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COMPOSITIONS AND METHODS OF ENHANCING IMMUNE RESPONSES TO
EIMERIA OR LIMITING EIMERIA INFECTION

CROSS-REFERENCE TO RELATED APPLICATHONS

This patent apphication claims the benefit of priority of United States Provisional
Patent Application No. 6 1/764,681, filed February 14, 2013, which 18 incorporated herein by
reference in iis entirety.

SEQUENCE LISTING

This application is being filed electronioally via BEFS-Web and includes an
clectronically submitted Sequence Listing in .t format. The .ixt file containg a sequence
Hsting entitled "2014-02-13 3638-00201 ST25.xt" ereated on February 13, 2014 and i 40,3
kilobytes In size. The Sequence Listing contaned in this i e 1s part of the specification

and is hereby mcorporated by reference heretn in its entively.

INTRODUCTION
Coccidiosis, an infectious disease of poultry, swine, and vattle cuused by

apicomplexan protozoan pavasifes (Edmerie spp. and rebsted parasites) presents problems

worldwide, Coccidiosis s among the top ten infections diseases of pouliry in terms of its
seonomic impact on the poultry industry with prodaction losses estimated to be up to 32

billion amnually,  Other apicomplexan pargsites also cause disesse, inclading Plasmodivm,
Crypiosporidivm and  Toxoplasmea,  which  are  the causative agents  of  nalaria,
cryptosporidiosts and foxoplasmuosis, respectively,

Typical signs of coccidiosts include rapid loss of appetite, reduction in weight,
dHarrhea and acute mortality.  Outbeeaks i g flock ocvur upon exposure (o high levels of
pathogen and o most cases, coccidiosis predisposes birds to secondary bacterial infections.
Traditional mwothods of disease control inclade the administration of antiblotics and
chemotherapeutic agents, However, with coutinuous usage, this has led to resistance issues,
Antibiotic use also decreases soclal acceptance of poultry meat.  Vaccination s a rational
approach becguse of s ability to confer long-term protection, typically for the anfive lifespan
of commercial chickens.

Most commercially available vaccines against Fimerio are based on controlied low

dosage of essentially fully vinulent but drog-sensitive Elmresio parases. Vacoination with
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current  Elmerie-based vaccines produces substantial  vaccine~reaction morbidity  and
geonomic losses in vaccinated flocks.  Thas an effective fow-virulence vaceine against
Eimeria is needed.  An effective vaccine for Fimeria based on conscrved immunogenic

fargets may aiso prove gseful as a vaccing against other apicomplexan parasites,

.0

SUMMARY

A wvaccine  vector comprising a first polynucleotide  sequenwe  encoding an
Apicomplexan Rhomboid polypeptide and methods of using the same wre provided hergin,

In one aspect, a vaccine vector comprising a fist polynoclestide encoding an

Apicomisxan Rbombond polypeptide or an inpmunogenic fragment thereof and 3 second

10 polvpephide sequence encoding an imnumostimulatory polypeptide s disclosed. The

Apicomplexan Rhomboid polypeptide and the immuanostimulatory polvpeptide are suitably

expressed on the surface of the vaccine vector, The Apicomplexan Rhomboid polypeptide

may comprise SEQ D NO: 1, SEQ D NG 2, SEQ 1D NO: 3, SEQ ID NO 4, SEQ D KOs

37, 8EQ Y NO: 38, an iswnunogende fragment of ot least oneg of SEC 1D NG 1.4, 3738 or

b

e

combinations of SEQ 1D NO: 1-4 and 37-38. The immanostimulatory polypeptide may be a
CD154 polypeptide capable of binding UD40 or an HMGBT polypeptide.  The CDI54
polvpepiides include fewer than SO amne acids wnd comprise amino acids 140- 149 of CD154
or a homolog thereofl
In anocther aspect, # vagcine vector comprising a first polynucieonde encoding an
20 Apicomfexan Rhonmboid pelypeptide of SEQ 1D NO: 1, SEQ 1D NO: 2, SEQID NO: 3, SEQ
I NO: 4, SEQ 1D NG 37, SEQ D NO: 38, an impumogenic fragment of at least one of
SEQ D NO I or 3738 or combingtions of SEQ D N 1-4 or 37-38. The Apicomplexan
Rhomboid polypeptide miay be expressed on the surface of the vaceing vector,
Vaccine vectors gocording to the present invention may be a viras, yeast, bacteriam,
25 or Hposome vector. Pharmaceutical compositions may be comprised of the vaccine vectors
described herein and a pharmaceutically acceptable carmier,

In still avother aspect, methods of enhancing the mune response against an
Apicompioxan parasife in a subject by administecing 8 vaceine vector deseribed hereln to the
subject are provided.  The enhanced jmonme response may be an enhanced antibody

3 response, an enhanced T cell response or a combination thereof.
a3 still further aspect, methods of reducing merbidity and mortality associated with

mfection with an apicomplexan parasite In & subject by administering & vaccine vector as
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deseribed herein to the subject are provided. The vaccine vector is capable of redacing the
morbidity and mortality associated with subsequent infection with an apieomplexan patasite

in subjects administered the vaccine vector as compared to controls.

BRIEF DESCRIFTION OF THE DRAWINGS
Figure 1 s a schematic representation showing the homalogy of the MPP sequence
among several Apicomplexan parasites. The consensus MPP sequence is highly similar in
amino acid sequences in the Apicomplexans. Positions that are not identica] are indicated
with an X in the consensus sequence which is shown on the top lne of the figure and is SEQ
ID NO: 38, The Toxoplayma gondii sequences (the first four lines below the consensus)
share 100% identily to the MPP seguence of SEQ ID NO: 2 from Ebneria maxima. The

sspora carinume (SEQ IR NO: 3) and

hotfom two sequences are the homolog from N

Figure 2 s a schematic reprosentation of the vaccine vector constructs described in
the Examples.

Figure 3 s a bar graph showing the body weight (grams) of the chickens gight days
posi-infection with Fimerie moximg after inocelation with the indicated vacecing vector
exprossing the indieated sequences. Significant differences {p < 0.03) between treatment
groups are indicated by ditferent letiers.

Figure 4 is a bar graph showing the body weight (grams) of the surviving chickens 29
days post-challenge infection with Fimeria maxime after inocalation with the indicated
vaceing vector expressing the indicated sequences.  Significant differences (p < 0.05)
bepween treatinent groups are indicated by actual p values and an asterisk {¥),

Figure 5 15 a bar graph showing the percent wmortality In the face of a virulent
challenge infection with Eimeria maxima at cight days post-challenge nfection with Elmeria
maxima after inoculation with the indicated vaccine vector expressing the indicated

sequences. Significant ditferences {p < 0.03) are indicatod with an asterisk (™).

DETAILED DESCRIPTION

Conventional vacoines against coccidiosis are generally based on hvefaitenuated
parasttes that are delivered in controlled numbers. However, the risk of infection is not
climinated because the pavasites are viable and capable of causing discase, Additionally.

production costs for these types of vaccine ape extremely high because it involves passing the
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parasies through live birds, collecting them at regular intervaly and ensuring an uninterrapted
cold transit chain from production to use at the hatchery or on the farm. With vaccibation
heing a critical control methed, the nse of recombinant vaccines may improve the overall
afficacy of coccidiosis-hased vaceings while decreasing the production costs.

Species of Eiperfo are highly immunogenie and are capable of stimulating vobust host
inumune responses. The wide reperteire of antigens that are part of this cukaryote are highly
spectalized in function and are sultable targets for recombinant vaccine development.
Sporozoiles and meroroties are the most motily stages of the parasite and are responsible for
mitiating and sustaining an active infection, Invasion of these stages nto intestinal epithelial
cells is an essential process for the parasite to continue ifs fife-cyele within host cells. A
highly specialized set of organelies located at the anterior (apical} end of the parasite is
mvolvad in transporting the munerpus proteins required for the translocation of these motile
stages from the intestinal lumen inte the epithelial fayer. This apical complex consists of' g
variety of secretory organglies including a large number of micronemes that transport a
milive of proteins 1o the surface of motile apicomplexan zoites in support of the essential
function of motility.

