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Pseudomonas Exotoxin A CD4+ T-Cell Epitopes

FIELD OF THE INVENTION

The present invention provides Pseudomonas exotoxin A (PE) CD4+ T-cell epitopes, as well as
novel variants that exhibit reduced immunogenic responses, as compared to the parental Pseudomonas
exotoxin A. The present invention further provides DNA molecules that encode novel Pseudomonas
exotoxin A variants, and host cells comprising DNA encoding novel PE variants, as well as methods
for making Pseudomonas exotoxin A less immunogenic. In addition, the present invention provides
various compositions that comprise these Pseudomonas exotoxin A variants that are less immunogenic
than the wild-type Pseudomonas exotoxin A. In some specific embodiments, the present invention
provides Pseudomonas exotoxin A variants with reduced immunogenicity that are identified and/or

characterized using the methods of the present invention.

BACKGROUND OF THE INVENTION

Pseudomonas exotoxin A is an enzyme produced by P. aeruginosa. It is lethal for some non-
human animals and may play a role in human disease, as patients that are bacteremic with exotoxin A-
producing Pseudomonas strains have a higher mortality rate than patients with non-exotoxin A

producing organisms. The toxin is a single polypeptide chain comprised of 613 amino acids.

Crystallographic studies and mutational analyses of the toxin have shown that consists of three domains
with distinctive functions (See e.g., Chaudhary ef al., Proc. Natl. Acad. Sci. USA 87:308-312 [1990];
and Pastan et al., Meth. Mol. Biol., 248:503-518 [2003]). There is an amino-terminal domain cell
reoeptor-%inding domain (domain I), a middle translocation domain (domain II), and a carboxy-
terminal activity domain (domain III). Domain III acts by catalyzing ADP-ribosylation and
inactivating elongation factor 2. This inhibits protein synthesis within cells oand leads to cell death.

Recently, PE has found use in recombinant immunotoxins. In most cases, these chimeric
proteins are comprised of the Fv portion of a monoclonal antibody fused to a portion of PE. The Fv
replaces the cell-binding domain of the toxin, serving to direct the toxin to cancer cells that express a
target antigen. Because of their potency and ability to kill cells that are resistant to standard

chemotherapy, recombinant immunotoxins are very attractive agents for cancer treatment. Indeed,

these complicated molecules have shown some promise in cancer therapy trials. However, as with all

protein-based therapeutics, there are concerns about the immunogenicity of the immunotoxins

themselves. Thus, there remains a need in the art to generate and use PE with reduced immunogenicity.
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SUMMARY OF THE INVENTION

The present invention provides Pseudomonas exotoxin A (PE) CD4+ T-cell epitopes, as well as
novel variants that exhibit reduced immunogenic responses, as compared to the parental Pseudomonas
exotoxin A. The present invention further provides DNA molecules that encode novel PE variants, and

host cells comprising DNA encoding novel PE variants, as well as methods for making PEs less

Wil

immunogenic. In addition, the present invention provides various compositions that comprise these P.
variants that are less immunogenic than the wild-type PEs. In some specific embodiments, the present
invention provides PE variants with reduced immunogenicity that are identified and/or characterized
using the methods of the present invention.

The present invention provides methods for identifying at least one T-cell epitope of PE,
comprising the steps of: (a) obtaining from a single human blood source, a solution of dendritic cells
and a solution of naive CD4+ and/or CD8+ T-cells; (b) differentiating the dendritic cells to produce a
solution of differentiated dendritic cells; (¢) combining the solution of differentiated dendritic cells and
the naive CD4+ and/or CD8+ T-cells with peptide fragments of the PE; and (d) measuring proliferation
of the T-cells in the step (¢). In some alternative embodiments, the PE comprises at least a portion of
the sequence set forth in SEQ ID NO:1. The present invention further provides epitopes identified
using the above-described method.

