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VACCINES FOR TREATMENT AND PREVENTION OF CANCER

TECHNICAL FIELD

The invention relates to the ficld of cancer biology, and more specifically to the

treatment and inhibition of recurrence using anti-cancer vaccings.

BACKGROUND

Immunotherapies are becoming important tools in the treatment of cancer. One
immunotherapy approach involves the use of therapeutic cancer vaceimes comprising cancer-
specific antigenic peptides that actively educate a patient’s immune system to target and
destrov cancer cells. However, the generation of such therapeutic cancer vaccines is imited
by the availability of cancer-specific antigenic peptides.

Accordingly, there 18 a need in the art for improved methods of identifving cancer-
specific antigenic peptides and for creating effective anti-cancer vaceines comprising these

peptides.

SUMMARY OF INVENTION

The instant disclosure provides compositions usefil as therapeutic vaccines {e.g.,
cancer vaccines), and methods of producing such compositions. The compositions disclosed
herein generally employ a stress protein and at least one synthetic antigenic peptide
comprising a cancer-specitfic mutation present in a patient’s cancer. The methods disclosed
herein are particolarty advantageous in that they allow for the preparation of therapeutic
vaceine {e.g., cancer vaccing) compositions using only trace amounts of a subject’s tissue
{e.g., single cells or exosomes).

In one aspect, the disclosure provides a first composition comprising at least two
different complexes of a purified stress protein bound to an antigenic peptide, wherein the
complexes each comprise a different antigenic peptide, wherein each one of the different
antigenic peptides comprises one or more mutant MHC-binding epitopes {e.g., human MHC-
binding epitopes) from a cancer cell, and wherein the composition comprises no more than 20
(g, 1,2,3,4,5,6,7 8,910, 11,12, 13, 14, 15, 16, 17, 18, 19, or 20) different antigenic
peptides that contain only wild-tvpe MHC-binding epitopes {e.g., wild-type human MHC-

binding epitopes).
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in one embodiment, the present invention relates to a first composition comprising at
least two different complexes of a purified stress protein bound to an antigenic peptide,
wherein the complexes cach comprise a different antigenic peptide, wherein each one of the

different antigenic peptides comprises one or more mutant MHC-binding epitopes from a

(]

cancer cell, and wherein the composition comprises no more than § different antigenic
peptides that contain only wild-tvpe MHC-binding epitopes.
In certain embodiments, the composition comprises no more than §, 2, 3,4,5,6, 7, 8,
9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 different antigenic peptides that contain only
wild-type MHC-bmmding epitopes ¢.g., wild-type MHC-binding epitopes. In certain
10 cmbodiments, the composition does not comprise any antigenic peptides that contain only
wild-type MHC-bmding epitopes.
In certain embodiments, the composition comprises no more than 100 (e.g., 2,3, 4, 5,
6,7,8.9,10, 11,12, 13, 14, 15,16, 17, 18, 19, or 20; ¢.g., about 20, 23, 30, 40, 50, 55, 60, 65,
70, 75, 80, 85, 90, 95 or 100) different antigenic peptides. In certain embodiments, the
IS composition comprises nomore than 2, 3,4, 3,6, 7. 8,9, 10, 11, 12, 13, 14, 15,16, 17, 18, 19,
20, 25, 30, 40, 50, 55, 60, 65, 70, 75, 80, &5, 90, 95 or 100 different antigenic peptides.
in certain embodiments, cach one of the antigenic peptides binds to an MHC molecule
with an ICsp of 500 nM or less. In certain embodiments, at least one of the antigenic peptides
binds to an MHC I molecule with an ICso of 500 nM or less. In certain embodiments, at least
20 one of the antigenic peptides binds to an MHC H molecule with an ICsq of 1000 nM or less.
In certain embodiments, cach one of the antigenic peptides binds to an MHC I molecule with
an [Cse of 1000 nM or less. In certain embodiments, the MHC molecule is a hbuman MHC
molecule.
in certain embodiments, at least one of the antigenic peptides comprises more than
25 one mutant MHC-binding epitope from a cancer cell. In certain embodiments, each one of
the antigenic peptides comprises more than one mutant MHC-binding epitope from a cancer
cell. In certain embodiments, at least one of the antigenic peptides is capable of binding to
more than one distinet MHC molecule with an ICs of less than 500 nM. In certain
embodiments, each one of the antigenic peptides is capable of binding to more than one
30 distinet MHC molecule with an ICs of less than 500 nM.
in certain embodiments, at lcast one of the mutant MHC-binding epitopes is
expressed in cancer cells of a subject but not 1n normal celis of the subject. In certain
embodiments, each one of the mutant MHC-binding epitopes is expressed in cancer cells of a

single subject but not in normal cells of the subject. In certain embodiments, at feast one of
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the mutant MHC-binding epitopes is expressed at a higher level in cancer cells of a subject
relative to normal cells of the subject. In certain embodiments, cach one of the mutant MHC-
binding cpitopes is expressed at a bigher level in cancer cells of a subject relative to nommal
cells of the subject. In certain embodiments, at least one of the mutant MHC-binding epitopes
comprises an amino acid mutation or a gene fusion mutation. In certain embodiments, cach
one of the mutant MHC-binding cpitopes comprises an amino acid mutation or a gene fusion
mutation. In cerfain embodiments, the amino acid mutation is an amino acid substitution,
deletion or msertion. In certain embodiments, the amino acid mutation is present in a
subject’s tumor with an allelic frequency of greater than 0.05.

in certain embodiments, at lcast one of the mutant MHC-binding epitopes comprises a
modified amino acid. In certain embodiments, each one of the mutant MHC-binding epitopes
comprises a modified aming acid. In certain embodiments, the modified amine acid 15 a Tyr,
Ser, Thr, Arg, Lys, or His that has been phosphorylated on a side chain hydroxyl or amine.