Among several well-deseribed  microneme-associated  profeins,  thrombospondin-

refated adhesive protein (TRAP}) has been used as @ successful recombinant antigen in

Sclmenelia recombinant and Aocilfus-veciored systems as g vaccine candidate. See UK
S 3

Publication No, 201101 1S, which s incorporated herein by reference in its entirety,
Many microneme proteins have a similar mode of action n that they are released from the
microneme complex at the anterior end of the sporozoite as they approach a bost cell and act
a8 a Hink between the parasite and whatever substrate they sre upon. The microneme protein
is then translocated across the surface of the parasite posteriorly, therchy moving the parasite
closer to the host vell, This gliding form of motility s typical of al apteomplexan parasites,
When the microneme prolein has been translocated to the posterior end of the parasite, #
needs o be cleaved and released from the surface of the parasite in order 1o successtully
complete the invasion process. This function is performed by a family of proteases that are
constitutively expressed within or on the parasite cell membrane. The cleavage process
occurs itracelolarly and is an absolute requivement for propagating the infection,

A novel approach to recombinant vaceine design involves targeting this protease and
interfering with the cleavage/invasion progess. The fanily of proteases that are invobved in

the cleavage process are called rbomboid proteases and are extromely well-deseribed in
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Toxoplasma species with homologues 1n Fimerie and other Apwcomplexa.  Rhomboid
proteases (ROME and R_(\JME, MPPY are cemraily impiicaie{i in the cleavage of microneme
was based on the m‘emise that if we are abls o ixmmms'}i@gicaii v target the protease, amibaﬁy

S binding would interfere with the cleavage process and thereby impair sporozoite/merozoite
mohility. For successful mifeetion to occur, intracellular development of the parasite is
essential and our approach my curtail ccll invasion thus, interfering with establishment of
the life-cycle. Ove advantage of targeting MPP i that the conserved natwre of this protemn
across maity apicomplesan species makes i a suitable target not only for Ebmeria, but other

10 Apicomplexa as well.

Predicied antigenic regions of MPP (ROMS) were aligned and checked for homology
among six different Aprcomplesa (Figure 1), The seven sequences compared ave as follows:
Eimeria terella ROM4 (JNSSB3S3), Toxoplasmea gondii ME4D ROMS (XP_002370238),
Toxoplasma  gondit. ROMS  {AAT&4606), Toxeplasma  gondii ROMS  (AYS8T208),
Toxoplasma gondii RH ROMS (AMOSS942), Toveplosme gomdii (AY 634626}, and the MPP

i

msert from Efmerda maxbng oF SEQ 1D NO: 20 Suitable Apicomplexan parasites inclade, but
are not timited to: Eimeria specivs, including but oot Hmited to Eimeria tenella, Eimeria
waxiput, and Eimerio brusetti; Toxoplama gondil, Neospora candnum;, Cryptosporidium
species; and Plasmodian species, iscluding but not limited o Plavnodiun falciparum,
0 Plusmodhen malariae, Plasmodinn knowlesi, and Plasmodinm vivax,

Recombinant DNA technologies enable relatively casy manipulation of many yeast,
bacterial and viral species,  Some microorganisms are mildly pathogenic or son-pathogenic,
but are capable of generating a robust inunune rvesponse.  These wicroorganisms make
attractive vaccine vectors for cliciting an immune response to antigens recombinantly
expressed in the vector.  Vaccines vectored by microorganisms may mimic 3 natural
mfection, help produce robust and long lasting mucosal imeumty, and may be relatively
mexpensive o produce and administer, o addition, such vectors can often carry more than
one antigen and have potential to provide protection against multiple infectious agents,

In one aspect, a vaceine vector comprising a first polynucleotide sequence encoding
30 an Apicomplexan Rhomboid polypeptide of SEQ 1D NO: 14, 3738, an immunogenic
fragment thereot or combinations thereof i provided. In another embodiment, the vaccine
vector may inchude a first polynocleotide encoding an Apicomplexan Rhombuoid polypeptide

and a second polynucleotide encoding an nmamostimudatory polypeptide &s provided. The
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Rhomboid polypeptide and the optional immunostimudatory polypeptide are expressed on the
surface of the vaccine vector.  The Rhomboid polypeptide may comprise the full-ength
prodein (SEQ D NO 39 or an innmunogenic fragment such as those provided n SEQ D
NQO: 1-4 and 37-38. For example, the Rhombeid polypeptide may comprise, may consist
essentially of or may consist of SEQ ID NO: |, SEQ ID NOu 2, SEQ 1D NO: 3, SEQ 1D NO:
4, SEQ D NO: 37, SEQ D NO: 38 or an immunogenic fragment of any of these SEQ 1D
Niis, Combinations of these fragments may alse be used in a vaccine veotor. A vagclne
vector may inclode SEQ D Nk 1-4 or 37-380 A single vaccine vector may include maltiple
copies of a single fragment as well.

The immunogenic fragment of a Rhomboid polypeptide may be a sequence that is at
feast 5, 6, 7, 8, 10, 12, 14, 16, I¥ or 20 amino acds fong and has at feast 8%, 80%;, 92%,
94%%, 958%%, 96%%, 97%, F¥% or ¥¥% percent identity to the fragments of SEQ ID NO» T4 o
37-38 provided herein, Without being limited by theory, the vaccine vectors provided herein
are belioved o be reducing morbidity and mortality associated with Eimeria infoction by
mducing an antibody response that is capable of bocking invasion of the parasites into cells.
Those of skill in the art are aware that B cells epttopes are often hydropbilic in nature and this
information can be used o generate innmunogenic fragments o the polypeptides of SEQ D
NG 14 and 37-38 provided herein. A hydrophilicity plot of SEQ ID NO: 2 reveals three
fvdrophilic areas of the peptide and three potential B cell epitopes including amino acids -
P ¥8-27 and 31-43 of SEQ 1D NO: 2. These amino acid fragments correspond o amino
acids 7-16 of SEQ 1D NO: 3 and 37 and aming acids 12-21 of SEQ 1D NO: 4. As shown by
the two consensus sequences of SEQ 1D NO: 1 and SEQ 1D NO: 38, amino acids
covresponding to 18-27 of SEQ 1D NO: 2 are highly conserved across species and genera of

Apicomplexan parasites. An immune response o such a highly conserved epitope may allow

A vaceme includes any composiion comprising a polymucleotide encoding an
antigenic polvpeptide that is capable of eliciting an mmuone response 1o the polypeptide. &
vaceine  vector I8 a composition that ¢an be enginecred 1o carry  antigens o
immunaostimudatory polvpeptides and may also comprise an adjuvant or be administered with
an adjuvant to further increase the immuse response o the pavasite and provide better
protection from nerbidity and mortality associated with a subsequent infection. The use of
vectors, such as bacterial vectors. for vaccination and geperation of immane vespouses

~

against Eimerin ov other apicomplexan parasites such as Plosmodivem (the causative agent of



{

¥
2

i
L

“

0

(¥4

i

WO 2014/127185 PCT/US2014/016359

7
-~ -

malarta), Fovoplassr and Crypiosporidion s disclosed,  The immune responses afler
administration of the vaccine vector need not be fully protective, but may decrease the
morbidity or percentage mortality (Le. likelihood of mortality} asseciated with subseguent

nfectivn,

Polynucleotides encoding Rhomboid polypeptide antigens of SEQ 1D NO: -4, 37-3
or fragmenis thereof and other antigens from any number of pathogenic organisms may be
inserted into the vector and expressed in the vector. The expression of these polvaucleotides
by the vector will allow generation of antigenic polypeptides following mmunixation of the
subject. The polynuciestides may be inseried inte the chromosome of the vector or encoded
on plasnids or other extrachromosomal DNAL Those of skill in the art will appreciate that
mumerous methodologies exist for oblaining expression of polynuclentides in vectors such as
Salmonella or Bocifbes, The polynucleotides may be operably connected to o promoter {8.g.,
a constitutive promoter, an inducible promoter, ete.) by methods known to those of skill in
the art, Suitably, polynucieotides encoding the Rhomboid antigens are inserted into a vector,
e.g.. a bacterial vector, such that the polynucleotide is expressed,

The polvnucleotides encoding the Rhomboid antigens may be inserted in frame in a
potvhuciootide encoding g transmembrane protein.  The polynucleotids encoding the
Rhomboid antigen is mserted into the vector polynacieotide sequence to allow expression of
the Rhowboid aatigen on the surface of the vector.  For example, the polynucleotide
encoding Rhomboid antigen may be inserted in frame into the vector polynucleotide in a
region sncoding an external loop region of a transmembrane protein such that the vector
polvnucleotide sequence reroains in frame. 1o one embodiment, the first polynucleotide
encoding the Rhomboid polypeptide may be inserted into loop 9 of the lomB gene of
Salmonella,

In another embodiment, the first polviucleotide i3 inserted into or al a surface
axposed end of & protein that s attached 1o the cell wall, but i3 not a transmembrane protem.
The protein may be a secroted protein that is anchoved or attached o the cell wall via a
protein or lipid anchor, In the Examples, the MPP (SEQ 1D NO: 2) polypeptide is inserted &t
the 37 end of the {ibronectin binding protein (FbpB) of Bacilluy subtilis.  Alternatively, the
first polynacleotide encoding the Rhomboid antigen may be inserted into a polynucleotide
gncading g seereted polypeptide.