The present invention also provides methods for reducing the immunogenicity of PE
comprising the steps of: (a) identifying at least one T-cell epitope in the PE by (i) contacting an
adherent monocyte-derived dendritic cell that has been differentiated by exposure to at least one
cytokine in vitro, with at least one peptide comprising the T-cell epitope; and (ii) contacting the
dendritic cell and the peptide with a naive T-cell, wherein the naive T-cell has been obtamed from the
same source as the adherent monocyte-derived dendritic cell, and whereby the T-cell proliferates in
response to the peptide; and (b) modifying the PE to neutralize the T-cell epitope to produce a variant
PE, such that the variant PE induces less than or substantially equal to the baseline proliferation of the
naive T-cells. In some alternative embodiments, the PE comprises at least a portion of the sequence set
forth in SEQ ID NO:1. In some embodiments, the present invention provides PE variants produced
using the above-described method for production of PEs having reduced immunogenicity.

In some embodiments, the epitope of the PE is modified by: (a) substituting the amino acid
sequence of the T-cell epitope with an analogous sequence from a homolog of the PE, wherein the
substitution substantially mimics the major tertiary structure attributes of the T-cell epitope. In some

preferred embodiments, the PE is modified by altering at least one epitope selected from the group
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consisting of SEQ ID NOS: 2, 3, 4, 5, and 6. In some embodiments, the epitope is modified by
substituting an amino acid sequence for a residue corresponding to at least one of the epitopes, while in
other embodiments, the epitope is modified by deleting an amino acid sequence for a residue
corresponding to at least one of the epitopes, and in still further embodiments, the epitope is modified
by adding an amino acid to at least one of the epitopes. The present invention further provides PEs
produced using the above method.

The present invention also provides variant PEs comprising at least one alteration in at least
one epitope comprising an amino acid sequence. In some particularly preferred embodiments, the

immunogenic response produced by the variant PE is less than the immunogenic response produced by

wild-type PE. However, in some other embodiments, the immunogenic response produced by the
variant is greater than the immunogenic response produced by wild-type PE.

The present invention further provides compositions comprising nucleic acids sequences
encoding variant PEs, as well as expression vectors that comprise the nucleic acid, and host cells
transformed with the expression vectors.

The present invention still further provides pharmaceutical and consumer-related products,
including, but not limited to such compositions as compositions that comprise the variant PEs of the
present invention. In some embodiments, the PE variants find use in compositions such as those used
to treat abnormal cells (e.g., cancer cells). However, it is also contemplated that the present invention
will find use in targeted therapy methods that do not rely upon the use of antibodies and/or antibody
components. Indeed, the present invention provides variant PEs suitable for use i various

applications, settings, and compositions.

DESCRIPTION OF THE INVENTION

The present invention provides PE CD4+ T-cell epitopes, as well as novel variants that exhibit

reduced immunogenic responses, as compared to the parental PE. The present invention further
provides DNA molecules that encode novel PE variants, and host cells comprising DNA encoding
novel PE variants, as well as methods for making PEs less immunogenic. In addition, the present
invention provides various compositions that comprise these PE variants that are less immunogenic
than the wild-type PEs. In some specific embodiments, the present invention provides PE pepides and
variants with reduced immunogenicity identified and/or characterized using the methods of the present
invention,

The “PE38” exotoxin is a recombinant variant of Pseudomonas exotoxin A (See e.g., Roscoe et
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al., Eur. J, Immunol., 27:1459-1468 [1997]). It has been modified to reduce its inherent toxicity by
removing the cell-binding domain of the molecule. This truncated toxin molecule is highly effective at
killing cells, but only when the molecule is internalized. Immunotoxin constructs containing the PE38
toxin coupled to either intact antibodies or to antibody fragments have been created. The antibody or
antibody fragment confers specificity to the toxin, and binding to cell surface structures that undergo
internalization provide a mechanism whereby the toxin can enter the cell and thereby kill it. This
strategy has been remarkable effective for hematological malignancies such as hairy cell leukemia
(HCL) (See e.g., Kreitman et al., J. Clin. Oncol., 18:1622-1636 [2000]).