In certain embodiments, the modified amino acid is a mimetic of a Tyr, Ser, Thr, Arg, Lvs, or
His amino acid that has been phosphorylated on a side chaimn hvdroxyl or anune.

In certain embodiments, at least one of the mutant MHC -binding epitopes has a
median expression level of greater than 1 Reads Per Kilobase of transcript per Million
mapped reads (RPKM) across multiple cancers of the same indication. In certain
embodiments, each one of the mutant MHC-binding epitopes has a median expression level
of greater than 1 Reads Per Kilobase of transcript per Million mapped reads (RPKM} across
multiple cancers of the same indication. In certain embodiments, at least one of the mutant
MHC-binding epitopes has an expression level of greater than 10 Normalized Mutation-
containing Read Counts (NMRC) 1n a subject’s tumor. In certain embodiments, cach one of
the mutant MHC-binding epitopes has an expression level of greater than 10 NMRC in a
subject’s tumor.

In certain embodiments, at least one of the antigenic peptides stimulates a T-cell
response against tumor cells expressing the one or more mutant MHC-binding epitopes in a
subject to whom the antigenic peptides are adnunistered. {n certain embodiments, cach one
of the antigenic peptides stimulates a T-cell response against tumor cells expressing the one
or more mutant MHC-binding epitopes i a subject to whom the antigenic peptides are
administered. In certain embodiments, at icast one of the antigenic peptides induces the in
vitro proliferation of T-cells 1 peripheral blood mononuclear celis (PBMC) isolated from the

subject. In certain embodiments, cach one of the antigenic peptides induces the in vitro
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proliferation of T-cells in peripheral blood mononuclear cells (PBMC) isolated from the
subject.

in certain embodiments, at least one of the antigenic peptides does not comprise the
entire amino acid sequence of a protein. In certain embodiments, each one of the antigenic
peptides dogs not comprise the entire amino acid sequence of a protein.

in certain embodiments, at least one of the antigenic peptides is 5 to 50 amino acids in
length. In certain embodunents, cach one of the antigenic peptides is 5 to 50 amino acids in
length. In certain embodiments, at least one of the antigenic peptides i3 25 to 40 amino acids
i length. In certain embodiments, cach one of the antigenic peptides 1s 25 to 40 amino acids
n length. In certain embodiments, at least one of the antigenic peptides 1s 27 to 31 anuno
acids m length. In certain embodiments, each one of the antigenic peptides 15 27 to 31 amino
acids in length. In certain embodiments, at least one of the antigenic peptides 1s 21 to 31
amino acids in length. In certain embodiments, each one of the antigenic peptides is 21 to 31
amino acids in length.

In certain embodiments, at least one of the antigenic peptides has a tumor-specific
mutation at about the middie of the aminoe acid sequence. In certain embodiments, each one
of the antigenic peptides has a tumor-specific mutation at about the middle of the amine acid
sequence. In certaim embodiments, at least one of the antigenic peptides is 27 amino acids in
fength and has a tumor-specific mutation at position 11, 12, 13, 14, 15, 16, 0or 17. In certain
embodiments, cach one of the antigenic peptides is 27 amino acids in length and has a tumor-
specific mutation at position 11, 12, 13, 14, 15, 16, or 17, In certain embodiments, at least
one of the antigenic peptides is 29 amino acids i length and has a tumor-specific mutation at
position 12, 13, 14, 15, 16, 17, or 18&. In certain embodiments, each one of the antigenic
peptides 1s 29 amino acids in length and has a tumor-specific mutation at position 12, 13, 14,
15, 16, 17, or 18. In certain embodiments, at least one of the antigenic peptides 1s 31 amino
acids 1n length and has a tumor-specific mutation at position 13, 14, 15, 16, 17, 18, or 19. In
certain embodiments, cach ong of the antigenic peptides is 31 amino acids i fength and has a
tumor-specific mutation at position 13, 14, 15, 16,17, 18, or 19,

In certain embodiments, at least one of the antigenic peptides 1s a chemically
synthesized peptide. In certain embodiments, cach ong of the antigenic peptides is a
chemically synthesized peptide.

in certain embodiments, at least one of the antigenic peptides further comprises a heat
shock protein binding sequence. In certain embodiments, each one of the antigenic peptides

further comprises a heat shock protein binding sequence. In one preferred embodiment, at
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least one of the antigenic peptides further comprises a heat shock protein binding sequence at
its M- or C-terminus, more preferably at feast one of the antigenic peptides further comprises
a heat shock protein binding sequence at its C-terminus and/or the heat shock protein binding

sequence is hinked fo the remamder of the antigenic peptide via a peptide linker. In another