Those of skill in the art will appreciate that the polvhucleotide encoding the

Rbomboid antigen could be inserted in a wide variety of vector polynacleotides to provide
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expression and presentation of the Rhombaoid antigen to the immune cells of a sebject treated
with the vaccine. The polynucleotide encoding the Rhomboid antigen may be included in a
single copy or more than one copy. The multiple copies may be mserted in a single location
o more than one fecaticn.  Alternatively, multiple epiiopes such as combinations of the
Rbhomboid antigens provided hevein as SEQ 1D NO: {-4 and 37238 or combinations of this
epitope with other apicomplexan epitopes sueh as TRAP or epitopes from other pathogens
may be fuserted into the vector at the same or more than oog location,

Suitably the first polynucieotide encodes a portion of the Rhomboid polypeptide, the
entire Rhorobeld polypeptide ov more than ove epitope from the Rhombaeid polypeptide. The
vombination of gpitopes from more than one polypeptide from a single parasite or pathogen
or the combination of epitopes from related pathogens is specifically contemplated. The
polynucieotide may be inserted into the vector and may be fnserted as a fuston protein
containing more than a single epitope.  In the Examples, SEQ 1D NOs: 2 and 18 (MPP-
HMGBT) or SEQ 1D NOs: 2, 40 and 15 (MPP-TRAP-HMGBI} were jncorporated into a
Bacithe vector, Sultably, the portion of the Rhomboid polypeptide inserted into the vector is
an antigenic fragment. An antigenic fragment is a peptide or polypeptide capable of eliciing
a velielar or humoral immuone response o capable of reducing the morbidity or mortality
associated with subsequent infection with the parasite,

An antigenie polypeptide or epitope includes any polypeptide that is mmmunogenic.
The antigerse polypeptides inclade, but are not limited o, antigens that are pathogen-related,
allergen-related, wmor-related or discase-related. Pathogens includs viral, parasinie, fungal
and bacterial pathogens as well as protein pathogens such as the prions. The antigenic
polypeptides may be full-length proteins or portions thereof, I is well established that
immune system recogaition of many proteins i3 hased on a relatively small number of amino
acids, often referved to as the epitope.  Epitopes may be only 4-8 aming acids long. Thus, the
antigenic polypeptides described herein may be full-length protetns, fouwr amine acid long
cpitopes or any portion botween these extremies. In fact the antigenic polypeptide may
inchade more than one gpitope fronm 8 single pathogen or protein, The antigenic polypeptides
may have at least 85%, 90%, 92%, 4%, 93%, 96%, 97% B8% or 99% percent identity o the
SEQ 1D NOs provided herein. Suitably, an anbigenic fragment of the Rhomboid antigen or
polypeptide may be four, five, six, seven, cight, nine, 10 or more anuno acids, 15 or more

amine acids or 28 or more aming acids of the Tull-length protein sequence.
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Multiple copies of the same epitope or multiple epitopes from the same or different
profeins may be included o the vaccine vector, The epitopes in the vaceine vector may be
related and homologous o allow targeting of multiple related pathogens with a single vaccine
vector. i is envistoned that several epiiones or antigens from the same or different pathogens
or diseases may be administered in combination in a single vaccing veclor o generate an
enhanced immune response against multiple antigens,  Recombinant vaccine vectors may
encode antigens from multiple pathogenic microorganisms, viruses or fumor associated
antigens.  Administration of vaceine vectors capable of expressing maltiple antigens hay the
advantage of inducing fmmunity against two or move diseases at the same Hime, providing
broader protection against multiple strains of a single pathogen or a more robust fmmune
response agaiost a single pathogen,

In the oxamples, the MPP antigens (SEQ 1D NQ: 2} was co-expressed in several of the
vectors with a second antigenic polypeptide. A igh molecular mass, asexual stage antigen
from Eimeric maxima (EmTFP250) was demonstrated 1o be a target for maternal antibodies
produced by brecding hens infected with thiy protozoan parasite. Analysis of the amino acid
sequence of the antigen revealed a novel member of the TRAP (thrombospondin~-related
anonymous protein) family, containing 16 thrombospondin type-1 repeats and 31 epidermal
gronwvth factor-tike caletum binding domains. See L8, Patent Pablcation No. 201 1AH TGS,
EmTEP2SO or TRAP also contains two low complex, hydrophific regions rich in ghuamic
acid and glycie residues, and a transmernbrane dorsain/eytosolic tail associated with parasite
ghiding motility that 15 highly conserved within apicomploxan microneme proteins,  Several
potential epitopes were selected and are ideptificd In SEQ 1D NQ: 123 and 11 of LIS, Patent
Pubhication MNo, 201 O1HIOTS which are reproduced herein as SEQ 1D NO: 5.8, 3EQ 1D
NQ 40 was used in the Examples provided herein and is referred to as a TRAP antigen as
well, SEQ 1D NGO 30 and SEQ 1D NCE 6 vary by a single amineg acid. A proline at position
6 of SEQ D NGO 6 is changed fo an argining &t the same posthon 6 of SEE D NO: 40, Ths
change was made to make the opitope more Hexible and hydrophilic with the goal of making
it a better antigen,  Those of skill in the art may make other single aming acids changes to
improve antigenjcity within the scope of this invention, Due to the conserved nature of this
antigen, expression of these epitopes by a vector may induce protective immunity against
mutiple apicomplexan parasites and administration of a vaccine vector comprising two

distinet antigenic polypeptides may inducs a more robust immune response.
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Those of skill in the art will appreciate that the antigenic polypeptides from other
pathogens may be used in the vaccing vectors o enhance the nmune response against more
than one pathogen by g single vaccine. It would be advantageons to administer g single

vaceine diredted against multipie pathogens., A vaccine capable of eliciting an immune
response o an Apicomplexan parasite, such as Eimerde, in combination with Influenza,
Saimonella, Campylobacter or other pathogens is envisioned.

For example, the second antigenic polypeptide may be an Influenza polypeptide,
suttably it iy an Influenza HINT polyvpeptide or a polypeptide associated with multiple strainy
of the Tnfluenza virus such as a polypeptide of the Influenza M2 protein. The ectodomain of
the Influenza A virus M2 protein, known as M2e, protrudes from the surface of the vivus.
The M2e portion of the M2 protein containg about 24 amino acids, The M2e polypeptide
varies Hitle from ome izolate fo the next within loflueuza.  In fact, only a fow natarally
occurring mudations in Mle have been isolated Irom infected humans since the 1918 Hu
epidemic. In addition, influenzg virases isolated from avian and swine hosts have different,
vot stilf conserved, M2e soquences. For reviews of the M2e polypeptide sequeoncey isolated
from human, avian and swine hosts see Lin et al.. Microbes and Infection 2171177 QQ005)
and Reid ef al, L Vivol, 76:10717-10723 (2002) cach of which are incorporated berein by
reference in its entirety, Soitably the entive M2e polypeptide may be inserted into the vaccine
vector or only a portion may be used, An eight amino acid polypeptide (LM2 having amino
acid sequenes: EVETPIRN, SEQ 1D NG: 9 or us variant M2eA baving amino acid sequence
EVETPTRN, SEQ D NO: 10) was incorporated into a vaccine vector and demonsteated 1o
produce an antibody response aller administration to chickens, See U.S. Pablivation No.
20110027309 which & incorporated hercin by refercncs in its entivedy.