In contrast to the success with HCL, immunotoxin strategy has been less effective in treating
other forms of cancer. For example, it was found that for patients carrying solid tumors that a profound
neutralizing immune response to the toxin molecule limited the efficacy of a PE38 immunotoxin
construct (See e.g., Kreitman et al., J. Clin. Oncol., supra). Although it is not intended that the present
invention be limited to any particular mechanism, it is contemplated that a likely reason for the
difference between the success with hematological tumors versus solid tumors is that the target for
HCL is a B-cell antigen. Thus, the immunotoxin immunosuppressed treated patients, whereas the solid
tumor-possessing patients were largely immuno-intact. The present invention provides the means to

expand the usage of immunotoxins in both hematological cancer patients and into other disease areas,

as it is contemplated that a less immunogenic version of the toxin will find use in these applications.
As described in greater detail herein, an epitope map of the protein toxin PE38 was generated
using the -MUNE® assay system described below. One major epitope and two minor epitopes were
identified. The overall background rate within the dataset indicates immunologic pre-exposure to the
protein in the donor population. The I-MUNE® assay data donors were also HLA typed for HLA-DR
and DQ. Associations between the presence of particular HLA class II alleles and response to all three

prominent regions were also assessed.

Definitions

Unless defined otherwise herein, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to whi;:h this invention pertains.
For example, Singleton and Sainsbury, Dictionary of Microbiology and Molecular Biology, 2d Ed.,
John Wiley and Sons, NY (1994); and Hale and Marham, The Harper Collins Dictionary of Biology,
Harper Perennial, NY (1991) provide those of skill in the art with a general dictionaries of many of the
terms used in the invention. Although any methods and materials similar or equivalent to those

described herein find use in the practice of the present invention, the preferred methods and materials
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are described herein. Accordingly, the terms defined immediately below are more fully described by
reference to the Specification as a whole. Also, as used herein, the singular "a", "an" and "the" includes
the plural reference unless the context clearly indicates otherwise.

As used herein, “PE” refers to the enzyme commonly known as Pseudomonas exotoxin A. In
some preferred embodiments, the PE of the present invention is native enzyme, while in some other
preferred embodiments, the PE of the present invention is recombinant. In some further preferred
embodiments, the PE is “PE38,” a 38 kDa derivative of the 66 kDa Pseudomonas exotoxin PE, in
which the cell-binding domain of PE (amino acids 1-252) and amino acids 365-380 have been deleted
(See e.g., Roscoe et al., supra). In some additionally preferred embodiments, the PEs of the present
mvention are modified, such that the PEs stimulate a lower immunogenic reaction than native PEs.

Some PE mutants are disclosed in W02005/052006 and Bang et al. Clinical Cancer Research
1545 Vol. 11, 1545~1550, February 15, 2005. Such mutants, e.g. wherein the PE has a glycine,
alanine, valine, leucine, or isoleucine in place of arginine at the position corresponding to position 490
of mature PE (at 505 in GenBank entry AAB5909’7 of 11 February 2002 since that includes the 25
amino acid leader sequence), which is position 224 of PE38 of SEQ ID NO: 1 herein, especially in
which alanine is substituted for arginine at position 490 (R490A), may be subject to the present
mvention. The present invention allows for alteration of any parental PE, whether wild-type or mutant,
bearing in mind that different mutations may have various, potentially independent effects on PE
activity, toxicity or other property. For instance, according to W(02005/052006 the R490A mutation
can double the toxicity of PE, and this mutation can easily be engineered into the various forms of
moditfied PEs previously developed in the art (such as PE40, PE38, PE37, PE35, PE4E, PE38QQR, and
PE38KDEL) to increase their potency and activity. It is expected that this will permit reducing the dose

of PE-based immunotoxins required to produce a desired clinical result, which should reduce the
possibility of undesirable side effects. Conversely, the same dose of PE~-based immunotoxin can be
administered, but with more potent effect. The present invention is concerned with altering a PE, e.g.
PE38, to achieve a different effect, namely a reduced immunogenic response, and may be applied to
wild-type PE or any other parental PE molecule, e.g. a PE with an alteration at position 490 or the
corresponding residue, e.g. PE38 of SEQ ID NO: 1 herein with an alteration at position 224.

