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COMPOSITIONS AND METHODS OF ENHANCING IMMUNE RESPONSES TO
ENTERIC PATHOGENS

CROSS-REFERENCE TO RELATED APPLICATIONS

Thix patent application claims the benefit of priority of United States Provisional
Patent Application No, 61/780,301, fled March 15, 2013, which is incorporated herein by
reference in its entirety,

SEQUENCE LISTING

This application is being filed electronically and inclades an electronically submitted
Sequence Listing i txt format. The i file containg a sequence listing entitled "2014-03-
P4 S638-00203 ST28.axt" created on March 14, 2014 and 15 31,093 bytes in size, The
Sequence Listing contained in this A3 file ds part of the specification and is hereby

seorporated by reference herein in ifs entirety,

INTRODUCTION

Bacterial fafections still pose a8 significant health hazard o homang and agricultoral
and domesticated snimals.  The increase i antibiotic resistance has increased the need o
move away from use of antiblotics in agriculture and the need o develop alternative methods
of controlling bacterial infections and bactertal contamination of the aman food supply.
Salmonella and £ coli are commonly repited bacterial causes of hoepan food-borne
infections worldwide, and epidemiological evidency indicates that meat products including
poultry and poultry products are a signiffcant source of human imnfection,  In the United
States, an estimated 1.4 million cases of human Sadmonellosiy are reported anmually., OfF
these cases, S ewferfon sevovars Enteritidis {SE) and Typhimurtnm (8T) are the maost
commonly isoelated, although a number of other serovars have also been shown 1o canse
enteritis in humans.  Other graom negative bacteria rexponsibly for significant infection rales
include Shicella spp, Vibrio spp, Ervwinda spp, Kebsiella spp, Clirobacier spp, Yersinia spp,
Providencia spp and simifar bacteria. Novel means to control these bacterial infections are

needed,

A vaccine vector comprising a first polynucleotide sequence encoding a PAL

polvpeptide is disclosed. The PAL polypeptide is 2 bheterologous, non-natively expressed,

“1-
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recombinant polypeptide in the vaccine vector, The PAL polypeptide iy selected from SEQ
1D NG 1L a sequence with 90% identity o SEQ 1D NO: 1, such as SEQ 1D NO: 6, or an
immunogenic fragment thereof at least six amimo acids long.  The polypeptide may be
gxpressed on the surface of the vaccine veotor, The immunogeni fragrment of SEQ 1 N |
may comprise SECQ 3 NQ: 2, SEQ HY NG: 3, SEQ 1D NO: 4, SEQ D NO: §, 3EQ 1 NG
36 or SEQ 1D NO: 37, The vaceing vector may alse comprise a second polypeptide sequence
encoding an ratwnoestimulatory polypeptide. The invnunostimulatory polypeptide may also
be expressed on the surface of the vaccine vector, The inununostimalatory polypepetide may
be & CD134 polypeptide capable of binding CD40 or an HMGBI1 polypeptide. The CD154
podvpeptides include fewer than 50 amine actds and comprise amino acids 140-149, or a
homolog thereof

Vaceines according to the present tnvention may be comprised within a veotor, such
as @ virus, yeast, bacterium, or posome. In one aspect, the vaccines include polynucleotides
encoding polypeptides of SEQ 1D NO: 42, 44 or 46 or o sequence having 90% identity 1o one
of these sequences. Pharmaceutival compositions may be comprised of the vaceine vectors
described herein and a pharmaceutically acceptable carrier,

Tu still apother aspect. methods of enhancing the immune response against & gram-
negative bacterium in a subject by administering a vaccine vector described herein to the
subject are provided, The cphanced inwnune response may be an cohanced astibody
response, an enhancsd T cell response or a combination thereof.

In a still further aspect, methods of reducing morbidity or mortality associated with
infection with a granm-negative bacterin in & subject by adpunistering 8 vaceing vector as
described hercin to the subject are provided. The vaccine veetor is capable of redueing the
morhidity and mortadity associated with sebsequent infection with a gram-negative bacterinm

i subjects administered the vaccine vector as compared o controls,

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a graph showing the PAL sequence-specific serum (g0 antibody levels as

-~
i
b

defermined by ELISA with synthetic PAL-BSA as the coating antigen on day 17 post
vaceination by oral gavage with either saline, or Bacillus backbone (BS BB) or PAL-vectored
BS vaccine (BS PAL)candidates at 107 cfischick. The results are presented as mean $/P
ratios & SEM (n=10), Groups with different upper case lotters are significantly differemt

using an ANOQVA (P <0.05).
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Figure 2 is a graph showing the PAL scquence-specific fleal slgA antibody levels ay
determined by BLISA with synthetic PAL-BSA as the coating antigen on day [ 7-post
vaceination by oral gavage with either saline, or Bacillus backbone {BS BB) or PAL-vectored
B8 vaccine candidates (BSNNP) &t 1 efudchick, The resalts are presented as mean 5P
ratios & SEM (o=1h,  Groups with difforent upper case lefters are significantly different

using an ANOVA (P <0.05).

Figure 3 is a graph in which Selwonella iyphimurion was coumerated i chicks

9%

receiving saline, BSBB or PAL-BS construct veotored vaceine (BSNNPY at 10% ofu/chick
using conventional microbiologieal plate counting at 17 and 21 days post hateh. All groups
received 8T challenge dose of s 10¥ efuimi on day ! post-hateh. The resulis are presented
as mean logw ofw/gram of cocal content + SEM (n=10), Groops with different upper case
tetlers are significantly different by ANGVA (P -<).05).

Figare 4 is a graph showing the affinity of two monoclonal antibodies (2BS and 1B2)
as compared to control {PBST) for the indicated hexapeptides of PAL.

Figure 5 is a graph showing the Safmonelle Heldelberg colony forming units (efu} per
gram isolated from the ceca of 21-dav-old brotlers after vaccination with the indicated
vaceine strain or control. Groups with different upper case letiers are significantly different
by ANOVA (P <005},

Figure 6 is a graph showing the Safmanella Heildelberg colony forming units (cfu) per
eram isolated from the cecn of 21-day-old and from 33-day-old broiters alier vaccination

with the indicated vaccine strain or control. Groups with an asterisk are significantty

difforent by ANOVA (P <0.05).

Figure 7 18 a graph showing the Nelmonello Heidelbery positive percent recovery from
the ceca of 28 day old broilers after vacoination with the indicated vaceine strain or controls.
Groups with different upper case letters are significantly different by ANOVA (P <0.038).

Figure 8 s a graph showing the percent phagocytosis of the indicated vaceine straing
by murine macrophages. Groups with different upper case leflers ave significantly different

by ANOVA (P <0.05}.

DETAILED DESCRIPTION

Conventional vaccines apainst granvnogative bacteria are generally based on

Hvedattennated bacteria that are delivered in controlled numbers often via injection,  Gram-
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bacieria and cven amonyg difforent sivains within the same speciss hay made vaccination
ggainat more thay a single strain or serovar difficult.  Recombinant vaccines have been
developed but because of the antigenic diversity are generally resineted to enhancing an
HRUne response 1o a single species or even a single stvain of bacteria, A vaceine capable of
protecting against voultiple serovars and indeed against more than one spocies of gram-
negative bacteria would be optimal, In addition, a vaceine that could be given orally would
make adninistration cheaper and compliance more Hkely, A vaccine comprising a highly
conserved region of PAL, a peplidoglycan-associated lipoprotetn found breoadly on gram-
negative orgamisms, is provided.

Recombinant DNA {echnologics enable relatively easy manipulation of many veast,
hacterial and viral species. Some microorganisms are mikdly pathogenic or non-pathogenic,
but me capabls of genersting a robust inmune response: These aneroorganisms make
aftractive vaccine vectors for eliciting an immupe response to antigens recomnbinantly
expressed i the veetor,  Vacoines vectored by microorganisms may mimic 8 natural
infection, help produce robust and long lasting mucosal immunity, and may be relatively
fmexpensive to produce and administer. Many of these vaceine 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 ofien carry more than one antigen
and have potential o provide protection against multiple infections agents.

A vaccine includes any compostiion comprising a polynucleotide sncoding an
antigenic polypeptide that is capable of eliciting an immune response to the polypeptide. A

vaceing veetor ix a composition that can be engineerad o carry antigens and optinnally other
immumostinadatory polvpeptides and may also comprise an adjuvant or be administered with
an adjuvani to further incréase the immune response o the parasite snd provide better
protection from morbisdity and mortality associated with a subsequent infection. The use of
vectors, such as bacterial, viral or yeast vectors, for vaccination and generation of tnmune
responses against enteric pathogens is disclosed herein. The enteric pathogens may include,

but are not Himited to K. coli, Salmonells and the other enteric microorganisms disclosed in

Table 1 in the Examples. The immune responses after administration of the vaceine vectors

described herein nesd not be folly protective, but may decrease the morbidity or parcentage

mortality {i.e. likehihood of mortality) associated with subsequent infection with an enteric

pathogen
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In one aspeet, 3 vaccine vector comprising g Tirst polynuclestids sequencs encoding at
feast one of SEQ 1D NO: -6, 32, 36 or 37or an invmunogemic fragment at least six amino
acids tong of any one of these seguences i provided. The vaccine vector may also include a
second polynuclentide eacoding an immunostimulatory pelypeptide is provided, Suitably the
PAL polypeptide or immunogenic fragments theveo! and the immunostimulatory polypeptide
are expressed on the surface of the vaccine vector,  The immumogenic fragments of the
polypeptide of SEQ D NO: 1 may comprise any one of or @ combination of SEQ 1D NOs: 2-
5 or 36-40 or any other fragment of at feast six amino acids. For example, the antigenic
polypeptide may comprise, may consist esseatially ol ov may consist ol SEQ 1D NO: 1, SEQ
1D NQO: 2, SEQ D NO» 3, SEQ D NO: 4, SEQ ID NO: 5, SEQ D NO: 6, SEQ 1D NO:
SEQ D NO; 36, SEQ 1D NO: 37 or an invmunogenic fragment or combination of any of
these SEQ 11 NGs,

An trmmunogenic fragment of the antigenic polypeptide may be a sequence that is at
least 6, 8, 10, 12, 14, 16, 18 or 20 amino acids long and has at jeast 853%, 9094, 929%, 94%,
Q3%, Da%, 97%, 98% or 99% percert wdentity to the SEQ 1D NOs provided herein. A
vaccine includes any composiiion comprising a polynucleotide encoding an antigenic
polypeptide that is capable of cliciting an hmnwume response to the polypeptide in a subject
administered the vaccine, The use of vectors, such as bacterial veotors, for vaceination and

reneration of innnung responses against enforie bactevia, including but not Janited

Sclmonella spp, Escherichio spp, Shigella spp, Vibrie spp, Erwinia spp, Kebstella spp,

Citrobacter spp, Yersinia spp, Providencke spp ov similar bacteria such as those listed in
Table { is disclosed.

