

GSPMYKGTMDSGQT
KREAGAGPS

(SEQ ID NO: 72)

2472

U1

[[RVEV]]

7.00

1.1

0.0

24

YKGTMDSGQTKREA
GA

(SEQ ID NO: 73)

2472

Ul

[[RVEV]]

5.05

0.2

-1.0

25

YKGTMDSGQTKREA
GA
SEQ ID NO: 73)

5.05

0.2

-1.0

24

2475

U1

[[TAT1A]]

MEPVDPRLEPWKHP
GSQAGA
(SEQ ID NO: 74)

4.52

24

14

ST

2475

U1

[[TAT1A]]

MEPVDPRLEPWKHP
GSQAGA
(SEQ ID NO: 74)

4.52

-2.8

24

SI

2474

Ul

[[TAT1A]]

GSPMEPVDPRLEPW
KHPGSQAGAGPS
(SEQ ID NO: 75)

4.62

-1.8

27

13

IN,
151

2474

U1

[[TAT1AJ]

GSPMEPVDPRLEPW
KHPGSQAGAGPS
(SEQ ID NO: 75)

4.62

-1.8

24

SI

2473

Ul

EPVDPRLEPWKHPGS
QAGA

[[TAT1AJ]

(SEQ ID NO: 76)

4.52

26

13

SI
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2473

U1

[[TATI1A]]

EPVDPRLEPWKHPGS
QAGA
(SEQ ID NO: 76)

4.52

-4.9

naj -+

na,

24

SI

2478

U1

[[TAT1B]]

MEPVDPSLEPWNHP
GSQAGA
(SEQ ID NO: 77)

4.75

-2.9

24

14

SI

2478

U1

[[TAT1B]}

MEPVDPSLEPWNHP
GSQAGA
(SEQ ID NO:77)

4.77

2.9

na| +

27

SI

2477

U1

[[TAT1B]]

GSPMEPVDPSLEPWN
HPGSQAGAGPS
(SEQ ID NO: 78)

5.05

0.2

-1.9

27

13

SI

2477

U1

[[TAT1B]]

GSPMEPVDPSLEPWN
HPGSQAGAGPS

(SEQ ID NO: 78)

5.05

0.2

-1.9

na,

naj ?

27

SI

2476

U1

[[TAT1B]]

EPVDPSLEPWNHPGS
QAGA
(SEQ ID NO: 79)

4.82

-2.9

26

13

SI

2476

U1

[[TAT1B]j

EPVDPSLEPWNHPGS
QAGA
(SEQ ID NO: 79)

2481

Ul

[[TAT3B]]

4.82

na

nal ?

27

SI

MPTSQSRGDPTGPKE
AGA
(SEQ ID NO: 80)

4.77

24

14

ST

2481

U1

[[TAT3B]]

MPTSQSRGDPTGPKE
AGA
(SEQ ID NO: 80)

4.77

na

nal -+

25

SI

2480

U1

[[TAT3B]]

GSPMPTSQSRGDPTG
PKEAGAGPS
(SEQ ID NO: 81)

5.05

0.1

-1.0

27

13

SI

2480

Ul

[[TAT3B]]

GSPMPTSQSRGDPTG
PKEAGAGPS
(SEQ ID NO: 81)

5.05

0.1

-1.0

nal ?

25

SI

2479

U1

[[TAT3B]]

PTSQSRGDPTGPKEA
GA

(SEQ ID NO: 82)

2479

U1

[[TAT3B]]

4.77

-0.8

26

13

SI

PTSQSRGDPTGPKEA
GA

(SEQ ID NO: 82)

4.77

na|-+

na

25

SI

2484

Ul

[[TAT3N]]

MPLPTTRGNPTGPKE
AGA
(SEQ ID NO: 83)

4.05

0.1

24

14

SI

2484

Ul

[[TAT3N]]

MPLPTTRGNPTGPKE
AGA
(SEQ ID NO: 83)

4.05

0.1

nal -+

23

SI

2483

U1

[[TAT3N]]

GSPMPLPTTRGNPTG

PKEAGAGPS

6.80

1.1

27

13
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(SEQ ID NO: 84)

GSPMPLPTTRGNPTG
PKEAGAGPS :
2483 [U1| L [rraTany (SEQ ID NO: 84) 6.80 | 1.1 0.0 |-|-nal-|-| 23 SI

PLPTTRGNPTGPKEA
GA
2482 U1l N [rraTaNg (SEQ ID NO: 85) 505 101 ] -1.0 | VIVIVIV[V] 26 |13 N

PLPTTRGNPTGPKEA
GA
2482 [U1] N [raT3ng (SEQ ID NO: 85) 5.05 | 0.1 | -1.0 |nanalnajnanal 23 N

GCTRPNYNKRKRIHI
GPGRAFYTTKNIIGTI
RQAHC

U1 N Ivs (SEQ ID NO: 86) 9.67 | 8.9 | [[6.1]]

MIGPGRAFYTTGAG
A
2485 |U1| C [pv3BaL] (SEQID NO: 87) 502 (00| -1.0 |nainamal |-| 25 | 8| S

MIGPGRAFYTTGAG
A
2487 [U1| C rv3BaL] (SEQ ID NO: 87) 5.02 100 ] -1.0 | - |+|+|-|+]| 24 |14]| SI

GSPMIGPGRAFYTTG
AGAGPS
2486 |[U1| L [rv3saLy [((SEQ ID NO: 88) 680 | 1.0 00 |- |[+|+]-1+| 27 |13] SI

GSPMIGPGRAFYTTG
AGAGPS
2486 [U1] L jrvaeary (SEQ ID NO: 88) 680 | 10| 00 |namamal |+| 25 [ 8| S

IGPGRAFYTTGAGA
2485 [U1| N [rvsaLj [(SEQID NO: 89) 502100 | -1.0 [+ |+]|+|+|+]| 26 {13 | SI

IGPGRAFYTTGAGA
2487 [U1] N [v3BaLy (SEQ ID NO: 89) 502|100 -1.0 {najnajna] |+| 25 { 8| S

MIGPGRAFYTTKAG
A
2488 U1 C [pvamny [(SEQ ID NO: 90) 6.80 | 1.0 | 0.0 |na|najnajnanal 24 N

MIGPGRAFYTTKAG
A
2490 [U1| C |rvamny ((SEQ ID NO: 90) 6.80 | 1.0 | 0.0 |-|+|+|-|+| 24 |14} sI

GSPMIGPGRAFYTTK
AGAGPS IN,
2489 U1} L rvaMny [(SEQ ID NO: 91) 930 120] 1.0 |- ]|-[*]|-I-] 27 [13]1SI

GSPMIGPGRAFYTTK
AGAGPS
2489 [U1] L [pvamny [(SEQ ID NO: 91) 930 | 2.0 | 1.0 |- |+|nal?|2]| 24 SN

[GPGRAFYTTKAGA

2488 U1 [vamn] (SEQ ID NO: 92) 6.80 { 1.0 | 0.0 [\ |\[VIV[\] 26 |13| N

[GPGRAFYTTKAGA

2490 [U1 vamng (SEQ ID NO: 92) 6.80 | 1.0 | 0.0 |nalnajnamnamnal 24 N

0z |z

2493 U1

[[vaniGg)] MIGPGQAFYAGGAG | 4.72 | -1.0| -2.0 | - |+|+]|-|+| 24 |14 | IN
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A
(SEQ ID NO: 93)

2493 U1} C

MIGPGQAFYAGGAG
A

[fvanIg]] (SEQ ID NO: 93) 472 |-1.0| 2.0 |+ |+|na|-~|+| 24

SI

2492 U1 L

GDPMIGPGQAFYAG
GAGAGPS
[vanig]] (SEQ ID NO: 94) 500 1 0.0 | -1.0 | - |-{+]|-|-] 27

13

SI

2492 U1 L

GSPMIGPGQAFYAG
GAGAGPS
[[vaNIG]] (SEQ ID NO: 94) 5.00 100 | -1.0 | - {-|na]+|-{ 24

SI

2491 U1| N

IGPGQAFYAGGAGA
[[vaniGg])] (SEQ ID NO: 95) 470 |-1.0 [ 2.0 | - |+[+|+]{+]| 26

13

SI

2491 U1l N

IGPGQAFYAGGAGA

rvaNIG) (SEQ ID NO: 95) 4.70 { -1.0 | -2.0 |+ |.+nal+|+]| 24

SI

EXAMPLE 4: Parvo Virus Vaccines

The general method used in Example 1 was repeated with the linear epitopes

from parvo virus. The N-terminus of FPV, CPV and PPV VP2 contains a major

neutralizing determinant for the virus; this is a linear epitope, present in the first 23

amino acids of the protein. Neutralizing antibodies may be induced in animals

immunized with peptides derived from the first 23 amino acids of VP2 (Langeveld
et al., 1995; 2001). The sequence of the N-terminus of VP2 follows (SEQ ID NO:
96) : MSDGAVQPDGGQPAVRNERATGS.

