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FUSION PROTEINS FOR USE AS IMMUNOGENIC ENHANCERS FOR INDUCING
ANTIGEN-SPECIFIC T CELL RESPONSES

FIELD OF THE INVENTION
The present invention relates generally to fusion proteins, and more specifically to fusion proteins
for enhancing T cell-mediated immune response.
BACKGROUND OF THE INVENTION
Molecular biology has enabled the production of subunit vaccines, in which the immunogen is a
fragment or subunit of a parent protein or complex. The development of a stable vaccine that could elicit
T cell sensitizing responses, and be flexible enough 10 incorporate sequences from many strains of an
mfections agent would be desirable.
SUMMARY OF THE INVENTION
In one aspect, the invention relates to a fusion protein comprising:
{a) an antigen-presenting cell (APC)-binding domain or a CD91 receptor-binding domain,
tocated at the N-terminus of the fusion protein;
{b) a protein transduction domain, located at the C-terminus of the APC-binding domain or the
CD91 receptor-binding domain, the protemn transduction domain being selected from the group
consisting of:
{1} a fusion polypeptide, comprising a T cell sensitizing signal-transducing peptide, a
linker, and a translocation peptide, wherein:
{1) the T cell sensitizing signal-transducing peptide is located at the N-terminus of
the fusion polypeptide;
{2) the linker comprises SEQ 1D NO: 15, linking the T cell sensitizing signal-
transducing peptide and the transtocation peptide; and
(3) the translocation peptide has 34-112 amino acid residues in length and comprises
the amino acid sequence that is at feast 90% identical to SEQ ID NQ: 3, 20 or 4;
(1) a T cell-sensitizing signal-transducing peptide; and
{ii1) a translocation peptide of 34-112 amino acid residues in length, comprising the
amine acid sequence that is at least 90% identical to SEQ 1D NO: 3, 20 or 4; and
{c) an antigen of a pathogen, located at the C-terminus of the protein transduction domain,

wherein;
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the T cell-sensitizing signal-transducing peptide has 28-53 amino gcid residaes in length and
comprises an amino acid sequence that is at least 90% identical to SEQ 1D NO: 31, in which
Xaa®isTorL; Xaa'Wis V, For A, Xaa' isMorL, Xaa'"is L or I and

the APC-binding domain or the CD91 receptor-binding domain s free of the amino acid
sequence of Pseudomonas exotoxin A {(PE} binding domain 1 if the protein transduction domain
is the translocation peptide (biit),

In one embodiment of the invention, the APC-binding domain or the CD91 receptor-binding domain
15 a polvpeptide comprising an anuno acid sequence that 1s at least 90% identical to the sequence
selected from the group cousisting of SEQ 1D NOs: 5,9, 6, 7, and 8. Altematively, the APC-binding
domain is selected from the group consisting of receptor-associated protein-1 (RAP1) domain I, alpha-
2-macroglobulin recepior-associated protein (AZM), HIV-Tat, and heat shock proteins (HSPs), and
Pseudomonas exotoxin A {(PE) binding domain L

In another embodiment of the invention, the fusion protein is free of the amino acid sequence of
Pseudomonas exotoxin A {PE)} binding domain L

In another embodiment of the invention, the fusion protein further comprises an endoplasmic
reticutum retention sequence located at the C-terminus of the fusion protein.

In another embodiment of the invention, the endoplasmic reticuluom retention sequence comprises
the amuno acid sequence of Lys-Asp-Glu-Lea (SEQ ID NQO. 14). The ER retention sequence may
comprise a sequence selected from the group consisting of SEQ ID NOs: 14, 16-18. Alternatively, the
ER retention sequence may consist of a sequence selected from the group consisting of SEQ 1D NOs:
16-19.

In another embodiment of the invention, the fusion protein is free of an endoplasmic reticulum
retention sequence at C-terminus thereot if the antigen contains 10 or more epitopes.

In another embodiment of the invention, the protein transdoction domain ts the fusion polypeptide
{bi).

In another embodinent of the invention, the protemn transduction domain 1s the T cell-sensitizing
signal-transducing peptide (bit).

in another embodiment of the invention, the fusion protein further comprises an additional linker
between the protem transduction domain and the antigen, the additional hinker comprising SEQ 1D NO:

1

(¥ 4]
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In another embodiment of the invention, the protein transdochion domain is the translocation peptide
{biii).

In another embodiment of the invention, the fusion protein further comprises an additional hinker
between the APC-binding domain or the CD91 receptor-binding domain and the translocation peptide,
the additional hinker comprising SEQ 1D NO: 15

In another embodiment of the invention, the protein transduction domain comprises the sequence of
SEQ ID NO: 30,

In another embodiment of the invention, the APC-binding domain comprises an amino acid
sequence that is at least 95% identical to the sequence selected from the group consisting of SEQ 1D
NOs: 5,9, 6,7, and 8.

In another embodiment of the iovention, the APC-binding domain or the CD91 receptor-binding
domain is a polypeptide comprising an amino acid sequence selected from the group consisting of SEQ
IDNOs: 5,9 6,7, and 8.

in another embodiment of the invention, the T cell sensitizing signal-transducing peptide comprises
an amino acid sequence that is at least 90% identical to SEQ IDNO: {or 2.

In another embodiment of the invention, the T cell sensitizing signal-transducing peptide comprises
an amino acid sequence selected from the group consisting of SEQ 1D NO: 1 and 2.

i another embodiment of the invention, the translocation peplide comprises an amino acid sequence
selected from the group consisting of SEQ ID NQO: 3, 20, and 4.

In another embodiment of the invention, the transtocation peptide has 34-61 amino acid restdues
length.

In another embodiment of the invention, the protein transduction domain of the fosion protein as
aformeationed possesses the following features: (1) the T cell-sensitizing signal-transducing peptide
comprises the amino acid sequence of SEQ ID NQ: 1 or 2; and (11) the translocation peptide comprises
the amino acid sequence that is at least 95% identical to SEQ 1D NO: 3.

The T cell sensitizing signal-transducing peptide exhibits a characteristic of eliciting an antibody that
recognizes and binds to the amino acid sequence of K‘{X)zi?,}(x}d(}{i}ﬁ YOPTPUPIY I (SEQ 1D NO: 32) of
CD28 receptor on T cells, wherein (X¥isTor Ly (X s V. Far A, and (X)' is Mor L.

In another aspect, the invention relates to a fusion protein consisting of?

{a) an antigen-presenting cell {APC)-binding domatn or a CD® receptor-binding domain,

tocated at the N-terminus of the fusion protein;

()
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(b} a protein transduction domain, located at the Cterminus of the APC-binding domain or the
CDR1 receptor-binding domain, the protein transduction domain being selected from the group
consisting of:
{1} a fusion polypeptide, comprising a T cell sensitizing signal-transducing peptide, a
linker, and a translocation peptide, wherein:
{1} the T cell sensitizing signal-transducing peptide 1s located at the N4erminus of
the fusion polypeptide;
{2} the linker comprises SEQ 1D NO: 15, linking the T cell sensitizing signal-
transducing peptide and the transiocation peptide; and
{3) the translocation peptide has 34-112 anuno acid residues in length and comprises
the amino actd sequence that 1s at least 90% wdentical to SEQ D NQG: 3, 20 or 4
i1y a T cell-sensitizing signal-transducing peptide; and
(iii) a translocation peptide of 34-112 amino acid residues in length, comprising the
amino acid sequence that is at least 90% identical to SEQ ID NO: 3, 20 or 4; and
{c) an antigen of a pathogen, located at the C-terminus of the protein transduction domain;
wheretn:
the T cell-sensitizing signal-transducing peptide has 2853 amino acid residues in length and
comprises an anino acid sequence that is at least 90% identical to SEQ 1D NO: 31, in which
XaabislorL; Xaais V.For A, Xaa' isMorL, Xaa is L or 1, and
the APC-binding domain or the CD91 receptor-binding domain is free of the amino acid
sequence of Pseudomonas exotoxin A (PE) binding domain I if the protein transduction domain
1s the translocation peptide (bii).
The antigen-presenting cell {APC) may be selected from the group consisting of dendritic cells,
macrophages, B-cells and monocytes,
In one embodiment of the invention, the cell membrane of the APC comprises a CD91 recepior.
In another aspect, the invention relates to a vaccine compaosition comprising: {a) a therapeutically
etfective amount of a fusion protein as aforementioned; and (b) an adjuvant.
The adjuvant is either an antigen delivery agent or an immune potentiator. I one embodiment of the
invention, the vaccine composition comprises an antigen delivery agent and is free of an immuane

potentiator.
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Farther in another aspect, the invention relates to a method for inducing enhanced pathogen antigen-
specific T cell responses, comprising: administering a vaccine composition comprising a therapeutically
effective amount of a fusion protein as aforementioned to a subjectin need thereof, and thereby 1nducing
enhanced pathogen antigen-specitic T cell responses.