Other suitable epitopes for inclusion in an Influenza A vaccine vector inclade, but are
not Hmited to, polypeptides of the i*u::m&ggiutiniﬁ {HAY or the nuclear protein (NP} of
Influenza A, For example, the peptides of SEQ D NO: 11, SEQ I NG 12, SEQ D NO: 13
or SEQ HY N: 14 may be included 1o a vaecine vector, One of skill in the art will appreciate
that any of these sequences may be used in combination with any other epitope including
epitopes derived from other pathogens or antigens,

Immunostimudatory molecules included as part of the vaocine veetor could potentially
activate parts of the immune system eritical to Jong-tasting protection or provide an adjovant
gffect, Immunostimulatory polypepetides may be pelypeptides capable of stimulating 2 pajve

or adaptive immune response.  The immunostimulatory polypeptides are nd natively
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associated with the vaccine vector and are polypeptides natively assoefated with @ verlebrate
immune systen, such as that of the sabject to which the vaccine will be administered. Two
nnnestinulatory polvpeptides are described beren, namely CD134 and High Mobility
Gronp Box 1 {HMGBD) polvpeptides, but one of skill in the art will appreciate that other
muhuhostimulatory polypeptides could be ased or alternatively could be used i combination
with those deseribed hersin,

Additional polynucleotides encoding pelypeptides involved in triggering the immane
systern may also be included i1 2 vacoine vector. The polymuclestides may encode immmme

systern molecules known for their stimulatory effects, such as an interleukin, Tumor Neorosis

Factor, interferon, complement, or another polynuclentide invedved in immune-regulation.
The vaccine may also include polynacleotides encoding peptides koown to stimulate an
munane response, sach as the CD134 or HMGBI polypeptides deseribed herein,

HMGB s seercted by activated macrophages and danaged cells, and acts as a
cytokine mediator of inflammation, affecting the innate Immune response. Portions of the
HMGBI sequence have been mcluded in the vacoing veotors deseribed in the Examples. The
HMGBI (High Mobility Groap Box-1) protein was [irst identified as g DNA-binding protein
eritical for DNA strocture and stabifity. 1t s a obiquitously expressed nuelear protein that
hinds DNA with no sequenwe speeificity, The protein is bighly conserved and foand in plangs
to roammals, The vebrafish, chicken and buman HMGOBT amino acid sequences are provided
i SEG D NO: 23, SEQ 1D NO 15 and SEQ 1D NO: 22, respectively. The seguence
throughout mammals is highly conserved with 98% amino acid wdentity and the amine acid
changes are conservative. Thus an HMGBI protein from one spucies can likely substitute for
that from another speefes functionally, The fulblength HMGRBY protain or & portion thevsof
may he used as the HMGBI polypeptide in the vaceine vectors described berein,. HMGRH
has two DNA bingding regions termed A box as shown in SEQ 1D NO: 16 and 17 and B box
as shown o SEQ HDING: IR and 19, See Andersson and Tracey, Anmu. Rev. Immuenol. 20611,
2139162, which ts incorporated hevein by reference f is entivety.

HMGET is 2 mediator of inflammation and scrves as a signal of nuclear damage, such
ax from necrotic cells. HMGBI ecan also be actively secrcted by ecells of the
monocyte/macrophage ingage in a process requiring acetylation of the protein, translocation
geross the nucless and secretion.  Extracellular HMGB1 acts as & potent mediator of
miammation by signaling via the Receptor for Advanced Glveated End-products {(RAGE)

and via members of the Toll-like Receptor family (TUR), in particular TLR4. The RAGE
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binding activity has been identified and requires the polypeptide of SEQ 1D NO» 20, TLR4
hinding requires the cysteine gt position 106 of SEQ 1D NOu 15, which is found 1o the B box
region of HMUGB L

The inflammatory activities of HMUOBI do not require the full-length protein and
functional fragments have been identified. The B box has been shown {o be sufficient {0
mediate the pro-inflammatory effects of HMGBI and thas SEQ 1D NO:u 18 and 19 are
HMGBT polypeptides or functional fragments thereo! within the context of the present
inveniion.  In addition, the RAGE binding site and the pro-inflammutory oytoking activity
have been mapped to SEQ 1D NG 20 and SEQ 1D RNO: 2, regpectively.  Thus, these
polvpeptides are functional fragments of HMGB! polypeptides in the context of the present
invention,

Those of skill in the art are capable of identifying HMGBIU polypeptides and
fragments thereof capable of stimulating pro-inflammatory cytokine sctivity, using methods
such as those in International Pablication No, WO02/092004, which is incorporgted herein by
reforonce in s entirety.  Suiltably, the HMGBI polypeptide includes the RAGE binding

domain al aming acids 150-183 of SEQ 1D NO: 1S (SEG D NO: 20 or 2 homolog thereoly

and the pro-inflanunmtory oytokine activity domain between mming acids 89-109 of SEQ 1D
NGO 15 (SEQ 1D NO: 2! or a homolog thereofl.  In particular, HMGBI polypeptides and

functional fragments or homologs thereof inclinde polypeptides identical to, or at least 9%
identical, at least 98% identical, at least 97 identical, at least 56% wdentival, at least 95%
wlentical, at least 90% identical, at least 853% identival, or at least 80% identcal to the
HMGRBT polypeptides of SEQ 1D NOs: 15 or 16-23.

As described in more detail below, a vaccine vector may include 3 D134
podypeptide that is capable of binding CD40 in the suhicct and stimulating the subject to
respond o the vector and ity associmted antigen.  Involvement of dendritic cells (D) s
essential for the initiation of a powerful mmune response as they possess the unique ability
to activate natve T cells, causing T cell expansion and differentiation into effector cells, ftis
the role of the DC, which is an autigen presenting cell {APC) found in virtually all tssoes of
the body, 1o capture antigens, transport them o associated lymiphoid tissue, and then presemt
them to natve T cells. Upon activation by DUs, T cells expand, differentiaic into effector
cells, leave the secondary immune organs, and enter peripheral tissues, Activated oytoloxic T
cells {CTLs) are able to destroy virus-infected cells, tumor cells or even APCs infected with

infracellolar parasites {o.g., Sefmoneflay and have been shown to be eritical in the profection
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against viral infecton. CD40 13 a member of the TNFrreceptor family of molecales and is
exprossed on a variety of cell types, including professional antigen-presenting cells (APCs),
such as DCs and B cells. imteraction of CD40 with #ts Higand CD1S4 is extremely important
and stimulatory for hoth bumoral and cellular immunity,  Simulation of DCs via UDH4G,
expressed on the surface of DCs, can be simulated by anti-CIMO antibodies.  In the body,
however, this ocours by interaction with the natural Heand for CDE0 (e, CD154) expressed
on the surface of activated T-cells. Interestingly, the CDH0-binding regions of CD154 have
been klentified, The 1i7¥;)4{1i~}>ifldﬁslg regiaon of CD134 may be sxpressed on the surface of a
vector, such as & Sadmonella o Bacilles vector, and results in an enbanced mmune response
against a co-presented peptide sequence as shown in the Examples provided herein and in
LLS. Patent Publication No, 20110027309, which Iy incorporated hersin by reference in its
antirety, A CD154 polypeptide may be a portion of CD{SE full-dength protein or the entire
CD1S4 protein, Suitably, the CDAE polypeptide is capable of binding CD40
As discussed above, 3 CD154 polynuclectide encoding a CD1M polypeptide that 18
capable of enhancing the immune responss to the antigen may be included in the vaecine,
Suitably, the CDIS4 polypeptide is fower than 50 amine acids fong, more suitably fewer than
40, fewer than 30 or fewer than 20 amino acids in length. The polypeptide may be bebween
Hhand 15 ammo acids, between 18 and 20 amino acids or batwern 10 and 25 amino acids in
fength. The CDI154 sequence and CD44O binding region are not highly conserved among the
various species. The D154 sequences of chicken and buman are provided in SEQ 1D NO:
24 and SEQ 1D NO: 25, respectively,
The CD40 hinding regions of CD154 have been determined for & mumber of species,

including lanan, chicken, duck, moease and cattle and are shown in SEQ 1D NG: 26, SEQ ID