As used herein, the term "recombinant oligonucleotide" refers to an oligonucleotide created
using molecular biological manipulations, including but not limited to, the ligation of two or more
oligonucleotide sequences generated by restriction enzyme digestion of a polynucleotide sequence, the

synthesis of oligonucleotides (e.g., the synthesis of primers or oligonucleotides) and the like.
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As used herein, "recombinant PE" refers to PE in which the DNA sequence encoding the PE is
modified to produce a variant (or mutant) DNA sequence which encodes the substitution, deletion or
insertion of one or more amino acids in the naturally-occurring amino acid sequence. Suitable methods
to produce such modification are well-known to those in the art.

The term "recombinant DNA molecule" as used herein refers to a DNA molecule that is
comprised of segments of DNA joined together by means of molecular biological techniques.

As used herein, the term "enzymatic conversion" refers to the modification of a carbon
substrate to an intermediate or the modification of an intermediate to an end-product by contacting the
substrate or intermediate with an enzyme. In some embodiments, contact is made by directly exposing
the substrate or intermediate to the appropriate enzyme. In other embodiments, contacting comprises
exposing the substrate or intermediate to an organism that expresses and/or excretes the enzyme, and/or
metabolizes the desired substrate and/or intermediate to the desired intermediate and/or end-~product,
respectively.

As used herein, “wild-type” and “native” proteins are those found in nature. The terms “wild-
type sequence,” and “wild-type gene” are used interchangeably herein, to refer to a sequence that is
native or naturally occurring in a host cell. In some embodiments, the wild-type sequence refers to a
sequence of interest that is the starting point of a protein engineering project. The genes encoding the
naturally-occurring (i.e., precursor) protein may be obtained in accord with the general methods known
to those skilled in the art. The methods generally comprise synthesizing labeled probes having putative
sequences encoding regions of the protein of interest, preparing genomic libraries from organisms
expressing the protein, and screening the libraries for the gene of interest by hybridization to the
probes. Positively hybridizing clones are then mapped and sequenced.

The term "sample" as used herein is used in its broadest sense. However, in preferred
embodiments, the term is used in reference to a sample (e.g., an aliquot) that comprises a peptide (i.e., a
peptide within a pepset, that comprises a sequence of a protein of interest) that is being analyzed,
identified, modified, and/or compared with other peptides. Thus, in most cases, this term is used in
reference to material that includes a protein or peptide that is of interest.

As used herein, “Stimulation Index” (SI) refers to a measure of the T-cell proliferative response
of a peptide compared to a control. The SI is calculated by dividing the average CPM (counts per
minute) obtained in testing the CD4™ T-cell and dendritic cell culture containing a peptide by the
average CPM of the control culture containing dendritic cells and CD4" T-cells but without the
peptides. This value is calculated for each donor and for each peptide. While SI values of between

about 1.5 to 4.5 may be used to indicate a positive response, the preferred SI value to indicate a positive
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response is between 2.5 and 3.5, inclusive, preferably between 2.7 and 3.2 inclusive, and more
preferably between 2.9 and 3.1 inclusive. The most preferred embodiments described herein use a SI
value of 2.95.

As used herein, the term "dataset" as used herein refers to compiled data for a set of peptides
and a set of donors for each protein.

As used herein, the term “pepset” refers to the set of peptides obtained from each test protein
(i.e., protein of interest). These peptides in the pepset (or “peptide sets”) are tested with cells from each
donor.

As used herein, the terms "purified" and “isolated” refer to the removal of contaminants from a
sample. For example, PEs are purified by removal of contaminating proteins and other compounds
within a solution or preparation that are not PEs. In some embodiments, recombinant PEs are
expressed in bacterial host cells and these recombinant PEs are purified by the removal of other host
cell constituents; the percent of recombinant PE polypeptides is thereby increased in the sample.