We designed a synthetic DNA sequences which would encode various

portions of the N-terminal VP2 sequence. The synthetic DNA was synthesized in

complementary oligonucleotides, and inserted into the coat protein of TMV U1 and

TMV Us. These sequences of the peptides were denoted Parvol; Parvo2; and

Parvo3.

Parvol:

97)

Parvo2:

Parvo3:

The amino acid sequences of these peptides are as follows:

MSDGAVQPDGGQPAVRNERAT (21 amino acids) (SEQ ID NO:

MSDGAVQPDGGQPAVRNERA (20 amino acids) (SEQ ID NO: 98)

VQPDGGQPAVRNERAT (16 amino acids) (SEQ ID NO: 99)
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EXAMPLE 5: Determination of viral infectivity and bacterial bioburden of

recombinant TMYV particles carrying vaccine epitopes

A list of final products with titers diluents, carrier are given in Table 3.

Table 3: Papillomavirus Vaccines Final Volumes and Virus Quantities

Virus Name BCA IgGvirus volume[Total Volume used# Vialsi# Vials [Concentrate

(mg/mL) {(mL) Virus (mg) for dilutions [UT  [BEI Vol. @-200C
(mL) treated |(mL)

TMV:CRPV2.1 155 11.2 173.6 3.2 47 45 7

TMV:CRPV2.1

Alt 19.6 7 137.2 2 37 35 4

TMV:HPV-1112 pg. | 35 983.5 3 60 60 32

TMV:ROPV2.2 6.4 57 364.8 8 50 0* 46

TMV:ROPV2.2

F/T 5.3 20 106 9.5 49 49 10

'TMV wild type

F/T 16 21 336 4.5 48 68** 1155

TMV:CRPV2.2

F/T 4.6 50 230 11.2 50 51 38

TMV:ROPV2.1

E/T 4/16/03 19.3 50 965 2.65 50 50 46

*frozen as bulk (46 mL)

** froze 24 mL as bulk

F/T = freeze thaw

Process samples and final product for bacterial bioburden were monitored by

aseptically plating 10 pl or 100 pl samples on bacterial nutrient agar in a laminar

flow hood. Plates were inverted and incubated at room temperature for four days.

The bacterial colony counts were recorded after four days. The plates were then

transferred to a 33°C incubator for a further four days, and bacterial colony counts

were recorded again. Bioburden assays for final fill samples were run in duplicate

and the results averaged. Bioburden decreased with each sequential processing step

from 420 - 3800 colony forming units (CFU) per ml in the initial homogenate, to 0 —
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130 CFU/ml in the final (concentrated) virus preparations. The final dilute vaccines

had no detectable bioburden in either the untreated or BEI-treated samples.

TMV infectivity was determined using a local lesion host Nicotiana tabacum:

var. Xanthi, cultivar “Glurk”. This assay is accepted by the United States

5 Department of Agriculture as a method for evaluating tobacco mosaic virus

infectivity. The limit of detection for the Glurk assay is 10 pg/pl. Glurk plants were

sown into flats and transplanted into 3.5 inch pots at two weeks post sowing. The

Glurks were prepared for inoculation by numbering the leaves to be inoculated with

a lab marker on the upper distal portion of the leaf. A small amount of silicon

10

carbide (400 mesh) was sprinkled on each numbered leaf. One hundred microliters

of the sample to be assayed was dispensed onto the upper surface of the appropriate

leaf and gently spread over the entire surface of the leaf. Glurk plants were scored 4

to 6 days post-inoculation by counting the number of local lesions that had formed

on the leaf surface (see Figure 3). The Glurk local lesion assays were run in

15

triplicate and the results were averaged. The infectivity of the final vialed vaccine

products is summarized in Table 4; where the average number of local lesions for

the 107 dilution was used to derive the infectivity measurement.

Table 4: Infectivity of TMV:papillomavirus epitope vaccines

Construct Name

Virus Name

Number of Local Lesions
per ml in the Untreated
Vaccine Sample

Number of Local Lesions
per ml in the BEI-treated
Vaccine Sample

pLSB2283

TMV:CRPV2.1

2.71x 10°

0

pLSB2288

TMV:CRPV2.2

1.52x 10°

0

pLSB2285

TMV:ROPV2.1

4.0x10°

0

pLSB2280

TMV:ROPV2.2

Tntc; 1.0 x 107*

0

pLSB2282

TMV:HPV-11 12

56x10°

Wild type TMV

™V

1.37x 10°

==l

20

dilution point is depicted.

* figure derived from 10 dilution; for all other assays the results from the 107
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These results demonstrate that treatment with BEI is an effective means for

inactivation of the infectivity of tobacco mosaic virus vaccines.

All of the vaccine products were analyzed for endotoxin using the Associates
of Cape Cod gel clot assay. Additional release testing was done on all of the final
vaccine preparations, which included concentration determination by BCA assay, as
well as amino acid analysis by post column derivitization, SDS-PAGE for purity
assessment and concentration, molecular weight determination by MALDI-TOF,

tryptic MALDI-TOF if required, pH and appearance.

There was no endotoxin detected in any of the BEI-treated samples after
testing multiple dilutions of the samples. Low levels of endotoxin were present in
the TMV:HPV11L2 (1 EU/dose), TMV:ROPV2.1 (2 EU/dose) and TMV:ROPV?2.2
(2 EU/dose) samples, but BEI treatment apparently eliminated the reactive

endotoxin in the LAL endotoxin assay.

Two microgram samples of final fill vaccines, both untreated and BEI treated
were run in triplicate on 10-14% Tris-HCI SDS-PAGE gels, and stained with

Coomassie brilliant blue. Figure 4 shows the results of these analyses.

All vaccines, with the exception of TMV:CRPV2.2, contain >90% fully
intact recombinant coat protein. MALDI-TOF analysis confirms that, in all cases,
the upper band in the virus preparations contains the full B-cell epitope amino acid
sequence as predicted from the DNA sequence of the clone. About half of the
TMV:CRPV 2.2 vaccine is fully intact. MALDI-TOF analysis of tryptic fragments
of the TMV:CRPV2.2 product indicate that the first 10 amino acids of the 14 amino
acid epitope are present in the smaller (18 096 and 17985) bands.

Membranes with TMV: papillomavirus vaccine antigens were probed with
rabbit antisera specific for rabbit or human papillomaviruses by Western blot
analysis. The results are shown in Figure 5: there is some cross-reactivity between
ROPV2.1 and CRPV2.1. The CRPVL2.2 sera reacts only weakly to the vaccine

antigen, but all other sera react specifically with the vaccines.
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Preliminary immunogenicity testing of the papillomavirus:TMV epitope
fusions was performed to ensure that appropriate antibody responses could be
induced by immunization of animals with the vaccines, and to determine what, if
any, effect BEI-inactivation of the TMV virions would have on the immunogenicity
of the recombinant viruses. Four to five week old, female BALB/c mice were used
to assay immunogenicity of the vaccines, and to compare the immunogenicity of
BEI-inactivation TMV preparations with untreated controls. In addition, we
immunized a small number of female guinea pigs to confirm that the vaccines were
immunogenic in more than one species of animal, and also to generate antisera that
could be used in in vitro virus neutralization studies (to be performed at

Pennsylvania State University).

Four animals per group received a dose of 10ug of the TMV vaccine
product, administered subcutaneously. Vaccines were administered every second
week, and a total of four vaccines were given. All six BEI-inactivated vaccines
were administered, and untreated (non-BEI inactivated) versions of the TMV,
TMV:CRPV2.1 and TMV:HPV11L2 vaccines were given to serve as controls for
the BEI-inactivated vaccines. One further group received a mixed vaccine series
containing 5pg each of TMV:CRPV2.1 and TMV:CRPV2.2 to establish whether an
immune response to two different epitopes could be induced with a mixed vaccine.
No PBS control was used, as each vaccine could serve as a control for the others.
Animals were bled from the tail vein, after mild hyperthermia, nine days after
vaccines 2, 3 and 4. ELISA, using peptide-conjugated bovine serum albumin as the
capture antigen, determined antibody titers. Rabbit polyclonal sera specific for the
peptide epitopes were provided by Neil Christensen, and served as positive controls,
and tittering standards on ELISA plates. The rabbit sera used as positive control
were: HPV1/11 NC25 C000840; CRPVL2.1 B0229; CRPVL2.2 B0225; ROPVL2.1
B0219 and ROPVL2.2 B0220. For comparison of ELISA titers with the rabbit sera,
a dilution of the rabbit sera was chosen, and arbitrarily set to 1. The mouse antibody
titers were expressed as a unit of the rabbit sera. The subclasses of antibodies of the
IgG isotype were measured with secondary antibodies specific for mouse IgG1 or
IgG2.