Farther i another aspect, the invention relates to a method for killing a disease cell that presents an
antigen via class I MHC molecules on the cell membrane of the disease cell, comprising: administering
a vaccine composition comprising a therapeutically effective amount of a fusion protein as
atorementioned to a subject in need thereof, and thereby killing the disease cell that that presents the
antigen via class I MHC molecules on the cell membrane of the disease cell.

in one embodiment of the mvention, the disease cell 1s a cancer cell.

Yet in another aspect, the invention relates to a method for preventing, treating infection caused by a
pathogen, and/or minimizing symptoms caused by the infection, comprising: administening a vaccine
composition comprising a therapeutically effective amouont of the fusion protein of claim 1 to a subject
in need thereof, and thereby preventing, treating infection caused by the pathogen, and/or mintmizing
symptoms caused by the infection. The mavention also relates to a fusion protein or a vaceine
compaosition as aforementioned, for use in inducing enhanced pathogen antigen-specific T cell
responses, or for use in killing a disease cell that presents an antigen via class I MHC molecules on the
cell membrane of the disease cell; or for use 1n preventing, treating infection caused by a pathogen,
and/or minimizing symptoms caused by the infection.

The pathogen may be at least one selected from the group consisting of Human Papiflomavirus
{HPV), Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), Human mmuno-deficient
Viras (HIV-1), flu virus, Dangue viras, Hepatitis C virus (HCV), Hepatitis B virus (HBV) and Porcine
Circovirus 2 (PCV2)

In one embodiment of the invention, the fusion protein as aforementioned 1s for use in enhancing an
antigen-specific cvtotoxic T cell response in a subject in need thereof. The fusion protein may also be
for use in enhancing an antigen-specific CD4+ T cell response, or for use as an unmunogenic enhancer
for inducing an enhanced antigen-specific antibody titer response, in a subject in need thereof.

These and other aspects will become apparent from the following description of the preferred
embodiment taken in conjunction with the following drawings, althongh vanations and modifications
therein may be affected without departing from the spirit and scope of the novel concepts of the

disclosure.
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The accompanying drawings illustrate one or more embodiments of the invention and, together with
the written description, serve to explain the principles of the invention. Wherever possible, the same
reference numbers are used throughout the drawings to refer to the same or like elements of an
embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s & vector map.

FIG. 2 is a photograph showing the result of SDS-PAGE analyses of fusion proteins,

FIG. 3 15 a vector map.

FIG. 4 is a schematic drawing iflustrating one embodiment of the mvention,

FIG. SA shows immunization schedules.

F1G. 5B is a photograph showing the result of SDS-PAGE analyses of fusion proteins.

FiGs. 5C-D are graphs showing tamor size curves and percentage of tumor-free mice in the animal
groups vaccinated with various fusion proteins or placebo, respectively.

FIG. 6 shows a flow chart (Jeft panel) for preparation of fusion proteins, and a photograph {right
panel) showing the result of SDS-PAGE analyses of fusion proteins.

FHG. 7 is a schematic drawing illustrating the mechamsms of actions of T cell-sensitizing fusion
proteins.

FIG. 8 shows sequence alignments of CD28 from vartous species.

FIG. 9A shows immunization schedules.

Fi(rs. 9B-C show tumor size curves and survival rate in the anumal groups vaccinated with vanous
fusion proteins or placebo, respectively.

FIG. 10 is a schematic drawing showing a RAP-contaimng vector used for generating a plasmid
contatning a DNA insert from a pathogen.

F1G. 11 are schematic drawings illustrating coustructions of fusion proteins containing antigens of
various pathogens.

FiGs. 12A-F are photographs showing the results of SDS-PAGE analvses of varicus fusion proteins.

FiGs. 13A-B show animal groups, vaccines and dosage used for immunizing the animals, and
immunization schedules.

FiGs. 14A-D are tables showing the results of ex wivo antigen-specitic immune response analyses of
CD3+/CD4+ splenocvies and CD3+/CDE8+ splenocytes from the animal groups of FIG. 13A vaccinated

with placebo or a fusion protemn containing E74, E7 i, HCVeore, or HBx antigen,

6
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FiGs. 15A-] show IFNy+ cell counts in ex viva antigen-specific inmmune response analyses of
CD3+/CDE splenocytes and CD34/CD44 splenocytes from the animal groops of FIG. 13A vaceinated
with placebo or a fusion protein containing &8 PCV2 (13A-B) or PRRSY antigen {15C-J}.

DETAILED DESCRIPTION OF THE INVENTION

The present invention s more particularly described in the following examples that are intended as
tHustrative only since numerous modifications and vartations therein will be apparent to those skilled 1
the art. Various embodiments of the invention are now described in detail. Referring to the drawings,
like numbers indicate like components throughout the views. As used i the desceription herein and
throughout the claims that follow, the meaning of “a”, “an”, and “the™ inclodes plural reference unless
the context clearly dictates otherwise. Also, as used in the description herein and throughout the claims
that follow, the meaning of “in™ includes “in” and “on™ anless the context clearly dictates otherwise.
Morcover, titles or subtitles may be used in the specification for the convenience of a reader, which shall
have no influence on the scope of the present invention. Additionally, some terms used in this

specification are more specifically defined below.

DEFINITIONS
The terms used wn this specification generally have theit ordinary meanings in the art, within the

context of the invention, and in the specific context where each term is used. Certain terms that are used
to describe the invention are discussed below, or elsewhere i the specification, to provide additional
guidance to the practitioner regarding the description of the invention. For convenience, cerfain terms
may be highlighted, for example using ialics andfor quotation marks. The use of lughlighting has no
mfluence on the scope and meaning of a term; the scope and meaning of a term 1s the same, in the same
context, whether or not it is highlighted. It will be appreciated that same thing can be said in more than
one way. Consequently, alternative fanguage and synonyms may be used for any one or more of the
terms discussed herein, not is any special significance 10 be placed upon whether or not a term is
elaborated or discussed herein. Synonyms for certain terms are provided. A recital of one or more
synonyms does not exclude the use of other svnonyms. The use of examples anywhere in this
specification including examples of any terms discussed herern is iltustrative only, and in no way hmits
the scope and meaning of the invention or of any exemplified term. Likewise, the tnvention 1s not

Iimited to vartous embodiments given in this specification.

~J
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Unless otherwise defined, all technical and scientific terms used herein have the same meaning as
comimnonly understood by one of ordinary skill in the art to which this invention pertains. In the case of
conflict, the present document, including definiions will control.

As used herein, “around”, “abouwt” or “approximately”™ shall generally mean within 20 percent,
preferably within 10 percent, and more preferably within § percent of a given value or range. Numerical
quantities given herein are approximate, meaning that the term “around”, “about” or “approximately”™
can be inferred if not expressly stated,

The term “an antigen-presenting cell (APC) or accessory cell” refers to a cell that displays foretgn
antigens complexed with major histocompatibility complexes (MHC'sY on their surfaces. T-cells may
recounize these complexes using their T-cell receptors (TCRs). These cells process antigens and present
them to T-cells. Main tvpes of professional antigen-~-presenting cell: dendritic cells (DCs), macrophages,
monocytes, and certain B-cells.