NGO 27, SEQ 1D NO; 28, SEQ 1D NG: 29, and SEQ 115 NO: 30, respectively, Although there

is variability in the sequences in the (D40 binding region between speeies, the human
CINS4 polypeptide was able to enhance the immune response in chickens, Therefore, one
may practice the Tnvention using species specific CD154 polypeptides or a heterologous
CD154 polypeptide. Thus the CDS4 polypeptides of SEQ 1D NQO: 24-30 may be inclded in
a vaceine vector or a polyvpeptide at Jeast 99, 98, 97, 96, 93, 93, 90 or 85% identical to the
sequences of SEQ D NOw 24230 may be included in a vaceine vectorn

The polypeptide from CD54 stimulates an innnune response at least in part by
hinding to its receptor, D40, A polvpeptide homeologous to the CD154 polypeptide which is

expressed on impame cells of the sebject and which is capable of binding o the CD49
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ceptor on macrophages and other antigen presenting cells. Binding of this Hgandereceptor
complex stimulates macrophage (and macrophage lineage cells such as dendritic cells) to
enhance phagooyiosis and antigen presentation while increasing oviokine seoretions known fo
activate other local immune celly {such as B-lvmphooyies), As such, molecules associated
with the CD154 peptide are preforentially targeted for immune response and expanded
antibody production,
The antigenic polypeptides and the inumonostimudatory pelypeptides are delivered via
a vaceine vector, The vaceine veclors may be bacterial, yeast, viral or liposome-based
vectors, Potential vaccine vectors include, but are not timited to, Racillus (Bacillus subtilis),
Salmonella (Salmonella emteritidis), Shigella, Escherichia (E. coli), Yersinia, Rordeiella,
Loctocaccus, Lactobacilius, Streptococcus, Frbrio (Vibeio cholerae), Listerin, yveax such as
Saccharomyees, ov Pichia, adenovirus, poxvivus, herpesvirgs, alpbavires, and adeno-
associated virus.  Live bacterial, veast or viral vaccine vectors may still pose risks to
immunocompromised individuals and reguire additional regulatory soratiny,  Thig use of
vectors that are killed or inactivated or qualify as Generally Recognized As Safe (GRAS)
organisms by the Food and Drug Administration (FDA) iy desirable. The problem is
generating a robost Imawne response using such veetors, Methods of insctivating or kilthng
bacterial, yeast or viral vaccine vectors are known to those of skill in the art and inchude. but
are not Hmited to methods such as formalin inactivation, antibiotic- based inactivation, heat
treatment and ethanol treatment. By including an immunostionudatory polypeptide sach as
HMGBT (high mobility group box 1) polypeptide on the surface of the vaccine vector we can
gengrate a robust Hnmane response against an apicomploxan parasite using a Bacillus spp.
vector,  In fact, the Examples demonstrate that this vector can be tnactivated such that it
cannot replicate and still elicit a robust tmmune response after adnyaistration. The vaccine
victors may be wild-type bacteria, yeasts or viruses that are not pathogenic, Alternatively the
vectors may be attenuated such that the vector has limited abibity to replicate in the host or is
not capable of growing without supplemented media for more than a few generations. Those
of skill in the art will appreciate that there are g variety of ways to attenuate vectors and
means of doing so.
At least g portion of the antigenic polvpeptide and at least a portion of the
immunostinwlatory polypeptide are present or expressed on the surface of the vaccing vecior,
Present on the surface of the vaccine vector includes polypeptides that are comprised within

an external loop of a transmembrane protein, imeracting with, e.g., covalently or chemically
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cross-hinked to, & transmembrane protein, a membrane liptd or membrane anchorved
carhohydrate or polypeptide. A polypeptide can be comprised within a transmembrane
protein by baving the amine acids comprising the pelypeptide linked via 8 peptide bond to
the N-terminus, C-terminus or anvwhere within the transmembrane proten {L.e. inseried
between two anuno acids of the transmembrane protein or in place of one or more amino
acids of the ransmembrane protein (e, deletion-insertion)). Saitably, the polypeptides may
be inserted into an external loop of a tansmembrane profein.  Sultable transmembrane
proteiny are wid, corf and fam B, but those of skill in the art will appreciate many saitabls
transmerbrane proteins are avatlable.  Polypeptides may be linked to & membrane or cell
wall anchored protein or lipid such that the antigenic polypeptide and the immunostimulatory
putypeptide are expressed on the surface of the vacuing vector,

As desenbed above, polynucleotides encoding the antigenic or immunostimulatory
polypeptides may be insorted o the chromosome of the vector or maintained
extrachromosomally {e.g.. on a plasmid, BAC or YAC) Those of skill in the art will
appreciate that these polynucientides can be inserfed in frame In a varisty of polynucleotides
and expressed in different parts of the vector or may be secreted.  The polynucleotide
encading the immunostimulatory polypeptide capable of enhancing the immune response 0
the antigenic polypeptide may also eoecode the antigenic polypeptide.  The polynucleotide
enending the antigenic polvpeplide may be linked 1o the polynuclestide encoding the
innunostimalatory polypeptide, such that in the vector, the two polypeptides are portions of
the same polypeptide, such as in a fusion profem.  In the Examples, a polynuclectide
cncoding the antigenic pelypeptide also encodes the immunoestinnulatory polypeptide. In one
embodiment, the two polynacleotides encoding the polypeptides are both nserted in frame in
foop 9 of the famB gene of Safmonella emteriridiy or another vacoine vector. Those of skill in
the art will appreciate that bacterial polynucicotides encoding other transmembrane proteins
and other loops of the Jom B gene may also be used.

Alternatively, the polvoucleotide encoding the antigenic polypeptide andior the
inununostimulatory polypeptide may be nserted into a secreted polypeptide that is displayed
or presented on the surface of the vaceine vector through association with a protein, lipid or
carbohydrate on the surface of the vaccine vector. Those of skall in the art will appreciate
that the polynucleotide encoding the antigenic polypeptide andéor the immunostinudatory
potypeptide could be inserted in a wide variety of vaccine vector polynueieotides to provide

expression and presepfation of the antigenic polypeptide andfor the immaenostimualatory



2
i

|25
L

L]

{}

WO 2014/127185 PCT/US2014/016359

- 16 -
polypeptide to the immune cells of a subject treated with the vaceine vector by expression on
the surface of the vaccine vector.  The coding region of the Apicomplexan Rhombord
podvpeptide and the immunostimulatory polypeptide can be fused to the Coterminus of the

Staphvivcoccus gurens bronsctin binding profoin containing a sorting motif for sortase from

Listeria, This allows the seereted proieins o be anchored on the cell wall of gram positive

bacteria such as Baciflus. See Nguven and Schumann, J Biotechnol (2006) 122 473482,
which Is incorporated hercin by reference i its entivety.  This system was used in the
Examplex to allow sxpression of the Rhomboid polypeptide linked to HMGBT on the swriacs
of Bacithus. Other similar methods may alse be used.

Alternatively, the polypeptides may be covalently or chemically linked to proteins,
lipids or carbohydrates o the mevbrane, cell wall, or capsid i a viral vector is being used
through methods available to persons of skill in the art. For example, di-sulfide boods ov
biotin ~ avidin cross-linking could be used to present the antigenic and mmunostimulatory
polypeptides on the surtace of a vaccine vector. Suitably, the antigenic polypeptide and the
immunostinnlatory polypeptide are part of 3 fusion protein. The twe polypeptides may be
divectly Hnked vig a pepiide bond or may be separated by a Hoker, spacer, or a section of a
third protein into which they are inserted in Frame. In the Examples, an anuno acid spacer
was used between the polypeptides. A spacer may be between 2 and 20 aming acids, suitably
between 4 and 10 amino acids, suitably between 6 and & aminoe acids, Suitably the amino
acrds in the spacer bave a small side chain and are not charged, such as glyeing, alanine ov
serine,  In the Examples, 8 spacer including two glycine residues, two serine residues and
arginine and two more serine rosidues was used. Those of skilf in the art will appreciate other
spacers could be used.

In the Examples, the vaceine vectors have the antigenic polypeptides (MPP andior
TRAP polypeptides} and the immunostimulatory polypeptide (etther CD154 or HMGEIT or
both) encoded on the same polynuclestide and m frame with cach other. In alternative
smbodiments, the immupostimulatory polypeptide and the antigenic polypeptide may be
encoded by distinet polynucleotides. Those of skill in the artwill appreciate thal a variety of
methods may be used 1o oblain expression of the antigenic polypeptide and the HMGB!
polypeptide on the surfiee of the vaceing veetor. Such methods are known to those skilled in
the art.