Polvhucleotides encoding the antigenic polypeplides provided herein and other
antigens from any number of pathogenic organisms may be inserted Into the vector and
expressed in the vector. The expression of these polynusieotides by the vector will allow
generation of an immune response to the antigenic polypeptides following innmunization of
the subject.  The polynucleotides may be inserted into the chromosome of the vector or
envoded on plasmids or other extrachromosomal DNA.  Those of skill in the art will
appreciate that sumerous mothodologies exist for obtaining expression of polynuclentides in
veotor such as Salmonella or Baciihes. The polynucieotides may be operably connected to 2
promoter {e.¢., 8 constitutive promoter, an inducible promoter, eic) by methods known to
those of skill in the art.  Suitably, pelynilcotides encoding antigenic polypeptides are

mserted into a vector, e.g., 8 bacterial vector, such that the polvnucicotide is expressed.
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The polynucientides encoding PAL or other antigenic polypeptides may be nserted i
frame in a polynocleotide encoding a transmembrane protein. The polynacleotide encoding
the antigenie polyvpeptide may be insered info the vector polynucleotide sequence to allow
expression of the antigenic polypeptide on the surface of the vecter.  For example, the
polynucteotide encoding antigenic polypeplide may be inserted in frame into the veclor
polynucieotide in a vegion encoding an externat loop region of a transmembrane protein sach

that the vector polynucleotide sequence remains in feame,  In one embodiment, the first

pohvaucivotide envoding the antigenic polvpeptide may be inserted into looy 9 of the fam#
gene of Sefmonella as deseribed in the Examples. Alternatively, the polymucleotide could be

inserted in g polvaucleotide such as the cerB gene of Bacillus.

In another embodiment, the first polysucleotide i3 inserted nte or at a surface
axposed end of a protein that is attached to the cell wall, but is not a transmembrane protein,
The protein may be a secrefed protein that is anchored or attached to the cell wall via a
profein or Hpid anchor, For examples, the polynucleatide may be inserted at the 37 end of the
{thronectin binding protein (FhpB) of Bacilie swbsifiy, Allernatively, the first pelynucleotive
encoding the antigenic polypeptide may be tnserted into a polvnucleotide encoding a secreted
polypeptide.

Those of skill in the art will appreciate that the polynuclentide envoding the antigenic
pofyvpeptide coukd be inserted i 3 wide vapisty of vector polvnucicotides to provide
axpression and presentation of the antigenic polypepiide o the tmmume cells of a subject
treated with the vaccine. The polynucleotide encoding the antigenic polypeptide may be
inchuded in a single copy or more than one copy. The multiple copies may be inserted in a
single location or more than one location. within the vaceing veclor chromosome or
extrachromosomally,

Suttably the first polynucleotide encedes SEQ D NOo 1, SEQ 1D NO» 6 or an
annunogenic fragment thersof at least six or more amine acids such as SEQ 1D NO: 2.3, or
36-40. The vector may include more than one copy of the frst polyvoucleotide or may inclade
multiple antipenic polynucleotides targeted o the same or different pathogens, In the
Examples, SEQ D NGOs: 146, 32, 36 and 37 were shown o be immuanogenic. SEQ IR NQOx:
{(EGHADERGTPEYNISLGER} and R {TVEGHADERGTPEYNISLG) are incorporated into
a Bacillux or Safmonella vector In the Examples. The combination of epitopes from more
than one polypeptide from a single pathogen or target or the combingtion of spitopes from

distinel pathogens or targets s speaifically contemplated,  The polyoucleotides may be

-fH-
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nserted into the vector separately or may be inserted as a fusion protein containing more than
a single epitope. In the Examples, SEQ D NOs: T (PALY and 31 (CI0113) were incorporated
mto a Bacifhis vector {see SEQ 1D NO: 42, 44 and 46 and the Examples).  Suitably, the
portion of the antigenic polypeptide inseried W the vector is immunogenic.  As
imunogenic fragment is a peptide or polypeptide capable of eliciting a celludar or humoral
thnune response or capable of reducing morbidity or movtality associated with subsequent
infection with the target pathogen or a related pathogen.

An antigemie polypeptide ncludes any polypeptide that s ymenogenic.  The
antigenic polypeptides include, but are pot limited to, antigens that are pathogen-related,
allergen-related, tumor-related or disease-related.  Pathogens include viral, parasitic, fungal
and hacterial pathogens as well as protein pathogens such as the prions.  The antigenic
polypeptides may be full-length proleins or portions thereofl It iy well established that
inunune system recogaition of many profeins is based on & refatively small mumber of amino
acids, often refrred to as the ephiope.  Epitopes may be ondy 4-8 amino acids. Thus, the
antigenic poiypeptides deseribed herein may be full-length sequences, fowr amino acid long
epiopes or any portion between these extremes.  In fact the antigenic polypeptide may
inchude more than one epitope from a single puthogen or protein. The antigenic polypeptides
may have at least 839, 00%, 92%, 94%, B34, 9694, 97%, B8% or 99% porcent identity to the
SEQ 1D NOs provided herein. Suitably, an antigenic fragment of a polypeptide may be four,
five, six, seven, sight, nine, len, twelve, fifteon, soventeen or more consecuiive amino acids,
of SEQ D NO: 146, 32,36 or 37,

Multiple copies of the smme epiiope or multiple epitopes from different proteins may
beinehsded i the vaccine veolw, The eptiopes Wy the vaceine vector may be related and
homologous to altow targeting of multiple related pathogens with a single vaceine vector, It
is envisioned that several opitopes or antigens from the same or different pathogens or
diseases may be administered in combination in a single vaccing vector fo gensrate an
ephanced tmmune response against multiple antigens.  Recombinant vaccine vectors may
encode antigens [rom mudtiple pathogenic microorganisms, viruses or tumor associated
antigens. Administration of vaccing vectors capable of expressing multiple antigens has the
advantage of inducing inununity against two or more diseases at the same {ime, providing
broader protection against wultiple strains of a single pathogen or & more robust immune
response against a single pathogen. In the Examples, the vaceine vectors included the PAL

antigenic polypeptide of SEQ 1D NO: 1 and a Campvlobacter antigenic polypeptide of SEQ
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ID NO: 31 already demonstrated 1o be effective 1o enhance the immune response o
Comprvlobacter in International Patent Publication No, WOZ0H/156619,

Those of skill in the art will appreciate that the antigenic polypeptides from other
pathogens may be used in the vaccine vectors to enhance the Immune response against more
than one pathogen by a single vacoine, 1t would be advantageous {0 administer a single
vaceine divected against moltiple pathogens. A wvaccine capable of eliciing an tmmapne
response to an enteric pathogen, such as £ coli, in combination with Influenza, Salmenclia,
Campyiobacter or other pathogens v eavistioned.  For example, the second antigenic
polvpeptide may be an Influenza polypeptide, saitably i35 an Influenza HANT polypeptide or
a polypeptide associated with nudtiple strajos of the Influenua virus such as a polypeptide of
the Influenza M2 protein. The cetodomain of the Influenza A virus M2 protein, known as
M2e, protrudes from the surface of the vitus, The M2e portion of the M2 profein contains
about 24 amino acids. The M2e polypeptide varies hitle from one isolate to the next within
Influenza. Tn fact, only a few paturally occurring mutations in M2e have been isolaied from
infeeted humans sinve the 1918 flu epidemic, In addition, nfluenza viruses isolated from
avian and swing hosts have different, vet still conserved, M2e sequences. For reviews of the
M2e polypeptide sequences isolated from buman, avian and swine bosts see Lin et al|
Microbes and Infection T1171-177 (2005) and Reid et all, J. Virol 76:10717-10723 (2002}
sach of which are incorporated hercln by reference in s catirety,  Suitably the entire M2e
podypentids may b inserted into the vaccine vector or ondy 3 portion may be used. An eight
anting acid polypeptide (LM2 having amino acid sequence: EVETPIRN, SEQ 1D NO: 9 ov its
varfant M2eA baving amino acid sequence EVETPTRN, SEQ D NO: 1) was incorporated
ito the vaccine vector and demonsirated to produce an antibody  response  affer
administration 1o chickens. See ULS, Puablication No. 20811/0027309 which s incorporated
herein by reference Tn its entirety.

Other suitable epitopes for inclusion in & vactine veclor (0 enhance an inymune
response o Influenza A inclode, but are not fimited to, polypeptides of the hemagghutinin
(HAG or the nuclear protein (NP of Influenza A, For example, the peptides of SEQ 1 N
P, SEQ 1D NO: 12, SEQ 1D NO: 13, or SEQ 1D NO: 14 may be incloded in a vaceine
vector. Qne of skill in the art will appreciate that any of these sequences may be used in
combination with any other epilope including epitopes dertved from other pathogens or

antigens.