The term “an antigen-presenting cell (APC }-binding domain™ refers to a domain that can bind to an
antigen-~presenting cell (APC). The APC-binding domain may be a polypeptide comprising an amo
actd sequence that is at least 20% identical to the sequence selected from the group consisting of SEQ
D NOs: 5, 6,7, 8, and 9. An APC-binding domain 1s a ligand that recognizes and binds to a receptor on
APC.

Cluster of differentiation 91 (CD91) 15 a protein that forms a receptor in the membrane of cells and is
involved in receptor-mediated endocytosis.

The term “a protein transduction domain” sefers to a polypeptide or a fusion polypeptide having a
function to sensitize T-cells and thus enhance antigen-specific T cell responses, and/or to guide or direct
an antigen toward {i.e., 1o target to) class I major histocompatibility complex (MHC-1) pathway (i.e, a
cyvtotaxic T cell pathway) of antigen presentation.

The term “to sensitize T cells™ generally means that CD8+ and CD4+ T cells are sensitized and as a
result, CD&+ {CTL) and CD4+ T cell responses to an antigen challenge are enhanced. An antigen-
specific cell mediated immune response is measured by quantifying the production of antigen-specific
mduced y-interferon in response to an antigen. For example, without a sensitization signal (e, withowt
the protein transduction domain), an antigen alone may induce weak or no cell mediated immune
response at all, 1.e., weak or no production of antigen-specific y-nterferon from CD8S+ and CD4+ T
cells, while in the presence of a sensitization signal (the protein transduction domain}, the antigen may

mduce an enhanced cell mediated immune response. Thus, the tunction of a sensitization signal (the
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protein transduction domain) is to sensitize CD4+ and CDB+ T cells in g host so that when the host s
tater challenged by an antigen, the antigen can induce an enbanced antigen-specific cell mediated
immune response due 1o prior D4+ and CD8+ T cell sensitization,

A protein transduction domain may be a peptide and/or polypeptide selected from the group
consisting of’

(1) a fusion polypeptide, comprising a T cell sensitizing signal-transducing peptide, a linker, and
a transiocation peptide, wherein:
(1) the T cell sensitizing signal~transducing peptide 1s located at the N-terminus of the
fusion polypeptide;
{2} the linker comprises SEQ ID NO: 15, inking the T cell sensitizing signal-transducing
peptide and the transtocation peptide; and
(3) the transtocation peptide has 34-112 amino acid residues in length and comprises the
amino acid sequence that is at least 90% identical to SEQ IDNO: 3, 20 or 4;
(i) a T cell-sensitizing signal-transducing peptide; and
{ii1} a translocation peptide of 34112 amino acid residues in length, comprising the amino acid
sequence that is at least 90% identical to SEQ ID NO: 3, 20 or 4.

A protein transduction domain may be “a fusion polypeptide”, in which the fusion polypeptide
comprises a T cell sensitizing signal-transducing peptide, a linker, and a translocation peptide. For
example, the fusion polvpeptide may be the polypeptide “CD28convPE,”

The term “CD2ZBconv™ refers to a CDIB conserved region, which is a ™7 cell sensitizing signal-
transducing peptide”™. It's an epitope for inducing CD28 agonist antibody.

The term “PE{” refers to a transiocation peptide with 34-112 amino acid vesidues w length.

A linker is present between the “CD28conv™ and the “PE”. The orientation or arrangement of the
tusion polypeptide “CD28convPE, 7 is important in that “CD28conv” {or the T cell sensitizing signal-
transducing peptide) must be at the upstream to the PE, ( or the transiocation peplide}, 1.e., PE, must be
at the C-terrainus of the “CD28conv” to obtain enhanced T-cell responses. The "CD28convPE” can
raise much higher 1gG titer {called CD28-specitic agonist antibody) specific to CD28cony than the
reversed orientation fusion peptide PECD28conv, The CD28-specific agonist antibody can sensitize
both CD4+ and CD8+ T cells. The correct orientation fusion polypeptide CD28convPE, contains a linker
{RXRXKR} between CD28conv and PE, domains, The linker contains an antigen preseating cell (APC)-

specific protease (cathepsin L) cutting stte Lys-Arg (KR). Therefore, the fusion protein RAP1-

9
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CD28convPE-Antigen-K3 can be digested into the two fragments: RAP1-CD28conv and PE-Antigen-
K3. The RAPI-CDZ8conv fragment can be figther digested in the lysosome and the epitope of
CD28conv is then presented 1o the APC cell surface via MHC I pathway, which in turn elicits a
humoral Immune response producing CD28 agonist antibody. Thus, CD28 agonist antibody 1s produced
by B cells. This CD28 agonist antibody can bind to CD28 on the T cell surface and pre-activate the T
cells (CD4+ and CD8+ T celly).

A T cell-sensitizing signal-transducing peptide” has 28-53 amino acid residues in length and
comprises an amino acid sequence that is at least 90% identical to SEQ ID NO: 31, in which Xaa®is T or
L:Xaa™is V. ForA XaaisMorl, Xaa' isLor L.

The T cell-sensitizing signal-transducing peptide comprises the critical region
KHELYR OVEATOLY Y P PP Y Y (SEQ ID NO: 32), wherein (X)Pis Tor L (XY is V, F or A, (XY
isMorlL.

AT cell sensitizing stgnal-transducing peptide (TDIYFCKIEFMYPPPYLDNERKSNGTIHH; SEQ ID
NO: 31, wherein X is 1, X s £, X" is M) specific for mice was used in the following examples.

FI1G. 7 1s a schematic drawing illustrating the mechanisms of actions of T cell-sensitizing fusion
proteins using the fusion protein RAP1-CD28convPE~ET-K3 as an example. RAPT-CD28convPE-ET-
K3 comprises from N-terminus to the C+erminus: (1) the domain I of the full length RAPY at the N-
terminus, (2) CDZ8conv, (3) a linker, (4) a modified transtocation peptide from Pseudomonas Exotoxin
A, {5Ya full teapth HPV type 16 E7 protein, and (6) the triple KDEL as an ER retention signal at the C-
terminus. The HPV16 E7 protein 1s processed into epitopes within the cells of a subject immunized with
the fusion protein. The RAPI-CD28convPE-ET7-K3 can elicit a better oytotoxic T-cell (CTL) response
than the traditional vaccines that contain antigen only. RAP1-CD28convPEE7-K3 protein was
designed to improve APC {such as dendritic cell) uptake efficiency and enhance HPV 16 E7 antigen
processing toward a proteasome pathway, then presented via MHC 1 comaplexes. The mechanism of
actton of HPV16 E7 protetn-specific CTL immune response elicited by the vaccine RAPI-
CD28convPE-E7-K3 1s Hustrated in FIG. 70 (a) the vaccine binds {o APC (such as dendritic cell)
surface receptor (CD91) and internabized via endocytosis; (b1) RAPT-CD28conPEAET-K3 andergoes
proteolvtic hydrolysis by cathepsin L protease digestion at the site before the the translocation peptide
PEy;, (b2) or recyceles to the ER. and undergoes proteolytic hydrolysis by furin protease at the site before
the ranslocation peptide PE,; (b3) At the meantime, RAPI-CD28cony was digested by fysosomal

protease and the epitopes of CD28conv are then presented to the cell surface via MHC H and elicits

10
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CD28 agonist antibody production, which can pre-active T cells; {¢) The most important step 15
transmembrane transtocation of the PESE7-K3 into the cytoplasmic compartment from the lysosome by
translocation peptide {(PE:}, {d) the PE-E7-K3 undergoes digestion via proteasome pathway, then the
epitopes of E7 are presented by MHC I complex and ehicit E7-specific cell mediated immune response.