Compaositions comprising the vaccine vector and a pharmaceutically acceptable

carrier are also provided. A pharmaccutically acceplable carrier is any carrier suftable for in
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vive administration.  Sultably, the pharmaceutically acceptable carrier ix acceptable for oral,
nasal or mucosal delivery.  The pharmaceutically acceptable carder may include water,
buffered solutions, glucose solations or bacterial culture fluids,  Additional conponents of
the compnsitions may suitably include sxeiplents such as siabilizers, preservatives, dilusnis,
enuilsifiers and lobricants.  Examples of pharmaceatically acceplable cariers or ditoents
include stabilizers such as carbohvdrates (e, sorbitol, mannitol, starch, sucrose, glucose,

dextrany, proteins such as albumin or casein, protein-containing agents such as bovine serum

or skimmed milk and boffers {o.g., phosphate buffer). Hspecially when such stabilizers are
added to the compositions, the composition is suitable for freeze-drying or spray~drying. The
vaceine vector in the compositions may not be capable of replication, suitably the vaceine
vector is mnactivated or killed prior to addition o the composition,

Methods of enhancing immune responses in a soebject by adounisiering a vaccine
vector are also provided, The vaccine vector may contain a frst polynucleotide encoding an
Aplicomplexan  Rhomboid  polvpeptide and g second  polynucleotide  encoding  an
immunostinnilatory . polypeptide,  The  immunostimulatory  polypeptide i suitably a
polypeptide natively associated with & verfebrate immane system and invoelved in stimulating
an imnune response. The immunostimulatory polypeptide may stimudate the native or
sdaptive tmmune response of the sabjoct.  Suitably a HMGE] polypeptide or a CDS4
polypeptide as described more fully above may be used as the immunostimudatory
polypeptide.  In the methods provided berein, the vaccine vector comprising an
Apicomplexan Rhomboid  polvpeptide  and  an  immunostimulatory polypeptide s
administered t a subjeet in an amount effective to cahance or effect an inmmune response of
the subject {0 the vaceine veetor and in partionlar to the antigenic Rhomboid polypeptide and
suitably to the apicomplexan poarasite.  The enhanced fmnume response may mclude the
antibody or T cell response. Suitably the immunc response is @ profective immune response,
but the fmmune response may not be fully protective, bul may be capable of reducing the
morhidity or mortality associgted with infection. The bnmunostimalatory polypeptides may
be used to enhance the inunune response n the subject to any forcign antigen or antigenic
polypeptide present in the vaceine vecior in addition io the Rhomboid polypeptide. Ong of
skill in the art will appreciate that the pmunostimulatory polypeptide could be used 1o
enhance the imnumne response 1o more than one antigenic polypeptide present in a vaceine
vector. Enhancing an immone response includes, but is not Himited to, inducing a therapeutic

ar prophyiactic effect that 1s mediated by the inunune system of the subject. Specifically,
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gnhancing an imowne response may include, bt is not lmited {o, enhanced production of
antibodies, enhanced class switching of antibody heavy chans, maturation of antigen
presenting cells, stimulation of helper T cells, stimulation of eytolytic T cells or induction of
T and B cell memory,

Suitably, the vaccine vector contains & polynacleotide encoding a polypeptide
including amino acids 150-183 and 89-10¢ of the HMGRI polypeptide (SEQIDNO: {5 ora
homotog thereof. In the Examples, a 190 amino acid polypeptide of HMGBT was usad.
Suitably, the polynucleotide encodes a HMGBI polypeptide from the same species as the
subject.  Heterologous combinations of HMGBI polypeptides and subjects {e.g. 4 human
HMGB1 polypeptide for use in a chicken vaceing) may be useful in the methods of the
invention because HMGB! s highly conserved through a wide number of species. The
HMGRB] polypeptide may be used fo enhance the mmpwme response {o more than one
antigenic polypeptide present in a vaccine vector, The polypeptide from HMGRBT stimulates
an immune response at least i part by sctivating dendritic cells and macrophages and thus
stimulating production of eviokines such as H-1, HL-6, IFN-y and TNF-u, {n the Examples, a
polvpeptide of HMGBT was expressed on the sarface of the vageine vector.

The vaccine vector may suttably contain @ CDHS4 polypeptide capable of binding to
C4G and activating CD40. The vaceine comyrising the pobynucleotide encoding a CDHS
paiypeptide capable of binding to CDH ix administered to a subject in an amount effective to
enhance or affect the mmane response of the subject to the vaccine, Suitably, the vaccine
comtains a polynucieotide encoding a polypeptide including amine acids 140-149 of the
human CRS polypeptide (SEQ D NO: 25) or a homolog thercol  As noted above, a
homologue of amino scid 140-149 derived from one species may be used to stiowdate an
immune response in a distinet species. Suitably, the polynucleotide encodes a CDHA
poivpeptide from the same species as the subject, Sueitably, 2 polynucleotide sncoding the
polypeptide of SEQ 1 NO¢ 26 18 used in homan subjects, a polynucleotide encoding the
polypeptide of SEQ 1D NO: 27 s used in chickens, a polynucleotide encoding the
polypeptide of SEQ I NO: 28 is used in ducks, a polyvaucleotide encoding the polypeptide

of SEQ 1D NO: 29 is used in mice, and a polynuclentide encoding the polypeptide of SEQ ID

NO: 3 s used 1o cows, The human CD1S4 polypeptide (SEQ 1D NO: 26) bas beenused in a

chicken vaccine and was demonstrated 1o enhance the impune response to a foreign antigen.
Thus other heterologous combinations of CD154 polypeptides and subjects may be useful in

the methods of the invention.
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In addition, methods of enhancing an immube response aganst an apicomplexan

parasite and methods of reducing morbidity associated with subsequent infection with an
apicomplexan parasite are disclosed.  Briefly, the methods comprise administering 1o a
subject an effvctive amount of a vactlne vector comprising # first pohvmucleotide sequence

S encoding an Apicomplexan Rhomboid polvpeptide. The vaceine vector may also include a
second polynucieotide encoding an immunostimulatory polypeptide in an effective amount,

R =y
;
K L

The Rhombotd polypeptides may inclode SEQ D RO 1-4, 37, 38 or combinations or

fragments thercol, The msertion of the Rhomboeid polvpeptides into the vector way be
accoraplished in @ varfety of ways known to those of skill in the art, including but ot limited
10 1o the scarless site-directed mutation system described in BMC Biotechnol. 2067 Sept, 1T
¢y 39, Scarless and Sife-directed Mutagenesis i Sadmonelle Enterstidis chromosome,
which s incorporated herein by reference n ifs entirety and the method used hergin as
deseribed in Nguyen and Schumann J Biotechnol 2006 122 473482, which is incorporated

herein by reference in s entirety.  The vector may also be engineered to express the

—
tH

Rhomboid polypeptides in conjunction with other antigenic polypeptides from apicomplexan
parasites such as TRAP or from other pathogens fnchuding vivuses such as Infloenza M2e or
bacteria such as Safmorefla or E. coli. In particular, a podypeptide of CD154 capable of
hinding TD40 or HMGBE may be expressed by the vector to enhance the immung response
of the subject to the Rbomboid polypeptide.

24 The compositions containing antigenic polypeptides may also be used 1o decrease the
morbidity  assoctated  with subsequent mitction by an apicomplexan parasite.  The
composifions may prevent the parasite from causing discase ot may limit or reduce any
associated mworhidity in a subject to which the compositions or vaccine veclors described

herein were administered,  The compositions and vaccine veotors described herzin may

-3
14

reduce the severity of subsequent disease by decreasing the length of discase, weight loss,
severity of symptoms of the disease, decreasing the morbidity or mortality associated with the
disease or reducing the likelihood of contractivg the disease. The compositions wmay also
reduce the spread of the parasite by inhibiting transmission,  The morbidity or mortality
asseciated with the disease after adminkstration of the vacclne veetors described herein may
30 be redaced by 25%, 30%, 40%, 50%, 60%, T0%, BO%, 90% or even 100% as compared to
similar suhjects not provided the vaceine vector,

For adnunistration fo animals or humans, the compositions may be administered by a

variety of means bclading, bt not Hmited to, intranasally, mucosally, by spraying,
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intradermally, paventersily, subcutancously, intraperitonelly, intravenously, infracrannially,
orally, by acrosol or intramuscularly,  Bye-drop admunistration, oral gavage or addition o
drinking water or fond s addivonally suitable,  For poultry, the compositions may be
administered in avo,

Some embodirents of the invention provide methods of enhancing immune response:
in a subject.  Suitable subjocts may include, but are not limited to, vertebrates, suitahly
mammals, saitably a human, and birds, suitably pouliry such as chickens or turkeys. Qther
ammals such as cows, cals, dogs or pigs may also be used. Suitably, the subject i non-
human and may be an agnenltaral animal.