-8
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For sxample, the PAL antigerue polvpeptide provided herein may be combined with
other antigenic polypeptides from gram negative bacteria such as those provided in US.
Patent Publication No. US201 170159026 or International Publication No. WO 201 1/156619,
bath of which are incorporated by reference herein in thelr entireties. The combination of
muliple antigeniv polypeptides, one of which provides broad immunily to multiple gram
pegative bacterta and others that are more specific to particelar gram negative bacteria may
provide superior protection from subseguent infection.

Inynunostinndatory moedecules included as part of the vaceine vector cold potentially
activate parts of the immune system critical (o long-lasting protection.  Tmnumostiroudatory
polvpepetides may be polypeptides capable of stimulating a nalve or adaptive immune
response,  The immunostimulatory polypeptides are not natively associated with the vaceine
vector and are polypeptides natively associated with a vertehrate immune system, such as that
of the subject to which the vaccine will be admuinistered.  Two inununostimulatory
polypeptides gre described herein, namely CD34 and High Mobility Group Box 1 (HMGBD
polvpeptides, but one of skill in the art will appreciate that other immunostinudatory
polvpeptides conld be used or alternatively could be wsed in cowbination with those
deseribed herein,

Additional polynucleotides encoding polypeptides involved in triggering the immune

system may also be included Iy a vacoing vector.  The polyvnucicetides may encode immung
system molecudes known for their stimulatory offects, such as an mterteukin, Tamor Necrosis
Factor, interferon, or another pelynucleotide involved in immune-regulation.  The vaccine
may alse include polynucientides encoding peptides Known to stimulate an immuene response,
such as the CD1 534 or HMGBE polypeptides deseribed berein.

HMGBI is secreted by activated macrophages and damaged cells, and acts as a
evtokine mediator of inflammation, affecting the innate imnwune response. Portions of the
HMUGBI sequence have been included in the vaccine vectors deseribed i the Examples. The
HMGBT {High Mobility Group Box-1) protein was first identified as @ DNA-binding protein
critical for DNA structure and stability, It is a ubiguitously expressed nuclesr protein that
binds DNA with o seguence spectficity. The protein is highly conserved and found in planis
to-mammals. The zebwafish, chicken and human HMGBT amine acid sequences are provided
m SEQ 1D NO» 23, SEQ 1D NO: 1S and SE

Q1D N 22, respectively,  The sequence

throughout mammals is highly conserved with 9% amino goid identity and the amino acid

changes are conservative, Thus an HMGB! protein from oue species can likely substitute for
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that from another species functionally, The full-Jength HMGEBT protein o & portion thercof
may be used as the HMGB polypeptide in the vacaine vectors described beretn. HMGRB!

¥
¢

has two DNA binding regions termed A box as shown i SEQ 1D NO: 16 and 17 and B box
as shown in SEQ D NG: 18 and 19, Seo-Andersson and Tracgy, Annu. Rey, Immunol. 2011,
29:139-162, which is incorporated herein by referonce i its entivety,

HMGBI i3 a mediator of inflammation and serves as a signal of nuclear damage, sach
as fromn necrotic cells. HMOBY can alse be actively secrsted by cells of the
monceyte/macrophage Bneage in 3 process requiring acctylation of the protein, translocation
across the nucleus and seorstion.  Extracellular HMOBE acts as a potent mediator of
mflammation by signaling via the Receptor for Advanced Glyeated End-products (RAGE)
and vig members of the Tolblike Receptor family (TLR), in particular TER4, The RAGE
hinding activity has been identified amd requires the polypeptide of SEQ 1 NO: 24, TLR4
binding requires the cysteine al position 106 of SEQ 1D NQO: {5, which is found in the B box
region of HMGBI1.

The inflammatory activities of HMGBI do not require the full-length protein and
functinnal fragments have been identified. The B box bas been shown to be sufficient to

sediate the pro-inflanmmatory effects of HMGBIL and thus SEQ D NO: 1R and 19 are
HMGBI polypeptides or functionsl fragments thervot within the context of the present
myvention.  In addition, the RAGE binding site and the pre-inflammatory eytokine activity
have been mapped o SEQ D NO: 20 and SE Y NG 21, respectively.  Thag, these
polypeptides are functional fragments of HMGB1 polypeptides in the context of the present
nvention,

Those of kgl iy the art are capable of identifving HMGBI! polypeptides and
fragments thereof capable of stimulating pro-inflammatory eytoking activity, wsing methods
such as those in International Publication No, WQO2 092004, which s incorporated herein by
reforence in s entivety,  Suitably, the HMGBE polypeptide inclodes the RAGE binding
dornain at amine acids 150183 of SEQ 1D NOHS (SEQ 1D NO: 20 or 3 homolog thereof)
and the pro-inflammatory oytokine activity domean between amino acids 89-109 of SEQ 1D
NO: 15 (SEQ 1D NO: 21 or 8 homolog thereof). I particular, HMGBI polypeptides and
functional fragroents or homologs thereot include polvpeptides identical to, or at least 99%
identical, al least 98% sdentical, at least 953% tdentical, at feast 909 identical, at feast 85%

identical, or al least 80% identical to the HMGBI polypeptides of SEQ 1D NOs: 15 or 16-23

- 10 -
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Ax described in more detail below, 3 vaccine veclor may include a3 CDIM4
polyvpeptide that is capable of binding CD40 in the subject and stimalating the subject to
respond to the vector and ity associated antigen.  Involvement of dendritic cells (DCs) &

seitial for the indtiation of a powerful inmuse response as they possess the enigue ability
o activate nafve T cells, causing T cell expansion and differentiation into effector eells. Hos
the role of the DC, which s an antigen presenting cell (APCY found in virtually all tssees of
the body, fo capture antigens, transport them to assoctated lymphold tissue, and then present
them o natve T cells. Upon activation by DUs, T calls expand, differontiaie into effvctor
cells, feave the secondary immune organs, and enter peripheral tissues, Activated eytotogie T
gells (CTLs) are able to destroy vivus-infected cells, tumor cells or even APCs infocted with
intraceliudar parasites {o.g., Salnoenelly) and have been shown o be critical in the protection
against viral infection,  CD4U is o member of the TNF-receptor family of molecules and is
expressed on a vaviety of cell types, including professional antigen-presenting cells (APCs),
such as DCs and B colls, Interaction of CD40 with iis Hgand CDI54 is extremely important
and stimulatory for both humoral and celludar inumunity.  Stimulation of DUs via CIEQ,
exprassed on the surface of DCs, can be simulated by anti-CD40 antibodiss,  In the body,
however, this occurs by interaction with the nataral ligand for CD40 (e, CDI3) expressed
on the surface of activated T-cells. Interestingly, the CD40-bindmyg regions of CDH 54 have
been identified. The CD40-hinding region of CDISE may be expressed on the surface of a
vector, such as a Sedmonella or Bacilluy vector, and resulis in an enhaneced mmune response
against a co-presented peptide seguence as shown in the Examples provided herein and in
LLS, Patent Publication No. 201 1/0037309, which is Incorporated herein by veference i it
emtivety, A CDIM polypeptide may be g portion of CIME4 full-lenptly protein or the ehtire
CD1534 protein. Suitably, the CDTS4 polypeptide {5 capable of binding CD40,
As discussed above, a CDH3 polynucieotide encoding a CD 154 polypeptide that is
capable of enhancing the imnune response to the antigen may be included in the vaceine.
Suitihly, the CD134 polypeptids is fower than 30 amino scids fong, more suitably fower than
40, fewer than 30 or fewer than 20 amino acids in length. The polypeptide may be between
i and 13 amino acids, between [0 and 20 amino acids or between 10 and 23 amino acids in
tength, The CDA4 sequence and (D40 binding region are not highly conserved among the
vartous species, The CD15 sequences of chicken and human are provided i SEQ 1D NO:

24 and SEQ 1 NO: 235, respectively.
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The CH40 binding regions of CDI3 have beon determined for & numbser of specigs,
fnchiding human, chicken, dock, mouse and cattle and are shown in SEQ 1D NO: 26, SEQ 1D
NO: 27, SEQ 1D NO: 28, SEQ 1D NO: 29, and SEQ 1D NO: 30, respectively. Although there
s variability in the sequevces i the CD40 binding region between spocies, the human
CS4 polypeptide was able to enhance the immune response i chickens, Therefore, one
may practice the invention using species specific CDUS4 polypeptides or a heterologous
CD154 polypeptide. Thus the CD154 polypeptides of SEQ 1 KNO: 24-30 may be included in
& vaccine vector of a polypeptide at least 99, 98, 97, 96, 93, 03, 90 or 5% identical to the
sequences of SECY DY NOu 24-30 may be incloded v a vacoine vector.

The polypeptide from CD154 stinundates an invmune response at least in part by
hinding o its receptor, CH40. A polypeptide homelogous 1o the CD154 polypeptide which is
axpressed on fmmume calls of the suebjeet and which is capable of binding o the CD4Q
recepior on macrophages snd other anbigen presenting cells. Binding of this ligand-recepior
complex stimulates macrophage (and macrophage lincage cells such gs dendritic cells) o
enhance phagooytosis amd antigen presentation while inereasing oytokine seerstions known to
activate other tocal mane cells (such as Belvnphooytes). As sach, molecules associated
with the CD134 peptide are preferentinlly targeted for fmmune response and expanded
antibody production.