FIG. 8 shows a sequence alignment of CD28 conserved regions from various species and the
consensus sequence. The underlined sequence (KIEVMYPPPY; SEQ ID NO: 32, where X is L, XPis V,
X7 i3 M) within the consensus sequence is a critical region for CD28 agonist antibody recognition and
binding. This critical region sequence can be represented by K'(VLYE (V/E/AYMLY VP PP'YY, in
which only the fourth amino acid residue therein is species-specific and should be V in human, rat,
porcine, bovine, sheep, dog and horse; F in mouse, and V in turkev. The critical region sequence may
be represented as K'(XPEXVXP Y P PPY (SEQ 1D NO: 32), wherein (XY is Tor L; (X) s V, F
or A, (Xy isMorL.

PE; may comprise the amino acid sequence that 15 at least 90% 1dentical to SEQ ID NO: 3 or 20 For
example, the amino acid sequence of PE, may be a.a. 280 -a.a 313 (SEQ ID NO: 3}, aa 208 ~aa 313
(SEQ ID NO: 20), aa. 253 ~aa 313, oraa. 253 ~ a.a 364 (SEQ ID NO: 4) of PE. That is, the amino
acid sequence of PE, may contain any region of the PE domain H (a.a 253 to a.a. 364; SEQ ID NO: 4)
as fong as it comprises a.a. 280-a.a. 313 (SEQ 1D NO: 3) essential fragment.

An antigen may be a pathogenic protein, polypeptide or peptide that is responsible for a disease
caused by the pathogen, or is capable of inducing an immunological response in @ host infected by the
pathogen, or tumor-associated antigen {TAA) which 15 a polypeptide specifically expressed in fumor
cells . The antigen may be selected from a pathogen or cancer cells including, but not limited to, Human
Papillomaviras (HPV), PRRSV, HIV-1, flu virus, Dangoe virus, Hepatitis C virus (HCV), Hepatitis B
virus (HBV), Porcine Circovirus 2 (PCV2), non-small cell lung cancer, breast carcinoma, melanoma,
tymphomas, colon carcinoma, hepatocellular carcinoma and any combination thereof, For example,
HPVY E7 protein (E7), HCV core protein (HCV core), HBY X protein (FHBx} were selected as antigens
for vaccine development. The antigen may be a fusion antigen from a fuston of two or more antigens
selected from one or more pathogenic proteins. For example, a fusion antigen of PRRSY ORFS and
ORF35 fragments, or g fusion of antigenic protetns from PRRSV and POV2 pathogens.

The function of an endoplasmic reticolum retention sequence is to assist transfocation of an antigen
from an endocviotic compartnent into ER and retains it in the lumen. It comprises the sequence Lvs Asp

Glu Lew (KDEL) or RDEL. An ER sequence may comprise, or consists essentially of, or consist of, the
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sequence of KKDLRDELKDEL (SEQ ID NO: 16), KKDELRDELKDEL (SEQ 1D NO: 17),
KKDELRVELKDEL (SEQ ID NO: 18).

Receptor-associated protein (RAP1) with a molecular weight of 39 kDa 15 an ER resident protein
and molecular chaperone for LDL receptor-related protetn. It has a bigh binding affinity to CDO1 (Kd~ 3
nM} and is composed by three functional-similar domains.

The invention relates to the discovery of induction and enhancement of T cell mediated immune
responses by fusion proteins according to the inveation. Using RAP1-CD28convPE-E7-K3 an
example, the strategy of RAPI-CD28convPEET7-K3 vaccine is focused primartty on stimulating the
production and activation of T cells that can recognize HPV16 infected cells expressing the target
antigen E7. By delivering antigens to dendritic cells, it can generate antigen-specific CD8+ T cells and
CD4a+ T cells. Type I-helper CD4+ T cells particulardy are able to efficiently stimulate and augment the
unmune response of cytotoxic CD8+ T eells. Together, these two anms of the adaptive immune system
have the specificity and potency to kill HPV16-infected cells or HPV16-associated tumor cells at
multiple sites in the body without inflicting significant damage on normal tissues.

The term “subject” refers to a human or a non-human animal.

The term “treating” or “treatment” refers to admimstration of an effective amount of the fusion
protein 1o a subject in need thereof, who has cancer or infection, or a symptom or predisposition toward
such a disease, with the purpose of cure, alleviate, relieve, remedy, ameliorate, or prevent the discase,
the svmptoms of it, or the predisposition towards it. Such a subject can be identified by a health care
professional based on results from any suitable diagnostic method.

The term “an effective amount™ refers to the amount of an active compound that is required to confer
a therapeutic effect on the treated subject. Effective doses will vary, as recognized by those skilled m the
art, depending on rout of administration, excipient usage, and the possibility of co-usage with other
therapeutic treatment,

Abbreviations: CD 28, Cluster of Differentiation 28.

EXAMPLES
Without intent to limit the scope of the invention, exemplary mstroments, apparatus, methods
and their related results according to the embodiments of the present invention are given below. Note
that titles or subtitles may be used i the examples for convenience of a reader, which in no way should
Himit the scope of the invention. Moreover, certain theorles are proposed and disclosed herein; however,

1 no way they, whether they are right or wrong, should linit the scope of the invention so long as the

12



10

2
T

Yt
o

WO 2014/089009 PCT/US2013/072753

tnvention is practiced according to the invention without regard for any particular theory or scheme of
action.
EXAMPLE 1
Constructions of Expression Vectors

FIG. 1 shows the expression vector for the fuston protein RAPT- PEyeeai3-E7-K3, which comprises a
RAPI domain 3 (SEQ ID NO: 5), a translocation minimum essential peptide (PEgsis; SEQ D NO:
20), the antigen E7, and an endoplasmic reticulum retention sequence (K3, or a KDEL signal, SEQ ID
NO: 16, 17, 18, or 19). The translocation minimum essential peptide (PEyigas; SEQ ID NO: 205 was
obtained from PE (SEQ 1D NO: 10} polypeptide sequence region from a.a. 268 to a.a. 313,

This expression vector was constructed by using the plasmid RAPI-K3 shown in FIG. 10. The
plasmid RAPT-K3 {FIG. 10}, which contains a fusion gene of RAP-1 domain 3 and K3, was generated
as follows: A DNA fragment encoding “RAPT-FeoRb Xell_graihel oas synthesized by a PCR method
and ligated into the plasmid pUCIS backbone with kanamycin resistance gene to obtain the plasmid
RAPI-K3 (FIG. 10). To generate the expression vector RAP1-PEsee13-E7-K3 (FIG. 1), a DNA
fragment encoding PEasea-ET was inserted into the plasmid RAPL-K3 (FIG. 10). Using similar
methods, DNA fragments encoding various fusion peptides were generated by PUR (FIG. 11} and
mserted, respectively, into the plasmid RAPI-K3 (FIG. 10) to generate expression vectors for various
fusion proteins (F1Gs. 12A-F}. FIG. 3 iHlustrates the expression vector for the fusion protein RAP-
CD28convPE-E7-K3 (FIG. 3).

The fragment CD28convPE: contains cathepsin L and furin protease cathing sites. FI1G. 4 shows an
amino acid sequence map of the fusion protein RAPI-CD28convPE-ET-K3 to illustrate the importance
of the fragment CD2BconvPE,. The two arrows indicate cathepsin L and funin protease cutling sites,
respectively, These two cutting sites not only serve as Hinkers o Hgate CD28conv and PE-E7 but also
atlow cutting of the fusion protein to release the fragment PE-E7-K3 to the evtoplasn from the
lysosome. Any other antigens of interest from various pathogens may replace E7 to fuse with
CD28convPl; and the fusion product can then be inserted mto the plasmid of FIG. 10 to make a variety
of expression vectors for fusion proteins tHustrated 1 FIG. 1L

The sequence of PEaggqin is: pletitrhrgprawegleqegypvarivalviaariswagvdgyir (SEQ 1D NO: 20).
The whole sequence of CD28convPE 15 as follows:
tdiytekietmypppyldacksnatihrarykreweqglegegypvarivalvlaariswagvdgyvirgs (SEQ 1D NOQ: 30), the

sequence underlined represents a linker sequence containing Cathepsin L and furin protease cutting sites.
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EXAMPLE 2
Protein expression

£ coli BL21 cells harboring a protein expression vector were cudtured in Luria Bertani broth
containing 25 pg/ml kanamycin at 37°C. When the culture reached an early log phase, (AGR0=0.1 to
(0.4), 1sopropyl-1-thio-f~-D-galactopyranoside (IPTG) was added at a final concentration of (0.5 to 2 mM
for induction. Cells were harvested after 4 hours IPTG induction and disrupted by sonication. The
overexpressed protein-containing inclusion bodies were isolated and solubilized in 8M wrea/TN buffer
{8M urea, S0mM Tris, S0mM Na(l, pH 8.0).