PCT/US2005/010192
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Figure 6 shows a scatter plot of antibody responses of all vaccinated animals
to the peptide antigen; Figure 7 shows the same data in bar graph format, with error
bars indicating 95% confidence intervals. The X axis standard is normalized to the
various rabbit positive control sera, where 1 unit is the OD obtained for a 1:1000
dilution. This gives some indication of the range of responses seen in each group,
relative to the positive control sera. The responses to different antigens are
obviously impossible to compare, since the antibody titer in the positive control sera
are not standardized to each other. However, the data show the variability we
observed in immune response, and the magnitude of the response relative to the
rabbit control sera supplied by Neil Christensen (Pennsylvania State University,
Hershey PA), at a 1:1000 dilution. On the Y-axis, the different experimental groups
are listed, with the prefix B- indicating BEI-inactivated samples, and no prefix
indicating untreated samples. Peptide-BSA conjugates were used as coating
antigens, except for the TMV samples, where wild type TMV was used. For the
mixed vaccine (CRPV2.1 + CRPV2.2), CRPV 2.1 peptide was used as the coating

antigen when the label indicates CRPV2.1 first; and vice-versa.

Figure 8 shows an analysis of the antigen-specificity of sera from vaccinated
animals. Pooled sera were reacted with plates carrying all of the different peptide
antigens. The antibodies appear very specific, in all cases, with no, or very little

cross-reactivity between antigens.

The effect of BEI inactivation of TMV peptide vaccines, with untreated
samples was compared. The data depicted in Figure 9 show that the immune
response of animals vaccinated with BEI-inactivated TMV:CRPV2.1 and untreated
TMV:CRPV2.1 was qualitatively similar. Likewise, animals vaccinated with BEI-
inactivated TMV:HPV6/11L2 and the untreated version reacted similarly. In Figure
8 we show a comparison of the IgG subtype profile in pooled sera from animals
vaccinated with all of the vaccines. Note that BEI inactivation of the CRPV2.1 and
HPV6/11 vaccines seemed to have no major effect on the quality of the immune

response, as measured by IgG subtype.
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An immunogenicity study in guinea pigs was performed in addition
to the mouse study described above. A total of six animals were used in this study;
two animals each received the TMV:CRPV2.1; TMV:HPV6/11 ; and mixed
TMV:CRPV2.1 plus TMV:CRPV2.2 vaccines. The dose of vaccine was 100 ne,
administered every second week. A total of four vaccines were given. Each dose
was administered subcutaneously, at four locations on the animal’s back. Animals
were bled one week post vaccine 3 (bleed 1) and one week post vaccine 4 (bleed 2).

A terminal bleed was collected nine days after vaccine 4.

The ELISAs were performed in the same way as for the mouse study. Figure
11 shows the antibody titer obtained for each individual animal after vaccine 3 (left)
and after vaccine 4 (right). We note that, as for the mouse vaccinations, the anti
CRPV2.2 peptide response was very low, and only marginally above background. It
is possible that in this vaccine, which contained more than 50% cleavage, a new
epitope comprising the part of the TMV coat protein and part of the first 10 amino
acids of the CRPV2.2 peptide is recognized and is dominant over the authentic
CRPV2.2 epitope. These results argue for elimination of the TMV:ROPV?2.2

vaccine from subsequent studies.

The titer of the CRPV2.1 and HPV6/11 peptide antibodies was significantly
higher in the Guinea pig sera in comparison with the BALB/c mouse sera. In all
cases, both guinea pigs responded well to the vaccine; apparently well within a Log
of the rabbit titer. It is worthwhile noting that the mice received 1/10 of the vaccine
dose that the guinea pigs received, and that the higher dose could have had some

positive effect on the immune response observed in the guinea pigs.

The IgG subtype analyses presented in Figure 10 show that the guinea pigs
responded similarly to the mice to the vaccines: with a balanced, but apparently

Th2-dominant response.

Bleeds 1 and 2 and terminal bleeds from all the guinea pigs, and terminal
bleeds from highest mouse responder in each group are available for CRPV and
HPV6 or HPV 11 neutralization assays.
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We investigated whether sera from animals immunized with TMV virions
displaying the HPV6/11 L2 epitope (LIEESAIINAGAP) (SEQ ID NO: 5) could
recognize the HPV 16 L2 epitope sequence LVEETSFIDAGAP (SEO ID NO: 6),
conjugated to BSA, and used as a coating antigen on ELISA plates. Figure 12 shows

that, indeed sera from the guinea pigs immunized with the TMV virions displaying
the HPV6/11 L2 epitope (LIEESAIINAGAP) (SEQ ID NO: 5) specifically
recognized the heterologous HPV 16 L2 peptide sequence (LVEETSFIDAGAP)
(SEQID NO: 6) . These data are shown in Figure 13, and indicate that
immunization with TMV virions displaying the HPV6/11 L2 peptide sequence may

function as prophylactic vaccines that can induce broadly neutralizing
papillomavirus L2-specific antibodies. The homology between the HPV6/11 1.2
epitope, the HPV-16 L2 epitope and the CRPV2.1 epitope are shown in Figure 14.

EXAMPLE 6: Carrier Rotation to Improve Immunological Responses to
Peptide-Based Vaccines

Virus like particle (VLP) -based vaccines can carry specific antigens and to
be particularly effective in inducing humoral, and sometimes, cellular immune
responses. It is now well established that peptides are most efficiently presented to
the mammalian immune system in a highly ordered, repetitive, quasicrystalline array
as provided by a VLP structure (Bachmann ef al., 1993; Savelyeva et al., 2001). By
their structure, VLPs are capable of stimulating proliferation of dendritic cells and
other antigen presenting cells resulting in strong immunological responses thus
producing protective immunity and even breaking tolerance for self-anti gens
(Savelyeva et al., 2001; Fitchen et al., 1995). This structural presentation of antigens
appears to be critical for induction of strong Th1 or Th2 responses (including
antigen specific CTL responses and long-lived B cell memory) and cannot be
replicated by soluble proteins or randomly conjugated carriers, such as KLH (Storni
et al., 2002; Nicholas e al., 2002). These results have led to a great deal of interest
in VLP epitope display systems for induction of pathogen-specific antibodies for

protection against infectious disease, as well as for induction of peptide-specific
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CTL responses in immunotherapy of cancer and chronic infectious diseases. There
are many candidates for VLP technologies, but hepatitis B core antigen (HBcAg)
and papillomaviruses represent well-established methodologies for recombinant
production of VLP-epitope display. HBcAg VLPs are produced recombinantly in E.
coli systems and are effective tools for VLP display (Bachman and Kopf, 2002).
Purification of endotoxin-free structures is a challenge from such systems. In
addition, the rate of successful expression of epitopes genetically fused to these
structures is highly variable. Some groups have addressed this issue by resorting to
in-vitro methods for conjugating synthetic peptides to VLPs, but these
methodologies do not necessarily replicate the structural advantages of native VLP
structures, and are technically challenging and expensive to perform, especially at
large scale. Preexisting immunity can blunt immune responses to VLP carriers. Da
Silva et al., (2001) reported that preexisting neutralizing antibodies to human
papillomavirus L1 virus like particles limit the effectiveness of vaccines that use this
carrier for subsequent inoculations. It should be noted that significant preexisting
immunity exists in the human population for these viruses (up to 20% by some

estimate).

The tobamovirus family, including TMV, offers the tools for building a
robust epitope display vaccine platform. Each of the 13 tobamovirus species
encodes a coat protein with similar structural folding (Stubbs, 1999). Each coat
protein exhibits surface exposed N and C termini (extreme end and upstream of
terminal GPAT motif) and a single surface-exposed loop (“60’s loop) that have been
shown experimentally to tolerate insertion of peptide sequences (Figure 1; see
references within 1). Although conserved in overall structure, TMV strains Ul, U5,
cucumber green mild mottle virus (CGMMYV), and ribgrass mosaic virus (RMV) are
all immunologically distinct, while TMV Ul and ToMV are immunologically
similar (Jaegle and Van Regenmortel, 1985; Gibbs 1999; 1997). Studies of
mammalian immune responses to tobamoviruses pioneered our understanding of
host responses to virus structures and have continued for over 60 years (Van
Regenmortel, 1999). Extensive studies by phytopathologists determined that

mammals immunized with tobamoviruses produce antibodies with little cross-
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reactivity with other tobamovirus coat proteins. This structural conservation,
coupled with immunologic distinctness, provides a unique opportunity for deriving a
platform of vaccine protein scaffolds that share similar biochemical and purification

properties.

