COMPOSITIONS AND METHODS OF ENHANCING IMMUNE RESPONSES TO
ENTERIC PATHOGENS

CROSS-REFERENCE TO RELATED APPLICATIONS

This patent application claims the benefit of priority of United States Provisional
Patent Application No. 61/790,301, filed March 15, 2013, which is incorporated herein by
reference in its entirety.

SEQUENCE LISTING

This application is being filed electronically and includes an electronically submitted
Sequence Listing in .txt format. The .txt file contains a sequence listing entitled "2014-03-
14 5658-00203_ST25.txt" created on March 14, 2014 and is 31,093 bytes in size. The
Sequence Listing contained in this .txt file is part of the specification and is hereby

incorporated by reference herein in its entirety.

INTRODUCTION

Bacterial infections still pose a significant health hazard to humans and agricultural
and domesticated animals. The increase in antibiotic resistance has increased the need to
move away from use of antibiotics in agriculture and the need to develop alternative methods
of controlling bacterial infections and bacterial contamination of the human food supply.
Salmonella and E. coli are commonly reported bacterial causes of human food-borne
infections worldwide, and epidemiological evidence indicates that meat products including
poultry and poultry products are a significant source of human infection. In the United
States, an estimated 1.4 million cases of human Salmonellosis are reported annually. Of
these cases, S. enterica serovars Enteritidis (SE) and Typhimurium (ST) are the most
commonly isolated, although a number of other serovars have also been shown to cause
enteritis in humans. Other gram negative bacteria responsible for significant infection rates
include Shigella spp, Vibrio spp, Erwinia spp, Kebsiella spp, Citrobacter spp, Yersinia spp,
Providencia spp and similar bacteria. Novel means to control these bacterial infections are

needed.

SUMMARY

In one aspect, there is provided a vaccine vector comprising a first polynucleotide

sequence encoding a PAL polypeptide consisting of a polypeptide selected from the group
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consisting of SEQ ID NO: 1, an amino acid sequence having 90% or more sequence
identity to SEQ ID NO: 1, an immunogenic fragment of SEQ ID NO: 1 at least eight amino
acids long, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6, SEQ ID NO: 36,
SEQ ID NO: 37 and combinations thereof, wherein the PAL polypeptide is expressed on the

surface of the vaccine vector.

In one aspect, there is provided a vaccine vector comprising a first polynucleotide
sequence encoding a PAL polypeptide consisting of a polypeptide selected from the group consisting
of SEQ ID NO: 1, an amino acid sequence having 90% or more sequence identity to SEQ ID NO: 1
and an immunogenic fragment thereof at least six amino acids long, wherein the PAL polypeptide is
expressed on the surface of the vaccine vector.

In one aspect, there is provided a vaccine vector comprising a polynucleotide encoding a
polypeptide selected from the group consisting of at least one of SEQ ID NO: 42, SEQ ID NO:
44, SEQ ID NO: 46, an immungenic polypeptide having at least 95% sequence identity to SEQ
ID NO: 42, an immuogenic polypeptide having at least 95% sequence identity to SEQ ID NO: 44,
and an immunogenic polypeptide having at least 95% sequence identity to SEQ ID NO: 46.

In one aspect, there is provided a pharmaceutical composition comprising the vaccine
vector as disclosed herein and a pharmaceutically acceptable carrier.

In one aspect, there is provided the use of the vaccine vector of as disclosed herein or
the pharmaceutical composition as disclosed herein in the manufacture of a medicament for
enhancing the immune response of a subject to a gram-negative bacterium.

In one aspect, there is provided the use use of the vaccine vector of as disclosed herein
or the pharmaceutical composition as disclosed herein in the manufacture of a medicament for
reducing morbidity associated with subsequent infection of a subject with a gram-negative

bacterium as compared to a control subject not administered the vaccine vector.

A vaccine vector comprising a first polynucleotide sequence encoding a PAL

polypeptide is disclosed. The PAL polypeptide is a heterologous, non-natively expressed,
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recombinant polypeptide in the vaccine vector. The PAL polypeptide is selected from SEQ
ID NO: 1, a sequence with 90% identity to SEQ ID NO: 1, such as SEQ ID NO: 6, or an
immunogenic fragment thereof at least six amino acids long. The polypeptide may be
expressed on the surface of the vaccine vector. The immunogenic fragment of SEQ ID NO: 1
may comprise SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO:
36 or SEQ ID NO: 37. The vaccine vector may also comprise a second polypeptide sequence
encoding an immunostimulatory polypeptide. The immunostimulatory polypeptide may also
be expressed on the surface of the vaccine vector. The immunostimulatory polypepetide may
be a CD154 polypeptide capable of binding CD40 or an HMGBI1 polypeptide. The CD154
polypeptides include fewer than 50 amino acids and comprise amino acids 140-149, or a
homolog thereof.

Vaccines according to the present disclosure may be comprised within a vector, such
as a virus, yeast, bacterium, or liposome. In one embodiment, the vaccines include
polynucleotides encoding polypeptides of SEQ ID NO: 42, 44 or 46 or a sequence having
90% identity to one of these sequences. Pharmaceutical compositions may be comprised of
the vaccine vectors described herein and a pharmaceutically acceptable carrier.

In still another embodiment, methods of enhancing the immune response against a
gram-negative bacterium in a subject by administering a vaccine vector described herein to
the subject are provided. The enhanced immune response may be an enhanced antibody
response, an enhanced T cell response or a combination thereof.

In a still further embodiment, methods of reducing morbidity or mortality associated
with infection with a gram-negative bacterium in a subject by administering a vaccine vector
as described herein to the subject are provided. The vaccine vector is capable of reducing the
morbidity and mortality associated with subsequent infection with a gram-negative bacterium

in subjects administered the vaccine vector as compared to controls.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a graph showing the PAL sequence-specific serum IgG antibody levels as
determined by ELISA with synthetic PAL-BSA as the coating antigen on day 17 post
vaccination by oral gavage with either saline, or Bacillus backbone (BS BB) or PAL-vectored
BS vaccine (BS PAL)candidates at 10® cfu/chick. The results are presented as mean S/P
ratios = SEM (n=10). Groups with different upper case letters are significantly different
using an ANOVA (P <0.05).



10

-
wy

20

J
14

A
<

WO 2014/152508 PCT/US2014/027416

Figure 2 15 a graph showing the PAL sequence-specific ileal sigA antibody levels as
determined by ELISA with synthetic PAL-BSA as the coating antigen on day 17-post
vaceination by oral gavage with cither saline, or Bacillus backbone (BS BB) or PAL-vectored
BS vaceine candidates (BSNNP) at 10F efofchick. The results are presented as mean 8/P
ratios & SEM (o=10). Groups with different upper case letters ave significamly different
using an ANQVA (P <(.085).

Flgure 3 is a graph in which Safmonella yphinarion was enumerated in chicks
receiving saline, BSBB or PAL-BY construct veotored vaccine (BSNNPY at 10% cfwschick
using conventional microbiological plate counting at 17 and 21 days post hatch. Al groups
received ST challenge dose of 1x10° efw/mi on day I} post-hateh. The results are presented
as mean logw cf'gram of cocal content + SEM (n=10). Groups with different upper case
fetters are significantly different by ANOVA (P <.05).

Figure 4 is a graph showing the affinity of two monoclonal antibodies (2B3 and 182}
as compared to comrol (PBST) for the indicated hexapeptides of PAL.

Figure 5 is a graph showing the Salmonelly Heidelberg colony forming units (ofu) per
gram isolated from the ceca of 21-day-old brodlers after vaccinaiion with the indicated
vaccine strain or control. Groups with different upper case letters are significantly different
hy ANOVA (P <Q.05).

Figure 6 is a graph showing the Salmonella Heidelberg colony forming units {efu) per
gram isolated from the ceca of 21-day-old and from 33-day-old broilers afier vaccination
with the indicated vaccine strain or control. CGiroups with an asterisk are significantly
different by ANQVA (P <0.05).

Figure 7 is a graph showing the Selemonelle Heldelbery positive percent recovery from
the ceca of 28 day old broilers after vaccination with the indicated vaceine strain or controls.
Groups with different upper case letters are significantly different by ANOVA (P <0.03).

Figure 8 is a graph showing the percent phagocytosis of the indicated vaccine strains
by murine macrophages. Groups with different upper case letters ave significantly different

by ANOVA (P <0.05).

DETAILED DESCRIPTION

Conventional vaccines against granvnegative bacteria are generally based on
Hvedattennated bacterfa that are delivered in controlled numibers ofien vig injection.  Gram-

negative bacteria are quite diverse and antigenmic diversity among the different species of



HU

20

o
L4

WO 2014/152508 PCT/US2014/027416

bacigria and wven among difforent strains within the same speciss has made vaccination
against more than a single strajn or serovar difficult.  Recombinant vaccines have been
developed but because of the antigenic diversity are generally resivicted to enhancing an
smroune response o a single species or even a single strain of bacterla, A vaecing capable of
protecting against muliiple serovars and indeed against more than one species of gram-
negative bacteria would be optimal. In addition, a vaccine that could be given orally would
make administration cheaper and compliance more likely, A vaccine comprising a highly
couscrved region of PAL, a peplidoglycan-associated lipoprotein found broadly on gram-
negative organisms, s provided.

Recombinant DNA technologies enable relatively casy manipulation of many yeast,
bacterial and viral species. Some microorganisms are mildly pathogenic or nou-pathogenic,
but e capable of generating a robast immune response,  Thess microorganisms make
attraetive vacemne vectors for eliciling an immune response to antigens recombinantly
expressed in the veetor.  Vaccines vectored by microorganisms may mimic a natural
infection, help produce robusi and long lusting mucoss! immunity, and may be refatively
mexpensive {o produce and administer. Many of these vaccine vectors can be administered
orally which reduces the cost and need for professionals for administration and lowers
resistance 1o administration. In addition, such vectors can often carry more than one antigen
and have potential o provide protection agsinst muliple infectious agents.