(o]

preferred embodiment, each one of the antigenic peptides further comprises a heat shock
protein binding sequence at its N- or C-terminus, more preferably cach one of the antigenic
peptides further comprises a heat shock protein binding scquence at its C~erminus and/or the
heat shock protein binding sequence s linked to the remainder of the antigenic peptide viaa
peptide linker. In one preferred embodiment, the peptide linker comprises the amino acid
10 scquence FFRK {SEG 13 MNO447). In certain crobodiments, the heat shock protein binding
sequence 13 selected from the group consisting of SEQ 1D NOs: 439-446. In certain
embodiments, the heat shock protein binding sequence 1s SEQ 1D NO: 439,
In certain embodiments, aft keast one of the antigenic peptides comprises the aming
acid sequence of SEQ 1D N(O:477 at the C~erminus. In certain embodiments, each one of the
15 antigenic peptides comprises the amino acid sequence of SEQ 1D NO:477 at the C-terminus.
In certain embodiments, at least one of the antigenic peptides comprises the annno
acid sequence of SEQ 1D NO:478 at the N-terminus. In certain embodiments, cach one of the
antigenic peptides comprises the amino acid sequence of SEQ [D N(O:478 at the N-ternunus.
In certain embodiments, at least one of the antigenic peptides comprises: 1} a first
20 portion comprising a tumor-specific mutation; and ii) a second portion comprising the heat
shock protem binding sequence and, optionally, a peptide linker. In certain embodiments,
cach one of the antigenic peptides comprises: 1) a first portion comprising a fumor-specific
mutation; and 1) a second portion comprising the heat shock protein binding sequence and,
optionally, a peptide linker. In certain embodiments, the first portion is 27-31 amino acids in
25 length. In certain embodiments, the first portion is 27 amino acids in length. In certain
embodiments, the first portion is 29 amino acids in length. In certain embodiments, the first
portion is 31 amino acids i length. In certain embodiments, the first portion has a umor-
specific mutation at about the nuddlc of the amino acid sequence of the first portion. In
certain embodiments, the first portion 1s 27 amino acids i length and has a tumor-specific
30 mutation at position 11, 12,13, 14, 15, 16, or 17, In certain embodiments, the first portion is
29 aming acids in length and has a tumor-specific mudation at position 12, 13, 14, 15 16, 17,
or 18. In certamm embodiments, the first portion is 31 amino acids in length and has a tumor-
specific mutation at position 13, 14, 15, 16, 17, 18, or 19. In certain embodiments, the

second portion comprises an aming acid sequence selected from the group consisting of SEQ
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ID NQOs: 439-446, 447, 477, and 478, In certain embodiments, at least one of the antigemic
peptides 1s 38 amino acids in length. In certain embodiments, cach one of the antigenic
peptides is 38 amino acids in length. {n certain embodiments, at least one of the antigenic

peptides is 40 amino acids in length. In certain embodiments, each one of the antigenic

(o]

peptides 1s 40 amino acids i length. In certain embodiments, at Ieast ong of the antigenic

peptides is 42 amine acids in length. In certain embodiments, each one of the antigenic

peptides s 42 anuno acids in length.
In certain embodiments, the composition comprises at least 2 {e.g., 2,3,4, 5, 6,7, 8,

0,10, 11, 12, 13, 14, 15,16, 17, 18, 19, or 20; ¢.g., about 20, 25, 30, 40, 50, 55, 60, 65, 70, 75,

10 80, 85, 90, 95 or 100} different antigenic peptides.

in certain embodiments, the molar ratio of stress protein to antigenic peptide in cach
complex s atleast 1:1 {e.g, about 2:1, 3:1, 41, 5:1, 6.1, 71, &1, 91, 101, 1000, 1200, 1300,
14:1, 15:0, 1600, 1700, 18:1, 19:1, 20:1, 30:1, 40:1, 49:1, up to 100:1}. In certain
embodiments, the molar ratio of stress protein to antigenic peptide in each complexis 111 or

15 less{e.g.,about 1:2, 113, 14, 15, 16, 117, 1:8, 19, 110, L1, 112, 113, 114, 115, 116,
117, 1:18, 1:19, 1:20, 1:50, down to 11100 or less).

in certain embodiments, at least one of the antigenic peptides comprises ong or more
mutant MHC-binding epitopes of MY, K-RAS, N-RAS, TP33, KDM6A, NPM1, H-RAS,
FGFR3, MSH6, TP33, EGFR, PIK3CA, ABL1, CTNNBI, KiT, HNFIA, JAK2Z, BRAF,

20 1DHI, RET, PDGFRA, MET, APC, CBC27, CDK4, prostate-specific antigen, alpha-
fetoprotem, breast mucin, gpl00, g250, p33, MART-1, MAGE, BAGE, GAGE, tvrosinase,
Tyrosinase related protein |1, Tyrosinase related protein, or RADSO.

In certain embodiments, at least one of the antigenic peptides comprises an amine
acid sequence selected from the group consisting of SEQ ID NOs: 1-478. In certain

25 embodiments, each one of the antigenic peptides comprises an amino acid sequence selected
from the group consisting of SEQ 1D NQOs: 1478,

In certain embodiments, the stress protein is a recombinant stress protein. in certain
embodiments, the stress protein is selected from the group consisting of hsc70, hsp70, hsp90,
hsp110, grp170, gp96, calreticulin, a mutant thereof, and combinations of two or more

30 thercof. In certain embodiments, the stress protein is hac70. In certain embodiments, the

stress protein is a human hsc70. In certain embodiments, the stress protein is hsp70. In

certain crobodiments, the stress protein 1s a human hsp70. In certain embodiments, the stress
protein is non-covalently bound to the antigentc peptide. In certain embodiments, the stress

protein is covalently bound to the antigenic peptide. In certain embodiments, the amount of

6
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the stress protein i the composition is 10 g to 600 yg. In certain embodiments, the amount
of the stress protein in the composition 1 25 pg.
in certain embodiments, when administered to a subject, cach one of the complexes s

capable of achieving presentation of the one or more mutant MHC-binding epitopes by an

(o]

MHC molecule on the surface of cells in the subject.