Display of peptides on TMV VLPs may be used for thq induction of
neutralizing responses to biodefense related pathogens was illustrated by VLP
vaccine candidates generatecf against the filovirus pathogen Ebola. Additional
biodefense related epitopes have been identified for bacterial and viral pathogens
and include the Rift Valley Fever neutralization epitope KGTMDSGQTKREL (SEQ
ID NO: 100) bound by protective Mab 4D4 (Keegan and Collett, 1986; London ez
al., 1992). We have also made the TMV virions displaying peptides specifically
binding neutralizing antibodies against the Ebola virus (Wilson et al., 2000). The
minimal consensus sequence, underlined in bold, represents the common sequence
found on two adjacent overlapping peptides that were bound by the neutralizing
MAb:

Ebola glycoprotein 389-405 HNTP[[VYKLDISEAITQVE (SEQ ID NO: 101)

Ebola glycoprotein 401-417 ATQV[[EQHHRRTDN]]DSTA (SEQ ID NO: 102)

Ebola glycoprotein 477-493 GKLG[[LITNTIAGV]J]AGLI (SEQ ID NO: 103)

Fusion proteins of these minimal consensus peptides were generated at the
N-terminal, 60’s loop, and near the C-terminal of the TMV U1 coat protein using the
general techniques above.. The solubility of peptides fused to the coat proteins
extracted from N. benthamiana plants inoculated with infectious transcripts is shown
in Table 6 and Figure 15. The virions that remain soluble in aqueous solutions differ
in terms of the absolute yield of recombinant virus recovered from infected tissues,
and the optimal buffer extraction conditions necessary for extraction. For example,
the epitope GP1-481 fused to N-terminal of coat protein has a slightly lower yield
compared to the same epitope fused near the C-terminus of the TMV U1 coat
protein. The majority of the virion with an N-terminal GP1-481 fusion is soluble in

TRIS-C1 buffer (pH 7.5), whereas the virion carrying the same fusion near the C-

PCT/US2005/010192
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terminus was soluble at either pH 5.0 or 7.5. As expected, the negative control
samples did not have any SDS-PAGE band near the expected size of the coat protein
fusions. The integrity of the fusions was further confirmed by MALDI-TOF mass
spectroscopy (Table 6). Viral constructs with the epitope fused in the 60°s loop
caused necrotic lesions on N. benthamiana plants and often resulted in insoluble
recombinant coat protein. Approaches to overcome this problem include testing
these constructs in other Nicotiana species or changing the amino acid sequences
surrounding the epitope to restore the native charge of (-3) on the TMV Ul coat
protein. From these data, it is clear that peptide epitopes bound by antibodies
capable of neutralizing Ebola virus and protecting mice from infection were readily

displayed on the surface of TMV virions.

The cloning vectors for fusing peptides to various tobamovirus coat proteins
were constructed using unique restriction endonuclease sites, PCR-based geneﬁc
fusions and insertion cloning procedures. For example, for displaying epitopes on
the Ul coat protein, vectors possess unique Ncol and NgoMIV restriction sites at
four locations, N-terminal, C-terminal, C-terminal upstream of the GPATmotif, and
within the surface exposed loop region. These linearized sites can readily accept
any hybridized oligonucleotides (coding for epitopes) with the same overhangs. We
will use the same strategy to prepare cloning vectors for the other three coat
proteins. Recombinant virus clones were transcribed and capped in-vitro, and the
infectious transcripts were inoculated onto plants: N. benthamiana or N. excelsiana.

Infections of plants were scored visually between 5 and 10 days post inoculation.

A low pH buffer (50 mM sodium acetate, 5 mM EDTA, pH 5.0) was very
useful for initial extraction of virus coat protein fusions since many host proteins are
insoluble at this pH and so coat protein bands are easily visible in extracts run in
SDS-PAGE gels and stained with Coomassie Brilliant Blue. However, several coat
fusions were not soluble under these conditions. Some of these were selectively
solubilized from insoluble plant material by resuspension of the material in 50 mM
Tris-HCI pH 7.5 buffer followed by centrifugation to remove insoluble materials.
The virus was purified by differential centrifugation followed by precipitation of
virus by treatment of supernatants with 4% polyethylene glycol in the presence of
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0.7M NaCl. Accurate sizing of coat protein subunits was possible by MALDI-TOF
mass spectrometry, and that this methodology was very useful for verification that
fusion proteins were intact, and not proteolytically cleaved. When further
verification of protein identity was required, the band can be excised from gels and
subject to digestion with trypsin followed by MALDI-TOF for verification that the
predicted tryptic digest matches the observed pattern of ion masses in the MALDI-
TOF spectrum. Recombinant fusions that are soluble in either pH 5 or pH 7.5, can

be readily manufactured for vaccine investigations.

Peptide display vaccines applied with a single carrier can induce a response
primarily to the carrier protein, rather than effectively boosting immune responses to
the peptide antigen. To discourage such carrier-specific boosting responses, a
carrier rotation approach to vaccines was used. In this case, the peptide immunogen,
such as Ebola neutralizing peptide GP1-393 (VYKLDISEA) (SEQ ID NO: 10) , was
fused to the surface of the coat protein of TMV Ul and TMGMYV or RMV coat

protein. The initial immunization was given with the TMV Ul-peptide vaccine and

the boosting immunization will be given 2-4 weeks later using the TMGMYV or
RMV fusion. In this manner, the immune system of the immunized individual sees
only one consistent linear epitope, and that is for the peptide immunogen. This
enhances the level of immune response and the specificity of the immune response
over that available for a vaccine using a single carrier in repeated immunizations.
The principle is useful for any peptide or protein antigen which is presented with a
non-specific antigen. The booster effect of multiple vaccinations is then directed
only to the specific peptide immunogen, not to the carrier molecule or portion or the

carrier molecule.

This concept was extended to a multi-peptide immunogen vaccine. In this
case, a set of peptide immunogens was employed in a vaccine to induce a wider anti-
pathogen response against a single organism (e.g. Ebola: peptides GP1-393, 405,
481). In contrast, a set of peptide immunogens to different organisms can be applied
in a single vaccine to induce an effective immune response against more than one
organism simultaneously (e.g. Ebola, GP1-393 and RVFV 4D4 peptide). Each is
fused to the surface of the coat protein of TMV U1 and TMGMYV or RMV coat
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protein. The initial immunization is given with the TMV Ul-peptide vaccines and
the boosting immunization will be given 2-4 weeks later using the TMGMYV or
RMV fusions. In this manner, the immune system of the immunized individual sees
only the two (or more) consistent linear epitopes that are for the multi-pathogen
peptide immunogens. This approach enhances the level of immune response and the
specificity of the immune response over that available for a vaccine using a single

carrier in repeated immunizations.

In either situation or carrier rotation, the epitope peptide may be fused to the
carrier antigen or it may be mixed therewith to present or enhance the immune
response. Plural epitope peptides may be bound to the same or different carrier
antigens simultaneously. In situations where many immunizations to the same
peptide epitope are desired, such as for allergy treatments, this method is particularly
useful. Also, when one does not know which peptide epitope is best to use for
immunization, to produce neutralizing antibodies for example, one may prepare
many vaccine preparations without concern for the carrier antigen becoming

immunodominant.

A murine model for Ebola filovirus is an example of the test systems that
may be used to for such a rotating carrier approach. Murine test hosts were of the
Balb C or C57B1/6 mouse strains. Mice were immunized with VLP peptide
vaccines (a dose range (2 and 10 mcg) fused to TMV Ul (first immunization),
TMGMYV or RMV (second and/or third immunization). Peptides were chosen from
the group (peptides GP1-393, 405, 481) and PBS buffer was used a negative control.
Mice were immunized at two week intervals. Sera from each mouse, pre-immune
and two weeks following each immunization, were screened against each the VLP
vaccines displaying the cognate peptide on the surface of either TMV Ul, TMGMV
or RMV by ELISA. MAbs that recognize different Ebola antigens (6D8-1-2, 13F6-
1-2 and 12B5-1-1, kindly provided by Dr. Mary Kate Hart, US AMRIID) recognized
the cognate linear neutralizing epitopes on the different carriers with peptides.
ELISA assays were completed as described (40). Briefly, Nunc Maxisorp 96 well
plates were coated overnight with 5 pg/ml of target antigen in carbonate buffer.