The refolding of the fusion protein RAPI-PEyss.513-E7-K3 was performed by dialysis against 30X
volume of TNZ buffer (50mM Tris, 30mM NaCl and 0.0tmM ZnCly, pH 8.0) at 4°C overnight. The
refolded proteins were subject to SDS-PAGE analyses under reduced {with dithiothweitol; +DTT) and
non-reduced {without dithiothreitol; -DTT) conditions (FIG. 2). The results indicated that most of the
refolded proteins were monomers under a non-reduced condition, indicating that the RAPI fusion
protein refolded easily and were not aggregated (FIG. 2).

FiG. 6A is a flow chart ilustrating that the fusion proteins RAPT-CD28PE-ET-K3 {with mouse
CD28conv or human CD28conv) were expressed and extracted from the inclusion bodies of £, coli
celis). SDS-PAGE analyses indicated that the fusion proteins refolded well (FIG. 6B).

FIG. 11 illustrates g list of fusion proteins that were expressed using similar method described above:
{1) RAPI-PEoeg 315-E7-K3{2) RAPL-CD28convPE-ET-K3 (3} RAPL-CD28PE-E7.-K3,(4) RAPI-
HCVeore-K3,; (5) RAPI-CD28conv-HCVeore-K3; (6) RAP1-CD28convPE-HC Veore-K3; (7) RAPI-
HBx; (8) RAPI-HBx-K3; {9) RAPI-CD28conv-HBx; (10} RAPI-CD28conv-HBx-K3; {11} RAPI-
CD28convPE-HBx; (12) RAPT-CD28convPE-HBx-K3; (13) RAPI-POV20p-K3; {14) RAP1- PEgss
313 POV 20pe-K3; {(15) RAPL-CD28convPEAPCV20p0-K3: {16) RAPT-PE5.20:-DGD-K3; (17 RAPT-
PEagearn-M12-K3; (18} RAPL-PE26231:-POAB-K3, (19) RAP1-PE265.313-RSAB-K3, {(20) RAP1-~
CD2BconvPE~DGD-K3; (21) RAPL-CD28convPEM12-K3; (22) RAPI-CD28convPE-PQAB-K3;

23) RAPI-CD28convPE~RSARB-K3. These fusion proteins were refolded using the same method
described above. The results of SDS-PAGE analyses indicated these fusion proteins al refolded well and
were thus used for preparing vaceines (FIGs 12A-F).

EXAMPLE 3
RAPL-PEagxa13-E7-K3 inhibits growth of Tumors induced by human papilloma vivus (HPV) type 16 E7

protein

14
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The fusion proteins PEy»-E7-K3 and RAP[-PE;40.453-BE7-K3 were expressed as deseribed above and
protein refolding examined by SDS-PAGE (FIG. $B). Mice were challenged with 2 x 107 TC-01 cells (a
mouse lung epithelia cell line harboring HPV type 16 E7 gene) via s.c. injection to induce HPV-16 type
carcinoma. Twelve days after the TC-01 cell challenge, mice were vacoiated via s.c. with placebo (PBS
+ aluminum phosphate}, PE407-E7-K3 (200 pg/dose) or RAPL-PEaaeai-E7-K3 {200 ug/dose} with
ASO4C (GlaxoSmithKline) as an adjuvant once per week tor 3 weeks (FIG. 3A). ASO4C, whichis a
cvtotoxic T lymphocyte-enhancing adjuvant, comprises MPL (monophosphoryl lipid A, an immuane
potentiator) and aluminum phosphate (a proten absorbent for antigen delivery). The term "K37 stands
for the amino acid seqeunce KRELKDELKDEL (SEQ ID NO: 19). The size of tumors and the number
of tumor-tree animals 1 each group were recorded (F1Gs. 5C-D). The tumor growth was significantly
suppressed by both vaccines PEy-E7-K3 and RAPI-PEasca-E7-K3 with ASO4C as an adjuvant,
However, the mouse group vaccinated with RAP1-PEysea13-E7-K3 had a higher rate of tumor-free mice.
This indicated that the vaccine RAP1-PEe313-E7-K3 was as effective as or better than PEy-E7-K3 in
suppressing tumor growth, however was better in increasing the percentage of tumor-free animals.

EXAMPLE 4
RAPI-CD28convPE-E7-K3 inhibits growth of Tumors induced by human papilloma virus (HPV) type
16 E7 protein and increases survival rate

The effects of the fusion proteins PEyw+~E7-K3 and RAP1-CD28convPE~E7-K3 with or without an
nmmune potentiator on tumor size and survival rate were examined. Mice were challenged with a higher
dose of TC-01 cells (3x10% via s.c. injection. Seven days after the challenge, mice were vaccinated via
s.¢. with placebo, PEyw~E7-K3 (100 pg/dose) or RAPI-CD28convPEAET-K3 (100 pg/dose) with the
mmmune potentiator GPI-0100 or the protein absorbent aluminum phosphate once per week for 3 weeks
(F1G. 8A}. GPI-0100 is a ThI/CTL stimulating adjuvant (tramune potentiator). The size of the wmors
and the survival rate in each group were recorded (FIGs. 9B-C). When combined with the adjuvant GPI-
0100, both PEE7-K3 and RAPI-CD28convPEAET-K3 suppressed the tumor growth. Unexpectedly,
it was discovered that the effect of RAPI-CD28convPE-E7-K3 in inhibiting tumor growth was not
dependent on the adjuvant. When combined with the absorbent aluminum phosphate rather than with the
adjuvant GPI-0100, RAPI-CD28convPE-ET-K3 could stull significantly suppress the tumor growth with
the same potency as that when combined with the tmmune potentiator GPE-0100 (FIG. 9B, unfilled

triangle v. filed reverse triangle).

15



10

2
T

WO 2014/089009 PCT/US2013/072753

In contrast, the potency of PE+E7-K3 in suppressing the tumor growth depended on the adjuvant.
When combined with the absorbent aluminum phosphate, PEao+E7-K3 became less potent than that
when combined with the immune potentiator GP1-0100 {(F1G. 9B solid square v. unfilled circle).

On the other hand, mice administrated with RAPT-CD2RconvPE~ET-K3 in combination with the
tnumunge potentiator GPI-0100 or the absorbent aluminum phosphate had a better survival rate than the
groups vaccinated with PEsw~E7-K3 in combination with GPI-0100 or shuminuwm phosphate (F1G. 9C).
This indicated that RAP1-CD28convPE-E7-K3 could elicit Th1/CTL immune responses even without
the immune potentiator GPE-0100, The results also indicated that the fusion protein RAP1-
CD28convPE-ET-K3 was supetior to PE4y»-E7-K3 as a vaccine for increasing the survival rate of the
animals.

EXAMPLE S
Immunogenicity assavs
The immunogenicities of various vaccines were tested. Briefly, mice were divided into the
following groups: HPV16 E7, HPV 18 E7, HCV core, HBV HBx, PCV2 ORF2 and PRRSV {FIG. 13A).
Each group was further divided into subgroups, and each subgroup was injected with either a placebo or
a vaccine designed to target toward a certain antigen, or certain antigens, of a pathogen via s.c. once per
week for 3 weeks (FIG. 13B). Except the vaccines targeted to PRRSV, each vaccine was composed of a
single fusion protetn and the absorbent aluminum phosphate, in which the single fuston protein
contained at least an antigen of a pathogen. The antigen was either a full-length protein from a pathogen,
or a non-full-length protein that contained at least one epitope of an antigen of a pathogen, or was a
fusion peptide of two or more antigens, 11 which each of the antigens was selected from different
proteins of a pathogen.