In certain embodiments, the composition further comprises an adjuvant. In certain
embodiments, the adjuvant comprises a saponin or an immunostimulatory nucleic acid. In
certain embodiments, the adjavant comprises QS-21. In certain embodiments, the amount of
the Q5-21 in the composition is 10 ug, 25 pg, or 50 pg.

10 {n another aspect, the disclosure provides a method of making an antigenic peptide
comprising one or more mutant MHC-binding epitopes (e.g., human MHC-binding epitopes)
from a cancer cell, the method comprising: (a) determining the sequence of ong or more
gxomes of genomic DNA from cancer cells of a subject; (b} identifying from the exomes one
or more non-synonymous mutant afleles that encode mutant proteins, when compared to

15 reference genomic DNA; (¢) determuning if the mutant alleles 1dentified in step (b) are
expressed in the subject’s cancer cells; {(d) determining the allelic frequency of the mutant
alleles identified m step (b); (¢) deternuining one or more MHC type of the subject; ()
selecting a mutant pepiide encoded by a mutant aliele dentified 1o step (b), wherein the
mutant allele has an allelic frequency of greater than 0.05 and is expressed in the subject’s

20 cancer cells, and wherein the mutant peptide is predicted to be capable of presentation by at

cast one of the subject’s MHC molecules when adnunistered to the subject; and (g)

synthesizing one or more peptides comprising one or more of the peptides selected 1 step (f),
thereby making an antigenic peptide comprising one or more mutant MHC-binding epitopes
from a cancer cell.

23 in certain embodiments, the method further comprises the step of determining the
expression level of mRNA containing the mutant alleles identified in step (b},

In certain embodiments, the selection of peptides in step {f) further requires that the
mutant allele encoding the mutant peptide has a median expression level of greater than 10
NMRC in the subject’s cancer cells. In certain embodiments, the selection of peptides m step

30 (f) further requires that the mutant allele encoding the mutant peptide has a median

expression level of greater than 1 RPKM in cancer cells of the same indication in other

individuals. In certain crabodiments, the selection of peptides in step () further requires that
the mutant allele encoding the mutant peptide 1s not expressed in the subject’s normal cells.

in certain embodiments, the method further comprises the step of determining the binding
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affinity of the one or more mutant peptides for one or more of the subject’s MHC molecules.
In certain embodiments, the binding affinity of the ong or more mutant peptides for one or
maore of the subject’s MHC molecules 1s predicted by computer modeling. 1n certain

embodiments, the selection of peptides in step (f) further requires that the one or more mutant

(o]

peptides encoded by the mutant alleles have an ICs; for one or more of the subject’s MHC

molecules of less than 500 nM. In certain embodiments, the selection of peptides in step ()

further requires that the mutant peptide has an ICse for one or more of the subject’s MHC
class I molecules of less than 500 nM. In certain embodiments, the selection of peptides in
step (f) further requires that the mutant peptides has an ICsq for one or more of the subject’s

10 MHC class I molecules of less than 1000 nM. In certain embodiments, the selection of
peptides in step (f) further requires that the mutant peptide is encoded by a mutant allele that
1s characternistic of a particular type of cancer. In certain embodiments, the selection of
peptides i step () further requires that the mutant peptide contains a gene fusion mutation,
or an amino acid mscrtion, deletion, or substitution mutation.

5 In certain embodiments, the method further comprises the step of ranking the mutant
peptides selected in step (f) based upon: (1) the number of predicted MHC-binding epitopes
present in the mautant peptides, wherein the higher the number of predicted MHC-binding
epitopes in the mutant peptide the higher the ranking; (1) the 1Csp of the mutant peptide for
binding to the subject’s MHC, wherein the lower the ICs; the higher the ranking; (111) the

20 presence or absence of expression of the wild-type equivalent of the mutant peptide in normal
celis of the subject, wherein a nwtant peptide ranks higher if the wild-type equivalent of the
mutant peptide s not expressed in normal cells of the subject; (iv) the stability of binding of
the C-terminas of the mutant peptide to an MHC of the subject, wherein the higher the
stability the higher the ranking; and/or {v) the predicted kinetics of proteasomal degradation

25 ofthe mutant peptide, wherein the betier a substrate for the proteasome a mutant peptide is
predicted to be, the higher the ranking. In certain embodiments, no more than 100 (e.g. 10,
240, 30, 40, 50, 60, 70, 80, 90, or 100} of the highest-ranked peptides are synthesized in siep
{g).

In certain embodiments, the genomic DNA is isolated from a tumor sample or body

30 fhad from the subject. In certain embodiments, the genomic DNA s isolated from exosomes,

or circulating tumor cells obtained from the subject. In certain embodiments, the genomic

DNA s circulating tumor cell DNA obtained from the subject.