Targets included cognate peptide conjugated to BSA, TMV-Ebola peptide fusion,
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TMV- RVFYV peptide fusion, and TMV. Plates are washed, blocked, and incubated
with a 1:3 serial dilution of sera from immunized or control mice at a starting
dilution of 1:10. Plates were then washed, and incubated with an anti-mouse-HRP
conjugate. Following secondary incubation, plates were washed, and developed by
standard procedure, and read on a Molecular Devices Gemini plate reader at 405 nm.
The level of bound antibodies were determined by comparing to the known amount

of neutralizing MAD.

Sera derived from immunized mice were tested for their ability of these
immune sera to inhibit or alter Ebola virus plaque formation. Sera showing the most
robust anti-peptide immune responses were used. Neutralization assays were carried
out as describéd in Wilson et al., (2). Briefly, fourfold serial dilution of sera was
mixed with 100 pfu of murine-adapted Ebola Zaire at 37°C for 1 hour in the
presence or absence of 5% guinea pig complement (Accurate Scientific) and used to
infect Vero E6 cells. Cells were overlaid with agarose and a second overlay with
5% neutral red added 6 days later. Plaques were counted on the 7th day.
Neutralization titers were determined to be the last dilution of the sera that reduced
the number of plaques by 80% compared with control wells (sera from PBS or

RVFYV peptide immunized mice).

The Ebola peptide immunogens fused to tobamovirus VLP structures can be
tested for efficacy in an Ebola challenge model. Ten mice per treatment will be
evaluated in each of two experiments. C57BL/6 mice will be vaccinated at two
doses at 4 week intervals and challenged intraperitoneally with 1000 pfu of mouse-
adapted Ebola Zaire virus (2; 43) one month after the final immunization. Mice will

be observed daily for signs of illness for 28 days after challenge.

EXAMPLE 7: Carrier Rotation to Improve Immunological Responses to
HIV Vaccines

Ideally, a vaccine designed to protect against infection with human

immunodeficiency type 1 (HIV-1) will induce sterilizing immunity against a broad
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range of virus variants. However, generation of broadly-neutralizing antibodies
(Nabs) by vaccination, let alone natural infection, has proven nearly impossible thus
far. There have been some notable advances in development of vaccine regimens
that are able to generate significant levels of protection against development of
AIDS in non-human primate models (reviewed in McMichael et al., 2002; Letvin et
al., 2002; Robinson 2002; Letvin 2002). These vaccines allow animals to control
viral challenge by strong priming of virus-specific CD8* T-cells (cytotoxic T cells,
CTLs). However, a CTL response alone cannot prevent infection, and mechanisms
to induce Nabs that will neutralize a wide range of isolates remains a vital goal,
especially in light of the fact that viral escape from vaccine-induced CTL control can
sometimes occur (Barouch et al., 2002). The Env spikes on the surface of the HIV-1
virion are the primary target for antibody-mediated neutralization. However, the
Env proteins of HIV-1 are poorly antigenic, and generation of Nabs is difficult to
achieve, probably because functionally important domains of the proteins are
obscured by protein folding and carboydrate chains. Nevertheless, many infected
people do mount a Nab response that is generally highly specific to the autologous
virus, and not cross-neutralizing. This is not surprising given the phenomenal
sequence and structural variation that is present in the Env proteins. However, a rare
subset of infected individuals do produce broadly neutralizing Abs, which gives

hope that induction of sterilizing immunity is possible.

The envelope proteins of T-cell line-adapted (TCLA) strains of HIV-1 elicit
Nabs that mostly target linear epitopes in the third variable cysteine loop (V3 loop)
of gp120, a region that is involved in co-receptor binding and hence vital for virus
entry. Subtype C isolates of HIV-1, which infect more people worldwide than any
other subtype, have relatively low level of sequence variation in the V3 loop
(Engelbrecht et al., 2001; Bures et al., 2002). However, neutralization of subtype C
virus by V3 loop Abs is not extremely efficient in vitro, perhaps reflecting poor
immunogenicity of epitopes in this region (Bures ef al., 2002). There is concern that
the V3 loop may be hidden in the native gp120 structure and not accessible to the
immune system, and therefore that generation of V3-specific Nabs will be difficult

with gp120 subunit vaccines. However, the V3 loop is vital for viral entry, and so
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significant levels of V3 loop-targeted Nabs should help prevent transmission of
HIV-1.

To date, six human monoclonal antibodies (Mabs) have been described that
are capable of neutralizing a broad spectrum of HIV-1 variants in vitro. Three of
these (IgGb12; 2G12 and 2F5) were described several years ago, and lend insight
into the domains of the Env proteins that are important in viral entry, and thus for
vaccine design. Monoclonal antibody “b12” recognizes a conformational epitope in
the CD4 binding site of gp120; 2G12 recognizes a discontinuous epitope in the C2-
V4 region of gp120 that includes N-glcyosylation sites, and 2F5 maps to a linear
epitope (ELDKWA, SEQ ID NO: 104) in the membrane-proximal ectodomain of
gp41 (D’Souza et al., 1997). Recently, two broadly neutralizing monoclonal

antibodies 4E10 and Z13 were shown to recognize a continuous epitope with core
sequence NWFDIT (SEQ ID NO: 16), just C-terminal to the 2F5 recognition
sequence (Stiegler ef al., 2001; Zwick et al., 2001). This strongly indicates that the

membrane proximal region of gp41 plays a critical role in virus entry. Another
recently described monoclonal Fab was selected for binding to gp120-CD4-CCR5
complexes, and also displays a broad neutralization phenotype (Moulard et al.,
2002).

Passive transfer studies have shown that neutralizing Mabs are able to confer
concentration-dependent sterilizing immunity to virus challenge by intravenous, oral
and vaginal routes in Rhesus macaques. It is encouraging that the mAbs tested
display significant synergy in their neutralization activity: this will reduce the
minimum antibody concentration that is required for effective neutralization
(reviewed in Mascola, 2002; Xu ef al., 2002). A recent publication (Lewis et al.,
2002) demonstrates that MAb neutralizing activity can also be generated in vivo: in
mice that expressed the gene for b12 from a recombinant adeno-associated virus
vector. These studies on neutralizing Mabs have helped to demonstrate that we
should be able to achieve significant levels of protection against HIV-1 infection and
reduced rates of transmission of virus, if a way is found to induce robust production
of Nabs in vaccinated animals and is incorporated into a vaccine regimen that

includes strong priming of a CTL response.
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In the light of the disappointing performance of whole Env-based vaccines,
and the problems associated with poor immunogenicity of Env subunit vaccines,
several studies have focused on the use of immunogens based on domains of Env
proteins that are presumed targets for Abs. Data presented by Letvin et al. (2001),
that showed that antibodies induced against the V3 loop could provide partial
protection against challenge with primary isolate-like SHIV-89.6 in Rhesus
macaques. Efforts at generation of neutralizing antibodies with immunogens
containing the core linear epitope recognized by the 2F5 antibody have been
generally disappointing, with only non-neutralizing antibodies being produced
(Ferko et al., 1998; Echart et al., 1996). However, there is one notable exception:
recently, Marusic et al. (2001) showed that virus-like particles of the flexuous plant
virus potato virus X (PVX) dispaying the 2F5 ELDKWA (SEQ ID NO: 104) epitope
could induce high levels of HIV-1 specific IgG and IgA in mice immunized with the

recombinant virus-like particles (VLPs). This immunogen was able to induce
production of human HIV-1 specific neutralizing antibodies (measured by in vitro
inhibition of syncytium formation) in severe combined immunodeficient mice
reconstituted with human periferal blood lymphocytes (hu-PBL-SCID) that had been
immunized with human dendritic cells (DCs) pulsed with the PVX-2F5 VLPs.

These authors speculate that presentation of the ELDKWAS sequence (SEQ ID NO:
13) in a highly repetitive fashion on the surface of the PVX virion rendered the

sequence highly immunogenic, and thus were able to generate Nabs.