The immunization schedule, vaccines and dose are tllustrated in FIGs. 13A-B. Briefly, mice were
vaccrnated once per week for 3 weeks with vaccines listed i FIG. 13A. All mice were sacrificed 7 days
after the last immunization, and the spleens were harvested. Splenocytes were isolated and cultured in 6-
well plate (2x10° cells/2ml/well) with 10 pe/m! of respective recombinant antigens of pathogens to
stimulate the splenocytes i the presence of 1 pg/ml GolgiPlug (BD Pharmingen, San Diego, CAjat
37°C for 16 hr.

The stimulated splenocytes were washed with FACScan buffer and the cell surface markers CD8a,
CD4, and €CD3 were stained with phycoerythrin-conjugated movnocional rat anti-mounse CDBa, AF700-

conjugated monoclonal rat anti-mouse CD4 and AF6d7-conjugated monoclonal rat anti-mouse CD3
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antibadies. The cells were then permeabilized and fixed by Cytotix/Cytoperm kit according 1o the
manufacturer’s istructions (BD Pharmingen). lotracellular IFN-y was stained with AF488&-conjugated
rat anti-mouse IEN-y to measure the immune response and cytokme levels. Flow cvtometry analyses
were performed using Gallios flow evtometry with Kaluza analysis sottware (Beckman Coulter).

5 The following PRRSV vaccines were tested for immunogenicities: PEy-PRRSV-K3, RAPI-PE
113-PRREV-KS or RAPI-CD28eonvPEAPRRSV-K3 vaccine. Each vaccine contained a mixture of four
different fusion proteins, and each fusion protein contained a different antigen that is selected from the
group consisting of DGD, M12, POAB and RSAB (FIG. 13A). Vaccination of mice and stimulations of
splenocytes were performed using stmilar method as described above. Briefly, all mice were sacrificed 7

1) days after the last immunization, and spleens were harvested. The splenocytes were 1solated and cultured
m &-well plate (2x1 0° cells/2miAwell) with 10 ng'mil of the recombinant DGD, M12, POAB or RSARB
antigens, separately, to stimulate the splenocytes in the presence of 1 pgfml GolgiPlug (BD Pharmingen,
San Diego, CA) at 37°C for 16 hr.

The amino acid sequence of “DOGD™ (SEQ 1D NO: 26} s as follows:

15 RHHFTPSERQLCLSSIQTAFNQGAGTCILSDSGRISYTVEFSLPTHHTVRLIRVTAPPS
ALDOVIRNALASPGSGGDLGEAIREQPEQARLALTLAAAESERFVROGTONDREAGAANADYYS
ETCPVAAGECAGPADSGDALLERNYPTCGAEFLGDGGDYRHHFTPSERQLCLSSIQTAFNQGA
GTCILSDSGRISYTVEFSLPTHHTVRLIRVTAPPSA. DGD represents a fusion antigen of PRRSY
ORF7 a.a. 64 ~aa 123 (boldface}, linker (underlined) and ORF7 a. a. 64-aa. 123 (boldface).

20 The term "M12" represents a antigen of PRRSV ORF b aa. 1046 - aa. 1210, Its amino acid

sequence (SEQ ID NO: 27) 1s as follows:
NNKECTVAQALGNGDKFRATDKRVVYDSLRAICADLEGSSSPLPKVAHNLGFYFSPDLTQFAKL
PIELAPHWPVVSTONNEKWPDRLVASLRPLDKYSRACIGAGYMVGPSVFLGTPGVVSYYLTKF
VKGEAQVLPETVESTGRIEVDCREYLDDREREVAASLPH.

The amino acid sequence of “PQAB™ (SEQ 1D NO- 28) is as follows:
GSSLDDFCYDSTAPOQRKVLLAFSITYASNDSSSHLOLIYNLTLCEINGTDWLANKFEDWA  POAB

(N
LAy

represents a fusion antigen of PRRSY American strain ORF6 a.a. 2-a.a 26 and ORFS a.a 31-a.a 63
{underlined).
The amino acid sequence of RSAB is
30 MGSLDDFONDSTAAQKLVLAFSITYTPIEVAGGSSSTYOYIYNLTICEENGTDWLSNHFDWA
(SEQ 1D NO: 29),_The term “RSAB” represents a fusion antigen of PRRSY European strain ORF6 a.a.
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2-28 and ORF3 a.a. 31-64 {underiined).
EXAMPLE 6

The fragment of RAPI domain 3 of the fusion protein RAP1-CD28convPE-E7-K3 is replaced by
AZM mintmum (SEQ ID NO: 6), HIV-Tat mintmuam (SEQ 1D NO: 7) or HSPs minimoam (SEQ 1D NO:
8} to generate the fusion proteins AZM- CD28convPE-E7-K3, Tat-CD28convPE-E7-K3 and HSP-
CD28convPE-E7-K3 vaccines, respectively. The TC-1 tumor suppression activity and cell mediated
immune responses enhanced by these vaccines are examined using similar methods as described above.
Table 1 shows SEQ ID NOs. of the components of various fusion proteins, Table 2 shows the fusion

proteins tested for the etfects on T cell-mediated immune responses in animals and the sequences of

antigens.
Table 1
Component SEQ ID NO: | Length
{residues)
hCD28 Core i 28
TDIYFCKIEVMYPPPYLDNEKSNGTHH
hCD28 Maximum 2 53
NCDOKLONESVTFYLONLY VNQTDIYFCKIEVMYPPPYLDNE
KSNGTHHVKG
PE; Core (PE wanslocation domain core; a.a. 280~ a.a. 313 of PE) 3 34
PE, Maximum {translocation domain maxi, a.a. 253 -a.a. 304 of PE) | 4 112
RAPT Minimum {domain {IL of RAPD) S 104
AZM Mintomam & 153
HIV-Tat Minimum 7 24
HSPs Minimum, Heat shock 70 kDa protein (HSPs, Homo sapiens) 8 G4
Minimum Pseudomonas exotoxin A (PE) binding domain fa (an 9 252
APC-binding domamn, a.a. I~ a.a 252 of PE)
Linker RXRXKR, ), in which “X” is any amino acid residue. 15 &
Full length PE (Exotoxin A mature form, Pserdomonas acruginosay | 10 613
Full length RAPT (Homo sapiens low density lipoprotein receptor- 11 323
related protein associated protein 1, LRPAPT), Doman 1 as 1-asa
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112; domain 2: a.a. 113 ~aa 218, domain 3:a.a. 219 - a.a 323

Full length A2M (Homo sapiens alpha~2Z-macroglobalin receptor-

assoclated protein precursor)

HIV-Tat (Human immunodeficiency virus 1)

101

KDEL

KKDLRDELKDEL

KKDELRDELKDEL i3
KKDELRVELKDEL 13

KDELKDELKDEL

o

PEzssan
PLETFTRHROQPRGWEQLEQUGYPVQRLVALYLAARLSWNQV
DOVIR

46

CD28convPE,

Tl fo.‘}%‘fir‘?(@}(’\{hﬁ‘)x E(}X]i l\fvi EPHPMP! (‘Y 16}{17})1 )I\ 1‘}{«;‘1{215221\2?
GHTZ:? 1.’0 IZ?HE 'S»R?.‘} XER}RM XF}'E‘K.? ,ZIRE%-iG_B :"a“; 3 t’.EEE 7 QS {\:LS‘)EW Q«-i-’i C%E G-i—'ssl.r 44
Pﬂ SV% Q 7RfI5§:{'leI‘§\!f5( 3J 3’: f Lﬁ 3Y ** {*3 A‘\« ?\ﬁé RS?I..-SSS'W“}GG Nfﬁ 1 Qaz\)\vs 3 Dt}i:l Q
'.‘,ifi-\;(:{zl '.‘37}{68