A vaccine includes any composition comprising a polynueleotide encoding an
antigenic polypeptide that is capable of eliciting an immuse response to the polypeptide. A
vaceine vector is o composition that can be engincered o carry antigens and optionally other
immunostimulatory polypeptides and may also comprise an adjuvant or be adminisiered with
an adjuvani to further incregse the immune response to the parasite and provide beuter
protection from morbidity and mortality associated with a subsequent infection, The use of
vectors, such as bacterial, viral or yeast vectors, for vaccination and generation of inmune
responses against enteric pathogens iy disclosed berein, The enteric pathogens may inchde,
but gre not Himited t0 E. coli, Salmanelln and the other enteric microorganisms disclosed in
Table § in the Examples. The immune responses affer administration of the vactine vectors
described berein nesd not be fully profective, but may decrease the morbidity or percentage
mortality {{.e. likelihood of mortality) associated with subsequent infection with an enterie

pathogen,
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I one aspeet, a vaccine yector comprising & first polynuclentids sequence encoding at
feast one of SEQ ID NO: 1-6, 32, 36 or 370r an immunogenic Fagment af least six amino
acids long of any one of these sequences is provided. The vaceine vector may also include a
second polynucleotide encoding an immunostimulatory polypeptide is provided, Suitably the
PAL polypeptide or immunogenic fragments thereof and the immunostimulatory polypeptide
are expressed on the surface of the vaccine vector. The immumogenic fragmenis of the
polypeptide of SEQ D NO: {1 may comprise any one of or a combination of SEQ 1D NOs: 2-
3 or 36-40 or any other fragment of at least six amino acids. For example, the antigenic
polypeptide may comprise, may consist essentially of or may consist of SEQ ID NO: 1, SEQ
1D NQ: 2, SEQ D NQOQ: 3, SEQ 1D NO: 4, SEQ ID NO: 3, SEQ 1D NO: 6, SEQ 1D NO: 32,
SEQ ID NO: 36, SEQ ID NO: 37 or an immunogenic fragment or combination of any of
these SEQ 1D NQs.

An impmanogenic fragment of the antigenic polypeptide may be a sequence that is at
feast 6, 8, 10, 12, 14, 16, 18 or 20 amine acids long and has gt least 85%, 90%, 9296, 9444,
Q5%o, 9%, 97%, 98% or 99% percent identity to the SHQ ID NOs provided herein. A
vaecine includes any composition comprising & polynucleotide encoding an antigenic
polypeptide that is capable of eliciting an immune response to the polypeptide in a subject
administered the vavcine. The use of vectors, such as bacterial veetors, for vaccination and

gencration of Immune responses against entaric bacteria, icluding but not limited @

Salmonella spp, Escherichia spp, Shigella spp, Fibrio spp, Erwinita spp, Kebstello spp,

Citrobacier spp, Yersinig spp, Provideacia spp or similar bacteria such as those listed in
Table { is disclosed.

Polypucleotides encoding the antigenic polypepiides provided hetein and other
antigens from any number of pathogenic organisms may be mserted inwe the vector and
axpressed o the vector. The expression of these polynucleotides by the vector will allow
generation of an immune response to the antigenic polypeptides following mmunization of
the subject. The polynucleotides may be inserted into the clvomosome of the vector or
encoded on plasmids or other extrachromosonial DNA.  Those of skill in the art will
appreciate that numerous methodologies exist for obtaining expression of polynucieotides in
veolors such as Selmonells or Ruciffus, The polvnucleotides roay be operably counected to a
prometer {e.¢., 4 constitutive promadter, an inducible promoter, ete.) by methods known to
those of skifl in the arl.  Suitably, polynucleotides encoding antigenic polypeptides are

mserted into & vector, e.g., a bacterial vector, sech that the polynucleotide is expressed.

-5
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The polynucieotides encoding PAL or other antigenic polypeptides may be mserted in
frawne in & polynucleotide encoding a transmembrane protein. The polynucleotide encoding
the antigenic polypeptide may be inserted info the vector polynucleotide sequence to allow
expression of the antigenic polypeptide on the surface of the veotor.  For example, the
polynucieotide -encoding antigenic polypeplide may be inserted in frame into the vecior
polynucteotide in & vegion encoding an externsl loop region of a transmembrane protein such
that the vector polynucleotide sequence remaing in frame.  In one embodiment, the first
polynuelsotide encoding the antigenic polypeptide may be inserted iato loop 9 of the famB
gene of Sefmonella as described in the Examples. Aliernatively, the polymucieotide could be
inserted in g polynucleotide such as the cotB gene of Bacillus,

In another embodiment, the fist polyoucleotide IS inserted into or at a surface
exposed snd of a protein that is attached to the cell wall, bot is not a transmembrane protein.
The protein may be a secreted protein that is anchored or atached fo the cell wall via a
protein or lipid anchor. For examples, the polynucleatide may be inserted at the 3° end of the
fibronectin binding protein (FbpB) of Bacitheg swbtifis. Altervatively, the first polynucleotide
encoding the antigenic polypeptide may be inserted Into a polynucleotide encoding a secreted
polypeptide.

Those of skill in the mt will appreciate that the polynuclentide encoding the antigenic
polypeptide could be serfed i & wide variety of vector polysuclvotides to provide
expression and presentation of the antigenic polypeptide to the immune cells of a subject
treated with the vaccine. The polynucleotide encoding the antigenic polypeptide may he
included in 2 single copy or more than oue copy. The multiple copics may be inserted in a
single focation or wore thair one location. within the vaccine veclor chromosome or
extragchromosomally,

Suitably the fivst polynucleotide encodes SEQ D NO: 1, SEQ 1D NQ: 6 or an
immunogenic fragment thersof at least six or more amino acids such as SEQ 1D NO: 2.5, or
36-40, The vector may include more than one copy of the fivst polynucleotide or may inclade
mudtiple antigenic polynucleotides targeted o the same or different pathogens, In the
Examples, SEQ 1D NQOs: 1-6, 32, 36 and 37 were shown to be immunogenic. SEQ IDNQs: §
{(EGHADERGTPEYNISLGER}) and & {(TVEGHADERGTPEYNISLG) are mcorporated jnto
a Bacillus or Sedmonella vecior in the Examples. The combination of epitopes from mors
than ong polypeptide from 2 single pathogen or target or the combinatinn of epitopes from

distinel pathogeus or targets iy specifically contemplated.  The polynucleotides may be
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mserted into the vector separately or may be inserted ay a fusion protein containing mors than
a single epitope. In the Examples, SEQ D NOs: 1 (PAL) and 31 (CH113) were incorporated
wite a Baocillus vector {see SEQ 1D NO: 42, 44 and 46 and the Examples). Suitably, the
portion of the antigenic polypeptide inseried into the vector is immusogenic.  An
tmmunogenic fragment is a peptide or polypeptide capable of eliciting a cellular or humoral
thunune response or capable of reducing morbidity or mortality associated with subsequent
mfection with the target pathogen or a related pathogen.

An antigenic polypeptide includes any polypeptide that is Immunogenic.  The
antigenic polypeplides include, but are pot limited to, antigens that are pathogen-related,
allergen-refuated, tumor-related or disease-related.  Pathogens include viral, parasitic, fungal
and bacterial pathogens as well as protein pathogens such as the prions.  The antigenic
polypeptides may be Ruil-lengih proteins or portions thereofl It is well established that
imnune system recognition of many proteing is based o a relatively small number of amino
acids, often referred to as the epiiope. Epitopes may be only 4-8 amino acids. Thus, the
antigenic polypeptides described hersin may be full-length sequences, four amino acid long
gpiopes or any portion between these sxiremes.  In fact the antigenic polypeptide may
felude more than one epitope from a single pathogen or protein. The antigenic polypeptides
may have at loast 83%, 90%, 92%, 94%, B5%, 96%, 97%, ¥8% or 99% percent identity to the
SEC D NOs provided herein. Suitably, an aptigenic fragment of a polypaptide may be four,
five, six, seven, sight, nine, ten, twelve, fifteon, seventeen or more consecative amino acids,
of SEQ IDNO: 146, 32,36 or 37.

Multiple copies of the sume epitope or muliiple epitopes from different proteins nmay
be included in ihe vaceine veotor, The epilopes in the vaccine vector muy be relaied and
homologous to allow fargeting of multiple refated pathogens with a single vaccine vector. It
is envisioned that several epitopes or antigens from the same or differemt pathogens or
diseases may be administered in combination in a single vaccing vector fo generate an
enhanved immune response against multiple antigens.  Recombinant vaccine vectors may
encode antigens fromy multiple pathogenic microorganisms, viruses or tamor associated
antipens, Administration of vaccine vectors capable of expressing multiple antigens has the
advantage of inducing Immunity against two or more diseases at the same time, providing
broader profection against maultiple strains of a single pathogen or 8 more robust imnnme
response against a single pathogen.  In the Examples, the vaccine vectors included the PAL

antigenic polypeptide of SEQ {D NO: | and a Campylobacier antigenic polypeptide of SEQ
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D NO: 31 already demonstrated o be effective to enhange the immume response to
Campylobaceer in International Patent Publication No. WO201 17156619,

Those of skill i the art will appreciate that the antigenic polypeptides from other
pathogens may be used in the vaccine veetors (o enbiance the immune response against more
than one pathogen by a single vaccine, It would by advantageous to administer a single
vaccine divected against multiple pathogens. A waccine capable of eliciting an amone
response 1o an enteric pathogen, such as £, coli, in combination with Influenza, Salnmonelia,
Campylobacter ov other pathogens is envisioped.  For example, the second antigenie
polypeptide may be an Influsnza polypeptide, saitably it is an Influenza HSN{ polypeptide or
& polypeptide assoctated with multiple strajos of the Influenza virus such as a polypeptide of
the Influenza M2 protein. The cetodomain of the Influenza A virus M2 protein, known as
Mg, protrudes [rom the surface of the virus. The M2e portion of the M2 proicin contains
about 24 aminoe acids. The M2e polypeptide vavies Hitle from ong isolate to the wext within
Influenza. To fact, only a few naturally occurring mutations in M2¢ have been isolated from
infected humans since the {918 flu epidemic. In addition, influenza virases isolated from
avian and swine hosts have different; yot still conserved, M2s sequences. For weviews of the
M2e polypeptide sequences isolaled from buman, avian and swine bosts see Liu et al.,
Microbes and Infection 7:171-177 (2005) and Reid et al, J. Virol 76:10717-10723 (2002)
cach of which ave incorporated herein by reference in its eotirety, Suitably the entive M2e
polypeptide may be fnserted info {he vaccine vector or only a portion inay be used. An eight
amino acid polypeptide {LM2 baving amino acid sequence: BVETPIRN, SEQ ID NO: 9 or its
variant MIcA baving amiino scid sequence EVETPTRN, SEQ 1D NO: 10) was jncorporated
into the vaccine vector and demonstrated (o produce an antibody response after
adminisiration o chickens. See UK, Publication. No. 2051/0027309 which {s incorporated
herein by reference o #ts entirety.