Until the recent discovery of the 4E10/Z3 human Mab, 2F5 was the only
human Mab that appeared to recognize a linear epitope, and so peptides that could
mimic the neutralizing epitope of b12 and 2G12 were not available for testing as
potential immunogens. However, a linear peptide mimotope of the b12 epitope has
recently been discovered using phage peptide display technology (Zwick et al.,
2001). This peptide (B2.1) appears to bind best to b12 when presented as a
disulphide-linked homodimer on the surface of the phage. This phage particle is
being optimized for use as an immunogen. Scala ef al. (1999) selected epitopes
from libraries of peptides displayed on the surface of filamentous phage particles

with sera from HIV" patients, both from long term infected non-progressor donors
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and from donors who had progressed to AIDS illness. Five epitopes, presumed to
be mimotopes of Env-specific neutralizing epitopes, were able to induce production
of antibodies that neutralized TCLA HIV-1 strains IIIB and NL4-3, as well as the
primary isolate ADS8, but this less strongly than the TCLA strains (Scala et al.,
1999). Subsequently, these authors showed that sera from individuals infected with
all group M HIV-1 subgroups were able to recognize the phage-displayed
mimotopes (Chen ez al., 2001). Rhesus monkeys were immunized with phage
particles displaying the five epitopes that had shown potentially protective immune
responses in mice, and challenged with pathogenic SHIV-89.6PD. While the
immunized animals were not protected from SHIV infection, there was evidence of
significant control of the challenge virus and the monkeys were protected from
progression to AIDS. These results show similar levels of control to vaccines
designed to generate virus-specific CTLs and infer that the antibody response was
able to control viremia in the challenged animals. A recent publication (He et al.,
2002) described successful isolation of a number of human Nabs from XenoMouse
immunized with gp120 derived from a primary Subtype B isolate (SF162). The
authors noted potent neutralizing activity against the autologous virus isolate, and
reactivity against both R5 and X4 isolates in Subtype B. The Nabs mapped to novel
epitopes in domains known to possess neutralizing epitopes: V2-, V3- and CD4-
binding domains of gp120, as well as in the C-terminal region of the V1 loop.
Apparently, several Nabs recognize linear epitopes that now warrant further

investigation as peptide immunogens.

Some non-structural HIV-1 proteins, particularly Tat and Vpr, are
found in the serum of infected individuals, and exert biological function, resulting in
immunodeficiency and disease. The Tat protein is required for HIV-1 replication
and pathogenesis. It is produced early in the viral life cycle. In the nucleus of the
infected cell, it interacts with host factors and the TAR region of the viral RNA to
enhance transcript elongation and to increase viral gene expression (Jeang ef al.,
1999). Tat also is also found extracellularly, where it has distinct functions that may
indirectly promote virus replication and disease, either through receptor mediated

signal transduction or after internalization and transport to the nucleus. Tat
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suppresses mitogen-, alloantigen- and antigen-induced lymphocyte proliferation in
vitro by stimulating suppressive levels of alpha interferon and by inducing apoptosis
in activated lymphocytes. In vivo, it is thought that Tat may alter immunity by
upregulating IL-10 and reducing IL-12 production, or through its ability to increase
chemokine receptor expression (Gallo et al., 2002; Tikhonov ef al, 2003).

Antibody production against Tat has, in some cases, correlated with delayed
progression to AIDS in HIV-1 infected people (Gallo ez al., 2002). Recently,
Agwale ef al. (2002) showed that antibodies induced in mice against a Tat protein
subunit vaccine could negate the immune suppression activities of Tat iz vivo.
Subsequently, Tikhonov ez al. (2003) identified linear epitopes on Tat that were
reactive with Tat-neutralizing antibodies produced in vaccinated Rhesus macaques.
From these data it is clear that antibodies that target the N-terminus, an internal basic
domain, and the cell-binding domain of Tat (containing the integrin-binding motif
“RGD”) can neutralize the extracellular version of Tat, and reduce the negative
impact of Tat on the immune system. These linear epitopes are thus interesting

targets for both prophylactic and therapeutic vaccines against HIV-1 and AIDS.

As in the examples above, peptide epitopes were prepared in TMV coat
proteins and produced as above. In Table 7, a list of peptides that have been
displayed on the surface of TMV U1 and/or US virions is displayed. The
expression, extraction and solubility data for these recombinant viruses is

summarized in Table 8.

EXAMPLE 8: Veterinary Parvovirus Vaccines

Parvoviruses that are associated with enteric disease in domestic cats, dogs,
mink and pigs are closely related antigenically, with different isolates diverging less
than 2% in the sequence of the viral structural proteins. Vaccination with killed or
live-attenuated parvovirus protects animals against infection by Feline
panleukopenia virus (FPV), canine parvovirus (CPV), mink enteritis virus (MEV)

and porcine parvovirus (PPV). However, maternal antibodies neutralize the vaccine,
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making it ineffective in animals that have not been weaned. Subunit vaccines might

overcome this limitation, and provide useful alternatives to conventional vaccines.

The N-terminus of FPV, CPV and PPV VP2 contains a major neutralizing
determinant for the virus; this is a linear epitope, present in the first 23 amino acids
of the protein. Neutralizing antibodies may be induced in animals immunized with
peptides derived from the first 23 amino acids of VP2 (Casal et al., 1995;
Langeveld et al., 2001). The sequence of the N-terminus of VP2 follows:
MSDGAVQPDGGQPAVRNERATGS (SEQ ID NO: 96)

We designed a synthetic DNA sequences which would encode various
portions of the N-terminal VP2 sequence. The synthetic DNA was synthesized in
complementary oligonucleotides, and inserted into the coat protein of TMV U1 and
TMV Us, as depicted in Figure 2. These sequences of the peptides were denoted

Parvol; Parvo2; and Parvo3. The amino acid sequences of these peptides are as

follows:

Parvol: MSDGAVQPDGGQPAVRNERAT (21 amino acids) (SEQ ID NO:
97)

Parvo2: MSDGAVQPDGGQPAVRNERA (20 amino acids) (SEQ ID NO: 98)
Parvo3: VQPDGGQPAVRNERAT (16 amino acids) (SEQ ID NO: 99)

The domain of the HPV minor capsid protein (L2) appears to contain one or more
epitopes that can elicit antibodies with broad spectrum neutralization activity in mice
(Kawana ef al., 1999; 2001; Embers et al., 2004) and humans (Kawana et al., 2003).
The peptide sequence used in this study is referred to here as HPV16L2 (Figure 16).
Importantly, sera from animals and humans immunized with this peptide can
neutralize the homologous virus (HPV-16) as well as related mucosotropic viruses:
HPV-11; HPV-6 and HPV52 (Kawana et al., 1999; 2001; 2003). These results are
very significant, since this is the first time that antibodies from animals immunized
with papillomavirus antigens have shown cross-type neutralization activity. Kawana

et al. (2003) had to deliver relatively large quantities of peptide - 500mg, by the
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intranasal route, to induce papillomavirus L2-specific antibodies. We predicted that
display of the peptide as a highly repetitive antigen array, such as on the surface of
the plant virus tobacco mosaic virus (TMV), would enhance the immunogenicity of

the peptide.

The Christensen laboratory has previously shown that peptides in the same L2
region of the rabbit model papillomaviruses cottontail rabbit papillomavirus (CRPV)
and rabbit oral papillomavirus (ROPV) could elicit antibody responses that protected
animals against challenge with both CRPV and ROPV (Embers ef al., 2003). For
proof of concept in a preclinical model, we have displayed these peptides (CRPV 2.1
and 2.2; ROPV 2.1 and 2.2, see Figures 2 and 16) on the surface of TMV and tested
the recombinant viruses as vaccines. Animals were challenged with CRPV.
Peptides described in Figure 16 were cloned as C-terminal fusions to the TMV
capsid protein (Figure 2 and 4), and vaccines were qualified by SDS-PAGE and
MALDI-TOF (Figure 4).

A pilot immunogenicity study was conducted in guinea pigs, with two guinea pigs
per gourp. 4 x vaccines, were provided biweekly, at a 100 mcg dose. Bleed 1 was
post-vaccine 2 and bleed 2 was post-vaccine 3. Rabbits immunized with KLH-
peptide-CFA provided positive control. As shown in Figure 17, good peptide-

specific immune response was observed in all but CRPV 2.2.

A pilot immunogenicity study was conducted in BALB/c mice, with five mice per
gourp. 4 x vaccines, were provided biweekly, at a 100 mcg dose. The vaccines
were as indicated in Figure 4 (¢ypo in Figure 18 — Figure 18 should reference
Figure 4). Rabbits immunized with KLH-peptide-CFA provided positive control.
As shown in Figure 18, good peptide-specific immune response was observed in all
but CRPV 2.2.

Figure 19 includes the results of vaccine studies performed on New Zealand white
rabbits.