The antizgenic polypeptides and the imnunostinwuiatory polypeptides are defivered via
a vaceine vector.,  The vaccine vectors may be bacterial, yeast, viral or Hposome~based
veotors, Potential vaceine vectors include, but ave not Hmited t, Bacillus (Bacillus subtilis),
Satmoncila (Scalmonella enteritidiz), Shigella, Excherichio (E. coli), Yersinia, Bordetella,
Lactocovcns, Lactebacilivs, Streptococens, Fibrio {Fibrio cholerae), Livteria, veast such ay
Succharomvess, or Pichia, adenovivus, poxvirus, herpesvirus, alphavirus, and adeno-
associated vivus,  Live bacterial, yeast or viral vaccine vectors may still pose risks o
snmunocompromised individuals and require additional regulatory scrutiny.  Thus use of
vectors that are killed or inactivated or quabity as Generally Recognized As Safe (GRAS)
organisms by the Food and Drug Administration (FDA) is desirable.  The problem s
genarating a robust immune response using such vectors, Maethods of inactivating or killing
bacterial, yeast or viral vaceing veotors are known to those of skill in the art and inclode, but
are not Hmtted to methods such as formalin ihactivation, antibiotic- based inactivation, heat
treatment and othanol treatment. By including an inwmunostimulatory polypeptide such as

HMUGBI (high mobility group hox 1) polypeptide on the swrface of the vactine veotor we can
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generate a robust mmune resporse against an antigonic polvpeptide using a Bacillus spp.
vector or other GRAS vector.  In fact, such vectors can be mactivated soch that 3t cannot
replicate and still elicit a vobust immune response afier administration, The vactine vectors
may be wild-type bactoria, yeasts or virases that are not pathogenie, Allernatively the vectors
may be altenvated such that the vector has Hmited abitity to replicate in the host or is not
capable of growing without supplemented media for more thay 8 fow generations. Those of
skill in the art will appreciate that there are a variety of ways o attenuate vectors and means
of doing so.

At lmast a poion of the antigenic polvpeptide and af least a portion of the
immumostinulatory polypeptide are present or expressed on the sarface of the vaceine vector
Present on the sarface of the vaccine vector includes polypeptides that are comprised within
an external loop of # iransmoenthrane protedn, interasting with, e.g., covalently or chonveally
cross-dinked o, a transmembrane profein, a mombrane lipid or membrave anchored
carbohydrate or polvpeptide. A polypeptide can be comprised within a transmembrane
protein by having the amino acids comprising the polvpeptide linked via a peptide bond to
the N-terminus, C-terminus or anywhere within the transmembrang protein (Le. inserted
between o amine scids of the transmembrane protein or in place of one or more aming
acids of the transmembrane protein (.o, deletion-insertion}). Suitably, the polypeptides may

be doserted into an external loop of & trapsmembrans profein.  Suitable iraasmembrane
proteins are sitd, cotB and Lo, but those of skifl in the arl will appreciate many suilable
transnembrane proteins are available. Polypeptides may be linked to a membrane or cell
wall wirchored protein or lipid such that the antigenic polypeptide and the banunostinwlatory
polvpeptide are expressed on the surface of the vaccine vector.

Ax deseribed above, polynucleotides encoding the antigenic or immumostimulatory
polvpeptides  may be dnserted it the chromosome of the wector or maintained
extrachromosomally (e.g., on a plasmid, BAC or YACQ)L One of skill in the ant will
appreciate that these polynucleotides can be inserted in frame in a variety of polynuclentides
and expressed in different parly of the veclor or may be secreted.  The polynucleotide
encoding the immunostinulatory polypeptide capable of enhancing the Immung response 1o
the antigenic polyvpeptide may also encode the antigenic polypeptide. The polynucleotide
encoding the antigenic polypeptide way be linked to the polynucleotide encoding the
immunostinudatory polvpeptide, such that in the vector, the bwo polypeptides are portions of

the smme polypeptide. In the Examples, a polynucicotide encoding the antigenic polypeptide
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also encodes  the  immunostimulatory  polypeptide. In one embodiment, the twe
pohvnucieotides encoding the polypeptides are both inserted in fame in loop € of the lamB
gene of Salmonefla enieritidis or another vaceine vector,  Those of skill i the art wil
appreciate that bacterial polyvoucleotides encoding other transimembrane proteins and other
toops of the Lemd gene may also be used.

Alternatively, the pobvaucleotide encoding the antigenic polypeptide andior the
immunostimulatory polypeptide may be inserted into & secrcted polypeptide that is displayed
or presented on the surface of the vaccine vector through association with a protein, lipid or
carhohydrate on the surface of the vaccing vector. Those of skill in the arl will appreciate
that the polynucleotide encoding the antigenic polypeptide andfor the immunostimulatory
polypeptide conld be inserted in & wide vardety of vaccine vector polynneleatides to provide
expression and presentation of the antigenic polypeptide andfor the Immunostimulatory
polypeptide to the imnume cells of & subject treated with the vaccine vector, The coding
region of the PAL antigenic polypeptide and the inmnunostimulatory polypeptide can be
fused to the C-terminus of the Siepivlococous aureny fibronectin binding profein containing a
sorting motif [or sortase from Livierio. This allows the secreted proteins to be anchored on
the cell wall of gram positive bacteria such as Baciflus, See Nguyen and Schumann,
Biotechnol (20063 122: 473482, which is incorporated herein by reference in ity entivety.
Cithier simitar methods may also beused,

Alternatively, the polypeptides may be covalently or chemically linked o proteing,
tipids or carbobydrates in the membrane, cell wall, or capsid if & viral vector is being used
throngh moethods available to persons of skill i the an. For exanple, di-sulfide bonds or
biotin - avidin cross-iinking could be used to present the antigepic and inyunostimulatory
polvpeptides on the surface of g vaccine vector. Suitably, the antigenic polypeptide and the
inmunostinwlatory polypeptide ave pant of a fusion protein. The two polypeptides may be
directly Hinked vig a peptide bond or may be separated by a linker, spacer, or a section of a
third protein into which they are inserted. In the Examples, an amine acid spacer was used
between the polypeptides. & spacer may be between 2 and 20 amino acids, soitably between
3 and 10 amino acids, suitably between & and § amino acids, Suitably the amino acids in the
spacer have a small side chain and are not charged, such as glycine, alanine or serine.
Spacers may have combinations of amine acid residues,

fa the Examples, the vaceine vectors have the antigenic polypeptides (8EQ 1D NGO |

and SEGQ 1D NO: 31 ({Campy Ci113)) and the immunostinudatory polypeptide (HMGBY)
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enwoded on the same polvnucleotide and in frame with cach other, See SEQ 1D NG: 42, 44,
and 46, Notablv, in the Examples using a three amino acid spacer between each of the
polypeptide fragments, the vaceine vector in which HMGB1 polypeptide was positioned on
gither the N- or C-terminal end of the vaceine vecior insert resulted in the best protection
against subssquent nfection. The best performing vaceing vector had CI0T13 followed by
PAL followed by HMGRBT {from N- to C-terminal or SEQ 1D NO: 42). Thus the order or
display of the antigers and bomunostiulatory polypeptides on the surface of the vaccing
vector may altect the nmune response. In aliormative ewbodiments, the immunestimulatory
polvpeptide and the antigenic polypeptide may be encoded by distinet polynucleotides.
Those of skill in the arl will appreciate that a variety of methods may be oased o obtain
expression of the antigenic polypeptide and the HMGOBI polypeptide on the surface of the
vacuine vector. Such methods are known to those skilked i the arl.

Compositions comprising the vaceme vector and a pharmacoutically acceptable
carrier are alse provided. A pharmaceutically acceptable carrier s any carrier suitable for in
vivo administeation.  Suitably, the pharmaceutically acceptable carrier ix aceeptable for oral,
nasal or muecosal delivery.  The pharmaceutically acceptable carrier may include water,
huffered solotions, ghicose solations or bacterial coltare fhuids.  Additional components of
the compositions may suitably include excipients such as stabilizers, preservatives, dituents,
cmalsifiors and fubrivants,  Examples of pharmaceutically acceptable carricrs or diluenis
include stabilizers such as carbohydrates {e.g., sorbitol, mannitol, starch, sucerose, ghacoss,
dextrany, proteing such as albumin or casein, protein~containing agents such as bovine seram
or skinuned milk and buffers (e.g., phosphate buffer), Especindly when such stabillzers are
added 1o the compositions, the composition s suitable for frecze-drving or spray-drying. The
vaccine veotor in the compositions may nol be capable of replication, suitably the vaceme
vector is inactivated or kilted prior to addition to the conposition.

Methods of cnhancing immuane responses in & subject by administering a vaccine
victor are also provided, The vaccine vector may contain a first polynucleotide encoding an
antigende PAL polvpeptide of SEQ D NOu 146, 32, 36, 37 or an immunogenic fragment
thereof.  The vaccine vector may also include 8 second polynucleotide encoding an
mmunostimulatory  polypeptide.  The  imvounostimulstory  polypeptide s suitably a
polvpeptide patively associated with a vertebrate innmune system and involved in stimulating
an imane response. The impumostimwdatory polypeptide may stimalate the native or
adaptive immune response of the sabject. Switably a HMGBI polypeptide or a TD134

-15-
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polvpeptide as deseribed more {ully above may be osed as the immumostimulatory
polvpeptide.  In the methods provided herein, the vaccine vector comprising an antigenic
PAL polypeptide and optionally an tmmunoshimulatory polypeptide is administered to a
subject fnan amount effective to cohancs the/effect ap immune response of the subject o the
vacoine vector and in particular to the antigenic polvpeptide and suttably to gramenegative
bacteria such as Sadmonelia and . coli.

The enbanced inwnune response may include an sntibody or T cell response. Suitably
the mynune response s a profective immune response, but the Immune response may not be
fully protective, bal roay be capable of reducing the worbidity or mortadity associated with
mfection.  The immanostimulatory polypeptides may be used 1o enhance the fmmune
response in the subject to any foreign antigen or antigenic pelypeptide present in the vaccine
vector in addition to the antigenic PAL polypeptide. One of shill in the art will appreciate
that the imnumostinudatory polypeptide could be used to enbance the imomme response 1o
more than one antigenic polvpeptide present in a vaccine vector,  Enhancing an imimune
response inchudes, but i not Hmited to, inducing a therapeutic or prophyviactio effect that ix
mediated by the immune system of the subject. Speeifically, enbhancing an inynune response
may incluade, but is not himited to, enhanced production of antibodies, enhanced class
switching of antibody heavy chains, maturation of sntigen presenting cells, stimulation of
helper T cells, stimulation of cytolytic T cells or induction of T and B cell memory.