Other suitable epitopes for inclusion i a vaceine vector to enhlahce an impume
response 10 Influenza A include, but are not fimited 1o, polypeptides of the hemuagglutinin
(HA) or the puclear prolein (NP) of Influenza A, For example; the peptides of SEQ D NG
11, SEQ 1D NO: 12, SEQ 1D NO: 13, or SEQ ID NO: {4 may be included in a vaccine
vegtor. One of skill in the art will appreciate that any of these sequences niay be used in
combination with any other epitope inclading opitopes derived from other pathogens or

antigens.
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For example, the PAL antigenic polypeptide provided herein magy be vombined with
other antigenic polypeptides from gram negative bacteria such as those provided in ULS.
Pateni Publication No. US201 10159026 or International Publication No. WO 20117156619,
both of which are incorporated by reference herein in their entireties,  The combination of
multiple antigeniv polypeptides, one of which provides broad immunity to multiple gram
negative bacteris and others that are more specific fo particalar gram negative bacteria may
provide superior protection from subsequent infection.

Immunostimulatory moelecules included as part of the vaccine vector could potentially
activate parts of the immune system critical 1o long-lasting protection.  Immumostinsulatory
polypepetides may be polypeptides capable of stimulaling a natve or adaptive immume
response,  The immunostimulatory polypeptides are not natively associated with the vaceine
vector and are polypeptides natively assoclated with a vertebrate immune system, such as that
of the subject to which the vaccine will be administered.  Two immanostimulafory
polypeptides are described hereln, namely CD134 and High Mobility Group Box 1 (HMGBD)
polypeptides, but one of skill in the art will appreciate that other immunostimulatory
polvpeptides coald be used or ahliernatively could be used in combination with those
deseribed hervein.

Additional polynuclectides encoding polypeptides fuvolved in triggering the immune
system may alse be included in 2 vaceine vector. The polvnucicotides may encode immune
system molecudes known for their stimulatory effects, such as an interleakin, Temor Necrosis
Factor, interferon, or another polynuclectide involved n immune-regulation.  The vaccine
may also include potynocieotides encoding peptides known to stimulate an immune response,
such as the CD 154 or HMGBI polypeptides described herein.

HMOGB!E is scoreted by activated macrophages and damaged cells, and acts as a
cytokine mediator of inflammation, affecting the innate immune response.  Portions of the
HMOBI sequence have been included in the vaccine vectors described in the Examples. The
HMGBT (High Mobility Group Box-1 protein was first identified as o DNA-binding protein
critical for DNA structure and stability, 1t i a ubiguitonsly expressed nucless protein that
binds DNA with vo sequence specificity. The protein is highly conserved and found in plants
fo mammals. The zebrafish, chicken aod humen HMGB1T amino acid sequences are provided
i SEQ 1D NO: 23, SEQ ID NO: 15 and SEQ 1D NO: 22, respectively,  The sequence
throughouwt mammals is bighly conserved with 98% amino acid identity and the amino acid

changes are conservative., Thus an HMGB! protein from pue species can Hkely substituts for
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that from another speeivs fupctionally. The full-length HMGB protein or & portion thersof
may be used as the HMGB{ polypeptide in the vaccine vectors described berein,  HMGR!
has two DNA binding regions termed A box as shown in SEQ ID NO: 16 and 17 and B box
as shown ip SEQ 1D NQO: 18 and 19, See Andersson and Tracey, Annu, Rev, Inmunol. 2011,
29:138-162, which % incarporated hersin by reference ity #is entirety,

HMGBU i3 a mediator of inflammation and serves as a sigial of nuclear damage, such
as from necrotic cells,  HMGBI can alse be actively secreted by cells of the
moneeyte/macrophage Hneage In a process requiring acetylation of the protein, translocation
across the nucleus and seorgtion.  Extracellular HMGB!I acls as a potent mediator of
iflaromation by signaling via the Receptor for Advanced Glyeated End-products {RAGE)
and vig members of the Toll-like Receptor family (TLR), in particular TER4, The RAGE
binding activity has been identified and requires the polypeptide of SEQ {D NO: 200 TLR4
binding requires the cysteine at position 108 of SEQ 1D NO: 15, which is found in the B box
region of HMGRBI.

The inflammatory activities of HMGBI do not require the full-length protein and
functional fragments have been identified. The B box has been shown to be sufficient 1o
mediate the pro-inflammatory effects of HMGBIL and thus SEQ 1D NO: 18 and 19 ae
HMGB! polypeptides or functional fragments thereof within the context of the present
imvention.  In addition, the RAGE binding site and the pro-inflapamatory eytokine activity
have been mapped o SEQ ID NO: 20 and SEQ 1D NOG: 21, respectively.  Thus, these
polypeptides are functional fragrents of HMGR1T polypeptides in the conlext of the present
invention

Those of skill in the art are capable of identifving HMGB! polypeptides and
fragments theveol capable of stimalating pro~inflammatory eytoking activity, using methogds
such s those in International Publication No, WQUO2 092004, which is incorporated hevein by
reference in {5 eotivety,  Suitably, the HMGBI polypeptide includes the RAGE binding
domain at amino acids 150-183 of SEQ ID NO:IS (SEQ 1D NO: 20 or 3 hosnolog thereof)
and the pro<inflammatory cyviokine activity domain between smino actds 89-109 of SEQ ID
NO: 15 (S8EQ ID NO: 21 or # hopolog thereof).  In particular, HMGBI polypeptides and
functional fragments or homologs thereo! include polypeptides identical to, or at least 99%
identical, at Ioast 98% identical, at loast 95%% identical, at loast 90%% identical, at least 85%

identical, or al least §0% identical to the HMGBI polypepiides of SEQ D NQs: 15 or 16223,

-10-
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As described in miore detail below, 3 vacoine veclor wmay include 3 CDI34
polypeptide that i3 capable of binding CD40 in the subject and stimulating the subject o
respond to ihe vector and s associated antigen.  Involvement of dendritic cells (DCs) is
essential for the injtiation of a powerful immuoe response as they possess the nnigue ability
w activate nafve T cells, causing T coll expansion and differentiation into effector cells. Itis
the role of the DC, which is an antigen presenting cell (APC) found in virtusHy all Hssaes of
the body, o capture antigens, transport thers to associated lymphoid tissue, and then present
them to nalve T cells. Upon activation by DUs, T cells expand, differentiate into effector
colls, feave the sceondary inmmune organs, and enter peripheral tissues. Activated eytologie T
cells (CTLs) are able to destroy virus-infected cells, tamor cells or even APCs infected with
intracellular parasites (o.g., Selmonella) and have been shown to be critical in the protection
against viral infection. CD40 is & member of the TNF-receptor family of molecules and is
expressed on a vanety of cell types, including professional antigen-presenting cells (APCs),
such as DCs and B cells. Interaction of CD40 with its Higand CD154 is exwremely important
and stimulatory for both humoral and cellular inununity.  Stiowlation of DCs via CDAQ,
expressed on the sarface of DCs, can be simulated by anti-CD40 antibodiss. In the body,
however, this occurs by interaction with the natural ligand for CO40 (Le. CD154) expressed
on the surface of activated T-cells.  Interestingly, the CD40-binding regions of CD134 have
heen identified, The CD40-binding region of CIS4 may be exprossed on the surface of a
vactor, such as a Salmonella or Baciftuy vector, and vesuls in an enhanced imumune vesponse
against a co-presenied peptide sequence as shown in the Examples provided hersin and in
LS. Patent Publication. No. 2011/0827309, which is fncorporated herein by reference in its
entirety. A CDI3 polypeptide may be a portion of CI134 full-length protetn or the entire
CD154 protein. Suitably, the CD154 polypeptide is capable of binding CD40,

As discussed above, a CD154 polynucleotide encoding a CD154 polypeptide that is
capable of enbancing the immune response o the antigen may be included in the vaccine.
Suitably, the CD134 polypeptids is fower than 30 amino acids long, more switably fower than
40, fewer than 30 or fewer thany 20 amino acids in length. The polypeptide may be between
10 and 13 anzino geids, between 10 and 20 amino goids ar between 10 and 25 amino acids in
length, The CD13A sequence and D40 binding region are pot highly conserved among the
vartous species. The CD134 sequences of chicken and human are provided in SEQ ID NO:
24 and SEQ 10 NO: 23, respectively.

11 -
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The CD44) binding regions of CDI54 have bean determined for a number of speciss,
meluding human, chicken, dock, mouse and cattle and are shown tn SEQ ID NO: 26, SEQ 1D
NO: 27, SEQ IDNO: 28, SEQ 1D NQO; 29, and SEQ 1D NO: 30, respectively, Although there
t5 variability in the sequences in the UD40 binding region between spacies, the buman
CDUSA polypeptide was able to enhancs the mamune response i chickens, Thersfore, one
may practice the invention using species specific CD154 polypeptides or & heterologous
CDI54 polypeptide. Thus the CD1 34 polypeptides of SEQ 1D RO: 24-30 may be included in
& vacgine vector of a polypeptide at least 99, 98, 97, 96, 83, 93, 90 or €5% identical to the
sequences of SEQ 1D NOw 24230 may be included by a vaceine vector.