EXAMPLE 9: Results of a rabbit virus challenge study with TMV
particles displaying rabbit papillomavirus L2 epitopes

PCT/US2005/010192
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We tested whether TMV particles displaying peptides with SEQ IDs 1, 2, 3, and 4
could induce protective immunity against challenge with cottontail rabbit

papillomavirus (CRPV) and/or rabbit oral papillomavirus (ROPV).
Vaccination protocol

A group of 28 New Zealand White rabbits was divided into seven cohorts of four
animals each. Each aﬁimal in each group was vaccinated with two hundred
micrograms of TMV:peptide fusion vaccine, with RIBI adjuvant (Corixa R-730),
according to the manufacturer’s instructions. Where a mixture of two or more
vaccines was given, the dose was additive, that is animals that received three TMV
peptide fusions received two hundred micrograms of each TMV peptide fusion
construct, for a total of six hundred micrograms of TMV peptide fusion. The
rabbits were vaccinated on the following schedule: Day 1: vaccine 1; day 21:

vaccine 2; day 42 vaccine 3.
Virus challenge protocol

All of the animals were challenged with infectious CRPV and ROPV seven days
after the final vaccine, according to methods that were described previously (Embers
et al., 2002). Eight sites on the shaved backs of each rabbit were scarified, and
infectious CRPV was applied. In each group, two rabbits were given a high dose
CRPV challenge (a 107 dilution of infectious virus stock) and two were given a one
third lower dose of CRPV (a 3x107 dilution of infectious virus stock). For ROPYV,
ten sites on the underside of the tongue of the rabbits were punctured with a needle,

and infectious ROPV stock applied.
Monitoring of symptoms

Visual monitoring of papilloma formation was initiated at 21 days post-infection,
and continued until eight weeks had elapsed since viral challenge. We scored the
total number of sites with visible cutaneous papillomas, and also measured lesion
size with calipers to determine the geometric mean diameter. Rabbit oral papilloma

formation was scored as positive if a oral lesion was evident.



10

WO 2005/108564 PCT/US2005/010192

74

RESULTS

Table 9, below summarizes the total number of infected cutaneous sites per animal
at 42 days after the challenge, and the total number of rabbits that showed obvious
ROPYV infection on the dorsal surface of the tongue. Unfortunately, the stock of
ROPYV appeared to have lost infectivity in storage, and so the ROPV challenge did
not produce visible papillomas in all of the control rabbits. However, it is notable
that none of the rabbits that received the ROPV 2.2 vaccine developed ROPV
lesions. The immune response generated by TMV displaying ROPV 2.1 was clearly
not protective, given that two of the four animals developed papillomas at at least

one oral infection site.
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Table 9: Papilloma lesions present at Day 42 after CRPYV infection and, for

Group | Vaccination CRPV (107) CRPV (3x107) ROPV lesions
(papillomas/sites) | (papillomas/sites) | (papillomas/rabbits)

A wtTMV 718 5/8 2/4
B CRPV2.1 0/8 0/8 3/4
C ROPV2.1 6/8 3/8 2/4
D ROPV2.2 8/8 3/8 0/4
E CRPV2.1 + 0/8 0/8 0/4
F ROPV2.2 8/8 5/8 0/4
G ROPV2.1 + 0/8 0/8 0/4
ROPV2.2

Palatins 871

Group ng” \}a;aﬁon CRPV (10 CRPV (3x107) ROPV lesions
(papillomas/sites) | (papillomas/sites) | (papillomas/rabbits)

A MY~ 748 5/8 2/4
B CRPV2.1 0/8 0/8 3/4
C ROPV2.1 6/8 3/8 2/4
D ROPV2.2 8/8 3/8 0/4
E CRPV2.1 + 0/8 0/8 0/4
F ROPV2.2 8/8 5/8 0/4
G ROPV2.1 + 0/8 0/8 0/4

ROPV2.2

CRPV2.1 +

ROPV2.1 +

ROPV2.2

Group | Vaccination CRPV (107) CRPV (3x107) ROPYV lesions
(papillomas/sites) | (papillomas/sites) | (papillomas/rabbits)

A wiTMV 7/8 5/8 2/4
B CRPV2.1 0/8 0/8 3/4
C ROPV2.1 6/8 3/8 2/4
D ROPV2.2 8/8 3/8 0/4
E CRPV2.1 + 0/8 0/8 0/4
F ROPV2.2 8/8 5/8 0/4
G ROPV2.1 + 0/8 0/8 0/4

ROPV2.2

CRPV2.1 +

ROPV2.1 +

ROPV2.2
ROPY at day

28 after infection.
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When the sizes of cutaneous papillomas are graphed as geometric mean diameter
measurements over time, we see that all animals that received the homologous
vaccine (CRPV 2.1) were completely protected against virus challenge (Figure 20),
and this is confirmed at both high and low doses. In Figure 20, graphs show the
growth of cutaneous papillomas on challenged animals over time. In animals that
received high dose challenge with CRPV, groups that received the CRPV 2.1
vaccine, that is B (CRPV 2.1), E (CRPV 2.1 plus ROPV 2.2) and G (CRPV 2.1 plus
ROPV 2.1 and ROPV 2.2) were significantly protected against CRPV challenge, as
evidenced by absence of, or formation of very small lesions. In animals that
received the lower dose of CRPV, groups B, E and G were protected as before. In
addition, the geometric mean diameters of lesions in animals in group D (ROPV 2.2
alone) were significantly smaller than those induced by vaccination with TMV alone
(group A), indicating a cross-protective immune response. It is interesting to note
that while the sizes of the cutaneous papillomas in animals that received ROPV

vaccines are not statistically different to those in the control animals (wild type

. TMV vaccinated), there is a trend towards development of smaller cutaneous

papillomas in animals that received the ROPV vaccines. This trend is more striking
when the sizes of cutaneous papillomas are compared in animals that received the
lower dose of CRPV (3x107 dilution of virus stock), and reaches statistical
significance in animals that received the ROPV 2.2 vaccine alone (group D),
indicating a significant degree of cross-protective immunity induced by this vaccine
(P <0.05 for group D versus group A). Unexpectedly, lesion sizes in animals that
received both ROPV 2.1 and ROPV 2.2 vaccines (groups E and F), although visibly
smaller, were not statistically different to those that appeared on the control, TMV-
vaccinated, animals. This cannot be explained by a dosage effect since all animals
received the same amount of ROPV2.2 vaccine (200 micrograms). In this case,
therefore, it seems that cross-protective immunity may be achieved with the
ROPV2.2 vaccine and it is possible that ROPV2.1-reactive antibodies might

interfere slightly with the cross-reactive immune response. These data represent
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the first report of cross-protective immune responses between different
papillomavirus species in a challenge model, and provide further support for the
concept that the domains of the L2 protein of human papillomavirus could be useful
in design of vaccines to induce cross-protective immunity against several oncogenic

papillomaviruses in humans.

EXAMPLE 10: Discovery of an epitope that induces HPV-16 neutralizing
antibodies when displayed on the surface of TMV

We displayed peptide HPV16L2.3 (SEQ ID: 107) at the GPAT position near
the carboxy terminus of TMV U1 and at the TPAT position near the carboxy
terminus of TMV US5. We vaccinated two groups of four guinea pigs with one
hundred micrograms of these vaccines, in the presence of RIBI adjuvant. The
animals received the vaccines at day 0, 21 and 42, and were bled ten days after the
third vaccine. We measured the titer of neutralizing antibodies in the guinea pig sera
with the pseudovirion neutralization assay developed as described by the
investigators who developed the assay (Pastrana et al., 2004). Neutralization titers
are listed in Table 10, as the reciprocal of the first serum dilution where reduction of
secreted alkaline phosphatase reporter gene activity is reduced to a level less than
50% of that relative to the SEAP activity expressed when a matched negative control

serum is used in the neutralization assay.

Table 10: HPV-16 Pseudovirion neutralization titers in sera from terminal
bleeds of guinea pigs immunized with TMYV vaccines displaying peptide
HPV161.2.3 (SEQ ID: 107).

Animal number TMV strain used as Neutralization titer
peptide carrier

Guinea pig 1-1 TMV Ul 160

Guinea pig 1-2 TMV Ul 40

Guinea pig 1-3 TMV U1 20

Guinea pig 1-4 TMV Ul 80

Guinea pig 2-1 TMV U5 > 1280 (last dilution tested)

Guinea pig 2-2 TMV U5 320

Guinea pig 2-3 TMV U5 Not determined

Guinea pig 2-4 TMV U5 1280

PCT/US2005/010192
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This peptide (HPV16L2.3) has not been described previously as a B cell epitope
capable of inducing HPV-16 neutralizing antibodies. When displayed on the
surface of TMV, however, this peptide induces relatively high titers of HPV-16
neutralizing antibodies. Unexpectedly peptide HPV161.2.3 induced significantly
higher titers of HPV-16 neutralizing antibodies when displayed on the surface of
TMV US in comparison to TMV Ul. This finding implies that the epitope adopts a
conformation that more closely mimics the conformation of this segment of the
HPV-16 L2 protein in the process of viral entry into cells. Thus, the TMV
U5:HPV16L2.3 vaccine has potential for use as a vaccine for prevention of HPV-16
infection in humans, as well as for use as tool to determine an appropriate structure
of this peptide for the rational design of effective HPV-16 entry inhibitors that might

be useful as topical or systemically-active antivirals or microbicides.
These epitope peptide vaccines are then used as in the examples above

It will be understood that various modifications may be made to the embodiments
disclosed herein. Therefore, the above description should not be construed as
limiting, but merely as exemplifications of preferred embodiments. Those skilled in
the art will envision other modifications within the scope and spirit of the claims

appended hereto.