The useful dosage of the vaceine to be administered will vary depending on the age,
weight and species of the subject, the mode and route of admmistration and the type of
pathogen against which an immune response s sought. The composition may be
administered in any dose sufficient to evoke an immune rosponse. 1 s envisioned that doses
ranging from 10 to 10" vector copies (Le. colony forming units or plague forming unis),
from 10" 1o 107 vctor copies, or from 107 10 107 vector copies are suitable,

The composition may be administered only once or may be administered two or more
times o merease the immune response. For example, the composition may be administersd
two or mose times separated by one week, two weeks, three weeks, I month, 2 months, 3
months, & months, 1 vear or more. The vaccine vector miay comprise viable microorganisms
prior o administration, but in some embodiments the vector may be Rilled priov 1o
adnunistration. o some embodiments, the vector may be able o replicate in the subject,
while In other smbodiments the vector may not be capable of replicating in the subject
Methods of inactivating microorganisims used as vectors are known to those of skil in the ant
For example a bacterial vaceine vector may be inactivated using formalin, ethanol, heat
exposure, or antibiotics. Those of skill 1oy the art may use othgy methods as well,

I s envistoned that several epiopes or antigens fromw the same or different pathogens
may be administered in combination in a single vaccine 1w generate an cohanced inunane
response against multiple antigens.  Recombinant vaccines may encode antigens from
multiple pathogenie microorganisms, viruses or twmor associated antigens.  Administration of
vaceine capable of expressing muoltiple antigens has the advantage of inducing tmmunity
agatnst two or more discases at the siune time, For example, live sttenuated bacteria provide

a suilable veclor for ehoiting an immune response against multiple antigens from a single
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pathogen, e.g., TRAP (SEQ 1D NO: 6) and MPP from Fimeria (SEQ ID NO: 2% or against
suhtiple antigens from different pathogens, e.g., Fineria and Influenza or Salmonetfa,

Vaceine vectors may be constructed using exogenous polvauclentides envoding
anfigens which may be inseried into the vaccine vector at any non-ossential site or
alternatively may be carried on a plasmid or other extra chromosomal velncle (e.g. a BAC
YAC) using methods well known in the art, One suitable site for insertion of 'poiymmieoi‘idﬂs
is within extemal portions of transmembrane proteins or coupled o seguences that target the
exogenous polynuclestide for secretory pathways andfor allow attachment to the cell wall,
One example of a suitable ransmembrane protein for insertion of polynucieotides is the lomB
zene. One saitable method of celf wall attachment is provided in the Examples

Exogenous polymucleotides include, but ave not Himited {o, polynucleotides encoding
antigens selected from pathogenic microorganisms or viruses and nclude polynucleotides
that are expressed in such a way that an effvctive immune response is generated.  Such
polvaucleotides may be dorived from pathogenic viruses such as influenza (e, Mle,
hemagglulinin, or neuraminidase), berpesviruses (e.g. the genes encoding the siructural
profeing of Herpesvivuses), retrovirases (e, the gplel envelope protein). adenoviruses,
paramvxoviruses, coronaviruses and the Bke,  Exogenous pobypucleotides can also be
obtained from pathogenic bacteria, e.g., genes encoding bacterial proteins such as toxins,
outer membrape proteins or other highly conserved proteins. Further, exogenous
polynucleotides  from parasites, such as other Apicomplexan parasites are atiractive

candidates for use in a vedlor vacoine

The present disclosure is not Himited to the specitic details of construction,
arrapgement of components, or method steps set forth hevein. The compositions and methods
disclosed herein are capable of being made, practiced, used, caried oot andfor formed in
various ways that will be apparent to one of skilf in the art in light of the disclosure that
follows. The phraseciogy and terminology used herein is for the purpose of deseription only
and should not be regarded as limiting 1o the scope of the chams. Ovdinal indicators, such as
first, second, and third, s used in the deseription and the claims to refer to vartous structures
or method steps, are not meant to be construed to indicate any specific structures or steps, or
any pavticular order or configuration to such structures or steps. All methods deseribed
herein can be performed in any suitable order unless otherwise indicated herein or otherwise

clearly contradicted by context. The use of any and all examples, or exemplary language
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{e.g., "sach as™) provided hergin, is intended merely to facilitate the disclosnure and does not
imply any Hmitation on the scope of the disclosure unless otherwise claimed. No language in
the specification, and no structures shown in the drawings, should be construed ay indicating

that any non-claimed clement is essential to the practice of the diselosed subject matter. The

N L, *

use herefn of the terms “inclading,” “comprising,” or “having.” and variations thereof, s
meant o encompass the clements listed thercatior and equivalents thereef, ax well as
additional clements. Embodiments recited as Vincluding,” “comprising.” or “having™ eertain
elements are also contemplated ag “consisting essentially of ™ and “consisting of” those
certain elements. The terms “a”, “an™ and “the” may mean one or more than one unless

specitically delineated.

Recitations of ranges of values hereln are merely intended o serve ay g shorthandd
method of referring individually o cach separate value falling within the range, unless
otherwise indicated herein, and cach separate value is incorporated into the specification as if
it were individually recited herein, For example, if & concentration range is stated as 1% to
S0%s, 1t s intended that values such as 2% to 40%, 10% 1o 30%, or 19% 1o 3%, ele. are
exprossly enumerated in this specification. These are only examples of what is specifically
intended, and all possible combinations of manerical valoes between and including the fowest
value and the highest value enumerated are to he vonsidered to he expressly stated in this
diselosure, Use of the word “about” to describe a particular recited amount or range of
amounts 15 meant to indicate that values very near to the recited amount are included in that
anound, such as values that could or naturally would be aceounted for due o manufaciuring
tolerances, mstrument and human error i fornung measurements, and the like. Al
percentages referring to amounts ave by weight anless indicated otherwise,

The following examples are meant only o be Hostrative and are not meant as
Himitatioms on the scope of the invention or of the appended claims. Al references, included
patenty, patent miblications and non-patent Ierature, oited herein we horeby incorporated by
reference in their entivety.,  Any conflict between statements in references and those made

herein should be resolved in favor of the stdements contained herein.
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EXAMPLES
Example 1. Construction of vaceine vectors

Multiple combinations of vaccine were construcied for the purpose of testing efficacy
and determining the influence of each on protection against Eimeria maxima challenge. A
vartoon showing the constructs used in the examples s shown as Figure 2, The TRAP MPP
HMGRI, and MPP HMGRBI1 sequences were synthesized and inserted into pNDRH IO plasmid
for cell surface expression. Each sequence was synthesized with a Bam#! restriction site at
the 37 emd and an Aatll restriction stte at the 37 end immediately adjacent to the {ibronectin
hinding protein B (BpB). Expression of the vaceine sequence and fipf i< regulated by 8 xyf
operon provicusly inservted tito pNDH L0 plasoid {11 The fhp& included a sorting motil that
was recognized by sortase A that anchors the fbp# to the cell surface of a sortase A
expressing bacteriwm {1 Thus, the vaecine sequences are placed upstream and in frame with
the fhpH sequence sach that when the fAp# is anchored (o sortase A on the celb wall the
vagcine vector sequence will be expressed on the surface of the bacterta. Plasmid pNDHIO
containing the vaccine sequence, fpd, and o/ operon was transformed into Rocillus subdidiy
FARST expressing sortase A {2} Bach plasmid was rapsformed into TARST by adding 0.6
pg insertplasmid into 8 competent TASST culture with 0.1 M ethylene glycol etraacetic acid
{(EGTAY. After transformation, TARST expressing pNDH 10 were selected on LB apar
comtaining S ugdml. chioramphenicol to select only cells that carried antibiotic resistance

conferrad by the plasmid via g caf sequence that encodes chloramphenicol acety] transferase.