The polypeptide from CD154 stimulates an immuone response at least in part by
hinding to its receptor, CD40. A polypeptide homelogous to the D154 polypeptide which is
expressed on iowmme colls of the sebject and which is capable of binding to the CD40
receptor on macrophages snd other antigen presenting cells. Binding of this lipand-receptor
complex stimulates macrophage (and mmerophage lincage cells such as dendrite cells) 1o
enhance phagocytosis amd antigen preseniation while increasing cytokine secrations known to
activate other local innmune cells (such as B-fymphocytes). As sach, molecudes associated
with the CD154 peptide are preferentially fargeted For imnmme response and expanded
antibody production.

The antigenic polypeptides and the imnunostinutatory polypeptides are delivered via
a vaccine vector. The vaccine vectors may be bacterial, yeast, virad or liposome~based
veetors, Potential vaccine vectors include, but are aot limited to, Bacillus (Baciltus subtilis),
Salmonella (Scalmonella entevitidiv), Shigelta, Escherichia (E. coll), Yersinia, Bordetella,
Lactecoecus, Lactobacillus, Streptococens, Fibrio {Vibrio cholerae). Listeria. yeast such as
Saccharomvegs, or Pichia, adenovirus, poxvirus, herpesvirus, alphavivus, and adeno-
agsoeinted virus.  Live bacterial, yeast or viral vaccine vectors may stilf pose risks
annwnocompromised individuals and require additional regulatory scruting.  Thus use of
vectors that are killed or inactiveted or Qualify as Generally Recognized As Safe (GRAS)
organisms by the Food and Drug Administration (FIJA) is desirable.  The problem i
genarating g robust immune response using such vectors, Muthods of inactivating or killing
bacisrial, yveast or viral vaceing veciors are known o those of skill in the art and include, but
are nof limied to methods such as formalin inactivation, aniibiofic- based nactivation, heat
treatmient and othanol treatment. By incluading an imymunostimulatory polypeptide such as

HMUBI (high mobility group box {) polypeptide on the surface of the vactine vector we can
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generate a robust mmune Tesponse against ao anligenic polypeptide using 4 Bacillus spp.
veclor or other GRAS vector.  In fact, such vectors can be inactivated sach that it cannot
replicate and still elieit a robust immume response affer administration, The vaccine vectors
may be wild-type bactoria, yeasts or viruses that are not pathogenic, Alternatively the vectors
may be atfenvated such that the vector bay Hmited ability to replicate in the host or is. not
capable of growing without supplemented media for more thaw 8 few generations. Those of
skill in the art will appreciate that there are a variety of ways to attenuate vectors and means
of dotng so.

At least a portion of the antigenic polypeptide and at least a portion of the
impumostinndatory polypeptide are present or expressed on the sarface of the vaceine vecior.
Present on the surface of the vacclne vector includes polypeptides that are comprised within
an external loop of a ransmerbrane prolein, imteracting with, e.g., covalently or chomically
cross-linked to, a transmembrans profein, a menbrane lipid or membrave anchored
carbohydrate or polypeptide. A polypeptide can be comprised within a transmembrane
protein by having the amino acids comprizing the polvpeptide linked via a peptide bond to
the N-terminus, C-terminus or anywhere within the wansmembrans protein (Lo inserted
between two amine acids of the transmembrane protein or in place of one or more amino
acids of the transmembrane protein {i.e. deletion-insertion)). Suitably, the polypeptides may
be inserted into an external Joop of & transmembrang protein,  Suitable transmembrane
proteins are sitd, coiB and lamB, but those of skill in the arl will appreciate many suitable
transmembrane proteins are available, Polypeptides may be linked fo a4 membrane or cel}
wall anchored protein or lipid such that the antigenic polypeptide and the immunostinwlatory
polypeptide are expressed on the surface of the vaccine vector.

As deseribed above, polynucleotides encoding the antigenic of immunostimulatory
polypeptides may be inserted info the chromosome of the vector or muaintained
extrachromosomally {e.g.. on a plasmid, BAC or YAC) One of skill in the arl will
appreciate that these polyoucleotides can be inserted in framy in a variety of polynuglentides
and expressed in differeni parts of the vecltor or may be secreled.  The polynucleotide
encoding the immunostimulatory polypeptide capable of enhancing the immune response to
the antigenic polypeptide may also encode the antigenis poi,\-'peptidm The polynucleatide
encoding the antigenie polypeptide may be linked o the polynucleotide encoding the
fmeunostimulatory polypeptide, such that in the vector, the two polypeptides are portions of

the same polypeptide. In the Examples, a polynucieotide encoding the antigenic polypeptide
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alse encudes  the immunostimulatory polypeptide.  In one embodiment, the itwo
polynucleotides encoding the polypeptides are both inseried in fame in loop 9 of the lumB
gene of Selmonella emteritidis or another vaceine vector. Those of skill in the art will
apprecigte that basterial polynucleatides encoding other transmembrase proteins and othwer
toops of the lamB gene may also be used.

Allernatively, the polynucleotide encoding the anfigenic polypeptide andior the
immunostimulatory polypeptide may be inserted into a secreted polypeptide that is displayed
or presented on the susface of the vaccine vector through associgtion with a protein, lipid or
carbohydrate on the surface of the vaccing vector. Those of skill in the art will appreciste
that the polynucleotide encoding the antigenic polypeptide andfor the immunostimulatory
polypeptide could be inserted in a wide variety of vaccine vector polynucleotides to provide
expression and presentativn of the antigenic polypeptide andfor the mmunostimulatory
polypeptide fo the imnume cells of a subject treated with the vaceine vector, The coding
region of the PAL antigenic polypeptide and the immunostimulatory polypeptide can be
fused to the C-terminus of the Stapivlococcus anreny fibronectin binding profein containing a
sorting motif for sortase from Livterfo. This allows the secreted proteins 1o be anchored on
the cell wall of gram positive bacteria such as Bucillus.  See Nguyen and Sclhusmann, §
Biotechnot (20063 122: 473-482, which is incorporaied herein by reference in ity entivety.
Other simifar methods may also be used,

Alternatively, the polypeptides may be covalently or chemically linked to proteins,
tipids or curbohydrates in the membrane, cell wall, or capsid if a viral vector is being used
through methods available to persons of skill in the at. Fir exanple, di-sulfide bonds or
biotin - avidin cross-linking could be used to present the antizenic and immumostimulatory
polypeptides on the swlace of a vactine vector. Suitably, the antigenic polypeptide and the
imrumostimulatory polypeptide are pant of a fusion protein, The two polypeptides may be
directly finked via a peptide bond or may be separated by a linker, spacer, or a section of a
third protein into which they are inserted. I the Examples, an amine acid spager was vsed
between the polypeptides. A spacer may be betwesn 2 and 20 amino acids, seitably between,
3 and 10 amino acids, suitably between 6 and § amino seids, Suifably the amine acids in the
spacer have a small side chain and are pot charged, such as glycine, alanine or serine
Spacers may have combinations of amine acid residues.

ta the Examples, the vaceine vectors have the antigenic polypeptides (SEQ 1D NO: |
and SEQ D NO: 31 (Campy Ci0113)) and the imununostinudatory polypeptide (HMGRB1)

-14-
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encoded on the same polynucleotide and in frame with cach other, See SEQ ID NO: 42, 44,
and 46, Notably, in the Examples using a three amino acid spacer between cach of the
polypeptide fragments, the vaceine vector in which HMGB1 polypeptide was positioned on
either the N- or C-evminal end of the vaceine vector insert resalted in the best protection
against subseguent infection. The best performing vaccing vector had CJ0113 followed by
PAL followed by HMGRI {from N- to C-terminal or SEQ ID NO: 42). Thus the order ov
display of the antipens and bosumostiolatory polypeptides on the sarface of the vaccine
vector may affect the imune response. In alicrnative embodiments, the immunostiniulatory
polypeptide and the autigenic polypeptide may be encoded by distinet polynucleotides.
Those of skill in the arl will appreciate that a variety of methods may be used o obtain
expression of the antigenic polypeptide and the HMGB1 polypeptide on the surface of the
vacuine vector. Such methods are known o thoss skilked i the arl.

Compositions comprising the vaccing vector and a phanmaceutically acceplable
carrier are alse provided. A pharmaceutically accepiable carrder is any carvier suitable for in
vive administration.  Suitably, the pharmaceutically acceptable carrier is acceptable for oral,
nasat or nmweosal delivery, The pharmaceuntically accepiable carrier may include water,
buffered solutions, glucose solutions or bacterial colture fuids. Additional conponents of
the compositions may suitably include excipients such as stabilizers, preservatives, dilaents,
emualsifiers and {ubsicants, Examples of pharmaceutically goceptable carriers or diluents
include stabilizers such as carbohydrates (e.g., sorbitol, mann#ol, starch, sucrose, glucoss,
dexiran}, proteins such as albumin or casein, profein-containing agents such as bovine serum
or skinumed milk and buffers {e.8., phosphate buffer). Especinily when such stabilizers are
added 1o the compositinas, the composition is suitable for freeze-drving or spray-drving. The
vaccine vector in the compositions nray bot be capable of replication, suitably the vaccine
veetor s inactivated or kilted priov 1o addition o the conposition.