In certain embodiments, the sequence of the exomes is determined by next generation

sequencing. In cerfain embodiments, the reference genomic DNA is genomic DNA from the
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subject’s normal cells, and wherein the allehic frequency of the mutant alleles is determined
in step {d) by next generation sequencing read re-mapping.

in certain embodiments, the expression of non-synonvmous mutant alleles 1s
determined m step {(¢) by next generation sequencing of mRNA isolated from the subject’s
cancer cells.

In certain embodiments, the mutant alleles identified in step (b) are not single
nucleotide polymorphisms (SNPs) found in the subject or in at least 1000 genomes.

In certain embodiments, the synthesized peptides are 5 to 50 amino acids in length. In
certain embodiments, the synthesized peptides are 25 to 40 amino acids in length. In certain
cmbodiments, the synthesized peptides are 27 to 31 anuno acids in length. In certain
embodiments, the synthesized peptides are 21 to 31 anuno acuds n length.

In certain embodiments, the cancer cells are multiple myeloma or glioblastoma
multiforme cells.

In certain embodiments, one or more of the antigenic peptides was made using the
methods disclosed herein. In certain embodiments, the present invention relates to a
composition comprising antigenic peptides obtainable by a method of the invention. In
certain embodiments, all of the antigenic peptides were made using the methods disclosed
herein.

In another aspect, provided herein 13 a first composition of the present invention, for
use as a medicament. In another aspect, provided herein is a first composition of the present
invention for use in a method for the treatment of cancer.

In another aspect, provided herein is a first composition of the present mvention, for
pse as a therapestic vaccine,

in anocther aspect, provided herein is a first composition of the present invention, for
USE as a cancer vaccine.

In another aspect, provided herein 1s a first composition of the present invention for
use in a method for the treatment of cancer in a subject.

in another aspect, provided herein is a first composition of the present invention for
use in a method for the treatment of cancer in a subject comprising administering {o the
subject an effective amount of a first composition disclosed herein.

In ancther aspect, provided herein is a first composition of the present invention for

use in a method for inducing a cellular immune response to an antigenic peptide.
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In another aspect, provided herein is a first composition of the present invention for
use in a method for inducing a cellular immune response to an antigenic peptide in a subject
with cancer.

n another aspect, provided herein is a first composition of the present invention for
use in a method for inducing a cethular immune response to an antigenic peptide in a subject
with cancer the method comprising administering to the subject an effective amount of a first
composition disclosed herein.

In another aspect, the disclosure provides a method of inducing a cellular immune
response 10 an antigenic peptide in a subject with cancer, the method comprising
administering to the subject an effective amount of a first composition disclosed hercin. In
another aspect, the disclosure provides a method of treating a subject having cancer, the
method comprising admimstering to the subject a therapeutically effective amount of a first
composition disclosed herein. The following embodiments apply equally to both of the
foregoing methods, as well as to the foregoing compositions for use.

In certain embodiments, one or more of the mutant MHC-binding cpitopes were
identified as being present in the subject’s own cancer cells. In certain embodiments, all of
the mutant MHC-binding epitopes were identified as being present in the subject’s own
cancer cells,

In certain embodiments, an insufficient amount of tumor cells are available from the
subject to allow isolation of at least 150 pg of stress protein purified to at least about 65%
purity from the tumor cells.

In certain embodiments, the stress protein is selected from the group consisting of
hsc70, hsp70, hap90, hspl10, grpl70, gp¥6, calreticulin, a mutant thereof, and combinations
of two or more thereof. In certain embodiments, the stress protein is hse70. In certain
embodiments, the stress protein is a human hsc70. In certain embodiments, the stress protein
1s hap70. In certain embodiments, the stress protein is a human hsp70. In certain
embodiments, the subject has a tumor with a wet weight of 6 g of less (e.g.. 1,2,3.4, 5,6, 7,
3,9 or 10g).

In certain embodiments, the ability of the composition to induce in virro proliferation
of T-cells 1n peripheral blood mononuclear cells (PBMC) isolated from the sabject is
determined prior to administration of the composition to the subject. In certain embodiments,
the ability of the composition to induce in vifre proliferation of T-cells in peripheral blood
mononuclear cells (PBMC) isclated from the subject s determined after administration of the

composition to the subject.

16



WO 2016/183486 PCT/US2016/032465

In certain embodiments, the composition is admimstered to the subject in a unit dose
comprsing 10 ug to 600 ug of stress protein. In certain embodiments, the composition is
administered in a unit dosc comprising 23 ug of stress protein. In certain embodiments, the

composition is administered m a unit dose comprising 240 pg of stress protein.

(o]

In certain embodiments, the composition s administered to the subject weekly for
four weeks. In certain embodiments, after the four weekly doses, at least 2 further doses of
the composition are admuustered biweekly to the subject. In certain embodiments, at feast 6
doses of the composition are administered in total. In certain embodiments, the composition
is further administered as a booster three months after the final weekly or biweekly dose. In
10 certain embodiments, the composition is further administered every three months for at least

1 year.