Suitably, the vaccine vector contains a polynuclentide encoding 3 polypeptide
including amino acids 150-183 and 89-109 of the HMGBI polypeptide (SEQ HXNO: {3} or g
homolog thereof.  In the Examples, o 190 anvine acid polypeptide of HMGBT was used
Suitably, the polvnueclcotide encodes 3 HMGRT polvpeptide from the same speoies as the
subject.  Heterologous combinations of HMGBI polypeptides and sobjects {e.g. & haman
HMOB1 polypeptide for use in a chicken vaccine) may be useful in the methods of the
invention because HMGBL is bighly conserved through a wide number of species. The
HMGB] polypeptide may be used to enhance the immune response in the subject to any
toreign antigen, antigenic polypeptide or move 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 to enhance the fmowme response to more than one antigenic polypeptide present in a
vaceine vector, The polypeptide from HMGBI stimudates an smmune response at least in

part by activating dendvitic cells and macrophages and thus stimulating production of
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cytokines such as -1, IL-6, IFN-y and TNF-g, In the Examples, a polypeptide of HMGBI
was expressed on the anface of the vaccine vector.

The vaccine vector may suttably contain a CDHA4 polypeptide capable of binding to
COHY and activating CD40. The vaceine comprising the polynucleotide encoding a CR54
nodypentids capable of binding to CD40 s administored 10 2 subject in an amount effective to
ephance or effect the nomane response of the subject o the vacemne. Suilably, the vaceine
contains a polynuckeotide encoding a polypeptide including amine acids 140-149 of the
human CLRMSS polypeptide (SEQ 1D NGk 25) or a homolog thereof  As noted above, a
homologue of amine acid 140-149 derived from one species may be used o stinulate an
imnune response in a distinet species. Suitably, the polynucleotide envodes a CDIS4
polypeptide from the same species as the subject. Suitably, a polynucleotide encoding the
polypeptide of SEQ 1D N0y 26 18 used i human subjects, a polynuekeotide encoding the
polypeptide of SEQ 1D NO: 27 is wsed n chickens, a polynucleotide encoding the
polypeptide of SEQ 1D NO: 2R is used in ducks, a polynucleotide encoding the polypeptide
of SE{Q 1D NO: 29 1s used in mice, and a polynucleatide encoding the polypeptide of SEQ 1D
MNO: 30 s used 1o cows. The human CD134 polypeptide (SEQ 1D NO: 26) has been ased in a
chicken vaceine and was demonstrated to enhance the immune response to a forelgn antigen.
Thus other heterologous combinations of CD154 polypeptides and subjects may be useld in
the methods of the invention,

In addiion, methods of enhancing an immune response against @ gram negative
bacterium selected from Salmonclla spp, Escherichia spp, Shigella spp, VFibrio spp, Erwinia
spp, Kebsiella spp, Cltrobacter spp, Yersinia spp. Providencia spp and similar bacteria and
methods of reducing morbidity assoctated with subsequent infectton with 8 gram-negative
bacterium sre disclosed. Briefly, the methods comprise administering o a subject a vaceine
vector comprising a st polynocleotide sequence encoding an antigenic PAL polypeptide
and optionally a second polynuckeotide snooding an inmupostimudatory polypeptide in an
effective amount.  The antigenic PAL polypeptides may include SEQ ¥ NO: 1-6. The
insertion of the antigenic PAL polypeptides into the veetor may be accomplished in a vaviety
of wavs known 10 those of skill in the art, including but not hmited to the scarless site-
divected mutation system described i BMO Biotechnol. 2007 Sept, 17 7{11 39, Scarless and
Site~directed Mutagenesis in Safmonelle Enteritidis chromosome, which is incorporated
herein by reference in #s ontirely and the method vsed hereln as described in Nguven and

Schumann J Biotechnot 2006 122: 473482, which iy incorporated herein by reference in its
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entively,  The vector may also be engincered (o express the antigenic PAL polypeptides in
conjanction with other antigenic polypeptides from other pathogens inchuding viruses such ag
Influenza M2e or bacteria such as Salmenelfa, Campylobacior or E. coli. In particular, a
polypeptide of CI2134 capabde of binding CR40 or HMGBT may be expressad by the veotor
o ephance the immune response of the sabject to the antigenic PAL polypeptide.

The compositions contaming antigenic polypeptides may also be used to decrease the
morhidity assoctated with subsequent infoction by @ granvnegative bacterium. The
compositions may prevent the bacterium from causing disease or may bmit or reduce any
associated morbidity in a8 subject 1o which the compositions or vaccing vectors deseribed
herein were administered, The compositions and vactine vectors described hercin may
reduce the severity of subsegquent discase by decreasing the length of discase, weight loss,
sevarity of symptoms of the discase, deeveasing the morbidity o mostality associated with the
disease or reducing the likelihood of contracting the disease. The compositions may also
reduce the spread of the pathogen by inhibiting tansmission.  The morbidity or mortality
assoclated with the disease after administration of the vaccine vectors described herein may
be reduced by 23%, 309, 40%, S0%, 60%;, 70%, 80%, 90% or even 1% as compared to
stmilar subjects not provided the vaceine vector

For administration 1o animals or humans, the compositions may be admunistered by a
variety of means lnchuding, but not limited lo, intrapasally, mucosally, by spraying,
intradermally, parenterally, sebowtancouosty, intraperttonelly, intravanously, intracravally,
oraily, by acrosol or intramuscularly.  Eve-drop administration, oral gavage or addition to
drinking water or food s additionally suiteble.  For poultry, the compositions may be
admimstered in ovo.

Some embodiments of the invention provide methods of enbancing inunune responses
i o osubject,  Suilable subjects may include, but are not Hmited o, vertebrates, suitably
mammals, suitably @ human, and birds, suitably pouliry such as chickens or turkeys, Other
animals such as cows, cats, dogs or pigs may also be used. Suitably, the subject s non-
human and may bean agricohural amimal,

The useful dosage of the vaccine to be administersd will vary depending on the age.
weight and spepies of the subject, the mods and route of administration and the type of
pathogen against which an mmone response is sought. The composition may be

administered in any dose sufficient to evoke an immune response. it is envisioned that doses



10

]

1
1.4

tat

1.4y

LA

WO 2014/152508 PCT/US2014/027416

ranging from 10 1o 16 vector copies {L.e, volony forming unils or plague forming units),
frome 10% 10 10" vector copics, or from 107 to 107 vector copies are suitable.

The composition may be administered only once or may be administered two or more
times W {norease the immune response.  For example, the composition may be administered
o or more times separated by one weck, two weeks, thres weeks, 1 month, 2 months, 3
months, & months, T year ov move. The vaccine vector may comyprise viable mifcroorganisms
prior to adnunistration, but in some embodiments the vector may be killed prior to
administration,  In some embodiments, the vector may be able to feplicate in the subject
while in other embodiments the vector may not be capable of replicating in the subject, ez a
killed vaceine vector or a liposome, Methods of inactivating microorganisms used as vectors
are known to those of skill in the arl.  For example, a bacterial vaccine vector may be
tnaciivated wing formalin, othanel, heat exposure, or antibioties.  Those of skill in the art
may ase other methods as welll

It is envisioned that several epliopes or antigens from the same or different pathogens
may be administered i combination in a xingle vaceine 1o generate an enhanced immunge
response againsl multiple antigens. Recombinant vaccines may eneode antigens from
multiple pathogenic microorganisms, viruses or tumor associated antigens. Administration of
vaceine capable of expressing multiple antigens has the advantage of inducing immunity
against two or e discases at the same time. For example, Hve stienuated bacteria provide
g suitable vecior for eliciting an wmmune response against multiple antigens om a single
pathogen, e.g., FHC and PAL from Selmorella or against multiple antigens from different
pathogens, ¢.g., Influenza and Salmonelle.

Vaccine vectors may be conglructed using exogenous polvnuclootides encoding
antigens which may be inserted into the vaccine vector at any non-essential site or
alternatively may be carried on a plasmid or other extra chromosomal vehicle (o, 3 BAC or
YACY using methods well known in the art. One suitable site for lnsertion of polynueieotides
ts within external portions of ransmembrane proteins or coupled 1o sequences that tavget the
exogenous polyvnucieotide for segretory pathways anddor allow attachment to the cell wall
One example of a suitable transmembrane protein for insertion of polynucleotides is the femB
gene. One saitable method of cell wall altachment is provided in the Examples

Exogenous polynuclentides include, but are not imited to, polynucleotides encoding
antigens selected from pathogenic microorganisms or virnses and include polynuclentides

that are expressed in such a way that an effective immume response 1 generated.  Sach
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polvnucieotides may be derived from pathogenic viruses such as influenza {eg., MZe
hemagglutinin, or newraminidase), herpesvirases {e.g., the genes encoding the structurat
proteins of herpesviruses), retroviruses (eg., the gplol envelope protein), adenoviruses,
paramyxoviruses, coropaviruses and the UBle.  Exogenous polynucleotides can also be
obtained from pathogenic bacteria, e.g., genes encoding baclerial proteing such ax toxing,
outer membrane proteins or other highly conserved proteins,  Further, exogenous
polynucleotides from parasites, such as Apicomplexan parasites are atiractive candidates for
use i a vector vaceine.