Methods of enbancing Immune responses in & subject by administering a vaccine
veetor are afso provided, The vaeccine vector may sontain a first polynuclectide encoding an
antigenic PAL polypeptide of SEQ 1D NO: 146, 32, 36, 37 or an inmuunogemic fragment
thereol.  The vaccine vector may also include & second polynucleotide encoding an
wnunostimulatory  polypeptide.  The immunostimulatory  polypeptide is suitably a
polypeptide natively associated with a vertebrate inunune system and involved in stimulating
an inwnupe response.  The immumostimudatory polypeptide may stimulate the native or

adaplive immune response of the sobject.  Suitably a HMGBI polypeptide or a TD154
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polypeptide as described more fully sbove may be wsed as the imnunostimulatory
polypeptide.  In the methods provided hercin, the vaccine vector comprising an antigenic
PAL polypeptide and optionally an immunostimulatory polypeptide is administered to 2
subject in an amount effective to enhance thedeffect an immune response of the subject to the
vaceine veotor and in particular to the antigenic polypeptide and suitably o gram-negative
bacteria such as Sahmonella and E. coli.

The eubanced inwsune response may include an antiboady or T cell response. Suitably
the jmmune response is a protective immune response, bud the immune response may not be
Fally protective, bat maay be capable of reducing the morbidity or mortality associated with
infection.  The tmmunostimulatory polypeplides may be used to enhance the fmnume
respense in the subject to any foreign antigen or antigenic polypeptide present in the vaccine
victor in addition o the antigenic PAL polypeptide; Oune of skill in the art will appreciate
that the imnunostimuiatory polypeptide conld be used to enbance the immune response 1o
more than one antigenic polypeptide present in a vaccine vector, Enhancing an immane
response inchudes, but is not Himited 1o, inducing a therapeutic or prophylactic effect that is
muediated by the immune system of the subject. Specifically, enhancing an invoune responss
may inclade, bul is not limited to, enhanced production of antibodies, enhanced class
swiiching of antibody beavy chains, maturation of antigen presenting cells, stimulation of
helpar T sells, stimulation of oytolytic T cells or induction of T and 8 ¢l momory.

Suitably. the vaecine vector containg a polynucleotide encoding 3 polypeptide
mcluding amino acids 150-183 and 89-109 of the HMGB1 polypeptide (SEQ IDNQ: 13} ors
homolog thereof.  In the Examples, a 190 aniino acid polypeptide of HMGBT was used,
Suitably, the polynuckeotide encodes 3 HMGEB1 polypeptide from the same species as the
subject, Heterologous combinations of HMGB1 polypeptides and subjects (o2, @ haman
HMGBI1 polypeptide for use in a chicken vaccing) may be useful in the methods of the
mvention because HMGBI is highly conserved through a wide nomber of species, The
HMGB] polypeptide may be used to enhance the immune response in the subjeet (o any
foreign auntigen, antigenmic polypeptide or more than one polypeptide present in or on the
vaccine vector. One of skill in the art will appreciate that the HMGBT polypeptide could he
used 1o enhance the imowine response to more than one andigenic polvpeptide present in a
vaceine vector. The polypeptide from HMGRI stimulates an impume response at {east in

part by activating dendnitic cells and macrophages and thus stimulating production of
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cytokines such as 1L-1, H-6, IFN-y and TNF-g. In the Examples, a polypeptide of HMGB1
was expressed on the surface of the vaecine vector,

The vaccine vector may suitably contain a CD154 polypeptide capable of binding to
CDH) and activating CD40. The vaceine comprising the polynucieotide encoding a CD153
potypeptide capable of binding to T4 i administered {0 a subject in an amount effective (o
ephance ov effect the mmane response of the subject to the vaccine. Suitably, the vaccine
contains a polynuckeotide encoding a polypeptide including amino acids 140-149 of the
human CRS54 polypeptide (SEQ 1D NC: 23) or a homeolop theivof.  As noted above, a
homologoe of aming acid 140-149 derived from one species may be used fo stimulate an
impwme response in 8 distinet species.  Suitably, the polynucleotide encodes a CD134
polypeptide from the same species as the subject.  Suitably, a polynucleotide encoding the
polypeptids of SEQ T NO: 26 s used in human subjects, a polymucleotide encoding the
polypeptide of SEQ ID NO: 27 is used in chickens, a polynocheotide encoding the
polypeptide of SEQ 1D NO: 28 is used in ducks, a polynucleotide encoding the polypeptide
of SEQ YD 'NO: 29 is used in mice, and a polynucleotide encoding the polypeptide of SEQ ID

NO? 3 §s used in cows. The human CDIUS4 polypeptide (SEQ IDNQO: 26) has been ased in a

chicken vaceine and was demonstrated to enhance the imnume response to a foreign antigen.

Thus other heternlogous combinations of CD154 polypeptides aond subjects niay be uselud in
the methods of the invention.

In addition, methods of enhancing an immune response ageinst @ gram negative
bacterium selected from Salmonells spp, Escherichia spp, Shigella spp, ¥ibrio spp, Erwinia
spp, Kebsiefla spp, Citrobacter spp, Yersinia spp, Providencia spp amd similar bacteria and
miethods of redacing morbidity assovialed with subsequent infoction with 8 gram-negative
bactertum are disclosed.  Briefly, the methods comprise administering to a subject & vaceine
vector comprising & first pelynoclentids sequence ancoding an antigenic PAL polypeptide
and optionally a second polynucleotide encoding an inmunostimudatory polypeptide in an
effective amount.  The antiganic PAL polypeptides may inchude SEQ HY NO: 1-6. The
wsertion of the antigenie PAL polypeptides info the vector may be accomplished in a variety
of ways known to those of skill in the art, including bul ot {imited to the scarless site-
divected mutalion system described 0 BMC Biotechnol. 2007 Sept, 17: 7{11: 39, Scarless and
Site-directed Mutagenesis in Salmonelle Enteritidis chromosome, which is incorporated
herein by reforence in is ontirely and the method vsed herein as described in Nguven and

Schumann  Blotechnol 2006 {22: 473-482, which is incorporated herein by refesence in its
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entirety, The veclor may also be sngineered to express (he antigenic PAL polypeptides in
cowjenction with other antigenic polypeptides from other pathogens including virases such as
Influenza M2e or bacteria such as Sulmenelle, Campylobacter or E. coli. In particular, 2
polypeptide of CD134 capable of binding CDMO or HMGBI may be expressed by the vector
to enhance the immune response of the subject to the anfigenic PAL polypeptide.

The compositions containing anligenic polypeptides may also be used o decrease the
punbidity associated with subsequent infection by a granvsegative bacterium.  The
compositions may prevent the bacterium from causing disease or may Hmit ob reduce any
associated morbidity in a subject to which the compositions or vaccine vectors described
herein were administered.  The compositions and vsccine vectors described herein may
reduce the severity of subsequent disease by decreasing the length of disease, weight loss,
severity of symptoms of the disease, decreasing the morbidity or mortality associated with the
disease or reducing the hkelibood of contraciing the disease. The compositions may also
reduce the spread of the pathogen by inhibiting transmission.  The morbidity or mortality
associated with the discase after administration of the vaccine vectors deseribed herein may
be reduced by 25%, 30%, 40%, 50%, 60%, 70%, S0%, 90% or sven 100% as compared 1o
similar subjects not provided the vaceine vector.

For administration to animals or humans, the compositions may be administered by a
variety of means incinding, but not bmited to, intranasally, mucosally, by spraying,
intradermally, parenterally, sebeutancously, intraperitonelly, intravenously, intracranmially,
onafly, by acrosol or intramuscularly.  Eve-drop administration, oral gavage or addition to
drinking water or food is additionally suitable.  For poultry, the compositions may be
administered in ovo.

Some embodiments of the invention provide methods of enbhancing inimune responses
i 8 subject.  Suitable subjects may include, but are not limited 1o, vertebrates, suitably
marmals, suitably a human, and birds, suitably pouliry such as chickess or turkeys. Othe
animals such ag cows, cats, dogs or pigs may adso be used, Suilably, the subject is non-
bhuman and may be an agricubiural animal,

The aseful dosage of the vaccine fo be administered will vary depending na the age,
welght and species of fhe subject, the modse and route of administration and the type of
pathogen against which an fmmene response is soughf.  The composition may be

administered in auy dose sufficient to evoke an immune response. 1t is envisioned that doses
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ranging from 1 o 10" vector copies {Le. volony forming units or plague forming units),
from 101 10 10° vectorcopies, or from 10° 1o 107 vector copies are suitable.

The composition niay be administered only once or may be sdministered twe or more
times 0 increase the immune response.  For example, the composition may be administored
o or more fimes sepatated by one week, two weseks, thres weeks, 1 month, 2 months, 3
months, 6 months, 1 year or move. The vaccine vector may comprise viable microorganisms
priov to admivistration, but fo some embodiments the vector may be killed prior 1o
administration. In somie embodiments, the vector may be able to feplicate in the subjedt,
while in other embodiments the vector may not be capable of replicating in the subject, 0.3, 2
kitled vaceine veetor or a liposome. Methods of inactivating microorganisms used as vectors
are known to those of skill s the ardl. For example, 2 bacierial vaceine vector may be
tnactivated using formalin, sthaool, beat exposure, or antiblotics, Those of skill in the art
way ase other methods as well.

It is envisioned that several epitopes or antigens from the same or different pathogens
may be administered tn combination in a single vaccine to generate an enhanced imnuine
response ageinst pulliple antigens.  Recombinant vaccines nmy encode antigens from
muhiple pathogenic microorganisms, viruses or tumor associated antigens. Administration of
vaccine capable of expressing multiple antigens has the advantage of inducing immunity
against two or more diseases at the same time. For example, Hve atienuated bacteria provide
a suitable vecior for eliciting an inmume response against multiple antigens from a single
pathogen, &g, FHC and PAL from Sulmonella or against multiple antigens from different
pathogens, ¢.g., lnfluenza and Selmenella.