. wherein (X)*is Tor L (X)"is V, For A (X) isMor L, X s L

e M 32 . . .y .
or L (XY™ 7" is any amino acid residue.

o
7l

CD28 consensus sequence

l! L}:} ?\,4}‘ (\ tzK"’ (k)bhq ( X)W ( X}l ¥¥rf 3 Pi 3 PHP! \‘ 16 X 17
DENFETRISINT G TR PR

,wherein (X is Tar L, (X0 sV, For AL (O sMor L XV is L

or kb

D28 critical region
KIUXPE XYY PPIY™, wherein (XPisTor L (XY is V. F
or A (XY isMorL,

10

Table 2

Fusion protetn name Antigen Name

Antigen SEQ
D NO:
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RAPL-CD28convPE~ET-K3 | HPVIG6 E7 (full length) 21
RAPI-CD28convPE~ET K3 | HPVIS E7 (full length) 22
RAPT-CD28convPE~HCVe- | HOV core protein (full length) 23
K3
RAPT-CD28convPE-HBx- HBY X protein (full length} 24
K3
RAPL-CD28convPE~PCV2- | PCV2 ORF2 (a fragment of QRF2) 25
K3
RAPI-CD28convPEADGD- PRRSY nucleocapsid 26
K3 {a fusion antigen: ORF7 a.a. 64 - a.a. 123, linker

and ORF7 a a 64-a.a 123)
RAPI-CD28convPE~M12- PRREV RNA-dependent RNA polymerase 27
K3 {ORF1b aa 1046-a.a 1210)
RAPT-CD28convPE~PQAB- | PRRSV Amertcan strain: a fuston antigen of 28
K3 ORF6 (a.a 2-a.a. 20) and ORFS (aa 31-aa 63)
RAPI-CD28convPE-~RSAB- | PRRSY European strain: a fusion antigen of 29
K3 ORF6 {a.a 2-a.a 28)and ORFS {aa 3l-aa 64)

In the immunogenicity assays, antigen-spectfic cell-mediated invmune responses induced by vartous
vaccines were evaluated by measuring the numbers of CD3+/CDAHIFNy+ and CD3+/CD8HIFNy+ T
cells in the splenocytes. The results indicated that the vaccine RAP1-CD28convPE-antigen-K3 can
mduce strong T cell responses. FIG. 14 B shows the CD3+/CD4+IFNy+ T cell number and the
CD3+HCDSHIFNy+ T cell number elicited by CD28convPE~E7 K3 were about 50 times and greater
than 9 times of RAPL-K3, respectively.

The vaccine RAPT-CD28convPE-antigen-K3 15 superior to PEgr-antigen-K3 10 ehiciting T cell-
mediated inmunoegenicity. For example, FIG. 14A illostrates the CD3+/CD4+TFNy+ T cell number
and the CD3WCDSHIENYy+ T cell number elicited by CD28convPE-E76-K3 were about 5 times and 7
times of PEyr-E7:16-K3, respectively. This indicates that the vaccine RAPI-CD28convPE-E7-K3 had a
better cell-mediated immunogenicity than PE-E7-K3.

A fusion protein comprising RAPY domain [, the sensitizing signal CD28conv alone without the

transiocation peplide PE,, antigen and an ER refention signal is sufficient in eliciting a strong antigen-
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specific T cell mediated immune responses when the antigen chosen comprises ten or greater than 10
epitopes. F1G. 14C lustrates the vaceine RAPI-CD28conv-HCVeore-K3 elicited T cell responses with
the numbers of CD3HCD4TFNy+ and of CDIWCDSHIFNy T cells being 20 times and 7.6 times of
the placebo group, respectively. The antigen HCVeore contains 1 well-known MHC 1 epitopes.

It was unexpected that the ER retention signal is not essential for the fusion protein of the invention
to elicit a strong cell-mediated immunogenicity. In other words, without the ER retention sequence, the
fusion protein of the invention can still elicit strong Twcell responses. FIG. 14D illustrates that the
numbers of CR3HCDAHIFNyE and CDIHCDRHIFNy+ T cells elicited by RAP1-CD28convPE,-HBx
{without the ER retentions signal K3) were 7 times and 74 tumes of the placebo group.

In contrast, U.S. Patent Numbers 737810082 and 7333361 show that the ER retention signal K3 is
indispensable for PE-related fusion proteins (PEspantigen-K3) to elicit T cell responses.

It was also discovered that a fusion protem comprising RAP1 domain 11, the translocation peptide

gnal CD2Bconv), antigen and an ER retention signal is superiorto a

o

PEsicaiz {withowut the sensitizing s
PE-related fusion protein without containing the RAPT domain [IL FIG 153C-Tiflustrate the vaceine
RAPI-PH 2 213-PRRSV-KS elicited greater CD3+/CHD4-+/IFNy+ and CD3+CD&HIFNy+ T cell counts
than the vacecine PEw»-PRRSV-K3.

The foregoing description of the exemplary embodiments of the invention has been presented only
for the purposes of Hlustration and description and is not intended to be exhaustive or to limit the
inveation to the precise forms disclosed. Many modifications and variations are possible in light of the
above teaching. The embodiments and examples were chosen and described in order to explain the
principies of the ivention and their practical application so as to enable others skilled in the art to utilize
the mvention and various embodiments and with varions modifications as are suited to the particular use
contemplated. Alternative embodiments will become apparent to those skilled in the art to which the
present invention pertains without departing from its spirit and scope. Accordingly, the scope of the
present invention is defined by the appended claims rather than the foregoing description and the

exemplary embodiments described therein.
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CLAIMS

What 15 claimed is:

1. A fusion protein comprising:
{a) an antigen-presenting cell (APC)-binding domain or g CTD91 receptor-binding domain,
focated at the N-terminus of the fusion protein;
{b) a protein transduction domain, located at the C-terminus of the APC-binding domain or the
CD21 receptor-binding domain, the protein transduction domain being selected from the group
consisting of’
{1} a fusion polypeptide, comprising a T cell sensitizing signal-transdocing peptide, a
linker, and a translocation peptide, wherein:
{1} the T cell sensitizing signal-transducing peptide is located at the N-terminus of
the fusion polypeptide;
{2) the linker comprises SEQ 1D NO: 15, linking the T cell sensitizing signal-
transducing peptide and the transiocation peptide; and
{3} the translocation peptide has 34-112 amino acid residues in length and comprises
the amino acid sequence that is at least 90% identical o SEQ ID NO: 3, 20 or 4;
{i) a T cell-sensitizing signal-transducing peptide; and
{111} a translocation peptide of 34-112 amino acid residues in length, comprising the
amino acid sequence that is at least 90% identical to SEQ ID NO: 3, 20 or 4 and
{c) an antigen of a pathogen, located at the C-terminus of the protein transduction domain;
wherein:
the T cell-sensitizing signal-transducing peptide has 28-53 amino gcid residaes in length and
comprises an amino acid sequence that is at least 90% identical to SEQ 1D NO: 31, in which
XaaSis Tor L; Xaa®is V. For A, Xaa'' isMor L. Xaa'7is L or I and
the APC-binding domain or the CD91 receptor-binding domain s free of the amino acid
sequence of Pseudomonas exotoxin A (PE)} binding domain 1 if the protein transduction domain

is the translocation peptide (hin).

B
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The tusion protein of clanm 1, wherein the APC-binding domain or the CD91 receptor-binding
domain is a polypeptide comprising an amino acid sequence that is at Jeast 20% identical to the

sequence selected from the group consisting of SEQ ID NOx: 5,9,6, 7, and 8.

The fusion protein of claim I, further comprising an endoplasmic reticulum retention sequence

{ocated at the C-terminus of the fusion protein.