As used herein, "background level” and "background response” refer to the average percent of
responders to any given peptide in the dataset for any tested protein. This value is determined by
averaging the percent responders for all peptides in the set, as compiled for all the tested donors. As an
example, a 3% background response would indicate that on average there would be three positive (SI
greater than 2.95) responses for any peptide in a dataset when tested on 100 donors.

As used herein, “antigen presenting cell” (“APC”) refers to a cell of the immune system that
presents antigen on its surface, such that the antigen is recognizable by receptors on the surface of T-
cells. Antigen presenting cells include, but are not limited to dendritic cells, interdigitating cells,
activated B-cells and macrophages.

The term "lymphoid" when used in reference to a cell line or a cell, means that the cell line or
cell is derived from the lymphoid lineage and includes cells of both the B and the T lymphocyte
lineages.

As used herein, the terms "T lymphocyte" and "T-cell," encompass any cell within the T
lymphocyte lineage from T-cell precursors (including Thy1 positive cells which have not rearranged
the T cell receptor genes) to mature T cells (i.e., single positive for either CD4 or CD8, surface TCR
positive cells).

As used herein, the terms "B lymphocyte" and "B-cell" encompasses any cell within the B-cell
lineage from B-cell precursors, such as pre-B-cells (B220" cells which have begun to rearrange Ig

heavy chain genes), to mature B-cells and plasma cells.
As used herein, “CD4" T-cell” and “CD4 T-cell” refer to helper T-cells, while “CD8" T-cell”
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and CD8 T-cell” refer to cytotoxic T-cells.

As used herein, “B-cell proliferation,” refers to the number of B-cells produced during the
incubation of B-cells with the antigen presenting cells, with or without antigen.

As used herein, “baseline B-cell proliferation,” as used herein, refers to the degree of B-cell
proliferation that is normally seen in an individual in response to exposure to antigen presenting cells in
the absence of peptide or protein antigen. For the purposes herein, the baseline B-cell proliferation
level is determined on a per sample basis for each individual as the proliferation of B-cells in the
absence of antigen.

As used herein, “B-cell epitope,” refers to a feature of a peptide or protein that is recognized by
a B-cell receptor in the immunogenic response to the peptide comprising that antigen (i.e., the
Immunogen).

As used herein, "altered B-cell epitope," refers to an epitope amino acid sequence which differs
from the precursor peptide or peptide of interest, such that the variant peptide of interest produces
different (i.e., altered) immunogenic responses in a human or another animal. It is contemplated that an
altered immunogenic response includes altered immunogenicity and/or allergenicity (i.e., an either
increased or decreased overall immunogenic response). In some embodiments, the altered B-cell
epitope comprises substitution and/or deletion of an amino acid selected from those residues within the
identified epitope. In alternative embodiments, the altered B-cell epitope comprises an addition of one
or more residues within the epitope.

As used herein “T-cell epitope” means a feature of a peptide or protein that is recognized by a

T-cell receptor in the initiation of an immunologic response to the peptide comprising that antigen.

Recognition of a T-cell epitope by a T-cell is generally believed to be via a mechanism wherein T-cells
recognize peptide fragments of antigens which are bound to class I or class II Major Histocompatibility
Complex (MHC) molecules expressed on antigen-presenting cells (See e.g., Moeller (ed.), Immunol.
Rev., 98:187[1987]). In some embodiments of the present invention, the epitopes or epitopic
fragments identified as described herein find use in the detection of antigen presenting cells having,
MHC molecules capable of binding and displaying the epitopes or fragments. In some embodiments,
the epitopes/epitopic fragments further comprise a detectable label (i.e., a marker) that facilitates the
1dentification of cells that bind and/or display the epitope/epitopic fragment of interest.

As used herein, “T-cell proliferation,” refers to the number of T-cells produced during the
Incubation of T-cells with the antigen presenting cells, with or without antigen.