The present disclosare is not Umited to the specific detalls of construction,
arrangement of components, or method steps sot forth heretn, The compositions and methods
disclosed herein are capable of being made, practived, used, carried out andior formed in
various ways that will be apparent to one of skill in the art o light of the disclosure that
follows. The phraseology and terminology used herein is for the purpose of deseription only
and should not be regarded as Himiting to the scope of the claims. Ovdingl indicators, such as
{irst, second, and third, as used in the deseription and the elaims fo refer (o various structures
ar method steps, are not meant {o be construed to ndicate any specitfic stractures or steps, or
any particular order or configaration o such structures or steps.  All methods deseribed
herein can be performed in any suitable order unless otherwise indicated herein or otherwise
clearly contradicied by context. The use of any and all examples, or excmplary fanguage
{e.g.. “such as") provided bergin, is intended merely o facilitate the disclosure and does not
inply any linutation on the scope of the disclosure unless otherwise claimed. No language in
the specification, and no strectures shown i the drsswings, should be construed as indicating
that any pon-claimed clement is eosential fo the practicy of the disclosed subject matter. The

oug a5

use herein of the terms “including,™ “comprising,” or “having.” and vanations thereof, is

mesnt o cncompass the eloments Hsted thereafter and equivalents thereof] as well as

N

additional clements, Embodiments recited as “inglading,” “comprising,” or “having™ certain

elements are alse contemplated a5 “consisting essentially of and “consisting of” those
certamy slements, The terms “a”, “an™ and “the™ may mean one or more than ong wndess
specifically delineated.

Recitation of ranges of values herein are merely intended fo serve as a shorthand
method of referdng individually to each separate value fulling within the range, unless
otherwise indicated herein, and cach separate value is incorporated into the specification as i

it were individually recited herein, For example, i 8 concentration range 1s stated as 1% o
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0%, it is intended that values such as 2% Lo 40%., %6 10 30%, or %% o 3%, sle., are
expressly enuwmerated in this specification. These are only examples of what is specifically
intended, and all possible combinations of numerical values between and including the lowest

valae and the highest value cnumerated are o be considered to be expressly stated in this

diselosurg. Use of the word “abot™ to deseribe a particolar recited amound o vange of

amounts is meant o indicate that valoes very near to the recited amount are included in that
amount, such as values that could or naturally would be accounted for due to manufacturing
toferanoes, mstrument and human ervor in forming measurements, and the Bke. Al
percentages referring to amounts are by weight anless indicated othorwise.

The following exarples are meant only 1o be llustrative and ave not rocant as
fimitations on the scope of the invention or of the appended claims, Al references, included
patenty, patent publications and non-patent hierature, oited herein are horeby incorporated by
reference in their entivety.  Any conflict between statements in references and those made

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

EXAMPLES

We selected the Pal polypeptide from £, cofi as a highly conssrved polypeptide that
may include a polypeptide that would be both highly conserved among the gran-negative
pathogenic bacteria and bmmunogenic. We began by selecting the E. eoli sequence from
amine avid 106-124 of Pal (POAR1R). The antigenic potehtial of the selected sequence was
confirmed using the Network Protein Sceguence Aualysis program  against published

sequences foand in EMBL and NCBI databases (Combet, C.. €. Blanchet, C. Geourjon, and

by

i Deleage, 2000, NPSE: network protein sequence analysis. Trends Biochenm Sei 250147~

L

03 The sequence was then used to svarch for sequence homology using a Blast search
engine on Swiss Institute of Bioinformatios on the EXPASY server. The Blast search found a
nuaber of proteins (Pal) with identical sequences to our inftially sclected Pal sequence
{TVEGHADERGTPEYNISLG (8EQ 1D NO: 8)). The hist of Fal proteins with identival
sequence include £, cofi spp, Safmonella rephi and paratphi spp, Shivella spp, Enterobacter
spp, Clrrabacier spp, Crosobocter spp. Also, Pal proteins with greater than 94% homology
{only ong amino gcid different with or withoot similar sabstitotion of 8 second aming acid)
are Fibrio spp, Sodddiy spp, Erwinda spp, Rlebviellea spp, Dickeya spp, Serratia spp. Proteus

spp, Neporfabdus spp, Pectabacteraon spp, and Pawloes spp with 100% coverage.
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17" amino acid wifl he

To optinyize the antigen {ovr othev pathogen species, the
changed from serine to alapine. The pew sequence would be TVEGHADERGTPEYNIALG
{SEQ 1D NO: 32). This seguence is expected o provide optimal immune stimulation for
Fibrio spp, Soddis spp, Erwinia spp, Kiebsiella spp, Dickeve spp, Servatin spp, Proteus spp.,
Xenarbabdus spp, Pectobacterium spp, and Pastoea spp with 0% coverage and cither
wdentical or strtlar amino actd sequence. The proteins of these species would be expecied o
be targeted by the mmune systen following vaccination snd provide protection against these
OPganisms,

The Pat epiiope (TVEGHADERGTPEYNISLG (SEQ 1D NO: B)) was serted inlo a
Bacillus subrilis (BS)Y vector and expressed,  The Pal Bacillus construct was then fested as a
vaceine veetor for Subnonelia by vaccinating chicks via oral gavage with 10° ofuschick on the
day of halch and comparing to ehivks treated similarty with the Bacilly backbone (B85 BE)
or salive. The birds were boosted with the same treatment at 11 days post-hatch, Sanples
were harvested for specific immune response on day 17, The immune response to the
vaceine was evaluated by measuring serum 1gG (Figuwre 1) and seoretory ileal IgA (Figwre 23
Following vaccination with the selected sequence of Pal expressed on the Baeiffuy there was
a significant serum and secretory immune response specifically against the Pal sequence
compared to controls (Figures 1 and 2).

Evaluation of potential Beedliy vectored vaccine candidates against Safwosefia
fuphipnarion (ST} challenge at 11 days post-vaccination was underisken by emamnerating
Salmonella colonies in the ceca of vaccinated chickens at day 17 and 21 post-hatch (or day ¢
amt 10 after challenge). The lovels of 8T in the ceca were measured using conventional
nterobiologieal techniques, Chickens that were vaccinated with the selected sequence of Pad
exprossed on the Baciffusy vecior had significantly decreased levels of Salmonella in the ceca.
Ax shown i Figure 3, the level of Sufmonefla in the ceca was decrzased by over 444 fogs in
chicks vacoinated with BR-PAL (BSNNP} as compared to chicks vaccinate with saline or the
BS BB, This is the fivst effective vacoine against Sefmonella that & vectored by a Geoerally
Recognized Ag Safe (GRAS) organism by the Food and Drug Administration {(FDA) such ax
Bacilthes subtilis,

I an investigation aimed at optinization of the immunogen sequence, referred to as
PAL above (TVEGHADERGTPEYNISLG (S8EQ ID NO: B), an epitope mapping

gxperiment was designed o assess the relstive antigenielty of portions of this 19-mer

oligopeptide PAL, The sequence was split into 7 hexapeptides that overlapped by 3 amino
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acids. each.  For example, TYEGHA (SEQ ID NG: 39 GHADER (SEQ 1D NO:; 23 and
DERGTP (SEQ ID NO:u 3) cach share three amino acids with the portion of sequence
immediately 1o the left (foward the amino terminus) and right (foward the carboxy terminus).
For this purpose, seven hexapeptides straddling amino acid residues 143, 46, 7-9 ere. were
synthesived and coupled fo bovine serum albomin {(BSA)Y,  Two moneclonal antiboadies
{mAbs, designated 2BS and 182) that reacted strongly with both the PAL 19-mer peptide and
the native epitope as displayed on the cell wall of Solmonelle (and related species) were
selected and their relative affinities fowards cach segment of PAL were testad (Figure 4),

The resolts indicated that, out of the 7 peptides tested, PALT (3 residues pre-PAL,

YRV, and PAL amino terminal residues “TVE™ SEQ D NO: 38) was the least antigenic
for both mAbs. This can be explained by the observation that threonine s an uncharged
anuno acid and valine i anvaliphatic residue, both of which are relatively bydrophobic and
thus less likely 1o be accessible in the original invounogen PAL. Less accessible residues are
unlikely o induce & potent immune response. In addition, most antibody epitopes are
hydrophitic in natars, In contrasd, the two best reacting miAbs had 2 much higher affity for
PALG (SEQ ID NO: 4) and PALT (SEQ 1D NO: 6) (ELISA absorplion levels compared to
PALT were twice as high for PALG and >30% higher for PAL7). These results clearly
mndicates that the C-ternumal half of PAL was hikely the move exposed and acvessible part of
the munogen aond the most crugtal portion of the immunogen with regard ©o generation of
an antibody population that strongly eross-reacted with the native profein as displayed by
Salmonella and relaied bacterial species. Interestingly, m order to generate the PALY
hexapeptide, 2 residues were added that were not part of the oviginal 19-mer PAL, but that
flank PAL in the native bactorial protetn: E {ghetamate) and R {argining}. Both of these are
charged residues and hence have a high probability of being exposed in our bacterial target
SpECIES.