All patents and references cited herein are explicitly incorporated by reference in

their entirety.
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What is claimed is:

1. An immunological reagent comprising a plant viral protein covalently bound
to an epitope peptide having the same linear.sequence as an immunologically
recognized epitope of a human papilloma virus, human immunodeficiency virus,

ebola virus, rift valley fever virus or parvovirus.

2. An immunological reagent of claim 1 wherein the epitope peptide contains a
sequence selected from the group consisting of the peptide sequences of Table 1, the
peptide sequences of Table 6, the peptide sequences of Table 7, the peptide
sequences of Table 8, HNTPVYKLDISEATQVE (SEQ ID NO: 101),
ATQVEQHHRRTDNDSTA (SEQ ID NO: 102), GKLGLITNTIAGVAGLI (SEQ
ID NO: 103), VQPDGGQPAVRNERAT (SEQ ID NO: 99) ,
MSDGAVQPDGGQPAVRNERA (SEQ ID NO. 98),
MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and KGTMDSGQTKREL
(SEQ ID NO: 100).

3. A vaccine comprising the composition of claims 2, and a pharmaceutically

acceptable carrier or excipient.

4. A method for eliciting an immune response in an animal comprising

administering the vaccine of claim 3 to the animal.

5. A virus-like particle comprising a plurality of assembled protein subunits
wherein each protein subunit is a plant viral coat protein covalently bound to an
epitope peptide having the same linear sequence as an immunologically recognized
epitope of a human papilloma virus, human immunodeficiency virus, ebola virus,

rift valley fever virus or parvovirus.

6. A virus-like particle of claim 5 wherein said sequence selected from the
group consisting of the peptide sequences of Table 1, the peptide sequences of Table
6, the peptide sequences of Table 7, the peptide sequences of Table 8,
HNTPVYKLDISEATQVE (SEQ ID NO: 101), ATQVEQHHRRTDNDSTA (SEQ
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ID NO: 102), GKLGLITNTIAGVAGLI (SEQ ID NO: 103),
VQPDGGQPAVRNERAT (SEQ ID NO: 99), MSDGAVQPDGGQPAVRNERA
(SEQ ID NO: 98), MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and
KGTMDSGQTKREL (SEQ ID NO: 100).

7. A vaccine comprising the composition of claim 5, and a pharmaceutically

acceptable carrier or excipient.

8. A method for eliciting an immune response in an animal comprising

administering the vaccine of claim 7 to the animal.

9. A plant virus comprising at least one plant viral coat protein covalently
bound to an epitope peptide having the same linear sequence as an immunologically
recognized epitope of a human papilloma virus, human immunodeficiency virus,

ebola virus, rift valley fever virus or parvovirus.

10. A plant virus of claim 9 wherein said sequence is selected from the group
consisting of the peptide sequences of Table 1, the peptide sequences of Table 6, the
peptide sequences of Table 7, the peptide sequences of Table 8,
HNTPVYXLDISEATQVE (SEQ ID NO: 101), ATQVEQHHRRTDNDSTA (SEQ
ID NO: 102), GKLGLITNTIAGVAGLI (SEQ ID NO: 103),
VQPDGGQPAVRNERAT (SEQ ID NO: 99), MSDGAVQPDGGQPAVRNERA
(SEQ ID NO: 98), MSDGAVQPDGGQPAVRNERAT (SEQ ID NO: 97) and
KGTMDSGQTKREL (SEQ ID NO: 100).

11. A vaccine comprising the composition of claim 10 and a pharmaceutically

acceptable carrier or excipient.

12. A method for eliciting an immune response in an animal comprising

administering the vaccine of claim 11 to the animal.

13.  The composition of claims 6 or 10 containing a plurality of different epitope

peptides, each on a separate plant viral coat protein molecule.
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14. A method for preparing an antibody against a papilloma virus, ebola virus,

HIV virus, Rift Valley Fever virus or a parvovirus comprising;
exposing an animal to the vaccine of claim 3, 7 or 11,
recovering cells or body fluids from the animal, and
preparing an antibody from said cells or body fluids.

15.  The method of 14 wherein the antibody is neutralizing.

16. A method for detecting a papilloma virus, ebola virus, HIV virus, Rift Valley
Fever virus or a parvovirus comprising contacting an antibody produced by the
method of claim 14 with a sample suspecting of containing a virus, and detecting the

presence or absence of antibody binding to the virus.

17. A method for inducing an immune response in an animal against a peptide

epitope comprising

coupling the peptide epitope to a first carrier antigen to make a first vaccine

composition,

coupling the peptide epitope to a second carrier antigen, which is different

from the first carrier antigen, to make a second vaccine composition,
immunizing the animal with the first vaccine composition,
at a later time, immunizing the animal with the second vaccine composition,

wherein the immune response to the peptide epitope is boosted greater than

the boosting of either carrier antigen.

18.  The method according to claim 17 further comprising;

coupling a second peptide epitope to a third carrier antigen to make a third

vaccine composition,
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coupling the second peptide epitope to a fourth carrier antigen, which is
different from the third carrier antigen but may be the same as either the first carrier

antigen or the second carrier antigen, to make a fourth vaccine composition,

immunizing an individual animal with the first vaccine composition and the

5 third composition,

at a later time, immunizing the same individual animal with the second

vaccine composition and the fourth composition.

wherein the immune responses to the first and second peptide epitope are

boosted greater than the boosting of the carrier antigens.
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FIGURE 6
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FIGURE 7
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FIGURE 8

B3pV4 Pooled, CRPVL2.1 cap

B3pV4 Pooled, CRPVL2.2 cap
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FIGURE 9
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FIGURE 10
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FIGURE 11
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FIGURE 13
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FIGURE 14
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FIGURE 15
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Vaccine Groups:
4 New Zealand White Rabbits Per Group
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FIGURE 19

Rabbit Papillomavirus Challenge Study

Vaccine Immunization | Antigen Dose | Virus Infection Endpoints
Designation Schedule
TMV:CRPV2.1 Days 0, 14,28 | 200 i CRPV (4 sites) Serum
- micrograms per i collacted (pre-
| dose immune, and
¢ NO ADJUVANT | after booster
| injections);
; record
i papilloma
lesion
frequency; size
“TMV:CRFV21 | Days0, 14,28 - “_ Pv_n CR
plus TMV: )
ROPV 2.2
TMV:ROPV21 | Days0, 14,28 | “___ » & w7 [
TMV:ROPV2.2 | Days0, 14,28 . - - ER CR
e i T e et FTETPRp—
L2
“TMVwild type | Days 0, 14,28 |+ R P

Cutaneous Papilloma Measurement in Animals Infected with CRPV

Mean CRPYV papilloma size (GMD) [Day 35]

6

Geometric Mean Diameter

Papilloma size

~

1

Rabbit vaccine groups

Number of papillomas [Day 35}

Group

1. CRPV2.1

2. ROPV2.1

3.C+R

4. ROPV2.2

5. HPV11

6. wiTMV

Papillomas Sites

13 16
12 16
10 16
1" 16
15 16
14 16

End of Experiment (day 60) : Papillomas at 16 sites in all groups,
except #3: _mixed vaccine (13/16 sites infected).
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+ Sera Tested For Reactivity to WHOLE L2
Protein expressed in Insect Celis

Results Shown Below:

A. Rabbits immunized with MIXED Vaccine
(CRPV 2.1 + ROPV 2.2 show specific
reactivity to CRPV L2

B. Rabbits immunized with HPV 11 L2 (negative
control) react specifically with HPV 11 L2

ELISA reactivity of sera to CRPV L2
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@ o

Mean + SD of O.D. readings (405nm)
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0.0
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Groups of rabbits
A

(1=CRPV2.1; 2=ROPV2.1; 3=CRPV+ROPV; 4=ROPV2.2; 5=HPV11; 6=wiTMV,

ELISA reactivity of sera to HPV11 L2
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gs (405nm)

0.6 A

0.4 4

0.2 1

Mean + SD of O.D. readin

0.0

Groups of rabbits

B

(1=CRPV2.1; 2=ROPV2.1; 3=CRPV+ROPV; 4=ROPV2.2; 5=HPV11; 6=wiTMV.
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