In certain embodiments, the method further comprises administering to the subject
lenalidomide, dexamethasone, or ¢yclophosphamide. In certain embodiments, the method
further comprises administering to the subject an indoleamine dioxygenase-1 inhibitor. In

15 certain embodiments, the mdoleamine dioxvgenase-1 inhibitor comprises 4-amino-N-{3-
chloro-4-fluorophenyl}-N'-hydroxy-1,2,5-oxadiazole-3-carboximidamide.

in certain embodiments, the method further comprises administering to the subjecta
checkpoint antibody. In certain embodiments, the checkpoint antibody 1s selected from the
group consisting of anti-GITR, anti-0X40, anti-PD-1, anti-CTLA-4, anti-TIM-3, and anti-

20 LAG-3.

In certain embodiments, the first composition for use further comprises administering
to the subject lenalidonude, dexamethasone, or cyvclophosphamide. In certain embodiments,
the first composition for use further comprises administering to the subject an indoleamine
digxygenase-1 inhibitor. In certain embodiments, the mdoleamine dioxygenase-1 inhibitor

25 compnses 4-amino-N-(3-chloro-4-fluorophenvl)-N'-hvdroxy-1,2,5-oxadiazole-3-
carboximidamde.

In certain embodiments, the first composition for use further comprises administering
to the subject a checkpoint anttbody. fn certain embodiments, the checkpoint antibody is
selected from the group consisting of anti-GI'TR, anti-0X40, anti-PD-1, anti-CTLA-4, anti-

30 TIM-3, and anti-LAG-3.

In certain embodiments, the present invention relates to (a) a first composition of the

present invention, and (b) lenalidomide, dexamethasone, or cyclophosphamide, foruscasa

medicament.
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In certain embodiments, the present invention relates to (a) a first composition of the
present invention, and (b} lenalidomide, dexamethasone, or cyclophosphamide, foruse m a
method for inducing a cellular immune response to an antigenic peptide in a subject with

cancor.

(o]

In certain embodiments, the present invention relates (o {(a) a first composition of the
present invention, and (b} lenalidomide, dexamethasone, or cyclophosphamide, forusein a
method for the treatment of cancer.

In certain embodiments, the present invention relates to a composition, kit or kit-of-
parts comprising (a) a first composition of the present invention, and (b) lenalidomide,

10 dexamethasone, or cyclophosphamide.

in certain embodiments, the present invention relates to (a) a first composition of the
present invention, and (b} an doleamine dioxygenase-1 mhibitor, for use as a medicament,

In certain embodiments, the present invention relates to {a) a first composition of the
present invention, and (b) an indoleamine dioxygenase-1 inhubttor, for use in a method for

15 inducing a cellular immune response to an antigenic peptide in a subject with cancer.

In certain embodiments, the present invention relates to (a) a first composition of the
present invention, and (b} an indoleamine dioxygenase-1 inhibitor, for use in a method for the
treatment of cancer.

In certain embodiments, the present invention relates to a composition, kit or kit-of-

20 parts comprising {a) a first composition of the present invention, and (b} an indoleamine
dioxygenase-1 inhibitor,

In certain embodiments, the present invention relates to (a) a first composition of the
present invention, and (b) a checkpoint antibody, for use as a medicament.

in certain embodiments, the present invention relates to (a) a first composition of the

25 present invention, and (b) a checkpoint antibody, for use in a method for inducing a cellular
mmune response to an antigenic peptide in a subject with cancer,

In certain embodiments, the present invention relates to {a) a first composition of the
present invention, and (b} a checkpoint antibody, for use in a method for the treatment of
cancer.

30 In certain embodiments, the present invention relates to a composition, kit or kit-of-
parts comprising {a) a first composition of the present invention, and (b} a checkpoint
antibody.

In certain embodiments, the method further comprises administering to the subject a
second composition comprising at least 2 different complexes of a purified stress protein
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bound to an antigenic peptide, wherein the complexes each comprise a different antigenic
peptide, and-wherein each one of the different antigenic peptides comprises ong or more
mutant MHC-binding cpitopes that are frequently found in cancers of the same tvpe as
subject’s cancer.

In certain embodiments, the second composition comprises at least 2 (e.g., 2, 3, 4,
6,7,8.9,10, 11,12, 13, 14, 15,16, 17, 18, 19, or 20. e.g., about 20, 23, 30, 40, 50, 55, 60, 65,
70, 75, 80, 85, 90, 95 or 100) different antigenic peptides.

5,

In certain embodiments, the stress protein in the second composition is a recombinant
stress protein.

in certain emboduments, at least one of the antigenic peptides in the second
composition is a chemically synthesized peptide. In certain embodiments, cach one of the
antigenic peptides in the second composition is a chemically synthesized peptide.

In certain embodiments, the second composition comprises no more than 28 (e.g., 1,
2,3,4.5,6,7.8,9, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, or 20) ditferent antigenic peptides
that contain only wild-type MHC-binding epttopes. In certain embodiments, the second
composition does not comprise any antigenic peptides that contain only wild-type MHC-
binding epitopes.

In certain embodiments, the second composition comprises no more than 100 (e.g., 2,
3,4,5,6,7,8,9, 10,11, 12,13, 14, 15,16, 17, 18, 19, or 20; ¢.g., about 20, 25, 30, 40, 30, 55,
60, 65,70, 75, 80, 83, 90, 95 or 100} different antigenic peptides.