Vacoine vectors may be consiructed using exogencus polynucleotides encoding
antigens which may be inserted into the vaccine veetor at any non-essential site or
alternatively may be earried on a plasmid or other extra chromosomal vehicle (g a BAC or
Y AC) using methads well known in the art. One suifable site for insertion of polynacieotidss
is within external portions of transierabrane profeins or coupled to sequences that tavget the
exngenous polynucieotide for seeretory pathways anddor allow atiachment to the cell wall
One example of a suitable transmembrane protein for insertion of polynucleotides is the lumB
gene, One seitable method of cell wall afachument is provided in the Examples

Exogenous polynuclentides fnclude, but are not Himited to, polynucleotides encoding
antigens selected from pathogenic microorganisms or viruses and include polynuelentides

that arve sxpressed in such a way that an cffective immume tesponse s generated,  Sach
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polynuckeotides may be derived from pathogenic viruses such as inflocnza (g2, M2s.
hemagglutining or peuraminidase), herpesvirases (e.g., the genes encoding the structural
proteins of herpesviruses), retroviruses (.., the gplad envelope protein), adenovituses,
paramyxovirgses, coropaviruses and the ke,  Exogenous polypucicotides can also be
oblained from pathogenic bacteria, g, genes eneoding bacterial profeins such as toxins,
outer membrane proteins or other highly conserved proteins.  Further. exogenous
polynucieotides from parasites, such as Apicomplexan parasiles are attractive candidates for
use in & vector vaceine,

The present disclosure 48 not Hmited {0 the specific detalls of constraction,
arrangement of components, or method steps set forth hergin, The compositions and methods
disclosed herein are capable of being made, practived, used, carried owt andior formed in
various ways that will be apparent to ons of skifl in the art in Hght of the distlosare that
follows. The phraseology and terminclogy used herein is for the purpose of deseripiion only
and should not be regarded as Himiting 1o the scope of the claims. Ordingl indicators, such as
first, second, and third, as used in the deseription angd the elaims to refer to various structures
or method steps, are not meant {0 be constraed to indicate any specific stractares or steps, or
any particular order or configuration to such structures or steps. Al methods deseribed
herein can be performed in any suitable order unless otherwise indicated herein or otherwise
clearly contradicted by confext. The use of any amd all cxamples, or exemplary language
fa.g.. "such ax"} provided herein, iy intended merely to facilitale the disclosure and does not
tniply any limitation on the scope of the disclosure unless otherwise clatmed. No language in
the specification, and o structures showa i the drawings, should be construed as indicating
thal any no-claimed slement is cssential to the practics of the disclosed sublect matter. The

k3

use herein of the terms “inchuding,” “comprising,” or “having,” and variations theveof, is
meant to encompass the cloments listed theveafter and equivalents thereof, as well as
addiiional elernents. Embodiments recited as “ingluding,” “vomprising,” or “having”™ cerfain
clements are also contemplated as “consisting essentially of ™ and “consisting of” those
certain elements, The terms ¥4, “an™ and “the™ may mean one or more than one wnless
specifically defineated.

Recitation of ranges of values herein are merely intended fo serve as a shorthand
method of referring individually to each sepuarate value falling within the range, unless
atherwise indicated herein, and sach separate value is incorporated futo the specification as if

it were individaally recited herein, For example, if a concentration range is stated as 1% fo
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30%, i is Intended that valoes such ag 2% o 40%, 109 10 30%, or [%% o 3%, ele., are
gxpressly enumerated in this specification. These are only examples of what is specifically
intended, and alf possible combinations of numerical values between and including the lowest

value and the highest value coumerated we © be considered to be expressly stated in this

diselosure. Use of the word “about™ to describe a particular recited amount or range of

amownts s meant {o indicste that values very near to the recited amount are incladed in that
anount, such as values that could or naturally would be accounted for due to manufictoring
tolerapoes, instrument and human error in forming measwrements, and the like. Al
prrcentages referring to amounts are by weight anless indicated otherwise.

The following examples are meant only {o be ilestrative and are not meant as
limitations on the scope of the invention or of the appended claims, Al references, inchaded
patenis, patent publications and non-patent Hicrature, cited berein are hereby incerporated by
reference in their entivety.  Any conflict between staternents in references and those made

herein should be resolved in favor of the staternents contained herein,

EXAMPLES

We selected the Pal polypeptide from £, cofi as a highly conserved polypeptide that
may include a polypeptide that would be both highly conserved among the gram-negative
pathogenic bacteria and homunogenic. We began by selecting the £, cofi sequence from
amino acid 106-124 of Pal (POAR12), The antigenic potential of the selected ssquence was

confirmed using the Network Protein Sequence Analysis program against published

1773

suences foand in EMBL and NCBI databases {Combet, €., C. Blaochet, €. Geourjon, and
(5. Deleage, 2000. NPS@: network protein sequence analysis. Trends Biochem Sei 25:147-
503 The sequence was then used to scarch for sequence homology using 8 Blast search
engine on Swiss Institute of Bioinformatics on the EXPASY server. The Blast search found a
nursber of proteins (Paly with identical sequences to our indtially sclecled Pal sequence
{TVEGHADERGTPEYNISLG (8B ID NO: 2)).  The st of Pal proteing with identival
sequence include £, cofi spp, Sadmonella typhi and paratyphi spp, Shigella spp, Enterobacier
spp, Ciirabacier spp, Crosobocter spp. Also, Pal proteins with greater than 94% homology
{only one amino scid different with or without similar substitation of g second aming acid)
are Fibrio spp, Sodalis spp, Erwinia spp, Klebsicita spp, Dickeya spp, Serratia spp, Proleus

spp, Nenorkabdus spp, Pectabacterion spp, and Pardoec spp with 100% coverage.
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To optimize the antigen for other pathegen species, the 17 amine acid will be
changed from serine to alanine. The vew sequence would be TVEGHADERGTPEYNIALG
(SEQ 1D NO: 32). This sequence is expected o provide optimgal immune stimulation for
Fibria spp, Sadalis spp, Erwinda spp, KlehsieHa spp, Dickeya spp, Serratia spp, Proteus spp,
Kenorhabdus spp, Pectobacterium spp, and Fantoea spp with 100% coverage and either
wdentical or sitmilar amino acid sequence. The proteing of these species would be expected io
be targeted by the bumane system following vaccination and provide protection against these
Qrganisms,

The Pal epilope (TVEGHADERGTPEYNISLG (SEQ 1D NO: 8)) was inserted into a
Bacitlus subiilis {B8) vector and expressed.  The Pal Bacillus construct was then fested as a
vaceine vector for Sabmonello by vaccinating chicks via oral gavage with 10° cfuschick on the
day of haich and comparing to chicks treated stmilarty with the Bacibe backbone (BS BB)
or salive. The birds were boosted with the sume treatment at 11 days posthaich, Samples
were harvested for specific immune response on day 17, The immume response to the
vaccing was evaluated by measuring serom g0 (Flgure 1) and seeretory ileal fgA (Figure 2).
Following vaccination with the selected sequence of Pal expressed on the Bacillus thers was
a significant serum and secretory immune response specifically sgainst the Pal sequence
compared to contrels (Figures 1 and 2).

Evaluation of potential Becilius vectored vaccine candidates against Safmonella
tuphimnriom (ST challenge at 11 days post-vacoination was undertaken by emumerating
Salmenella colonies in the ceca of vaccinated chickens at day 17 and 21 post-haich (or day 6
and 10 affer challenge). The levels of 8T in the cooa were measured using conventional
nucrpbiological technigues, Chickens that were vaccinated with the selected sequence of Pal
expressed on the Becillys vector had significantly decreased levels of Safmonella in the ceca.
Ax shownt in Figure 3, the level of Salmonefla in the ceca was decrzased by over 4% lfogs in
chicks vaccinated with BN-PAL (BSNNP} as compared to chicks vaccinate with saline or the
BS BB, This is the first effective vaceine against Sudmonells that s vectored by a Generally
Recognized As Safe {(GRAS) organism by the Food and Drug Administration (FDA) such ag
Bacillus subtilis,

I an fnvestigation almed at optimization of the inmnanogen sequence, referred to as
PAL above (TVEGHADERGTPEYNISLG (SEQ ID NO: 8), an cpiope mapping
experiment was designed to assess the relative antigenicity of portions of this [9-mer
aligopeptide PAL. The sequence was split into 7 hexapeptides that overlapped by 3 amino
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acids each. For example, TVEGHA (SEQ ID NQ: 39, GHADER (SEQ 1D NO: 23, and
DERGTP (SEQ D NO: 3} each share three amivo acids with the portion of sequence
immediately {o the left (toward the amino terminus) and right (foward the carboxy ferminus).
For this purpose, seven hexapeptides straddling amino acid residues 143, 4-6, 7-9 efe. were
synthesized and coupled to bovine serum albumin (BSA).  Two monoclonal antibodies
{mAbs, designated 2BS and 1B2) that reacted strongly with both the PAL 19-mer peptide and
the native epitope as displayed on the cell wall of Salmoenelle (and related species) were
selected and their relative affinitics towards cach segment of PAL were tested {Figare 4).