“Baseline T-cell proliferation,” as used herein, refers to the degree of T-cell proliferation that

is normally seen in an individual in response to exposure to antigen presenting cells in the absence of
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peptide or protein antigen. For the purposes herein, the baseline T-cell proliferation level is determined
on a per sample basis for each individual as the proliferation of T-cells in response to antigen
presenting cells in the absence of antigen.

As used herein "altered immunogenic response,” refers to an increased or reduced
immunogenic response. Proteins and peptides exhibit an “increased immunogenic response” when the
T-cell and/or B-cell response they evoke is greater than that evoked by a parental (e.g., precursor)
protein or peptide (e.g., the protein of interest). The net result of this higher response is an increased
antibody response directed against the variant protein or peptide. Proteins and peptides exhibit a
“reduced immunogenic response” when the T-cell and/or B-cell response they evoke is less than that
evoked by a parental (e.g., precursor) protein or peptide. In preferred embodiments, the net result of
this lower response is a reduced antibody response directed against the variant protein or peptide. In
some preferred embodiments, the parental protein i1s a wild-type protein or peptide.

As used herein, an "in vivo reduction in immunogenicity” refers to an exhibited decrease in the
immunogenic response as determined by an assay that occurs at least in part, within a living organism,
(e.g., requires the use of an living animal). Exemplary "in vivo" assays include determination of altered
Immunogenic responses in mouse models.

As used herein, an "in vitro reduction in immunogenicity” refers an exhibited decrease in the
immunogenic response as determined by an assay that occurs in an artificial environment outside of a
living organism (i.e., does not require use of a living animal). Exemplary in vitro assays include testing
the proliferative responses by human peripheral blood mononuciear cells to a peptide of interest.

As used herein, the term “significant epitope” refers to an epitope (i.e., a T-cell and/or B-cell
epitope) wherein the response rate within the tested donor pool is equal to or greater than about three
times the background response rate.

As used herein, a “weakly significant epitope” refers to an epitope (i.e., a T-cell and/or B-cell
epitope), wherein the response rate within the tested donor pool is greater than the background response
rate, but less than about three times the background rate.

As used herein, "protein of interest," refers to a protein which is being analyzed, identified
and/or modified. Naturally-occurring, as well as recombinant proteins find use in the present invention.

As used herein, “protein” refers to any composition comprised of amino acids and recognized
as a protein by those of skill in the art. The terms “protein,” “peptide” and polypeptide are used
interchangeably herein. Wherein a peptide is a portion of a protein, those skill in the art understand the
use of the term in context. The term “protein” encompasses mature forms of proteins, as well as the

pro- and prepro-forms of related proteins. Prepro forms of proteins comprise the mature form of the
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protein having a prosequence operably linked to the amino terminus of the protein, and a “pre-* or
“signal” sequence operably linked to the amino terminus of the prosequence.

The variants of the present invention include the mature forms of protein variants, as well as
the pro- and prepro- forms of such protein variants. The prepro- forms are the preferred construction
since this facilitates the expression, secretion and maturation of the protein variants.

As used herein, "prosequence" refers to a sequence of amino acids bound to the N-terminal
portion of the mature form of a protein which when removed results in the appearance of the "mature"
form of the protein. Many enzymes are found in nature as translational proenzyme products and, in the
absence of post-translational processing, are expressed in this fashion.

As used herein, "signal sequence"” and "presequence" refer to any sequence of amino acids
bound to the N-terminal portion of a protein or to the N-terminal portion of a pro-protein which may
participate in the secretion of the mature or pro forms of the protein. This definition of signal sequence
Is a functional one and is intended to include all those amino acid sequences encoded by the N-terminal
portion of the protein gene that participate in the effectuation of the secretion of protein under native
conditions. The present invention utilizes such sequences to effect the secretion of the protein variants
described herein.

As used herein, a "prepro” form of a protein variant consists of the mature form of the protein
having a prosequence operably linked to the amino terminus of the protein and a "pre" or "signal"
sequence operably linked to the amino terminus of the prosequence.

As used herein, functionally similar proteins are considered to be "related proteins." In some
embodiments, these proteins are derived from a different genus and/or species, including differences
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