Based on the above rationale, a new 19-mer, designated FALDS (SEQ ID NO; 1), was
generated. PALDis is different from the original PAL 19-mern that (1) # no longer conlains
the two Ne-terminal amino acids T {threoning) and ¥V {valine) and {2} it has been extended C-
terminatly with two additional residues, Lol B (glutamate) and R {arginine). Thus, the
improved aming acid sequence, PALbs, s BEGHADERGTPEYNISLGER (SEQ ID NO: 1).
PALDis was compared against multiple genera of bacteria 0 ensure Cross-spegies reactivity
wias maintained (BLAST results are shown in Table 1) Sequence homology among £ cofi,

Selmonella tvpht and paratyphbi, Shigella, Exterabacter, Clirnbacter, and Cronobacoter spp.
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stifl had 100%: homology. Sequence howology among Fibrie, Sodalis, Ervirda, Klehsielk,
Dickevea, Servatia, Proteus, Xenorhabdus, Pectobacterivm, and Pantoea spp. have 93%
homology with a single amino actd substitution ST3A (SEQ 1D NO: 6). The related
Campviobacter fefuni sequence s shownas SEQ D NO: 7 and has 65% identity with the
sequence of SEQ IRNG: 1 Thus we choose to pursue vaccine veclors axpressing SEQ 1D

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

Table §: Sequence comparison of PALWS (SEQ ID KOt 1) among bacteria

PALBs Seguence:
BEOHADERGTPEYNISLGER E. colf (SEQIDRO: DY
BEOGHADERGTPEYNIALGER Fibrio {SEQ 1D NQ: 6)
EONCDEWGTREYNQALG Campylobacier (SEQ D NG T}

Bacteria Homology (%)
Escherichia coll 100
Salmometia emteriditiz 10
Salmonelle tophismurivm HH)
Saimonella choleraesuls 100
Sctmonella enterica subspecies Montevideo 100
Selmonetla enmterica subspecies Kentucky HOU
Shigella floxneri )
Shigella dvsenteriae 100
Enterahacter radivinciians 100
Enterobacter hormacchel 100
Exterobacter asbusiae $)
Enterobacter canceragenus HuS
Enterabacter elpadae 100
Ewmerobucter aerogenes 935
Clirabacter foseri M
Citrobacter freundi 100
Citrobacier rodentim 100
Cltrabacter youngas 100
Fibrio cholers 93
Fibrio scophthalmi as
Fibwio rotiferionus B

Fibwia ichthyoesnter]
Fibrio areevi
Fibrio mimicus

rae L

£
R

Fibria alginolviicus 95
Fibrio shitonii 3

Fibrio parahaemolytious
Fibrio fubiashii

Fibrio sinaloensis

Fibrio hrasiliesis

Vibrio caribbenthicus

NN o W DD
Lo s LA LR LR
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_Bacteria

Homology (%)

Fibrio aricaialls
Fibrio ordali

Fibrica nigripdchritudo
Fibwio anguillarum
Fibrio fiursissi

Fibiwio metschnikowil
Fibwio coralliifetions
Fibrio splendidus
Fibrio vulnificus
Cronobacter sakacakii
Sadadis glossiniding
Evwinia billingiae
Kiebsizlia oxviova
Kiebsiella preumonia
Ldickeya dadantii
Dickeya zeae
Serratio sy

Serratia phanuthica
Sevraria protearmacilans
Servatia odorifera
Protens mivabills
Proteus pemeri
Newerbabdus hovienit

Xenorhabduy nemutophila
Pevtobacterium wasabice
FPectobacterinm carolovorim
Pectobacerivm arasepticum

Famtoea slewartil
Panioea anasatis
Camprlobacier jejuni

93
98
95
95
93
98
95

W T
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To tost the ability of PALbIs (SEQ 1D NO: 11 1o work in a cross-strain chalienge

experiment, several vacoing candidates were generated, The vaceine vectors used herein

were generated substantially as described in fiternational Publication No. WQ2008/036673

and International Publication No. WO2011/912535, Thres separate construcls were

i

generated and ncorporated into fwo separate vaccine vectors, either Selmonelle Enteriditis or

Salmonella Vyphimurium, The inserts used included a palynuclentide encoding the Q0113

epitope deseribed as SEQ 1D NO: 31 herein and originally described in International

Fublication No. WO201 17136619, a polynucleotide encoding the HMGBI polypeptide of

SEQ D NC: 24 which was ovginally described in Intermational Publication No.

WOI01 091255, and the PALDbIs sequenve of SEQ D NO: 1 identified and deseribed

herein. The three polynucieotides were separated by serine spacers (three serine residues

3
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mserted {o avoid sterie hindrance issoes) and inserled in vavious orders in frame info sxternal
foop @ of the Sefmonella transmembrane protein fom B The resulting nucleic acid and amino
aoid seguences of the inserts are shown in SEQ 1D NO: 4146, SEQ IDNO: 41 and 42 are
the nuelelr acid and amino acld sequences of the CIGHIZ-PAL-HMGBI insert, respectively.
SEC D NO: 43 and 44 are the nucleis acid and amino actd sequences of the CIOHA-
HMGB1-PAL insert, respectively, SEQ 1D NO: 45 and 46 are the nocleic acid and amino
acid sequences of the HMGBI-CIOT3-PAL inseet, respectively, The purpose of generating
three vacohe vectors with the same inserts in a variety of orders was to eontrod for any
position or sterie hindrance effects of the polypeptides interacting with ummapped surface
moietics on the vector agents which could make the HMGBI binding domain inaccessible o
receptors on the host calls, or which might make surface-presented antigens inaccessible to
the host immune cells,

Sabmonella Enteriditis vectored vaccines reduced Safmonefla Heidelberg recovery
afier challenge, Chicks were vaccinated with a Sulimorella Enteriditis vectored vaccine that
belongs tor a heterologous Salmonelle serogroup when compared to the Sufmonella
Hetdelberg challenge strain to determine whether the PAL antigen would generate a oross
Salmonetla serogroup immume vesponse, Live Selmonella Eoteniditis-CI0T3-PAL-HMGBY,
ive Safmonelle Enteriditis-CHH 3-HMGBE-PAL {which was later determined to contain
twe point mwtations in HMGB1 and a frame-shift mutation in PAL resulting in the PAL
gpitope of REQ 1D NO: 35), and Hve Selmonella Eptedditis-HMGRECIDHZ-PAL (with a
tater determined point mutation in HMGBT) vaceines were oral gavaged in -day-old chicks
at 4x10° efwchick. Chicks were challenged on day 7 with a Salmonella Heidetberg at 7x10°
cfufchick by oval gavage, Salmwnelle Hoidedbery colony forming ity (ofu) per gram
isadated from the ceca of 2 L-day-old brotler chick wore determined. Salmanella Heidelberg
cfig that were recovered from the coca 14 days after challenge of Hive Salfmonella
Enteriditis-CI0T3-PAL-HMGBI vaccinated chickens were significantly lower than from
tive Safmonella Eoteriditis-CI0113-HMGBI-PAL with two point mutations in HMGB! and a
frame-shift mustation in PAL vacoinated chickens, Hyve Safmonedlo Enteriditis-HMGR 1~
CIOTI3-PAL with a point motation in HMGB vaceinated chickens, and non-vaccinated
control chickens {Figure §; P=Q.003).

Chicks were also vaccinated with glutaraldehyde-inactivated Sabmonella Eoteriditis
vectored vaccines belonging to a heterologous Sefmonella serogroup when compared 1o the

Sulmonello Hawdelberg challenge to determine whether the PAL antigen would generate a

- 26 -
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cross Sclmonella serogroap imune response, Clotaraldehyde-tnactivated Sodnonella
Euteriditis-CH I-PAL-HMGB1, Sadmoselle Eoteriditis-CH L 3-mHMOGB L-mPAL (with
point mutations in HMGBT and 8 frameshift mutation in PAL), Salmonella Enteriditis-
mHMGB-CIOHI3-PAL {with & point mutation in HMGEBI) vaccines were adjuvated with
mannosy lated chitosan (as described in Intornational Application No, PCTAISTIA7212).
The prepared vaceines were used to oral gavage 1-day-old chicks at 1x10° cfu/chick. Chicks
were challenged on day 17 with a Sedmonella Heidelberg at 8.5x 10° cfuschick by oral gavage.

Glutaraldehyde-inactivated Safmoneflo Eateriditis-CI0H3-PAL-HMGBT vaccination and
Safmonelle Bnteriditis-mEMGRECIOLI-PAL vaccination in brotlers significantly reduced
Salmonella Hetdelberg recovery from the ceca five days after challenge (Flgure 6; P<0.03),
and Sufmonella Heidelberg recovery romained low in Sefmonella Enteriditis-mHMGB1-
CIOI3-PAL and Safmonelle Enteriditis-CHN 13-PAL-HMGBT vaccinated chickens
seventeen days after chalfenge (P=0.033) These data indicate that PAL the PAL epitope in
these vaceines provided protection against a cross-serogroup Selmanella challeuge
considering that the vaccine backbone originated from a Selmonella serogroup D steain and
protected against & Selmonell serogroup B challengs.

Notably, these experirpents were not usefad to determine i there was any effect of the
refative orfentation or position of the three polypeptides in the vaceine vector because there
were muations discovered in the inserts. The mutations were informative regarding the
protective or immunogenic poetion of the PAL polypeptide. A single nucleotide deletion was
found in the PAL polynucleotide of the Safmonelfa Enteriditis-CI0T  3-amHMGBIanPAL
vaceine., The wild-type PAL nuclestide sequence is 57~
GAAGGTCACGUGGACGAACGTOGTACCCCGOGAATATAACATCTCTCTGGOTGAA
CGT-37 {SEQ 1D NQ: 33; the guanine deleted in the muant sequence s andertived) and the
rugant PAL sequence found in the Salmonelfo Enteriditg-CIO U 3-mHEMGEB LaaPAL s §°-
GAAGGTCACGCGOACGAACGTOOTACCCCOAATACAACATCTCTCTOOGETGAAC
GTW37 (SEQ D NO: 34). The guanine deletion (underlined in the wild-type sequence) 31
base pairs inte the PAL nucleotide segaence caused a frame-shifl muotation that changed the
tast eight amino acids of the PAL peptide sequence. The wild-type PAL of SEQ 1D NQO:
becomes SEQ D NO: 35 {EGHADERGTPNTTSLWVN: the last eigm amino acids are
undertined and are different than those found in SEQ 1D NO: 1. The tack of development of
an effective immune response by this mutant PAL is Hikely due to the toss of the last nine

amino acids of PAL, which were shown to be important for development of an antibody
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response in Figure 4 above. Thus a mintmal PAL epitope may be SEQ 1D NQO: 316
{(EYNISLGER) or its Fibrio counterpard SEQ 1D NO: 37 (EYNIALGER}.