The results indicated that, out of the 7 peptides tested, PALT (3 residues pro-PAL,
“YRV”, and PAL amino terminal residues “TVE™; SEQ 1D NO: 38) was the least anligenic
for both mAbs. This can be explained by the observation that threonine is an uncharged
amino acid and valing is an aliphatic résidue, both of which ars relatively hydrophobic and
thus less likely to be accessible in the original immunogen PAL. Less accessible residues are
unlikely to induce a potent immune response. In addition, most antibody epitopes are
hydrophilic in malure. In contrasi, the two bast reanting mAbs bad & mach higher affimty for
PALG (SEQ ID NO: 4) and PALT (SEQ ID NQO: 6) (ELISA absorplion levels compared to
PALT were twice as high for FALS and >30% higher for PAL7). These results clearly
indivate that the C-terminal half of PAL was ikely the mors exposed and acvessible part of
the iumunogen and the most crucial portion of the immunoges with regard o generation of
an antibody population that strongly cross-reacted with the native profein as displayed by
Salmonella and related bacterial species. Interestingly, in order to generate the PALY
hexapeptide, 2 residues were added that were not part of the original 19-mer PAL, but that
flank PAL in the native bacterial protein: B (ghitamaie) and B {argining). Both of these are
charged residues and henee have a high probability of being exposed in our bacterial target
spreits,

Based on the above rationale, a new [9ner, designated PALbIs (SEQ ID NG 1), was
generated. PALDIs is different from the onginal PAL 19-mer in that (1) # no longer containg
the two Neterminal amino acids T (threoning) and 'V {valine) and {2} it has been extended C-
rerminally with two additional residues, f.e. E (glutamate) and R (arginine). Thus, the
improved aning actd sequense, PALbis, is BGHADERGTPEYNISLGER (SEQ IDNO: 1)
PALbis was compared against multiple genora of bacteris @ ensure Cross-species reactivity
was maintained (BLAST resulis are shown in Table 1) Sequence homology among £ coli,

Sedmonedfa tvphi and paratypbi, Sigella, Enterobacter, Citvobacter, and Cronpbacter spp.
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still had 100% homology. Sequencs homology among Filrio, Sodalis, Erwirda, Klebyiella,
Dickeva, Serratia, Proteus, Xenorhabdys, Pectohacterium, and Pantoea spp. have 93%
homology with & single amino acid substitution S15A (SEQ 1D NO: 6). The related
Campylobacter jefuni sequence 1s shown as SEQ 1D NO: 7 and has 65% identity with the
sequence of SEQ HYNO: I Thus we choose to pursue vaccine vectors expressing SEQ 1D

NO: 1 1o obtain cross-strain immane responses with g single vaccine vector,

Table 1: Sequence comparison of PALbis (SEQ ID NQO: 1) mnong bacteria

PALbis Sequence:

FOHADERGTPEYNISLGER E colf (SEQIDNO: D)

EGHADERGTPEYNIALGER Fibria {SEQTDNQO: 8)

EGNCDEWGTDEYNQALG _ Campylobacier (SEQ IDNO: )
Bacteria Homology (%)}
Escherichia coli 108
Salmonetla enteriditiz 1oy
Salmonella tvphimurivm ]
Sctlmenella cholerassuis 100
Salmonelio enterica subspecies Montevidse 100
Salmonella enterica subspecics Kentueky 100
Shigelke floxneri DD
Shigelle dysenteriae 100
Enterohacter radicincitans 100
Enterobacter hormaechet 100
Emterohaoter ashuriae {06
Enterobacter cancerogenus 100
Enterobacter eloacae 100
Emerobacter aeragenes 95
Chirobacter koseri {00
Citrobacter freundii 100
Citrobacier rodentium 100
Chirpbacter youngae 100
Vibrio cholera 93
Fibrio scophthalmi us
Fibrio potiferiarnus 93
Fibwia ichthyoenteri 95
Fibrio harcevi 935
Fibrio mimicus 93
Fibrio alginobticus 95
¥ibrio shilonii 9%
Fibrio parahaemolyvtions 93
Fibirio tubiashii 98
Fibrio sinaloensis 45
Fibrio brasiliesis 95
Fibrio caribbenthicus e 95
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Bacierin

Homology (%)

Vibriv ariesialis
Fibrio ordalii

Fibrio nigripndehritudn
Fibrio anguillarum
Vibrip furnissi

Fibrio metschnikovil
Fibrio coralltiferious
Fibrio splendidus
Fibrio vubrificus
Cronobacter sakazakii
Sodedis glossiniding
Erwinia billingiae
Klebsiella oxyroca
Klebsiella preumonia
Lvickeyo dadenti
Dickeva zeae

Serratio swmbictica
Serratia plemuthice
Servatia prareamaoulany
Serrvatin odorifera
Protens mirabilis
Proteus penneri
Aenorhabdus bovienii

Xenorhoabdus nenuidophila
Peclobacterium wasabiae
Pectobacterium carotovorum
Pectobacerinm atrosepticum

Pamtoea Mewartil
Fantoea anaaaltis
Cempylobacier jejuni

93
98
95
93
93
98
93
93
93
100
93
93
93
95
93
95
93
98
95
935
93
95
93
95
93
95
95
95
935
)

To test the ability of PALbIs (SEQ 1D NO: 13 to work in a cross-strain challenge

experiment, several vaccing candidaies were generated. The vaceine vectors used herein

were generated substantially as desceribed {n International Publication No. WQ2008/036675

and {nternational Publication No. WOR011/091255. Three separate constructs wera

generaled and incorporated into two separate vaceine vectons, either Salmonelle Enteriditis or

Salmonella Typhimurium. The inserts used included a polynocleotide encoding the CIOT13

epitope deseribed as SEQ 1D NO; 31 berein and originally described in International

Publication No. WO2011/1536619, & polynucteatide encoding the HMGB1 polypeptide of

SEQ D NO: 24 which was oviginally described jn Intermational Publication No,

WO01 1001255, and the PALDbIs sequence of SEQ 1D NO: t identified and deseribed

herein, The three polynuclentides were separated by serlne spaters (three serine residues

{
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nserted o avoid stere hindrance issues) and nserled in various orders in frame into external
foop 9 of the Sefmonella ransmemsbrane protein fem B, The resulting mucleic acid and amino
acid sequences of the inserts are shown in SEQ 1D NO: 41-46, SEQ {D NO: 41 and 42 are
the nucieic scid and amino acld sequences of the CIGTI3-PAL-HMGBI insert, tespectively.
SEQ XD NO: 43 and 44 ave the nucleie acid and aming acid ssquences of the CI0113-
HMGB1-PAL insert, respectively. SEQ ID NO: 43 and 46 ave the nocleic acid and amino
acid sequences of the HMGBI-CIOT13-PAL insert, respectively. The purpose of generating
three vacoine vectors with the same inserts in a variety of orders was o control for any
position or sterie hindeance effects of (he polypeptides interacting with unmapped sorfuce
moietics on the vector agents which could make the HMGB1 binding domain inaccessible to
receptors on the host eells, or which might make surface-presented antigens inaccessible to
the host immane cells,

Sabmonella Eanteriditis vectored vaceines reduced Salmonefla Heidelberg recovery
after challenge. Chicks were vaccinated with a Salmorelle Enteriditis vectored vaceine that
belongs to a heterologous Safmonefla serogroup when compared to the Sulmonelly
Heidetherg challenge strain (o detorpiine whether the PAL antigen wonld generate a cross
Salmonetla serogroup immune response. Live Selmonella Enteriditis-CI01 I3-PAL-HMGBY,
tive Salmonella Enteriditis-CIO F3-HMGB1-PAL {which was later determined to contain
two point mutations In HMGB1 and a frame~shift nwitation in PAL resulting in the PAL
apitope of SEQ 1D NO: 35), and live Sulmonefla Bnteriditis-HMGB-CIDI3-PAL {witha
tater determined point mutation in HMGBYT vaceines were oral gavaged in 1-day-old chicks
at 4x10° efuichick. Chicks were challenged on day 7 with a Sulmonella Heidetberg at 7x10°
cfufchick by orval gavage, Scdmonells Heldelbery colony forming unils (cfv) per gram
isolated from the ceca of 21-day-old brotler chick wasre determined. Sulmonella Heidelberg
efu/g that were recovered from the ceca 14 days after challenge of live Salmenella
Enteriditis-CI01 {1 3-PAL-HMGBI vaccinated chickens were significantly lower than from
tive Sabmorella Enteriditis-CI0T13-HMGB 1-PAL with two point mutations in HMGBl and a
frame~shifl mutation in PAL vaccinated chickens, live Salmonella Enteriditis-HMGR 1~
CI0113-PAL with a point matation in HMGB1 vaceinated chickens, and non-vaccinated
cantrol chickens (Figure 5: P=0.003).

Chicks were also vaceinated with glutaraldehyde-inactivated Sebwonella Enteriditis
veetored vaccines belonging to a hoterologous Selmonella serogroup when compared to the

Salmuonella Hewdelberg challenge to delermine whether the PAL antigen would generate a
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cross Salmonella serogroup tmmune response. Glataraldehyde-inactivated Salmonella
Euteriditis-CJ01 13-PAL-HMGBI, Safmonella Enteriditis-CI01 1 3~-mHMGB L-mPAL (with
point mutations in HMGB1 and & frameshift mutation in PAL), Salmonella Enteriditis-
mHMGB -CI0TI3-PAL (with a poiat nutation in HMGB1) vaccines were adjuvated with
mannosy lated chifosan (as described in Internationus! Application No. PCTAIS13/67212).
The prepared vacehses were used to oral gavage 1-day-old chicks at 1x10° efufchick. Chicks
were challenged on day 17 with a Salmonella Heidelberg sl 8.5x10% ciuschick by oral gavage.
Glutaraldehyde-inactivated Sa/monello Enteriditis~-CI0113-PAL-HMGBI1 vaccination and
Saimonefle Enteriditis-mHMGRBI-CIO13-PAL vaccination in brotlers significantly reduced
Salmonetla Heidelberg recovery from the ceca five days after chatlenge (Figure & P<0.03),
and Safmonefla Hetdelberg recovery remained low in Sofmonelle Enteriditis-mHMGB1-
CII3-PAL and Safmonella Enteriditis-CIH 13-PAL-HMGBT vaceinated chickens
seventoen days after chaltenge (P<0.033). These data fndicate that PAL the PAL epiiope in
these vaccines provided protection against a cross-sevogroup Selmonella challenge
considering that the vaccine backbone originated from a Selmonella serogroup D strain and
protected against 8 Selmonella ssrogroup B challengs.