In certain embodiments, the first composition is adouunistered simultancously with the
second composition. In certain embodiments, the first composition s administered
sequentially with the second composition. In certain embodiments, the second composition is
administered prior to adnunistration of the first composition.

in certain embodiments, at least one of the antigenic peptides comprises one or more
mutant MHC-binding epitopes of MYC, K-RAS, N-RAS, TPS3, KDM6A, NPM1, H-RAS,
FGFR3, MSHG, TP33, EGFR, PIK3CA, ABL1, CTNNBI, KIT, HNFIA, JAKZ, BRAF,
IDHI, RET, PDGFRA, MET, APC, CDC27, CDK4, prostate-specific antigen, alpha-
fetoproten, breast mucin, gpl0Q, g250, p33, MART-I, MAGE, BAGE, GAGE, tyrosinase,
Tyrosinase related protein 11, Tyrosinase related protein, or RADS0. In certain
embodiments, ¢cach one of the antigenic peptides comprises one or more mutant MHC-
binding cpitopes of MYC, K-RAS, N-RAS, TP33, KDM6A, NPM1, H-RAS, FGFR3, MSH6,
TP33, EGFR, PIK3CA, ABL1, CTNNBI, KIT, HNF1A, JAK2, BRAF, IDH1, RET,
PDGFRA, MET, APC, CDC27, CDK4, prostate-specific antigen, alpha-fetoprotein, breast

13



(o]

10

20

WO 2016/183486 PCT/US2016/032465

mucin, gpl0, 2250 p33, MART-I, MAGE, BAGE, GAGE, tyrosinase, Tyrosinase related
protein 11, Tyrosinase related protein, or RAD50. In certain embodiments, the cancer is
multiple mveloma or glioblastoma multiforme.

In cerfain embodiments, the present imvention relates to (a) a first composition of the
present mvention, and (b) a second composition as disclosed herein, for use as a medicament.

In certain embodiments, the present invention relates to {a) a first composition of the
present invention, and (b) a second composition as disclosed hercin, for use in a method for
inducing a cellular immune response to an antigenic peptide in a subject with cancer.

in certain embodiments, the present invention relates to (a) a first composition of the
present invention, and (b) a second composition as disclosed herein, for use 1n a method for
the treatment of cancer.

In certain embodiments, the present invention relates to a composition, kit or kit-of-
parts comprising {a} a first composition of the present invention, and (b} a second
composition described herein.

In certain embodiments, the first composition is admunistered simultancously with the
second composition. In certain embodiments, the first composition is admmistered
sequentially with the second composition. In certain embodiments, the second composition is
administered prior to adnunistration of the first composition.

In another aspect, provided herein s (a) a first composition of the present mvention,
and (b} a second composition as disclosed herein, for use as a therapeutic vaccine.

In another aspect, provided herein is (a) a first composition of the present invention,
and (b} a sccond composition as disclosed heren, for use as a cancer vaceine.

In certain embodiments of all of the foregoing compositions, compositions for use,
and methods, the subject is a human subject.

in certain embodiments of all of the foregoing compositions, compositions for use,
and methods, the MHC-binding epitope 1s a human MHC-binding cpitope.

In certain embodiments of all of the foregoing compostitions, compositions for use,
and methods, the MHC molecule 15 a human MHC molecule. In another aspect, the invention
is directed to immunogenic compositions for immunizing a subject having or suspected of
having cancer, comprising a stress protein and at least one of a first peptide derived from the
subject’s cancer cells, wherein the first peptide is mutant in the subject’s cancer cells but not
i the subject’s nommal cells, and wherein the first peptide does not comprise an entire amino
acid sequence of a protein. The composition can further comprise an adjuvant. The

composition can further comprise at least one of a second peptide dertved from mutant
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proteins selected from the group consisting of MYC, KRAS, N RAS, TP53, KDM6A, NPMI,
H-RAS, FGFR3, MSH6, TPS3, EGFR, PIK3CA, ABL1, CTNNEI, KIT, HNFIA, JAK?2,
BRAF, IDHI, RET, PDGFRA, MET, APC, CDC27, CDKA4, prostate-specific antigen, alpha-
fetoprotein, breast mucin, gpl00, g250, ps3, MART-I, MAGE, BAGE, GAGE, tyrosinase,

(o]

Tyrosinase related protein 11, Tyrosinase related protein, and RADS0 (See Warren and Holt,
Human Immunology 2010, 71: p. 245-254, incorporated herein by reference in its entirety);
wherein the second peptide does not comprise an entire amino acid sequence of a protein and
wherein the first peptide is not a peptide derived from MYC, K-RAS, N-RAS, TS3, KDM6A,
NPM1, H-RAS, FGFR3, MSH6, TPS3, EGFR, PIK3CA, ABLL, CTNNEBI, KIT, HNFIA,

10 JAKZ, BRAF, IDHI1, RET, PDGFRA, MET, APC, CDC27, CDK4, prostate-specitic antigen,
alpha-~fetoprotein, breast mucin, gpl00, g250, p53, MART-I, MAGE, BAGE, GAGE,
tyrosinase, Tyrosinase related protein 11, Tyrosinase related proten, or RADS50. For
gxampie, the at least one second peptide can be derived from mutant K-RAS and comprise at
lcast one of mutations G130, G112V, G12R, G120, or G12C. The at least one second peptide

15 can be denved from mutant NPMI1 and comprnise the W288fs* 12 mutation. The at least one
second peptide can be derived from mutant H-RAS and comprise the G112V mutation. The at
lcast one second peptide can be derived from mutant FGFR3 and comprise at least one of
mutations Y373, 8249C, R248C, and G697C. The at least one second peptide can be
derived from matant MSHS and comprise the P1087£3*5 mutation. The at least one second

20 peptide can be derived from mutant TP33 and comprise at least one of mutations R273H or
R248€Q. The at least one second peptide can be derived from mutant EGFR and comprise at
feast one of mutations L&58R or E746 _A750del. The at least one second peptide can be
derived from mutant PIK3CA and comprise at least one of mutations HI047R or ES45K.