Bacillus subiiliy TARST wansformed with MPP HMGBL (SEQ 1D NO: 33, or TRAP MPP

HMGBT (SEQ D NO: 31 pNDHITO plasmids were confirmed by plasmid extraction
foHowed by PCR. Hach TARST/pNDHIG/insert constract was grovwn and induced i 0.6%
xylose v LB broth +0.19% glucose with 3 pg/ml. chloranphenicol for 9 b at 37°C while
shaking, MPP-HMGB1 (SEQ 1D NO: 34) and TRAP-MPP-HMGB(SEQ IDNO: 12
profein expression were confivmed by Western blot and indirect Hluorescence microscopy

with rabbit ant-HMGBT antthodies.

Example 2. Redueced morbidity and mortality of chicks after Efmerig infection

Veetored vaccines MPP HMGBT and TRAP MPP HMGB I were tosted for ability to

provide profection agamst an Eimerio maxima challenge when adoinisterad through the
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drinking water in conjunction with a modified chitosan adjuvant. Broiler chicks were
vaceinated at 4 and 14 days of age with the respective vaceine i the drinking water at a
dilution of 11128 (3 X ik chis‘chick) for 245 At 21d of age, all groups were weighed and
challenged with 4x10" sporulated oocysts of £ meavime by oral gavage. At 28d of age, body
wetght (BW)Y and body weight gain of survivors (BWG) were recorded during the challenge
period. Additionally, mortality way documented to determine vaccine candidate efficacy.
Eight days post-challenge BW was significantly higher in chicks vaccinated with TRAP-
MPP-HMOGBT and MPP-HMGBT when compared with non-vaceiated chicks (Figure 3}
BW( was signmificantly lugher for all vaceinated groups 8d post-challenge when compared to
controls (Figure 43, Mortality was also significamtly lower in the TRAP-MPP-HMGBI and

MPP-HMGBI vaccinated groups with the anvaccinated group (Figure ).

{1 Kim L, Mogk A, Schumann W, A xylose-inducible Bacillies suhiiliy integration vector
and s apphication. Gene 1996 Nov 28, 18H{1-2171-6.

12] Nguyen HD, Schamann W, Establishinent of an experimental system allowing
immobilization of proteins on the surface of Racillus subeilis cells. Journal of biotechnology

2006 Apr 20:122¢3):473-82,
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CLAIMS

We clainy

1. A vaccine vector comprising a first polynucleotide sequence encoding an
Apicomplexan Rhomboeid polypeptide optionally expressed on the surface of the vaccine
vector, whereln the Rhomboid polvpeptide is or bas greater than 90% sequence identity o at
feast one of SEQ 1D NO 1 SEQ 1D NQ: 2, SEQ 1D N 3, SEQ I NQO: 4, SEQ 1D NO: 37,
SEQ D NO: 38, an immunogenic fragment of SEQ 1D NO: L, an fmmunogenic fragment of
SEQ 1D NQ: 2, an immunogenic fragment of SEQ D NO: 3, an immunogenic fragment of
SEQ 1D NO: 4, ay imimuenogenme fragment of SEQ 1D NO: 37, an immanogenic fragment of

SEQ D NG 38 or combinations thereof.

2 The vaccine veotor of clasm 1 fusther comprising a second polynucleotide sequence
gncoding an immunostimulatory polypeptide, whoretn the immunostimudatory polypeptide s

xpressed on the surface of the vaecine vector,

3 The vaccine vector of claim 2, wherein the imomumostinndatory polvpeptide 1s an

HMGRI polypeptide.

4. The vaccine vector of claim 3, wherein the HMGRT polypeptide comprises &
polypeptide selected from at least one of SEQ ID NOs: 15-23, & fragment of at least one of
SEQ D NQs: 15223, a polypeptide having at Icast 953% sequency identity to SEQ D NG: 13-

23 and combinations thereof.

5 The vaccine vector of any ope of claims 2-4, whersin the immupostinndatory
podvpeptide is a C13154 polypeptide capable of binding CIMO, the CDS4 polvpeptide having
fewer than M3 amino acids and comprising amino gelds 140-149 of SEQ 1D NO: 24, SEQ 1D

NO: 25 or 8 homolog thereofl

6. The vaceine vector of claimy 3, wherein the CDIS polypeptide 1 SEQ D NO: 26,
SEQ 1D NG: 27, SEQ 1D NO: 28, SEQ D NO: 29, SEQ 1D NO: 30 or has at Jeast 90%

segquence identity to at teast mre of SEQ D NOG: 26-3400
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7. The vaccing vector of any one of claims 1-6, wherein the vector comprises more than
ong copy of the first polynuclectide andfor more than one copy of the secomd polynucleotide

SSUONCE.

8. The vaccine vector of any one of claims 2-7, wherein the first polynucieotide

.0

sequence is Hnked in frarge to the second polynucieotide sequense.

9. The vaccine vector of claim &, wherein the fivst polynucleotide and the second

polynucieotide ave linked via a spacer nucleotide.

WL The vaceie veotor of any one of clams 1-9, wherein the vector s selected from the

group consisting of a virus, a bacteriam, & yeast and a liposame,
Hy 11 The vaccine veotor of clain 10, wherein the vaccine veetor is a Bacillus spp.

12, The vaccing vector of any one of clams |-11, further comprising a third

polvmecleotide encoding 8 TRAP polypeptide.

13, The vaccine vector of claimy 12, wherein the TRAP polypeptide is at least 93%

identical to REQ 1D NO: 5 SEQ 1D NO: 6, SEQ D NG 7, SEQ 1D NO: 40, an immunogenic
15 fragment of SEQ ID NO: &, an immunogenic fragment of SEQ 1D NQ: 6, an immunogenic

fragment of SEQ ID NG 7 or an immunogenic fragment of SEQ 1D NGQ: 40,

4, The vaceine vector of claim 1, wherein the vaceine vector comprises the polypeptide
of SEQ D NO: 32, SEQ 1D NO: 34 or a polypeptide having 95% sequence dentity o SEQ
Y NO: 32 or SEQ D NO: 34

20 15 A pharmaceatical composition comprising the vaceine veetor of any one of clainws 1-
i g \

14 and a pharmaceutically acceptable carrier,

16, A method of sobancing the immune response against an apicomplexan parasite in a
subject comprising adnunistering to the subject the vaccine vector of any one of claires {-14

or the pharmaceatical composition of claim 13 in an amount effective to enhance the immune

28]
1]

response of the subject to the apicomplexan parasite,

17 The method of claim 16, wherein the enbanced bumune rosponse comprises an

sphanced antibody response, an enbancad T celf response or both,
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18 A method of reducing morbidily associated with infection with an apicomplexan
parasite in a subject comprising administering to the subject the vaceine vector of any one of
claims 1-14 o the pharmeceutical composition of claim 13 in an amount effective to reduce
the morbidity associated with subseguent infiction of the subject with an apicomplexan

parasite as compared to a controf subject not administered the vaccine vector.

18, The method of any one of claims 16-18, wherein the vactine vector is stliministered
by a route selected from the proup consisting of oral, mucesal, paventeral, sub-cutaneous,

intramuscuiar, intraocular and in v,

20, The wethod of any one of clams 16-19, wherein the subject §s member of a poaliry

species,
21, The method of claym 18, wherein the poultry species is 8 chicken or turkey.
22, The method of any one of clatms 16-21, wherein the subject is a mamvoal,
23 The method of claim 22, wherein the subject is a lusman, swing or cow.

. " . . oy _— ; Coa ot . R )
24, The wmethod of any one of claims 16-23, wherein from about 1Y 1o about 1Y vector

copics of the vaceine are administered to the subject.

25, The method of any one of claims 16-23, wherein from about 107 to about 107 vector

copizs of the vaccine are administered to the sebject.

240, The method of any one of claims 16-35, whersin the vaccine vector s killed prior (o

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

27, The roethod of any one of claims 1626, wherein the apicomplexan parasite is selected
from the group consisting of Fimerie, Plasmodion,  Toxoplasma, Neospora  and

Cryptosparidinm.