Notably, these experiments were not usefd {o determine i there was any effect of the
relative orientation ar position of the three polypeptides in the vaceine vector because there
were putations discovered in the insarts. The mutations were informative regarding the
protective or isununogenic portion of the PAL polypeptide. A single nucleotide deletion was
found in the PAL polypucleotide of the Salmonella Poterditis-CIOH3-mHMGBI-mPAL
vaceine. The wild-type PAL nucleotide sequence is 5~
GAAGGTCACGCGGACCGAACGTGGTACCLLCGGAATACAACATCTICTCTGGOTGAA
CGT-3" (SEQ 1D NO: 33; the guanine deleted In the mtant segquence is snderiived) and the
rgtont PAL sequence found in the Salmonelfo Bateriditis-CIOU3-mHMGB LanPAL 5 5°-
GAAGGTCACGUGGACGAACGTOGTACCCCGAATACAACATCTCTCTGOUTGAAC
GT-3° (SEQ 1D NO: 34). The guanine deletion (umletlined in the wild-type sequence) 31
base pairs into the PAL nueleotide sequence caused a frame-shifl mutation that changed the
fast eight amino acids of the PAL peptide sequence. The wild-type PAL of SEQ IDNO: }
becomes SEQ ID NQ: 33 (EGHADERGTPNTTSLWVN: the last cight amino acids are
underlined and are different than these found in SEQ ID NO: 13, The fack of development of
an effective immune respouse by Uus mutant PAL is Hikely due to the loss of the Jast nine

amine seids of PAL, which were shown to be important for development of an anbibody
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response in Figure 4 above. Thus 4 suinimal PAL spitope may be SEQ ID NO: 36
(EYNISLGER) or its Fibrio counterpart SEQ I NO: 37 (EYNIALGER}.

The vaccines were remade to correct the mutations noted shove, Once the mutations
waere corrected, ve Sabnonelia Enteriditis-CI01 13-PAL-HMGBI, live Solmonella
Enteridits-HMGBI-CIOT3-PAL, and tive Sabnonelfla Typhbmuriem-HMGB1-CI01 13-PAL
vaceination in broilers significantly reduced Salmonella Heidelberg recovery after
enrichment with tetrathionate for 24 howrs from brodlers’ ceca collected 10 days after
challenge (Figure 7 P<0.05). Day of hateh chicks were vaccinated with 107 ofu of live-
Salmoneils Enteriditis-CION3-PAL-HMGB1, Salmonella Enteriditis-CI113-HMGB1-PAL,
Salmeonetla Eoteriditis-HMGB-CI0T1 13-PAL, Sadmonella Typhiraurtam-CJO113-PAL-
HMGBL, Salmonella Typhimorium-CI0TI3-HMGB 1-PAL, or Sabnonella Typhimurium-
HMGBI-CIO13-PAL by oral gavage. An additional group of day of hatch chicks was
vaceinated with 10° efu Safmonelo Enteriditis-CI0{ {3-PAL-HMGB1 by oral gavage.
Salmonella Traeriditis-CIOVI3-PAL-HMGB 1, Salmonelia Enteriditis-CI0I3-HMGBI-PAL,
Salmonella Enteriditis-HMGB1-CI0113-PAL, Salmonella Typhimurfum-CI0113-PAL-
HMGBL Salmonella Typhimarhum-CI0H3-HMGB 1-PAL, ov Sabmonelfa Typhimuriam-
HMGB1-CI0113-PAL vaccinated chickens were boosted af 14-days-old with 117 ¢fiy of the
respective vaceine. Salmonella Enteriditis-CI0113-PAL-HMGB1 vaccinated chickens that
received 10% cfit on day of hatch were boosted with 10% cfu of Salmonella Enteriditis-CJ01 13-
PAL-HMGBI. Chickens were challenged on day 17 with 6x10° cft/chicken by oral gavage
and the results are shown in Figure 7 as percent challenge bacteria recovery. The results
suggest thut the position of cach of the insert n the vaceine vector may affect the level of
protaction offered by the vaceine,

PAL expression on the Sebuonelly Enteriditis bacterial celt surface will directly
fateract with B lymiphocytes to stimaelate autibody production. HMGBI expression on the
Salmonefla Enteriditis cell surface affects the percentage phagocytic uplake info murine
macrophages (Figure 8. Murine macrophages from the Raw 264 cell fine were vo-cufturad
with tive Selmonella Enteriditis vaceine veator, Salmonella Enteriditis-CI0113-PAL-
HMGRI1, Sabnonedle Enteriditis-CIO13-HMGBI-PAL, or Safmoenella Enteriditis-HMGR1-
CIOTI3-PAL for one howr. Escherichia coli pHrodo red bioparticles were added to each
culiure and Tncubated for two howrs. After the bioparticles and bacteria ave engulfed by the
macrophage & phagosome is created. The phagosome fuses with a Tysosome fuses acidifying

the inside of the phagolysosome. The fluorescence intensity of the bloparticles increase as
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the pH becomes more acidic; therefors, the bioparticles within & phagolysosorme will have
higher fluorescence intensity. Se/monello Enteriditis-CIOT I3-PAL-HMGBI pereentage
phagoeytic apiake was higher than Safmonella BEnteriditis-HMGB1-CI0113-PAL which was
higher than Safmoenello Enteriditis-CI0T13-HMGEI-PAL suggesting that HMGB!T it the end
of the insert interacts favorably with the cell surface and enhances phagooytic uptake.

Based on these data, the Hnear display of chimeric DNA alters protein folding that ks
dependent apan the position of charged aminoe acids, Different linesr combinations of
autigens and iImpume stimulatory molecules will aftect the spatial arrangoment of each
antigen and immune stimulatory on the bacterial cell surface. The protein expression of these
fincar combinations may differ for each bacteria species becsuse the channel proteins on the
bacieria coll surface creating steric hindrance with surrounding chasnel proteins, Redaeed
vaccine efficacy could be the resull of unfavorasble PAL or HMGRI profein expression dus to

steric hindrance.
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CLAIMS

We claim:

L. A vaccine vector comprising a first polynucleotide sequence encoding a PAL polypeptide
consisting of a polypeptide selected from the group consisting of SEQ ID NO: 1, an amino acid
sequence having 90% or more sequence identity to SEQ ID NO: 1, an immunogenic fragment of
SEQ ID NO: 1 at least eight amino acids long, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5,
SEQ ID NO: 6, SEQ ID NO: 36, SEQ ID NO: 37 and combinations thereof, wherein the PAL

polypeptide is expressed on the surface of the vaccine vector.

2. The vaccine vector of claim 1, further comprising a second polynucleotide sequence
encoding an immunostimulatory polypeptide, wherein the immunostimulatory polypeptide is

expressed on the surface of the vaccine vector.

3. The vaccine vector of claim 2, wherein the immunostimulatory polypeptide comprises an

HMGBI polypeptide or a CD154 polypeptide capable of binding CD40.

4. The vaccine vector of claim 3, wherein the HMGB1 polypeptide comprises a polypeptide
of at least one of SEQ ID NOs: 15-23.

5. The vaccine vector of claim 3, wherein the CD154 polypeptide has fewer than 50 amino
acids and comprises amino acids 140-149 of a polypeptide selected from the group consisting of
SEQ ID NO: 24, SEQ ID NO: 25, and a homolog thereof or a polypeptide selected from the

group consisting of SEQ ID NO: 26, SEQ ID NO: 27, SEQ ID NO: 28, SEQ ID NO: 29, and
SEQ ID NO: 30.

6. The vaccine vector of any one of claims 2-5, wherein the vaccine vector comprises more

than one copy of the first polynucleotide and/or more than one copy of the second polynucleotide

sequence.

7. The vaccine vector of any one of claims 2-6, wherein the first polynucleotide sequence is

linked in the same reading frame to the second polynucleotide sequence.
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8. The vaccine vector of claim 7, wherein the first polynucleotide and the second

polynucleotide are linked via a spacer nucleotide sequence.

9. The vaccine vector of any one of claims 1-8, wherein the vaccine vector is selected from

the group consisting of a virus, a bacterium, a yeast and a liposome.

10.  The vaccine vector of claim 9, wherein the vaccine vector is selected from the group

consisting of Bacillus spp., Salmonella spp., Lactobacillus spp., and Escherichia spp.

11.  The vaccine vector of any one of claims 1-10, further comprising a third polynucleotide

encoding a second antigenic polypeptide.

12.  The vaccine vector of claim 11, wherein the second antigenic polypeptide is a

polypeptide selected from the group consisting of SEQ ID NO: 7 and SEQ ID NO: 31.

13. A vaccine vector comprising a polynucleotide encoding a polypeptide selected from the
group consisting of at least one of SEQ ID NO: 42, SEQ ID NO: 44, SEQ ID NO: 46, an
immunogenic polypeptide having at least 95% sequence identity to SEQ ID NO: 42, an
immunogenic polypeptide having at least 95% sequence identity to SEQ ID NO: 44, and an
immunogenic polypeptide having at least 95% sequence identity to SEQ ID NO: 46.

14. A pharmaceutical composition comprising the vaccine vector of any one of claims 1-13

and a pharmaceutically acceptable carrier.

15. A use of the vaccine vector of any one of claims 1-13 or the pharmaceutical composition
of claim 14 in the manufacture of a medicament for enhancing the immune response of a subject

to a gram-negative bacterium.

16.  The use of claim 15, wherein the enhanced immune response comprises an enhanced

antibody response, an enhanced T cell response or both.

17. A use of the vaccine vector of any one of claims 1-13 or the pharmaceutical composition
of claim 14 in the manufacture of a medicament for reducing morbidity associated with
subsequent infection of a subject with a gram-negative bacterium as compared to a control

subject not administered the vaccine vector.
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18.  The use of any one of claims 15-17, wherein the medicament is manufactured for
administeration by a route selected from the group consisting of oral, mucosal, parenteral, sub-

cutaneous, intramuscular, intraocular and in ovo.

19.  The use of any one of claims 15-18, wherein the subject is selected from the group

consisting of a member of a poultry species and a mammal.

20.  The use of claim 19, wherein the subject is selected from the group consisting of a

human, a chicken and a turkey.

21.  The use of any one of claims 15-20, wherein the medicament is manufactured for about

10* to about 10° vector copies of the vaccine to be administered to the subject.

22.  The use of any one of claims 15-21, wherein the vaccine vector is killed prior to

administration to the subject or is not capable of replicating in the subject.

23.  The use of any one of claims 15-22, wherein the gram-negative bacterium is selected
from the group consisting of Salmomnella spp., Escherichia spp., Shigella spp., Vibrio spp.,

Erwinia spp., Kebsiella spp., Citrobacter spp., Yersinia spp., and Providencia spp.
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