The vaccines were remade to correct the mutations noted above, Once the mutations
were corrected, Hve Sulmonella Enteriditis-CH3-PAL-HMGRI, Hve Salmonella
Eateriditisx-HMGRBI-CITIRPAL, and live Solmonella Typhimuriom-HMGB1-CIOT3-PAL

vaceination in broilers significantly redoced Salmonella Heidetberg recovery after
enrichment with tetrathionate for 24 hours front brotlers” ceca collected 10 days after

-
I3
14

challenge (Figare 7; P<0.08), Day of halch chicks wire vaccinated with 107 ofur of five-
Safmonella Euteriditis-CIN I-PAL-HMGB1, Safmanells Enteridints-CHH L3-HMGBI-PAL,
Salmonelle Evteriditis-HMGB 1-CI0T13-PAL, Sulmonella Typhinuriam-CJO113-PAL-
HMGBL, Salmonelle Typhimurium-CIOH3I-HMGB-PAL, or Salmonella Typhimurium-
HMOGBT-CION13-PAL by oral gavage. An additional group of day of hatch chicks was
vaceinated with 10° ofu Sfmonello Enteridite-CI01I3-PAL-HMGB! by oral gavage.
Scelmenelfo Preriditis-CIOV3-PAL-HMGRE, Salmonella Enteriditis-CH U-HMAGRT-PAL,
Salmonelle Enteriditis-HMGB L-CIOLIE-PAL, Salmonella Pyphimuriam-CI0T13-PAL-
HMGBI, Sedmonella Typhimorium-CIHH -HMGB-PALL or Sadworelia Typhimuriom-
HMGB1-CIO113-PAL vaccinated chickens were boosted at 1d-days-old with 107 cfu of the
respective va . Salmonello Enteriditis-CI0TI3-PAL-HMGB1 vaccinated chickens that

celved 20"* cf on day of hatch were boosted with 10 cfu of Salmenelly Enteriditis-CJI0113-
PAL-HMGB. Chickens were challenged on day 17 with 6x10° efufchicken by oral gavage
and the resalts are shown in Figure 7 as percent challenge bacteria recovery. The results
suggest that the position of cach of the insert i the vaceine vector may affect the level of
protection offered by the vaccine.

PAL expression on the Sebuonefle Enteriditis bactarial celf surface will directly
fnteract with B lymphocyies to stimalate antibody production. HMGOBI expression on the
Salmaonetla Enteriditis coll surface affects the percentage phagooytic uptake into murine
macrophages (Figure 8} Murine macraphages from the Raw 264 celf Hine were co-cultured
with Hve Safmonella Entertditis vaccine veclor, Saufmonedla Bnteriditis-CI011 3-PAL-
HMGRI, Sobnonello Enteriditis=CI01 I3-HMGBI-PAL, or Sefmonelfe Brteriditis-HMGR -
CIOUI3-PAL for one hour. Escherichin coli pHrodo red bioparticles were added to sach
culturs and incubated for two howrs, After the bioparticles and bacteria are engulfed by the
macrophage a phagosome is created. The phagosome foses with 3 lysosome fuses acidifving

the inside of the phagolysosome. The fluorescence intensity of the bioparticles increase as
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the pH becomes move acidic; thereforg, the bioparticles within a phagolysosome will have
higher fluorescence intensity, Sefmonella Enteriditis-CIOH 3-PAL-HMUGRB] percentage
phagoeytic uptake was higher than Sadmonelle Boteriditis-HMGB-CI0T13-PAL which was
higher than Selmosello Enteriditis=CI01 13-HMGBI-PAL suggesting that HMGEB! at the end
of the insert interacts favorably with the cell surface and enhances phagooytic uptaks.

Based on these data, the Hnear display of chimeric DNA alters protein folding that s
dependent upon the posttion of charged amine acids, Different linewr combinations of
antigens and immune stimulatory molecules will afivct the spatial armangement of each
antigen and immune stinudatory on the bacterial cell surface. The protein expression of these
Hnear combinations may differ for cach bacteria species hecause the channel proteins on the
hacteria cell surlace creating steric hindrance with surrounding channel proteins. Reduced

vaceine efficaey could be the result of wnfavorable PAL o HMGBI protuin expression due to

steriv hindrance.

29 -



20

=
LA

L

Ly

WO 2014/152508 PCT/US2014/027416

CLAIMS

We elaime

l. A vaccing vector compuising a first polynucleotide sequence encoding & PAL
pobvpeptide of SEQ ) NO1 1, an amino soid sequence having 90%: or move boniology to
SEQ 1 NG 1 or an immunogenic fragment thereof at Teast six amine acids long, whergin

the PAL polypeptide is exprossed on the surface of the vacoine veetor,

2. The vaceing vector of claim 1, farther comprising a second polynucientide sequence
sncoding an mmunostimulatory polypeptide, wherein the immaumostinndatory polyvpeptide is

expressed on the surface of the vaceine vecior,

3 The vaccine vector of claim 2, wherein the immumostinmudatory polypeptide i an

HMGB! polypeptide or  CLES4 polypeptide capable of binding CLHQ,

4, The vaccine vector of clafm 3, whersin the HMGBL polypeptide comprises a
polypeptide sslected from at least one of SEQ 1 NOs: 13-23 or a fragment of at feast one of

SEQ Y NOs: 15223,

s, The vaceine vector of claim 3, wherein the CD154 polypeptide has fewer than 30
amine acids and comprises aminoe acids 140-149 of SEQ 1D NO:24, SEQ 1D NO: 23 or a

homolog thereof,

6. The vaccine vector of claim 3, whergin the CDMS4 polypeptide comprises SEQ {D

NQ: 26, SEQ 1D NG 27, 3EQ 1D NO 28, SEQ HY NG 29, or SEQ D NQO: 30,

~

7. The vaccine vector of any one of claims 146, wherein the PAL polypeptide is SEQ ID
NO: |, SEQ IDNO: 2, SEQ 1D NO: 3, SEQ 1D Ny 4, 8EQ 1D NO: 5, SEQ D NO: 6, SEQ
1D NO: 32, SEQ 1D NO:; 36, SEQHD N 37 or combinations thersof

8. The vaceine vector of any one of claims -7, wherein the vector comprises more than
one copy of the first polynucleotide andior more than one copy of the second polynucleotide

SeGUENLE.

4. The vaccine vector of any one of claims 2-8, wherein the first polynucleotide

sequence is Hinked in frame to the secomd polynucleotide sequence.

- 3G -
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16, The vaccine vector of claim 9, wherein the first polvaucieotide and the second

pohynucieotide are linked via a spacer nucleotide.

11, The vaceine vector of my one of ¢laims 1-140, wherein the vector is selected from the

eroup consisting of a virus, a bacterium, a yeast and a liposone.

3

12, The vaccine vector of claim 11, wherein the vaccing vector is Boaciflus spp..

Satmonella spp., Lactobucillus spp., or Escherichia spp.

13, The vaccine vector of any one of claims 1-12, further comprising a third

polynocieotide encoding a second antigenic polypeptide.

-

i4, The vaceine vector of any one of claims 113, wherein the second antigenic

polypeptide is & polypeptide selected from SEQ D NO: 7 or SEQ 1D NO: 3L

15, A vaccine vector comprising a polynucleotide encoding the polypeptide of at feast one
GESEQ ID N 42, 44, or 46 or a polypeptide having 90% identity to SEQ D NO: 42, 44, or
46,

A pharmaceutical composition ¢o ising the vaccine vector of any one of claims 1-
l& & pharmaceutical composition comprising the vacoine veotor of any one of ¢laims 1

15 and 2 pharmaceatically acceptable carrier.

17, A method of enhancing the immune response against a gram-negative bacteriwm in a
subject comprising administering to the subject the vaccine vector of any one of claims 15
or the pharmaceutical composition of claim 16 in an amount effective to enbance the immane

response of the subject to the granm-negative bacteriwm,

s

18, The method of claim 17, wherein the enbanced immune response comprises an

enhanced mdibody response, an enhanced T cell response or both.

19, A method of reducing morbidity associated with infection with g gram-negative
bacteriom in a subject comprising adminisiering to the subject the vaccine vector of any one
of claims 113 or the pharmacentical composition of claim 16 i3 an amount effective to
reduce the morbidity associated with subseguent infection of the subject with @ gram-negative

hacterhum as compared to a control subject not administered the vaceine vector.

1
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20, The method of any one of clatms {7-19, wherein the vaceing vector is administersd
by a route selected from the group consisting of oral, mucosal, parenteral, sub~cutaneous,

intramuscuntar, intraocudar and i ovo,

21, The method of any one of claims 17-20, wherein the subject s member of a poultry

speeies.

o2
2

2. The method of claim 21, whereln the poultry species is a chicken or turkey,

23, The method of any one of claims 17-22, wherein the subject is @ manunal,
24, The method of claim 23, wherein the subject is a human.

- -~ N . N L s ; . 2 A PR
25, The method of any ong of claims 17-24, wherein from about 107 to about 107 vector

copies of the vaceine are administered o the subject.

- g N ~ e N 9 . ‘ ~ P . S . § ".
26. The method of any one of clatms 17-24, wherein from about 107 to about 107 vector

copies of the vaceine are administered to the subject.

27, The method of any one of claims 17-26, whorein the vaccine vector is killed prior to

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

28, The method of any ome of claims 17-27, whercin the gram-pegative bacteriom s
selected from Selmonella spp. Escherichic spp. Shigella spp, Fibrio spp, Evwinia spp,

Kebsiella spp, Clirebacter spp, Yersinia spp, and Providencia spp.

1
L
3
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Figure 1

Serum 1gG Following Vaccination with
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