The fusion protein of claim 3, wherein the endoplasmic reticulum retention sequence comprises

the amuno acid sequence of Lys -Asp-Gla-Leu (SEQ 1D NO: 14),

The fusion protemn of claim 1, wherein the fusion protein 1s free of an endoplasmic reticulum

retention sequence at C-tenminus thereof if the antigen contains 10 or more epitopes,

The fusion protein of claim 1, wherein the protein transduction damain is the fusion polvpeptide
{bi}.
The fuston protein of claim 1, wherein the protein transduction domain is the T cell-sensitnzing

signal-transducing peptide (bib).

The fusion profein of claim 7, further comprising an additional linker between the protein

transduction domain and the antigen, the additional linker comprising SEQ 1D NO: 15

The fusion protein of claim 1, wherein the protein transduction domain is the trandocation

peptide (bitl).

The fusion protein of claim 9, further comprising an additional linker between the APC-binding
domain or the CD91 receptor-binding domain and the translocation peptide, the additional linker
comprising SEQ IDNO: 15,

The fusion protein of claim 1, wherein the protein transduction domain comprises the sequence
of SEQ IDNO: 30,

A vaccine composiiion comprising:
{(a}) a therapeutically effective amount of the fuston protein of claim 1; and

{b) an adjuvant.
The fusion protein of claim 1, wherein the APC-binding domain or the CD91 receptor-binding

domain 1s a polvpeptide comprising an amino acid sequence selected from the group consisting
of SEQIDNO¢ 5,9, 6,7, and 8,
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The fusion protein of claim 1, wherein the T cell sensitizing signal-transducing peptide

comprises an amino acid sequence that is at least 90% identical to SEQ ID NO: 1 or 2.

The fusion protemn of claim 14, wherein the T cell sensitizing signal-transducing peptide

comprises an amino acid sequence selected from the group consisting of SEQ ID NO: 1 and 2.
The fuston protem of claim |, wherein the transtocation peptide comprises an amino acid

sequence selected from the group consisting of SEQ ID NO: 3, 20, and 4.

A fusion protein or a vaccine composition as claimed in any one of the preceding claims, for use

in inducing enhanced pathogen antigen-~specific T cell responses.

A fusion protein or a vaccine composition as claimed in any one of the preceding claims, for ase
in killing a disease cell that presents an antigen via class I MHC molecules on the cell membrane

of the disease cell.

The fusion protein or the vaecine composition for use as claimed in claim 1§, wherein the
disease cell is a cancer cell,

A fusion protein or a vaccine composition as claimed 1n any one of the preceding claims, for use
in preventing, treating infection caused by a pathogen, and/or mininnuzing symptoms caused by

the infection.
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FIG. 10
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FIG. 11

1. PEssasts-E7 EcoRt| Linker NN\ HPV186 E7 {Xho!

2. CD28convPECET7 EcoRl| CD28 epitope N\ HPV16 E7 {Xhol

3. CD2BconvPE-E7is  EcoRi] CD28 epitope NN\ HPV18 E7 Ixho!

4. HCVcore EmRil HCV core protein [}i’ hol

5. CD28convPE-HCVcore EcoRl] CD28 epitope. N\ HCV core protein | Xho!

6. CD28conv-HGVeore EcoRi| CD28 epitope | HCV core protein LXhol

7. HBx EcoR)| HBV X protein | Xho!

8.CD28BconvPE-HBx  EcoRi| CD28 epitope N\\\RR\\\ HBV X protein | Xho

8. CD28conv-HBxX EcoRi | CD28 epitope ] HBV X protein [Xho!
10. HBXtop Ecoﬁil HBV X protein Sfop|}(ﬁof
11. CD28convPEt-HBXy EcoRl| CD28 epitope NN\\EN\\ HBV X protein stop|Xho!
12. CD28conv-HBXyop EcoRi| CD28 epitope | HBV X protein stop <1101
13. PCY20re EcoRt| PCV 20 {Xho!
14. PE2ss.313-PCV20rr2 EcoRi &\\\\&?{%\\\\\\\N PCY 20re: |Xr’?0f
15. CD28conVPE-PCY20rr, £coRI| CD28 epitope NN\ PCV 20nr2 |Xhot
18. PEssy21-DGD Ecort| Linker NN\ PRRSV ORF 75412 | Xho!
17. CD28convPE-DGD  EcoRi] CD28 epitope |\t PRRSV ORFTa1.125 | Xho!
18. PEago.a10-M12 EcoRl| tinker N\ PRRSV ORF1bsoss.1210 Xhol
19. CD2BeonvPE-M12  EcoRl] CD28 epitope NN\ PRRSY ORF 110051210 Ixho!
20. PEoss 515-PQAR EcoRt| Linker N\ American strain: ORF6226+ORF83163 | Xho!
21, CD28convPE-PQAB  EcoRl| CD28 epitope NN\ American strain: ORF62.26+ORF53163 | Xf10/
22, PEress13-RSAB EcoR &\\\\\\\\&\\\\ European strain: ORF62-28+ORF531.84 | Xho!
23. CD28convPE-RSAB  EcoRl| CD28 epitope N\\\RRN\\\\\ European strain: ORF62-22+ORF511.88_|Xhof
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FIG. 13A
Group Suby-group Vaccing Protein absorbent pgfdose
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B PE-K3 Alumiman Phosphate 16
HPVi6 ET C PEy-E7-K3 Alumisn Phosphate 100
D RAPI-K3 Alaminuwm Phosphate 160
E RAPI-CD28convPEAET7-K3 Alaminum Phosphate 100
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HPVIX ET7 B RAPIL-K3 Ahsminum Phosphate 106
C RAPL-CD28convPERET (3-K3 Algmingm Phosphate 100
A Placebo Aluminem ?haspha;tt: -
B RAPI-K3 Alusysum Phosphate 200
HCV core ¢ RAPI-HCVeore-K3 Alommn Phosphate 206
n RAPI-CD2Z8conv-HCVeore-K3 Aluginum Phosphate 200
E RAPH-CD2RconvPEAHCVeore-K3 Alunyinam Phosphate 2040
A Placeho Alumiman Phosphate -
B RAPI-HBx Alumiman Phosphate 106
C RAPI-HBx-K3 Aluminwm Phosphate 106G
HBV HBx b RAPI-CD28conv-HBx Alursinum Phosphate 1443
E RAPECD28¢conv-HBx-K3 Aluminum Phosphate 106
F RAP-CD28convPE-HBx Alaminam Phosphate 100
G RAPI-CD28convPE-HBR-K3 Alaminem Phosphate 164
A Placebo Alumimum Phosphate -
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C RAPI-PHycenPRRSVK3 Alsmiman Phosphate 30
b RAPL-CD28convPE-PRRSV-K3 ¢ Aluminum Phosphate 30

a Fach dose contains a mixture of PEyur-DGD-K3 (12 Ug), PE-MI12-K3 {6 yg), PEw-PQAB-K3 {6 pg), and PEy~
RSAB-K3 (6 pg).

b, Bach dose contains a mixture of RAPH-PE e 1:-DGDK3 (12 pg), RAPT-PE a0 M12-K3 (6 fg), RAPL-PEgearse
POAB-K3 {6 yg), and RAPT-PE iz 0-RSAB-K3 (6 pe)

¢ Each dose contains a mixtare of RAPI-CD28convPE~DGD-K3 {12 pg). RAPL-CD28convPEL-MI2-K3 (6 pig),
RAPL-CD28convPE-POAB-K3 (6 po), and RAPI-CD28convPE-RSAB-K3 (6 [Hg)
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This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be scarched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements 1o such an
extent that no meaningful international search can be carried out, specifically:

3 Claims Nos.; 18-20

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lill Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all.searchable
claims.

2. D As all searchable claims could be searched without efforljustifyiﬁg additional fees, this Authority did not invite payment of
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3. I:] As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims: it is covered by claims Nos.:

| Remark on Protest I:I The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee. .

Ceg Tpis g iy ) :
D The additional search fees were accompanied by theé apblicant’s‘pro‘lcSt but the applicable protest
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