The at least one second peptide can be derived from mutant ABL1 and comprise the T3151

25 wmutation. The at least one second peptide can be derived from mutant CTNNBT and
comprise at least one of mutations T41A, 545del, S45F, or S37A. The at least one second
peptide can be derived from mutant KIT and comprise the D816V matation. The at least one
second peptide can be denved from mutant HNF1A and comprise the P291f5%51 mutation.
The at least one second peptide can be denved from mutant JAK?2 and comprise the V617F

30 mutation. The at feast one second peptide can be derived from mutant BRAF and comprise

the V60OE mutation. The at least one second peptide can be derived from mutant H3H1 and

comprise the R132H nmuutation. The at least one second peptide can be derived from mutant

N-RAS and comprise the Q61R or Q61K mutation. The at least one second peptide can be

derived from mutant RET and comprise the M918T mutation. The at least one second
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peptide can be derived from mutant PDGFRA and comprise the D342V maotation. The at
least one second peptide can be derived from mutant MET and comprise the Y 12530
mutation. The at least one second peptide can be derived from mutant APC and comprise at
cast one of the T1356f5%3 or SI1341R mutations. The stress protein can be selected from the
group consisting of hsc70, hsp70, hap90, hspl10, grpl70, gp96, calreticulin, a mutant thereof,
or combinations of two or more thereof. The adjuvant can comprise a saponin or an
immunostimulatory nucleic acid. The one of a first peptide can be a post-transiationally
modified peptide, sach as a phosphopeptide. The composition can comprise a plarality of
peptides for the at feast one of a first peptide derived from the subject’s cancer cells. The
peptides can be from about 9-11 amino acids to about 27-31 amino acids. The cancer can be,
for example, multiple myeloma or ghioblastoma. In one embodiment, at least one post-
translationally modified residue in the at least one of a first peptide 1s replaced with a mimetic
residue. In another embodiment, at least one phosphorviated residue in the at least one of a
first peptide is replaced with a phosphomunetic residue.

In another aspect, the invention 1s directed to an immunogenic composition
comprising a stress protein and at least one of a first peptide dertved from the subject’s cancer
cells, wherein the first peptide is mutant in the subject’s cancer cells but not in the subject’s
normal cells, and wherein the first peptide does not comprise an entire amino acid sequence
of a protein, for use as a medicament.

In another aspect, the invention is directed to an immunogenic composition
comprising a stress protein and at least one of a first peptide derived from the subject’s cancer
cells and an adjuvant, wherein the first peptide is mutant in the subject’s cancer cells but not
in the subject’s normal cells, and wherein the first peptide does not comprise an entire aming
acid sequence of a protein.

in another aspect, the invention is directed to an inununogenic composition
comprising a stress protein and at least one of a first peptide denved from the sabject’s cancer
cells, wherein the first peptide 15 mutant in the subject’s cancer cells but not in the subject’s
normal cells, and wherein the first peptide docs not comprise an entire amino acid sequence
of a protein, for use in a method for immunizing a subject having or suspected of having
cancer. The composition can farther comprise an adjuvant.

In certain embodiments, the present invention relates to a composition, kit or kit-of-
parts comprising {a) a first composition of the present invention and (b} an adjuvant. In

another preferred embodiment, the present invention relates to a kit comprising a first
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container contaiming g first composition of the mvention; and a second container containing
an adjuvant.

in another aspect, the invention is dirccted to administering immunogenic
compositions of the first aspect to a subject to treat a subject having a cancer. In certain
embodiments, the present ivention relates to an immunogenic composition, composition, kit
or kit-of-parts of the present invention for use in a method for the treatment of cancer in a
subject having a cancer. The cancer can be, for example, multiple mycloma or glioblastoma.
The method, immunogenic composition, composition, kit or kit-of-parts of the present
mvention for use can further comprise administering lenalidomide or dexamethasone.
Furthermore, cvclophosphanude may also be adounistered. Or, the method, immunogenic
composition, composition, kit or kit-otf-parts of the present imvention for use may further
comprise administering a checkpoint antibody (such as anti-GITR, anti-0X40, anti-PD-1,
anti-CTLA-4 anti-TIM-3, and anti-LAG-3} (which may also be a monoclonal antibody). Or,
the subject can also be adnunistered an indoleamine dioxvgenase-1 inhibitor, such as 4-
amino-N-(3-chloro-4-tfluorophenyl}-N'-hydroxy-1,2 5-oxadiazole-3-carboximidamide.

In ancther aspect, the invention 1s directed to methods of immumizing a subject
recovering from a cancer, comprising adnunistering to the subject immunogenic
compositions of the first aspect. In certain embodiments, the present invention relates {o an
munogenic composition, composition, kit or kit-of-parts of the present invention for use in
a method for of immunizing a subject recovering from a cancer. The cancer can be, for
example, multiple myeloma or glioblastoma. The method, tmnwnogenic composition,
composition, kit or kit-of-parts of the present mvention for use can further comprise
administering lenalidomide or dexamethasone. Furthermore, cvelophosphamide may also be
administered. Ur, the method, immaunogenic composttion, composition, kit or kit-of-parts of
the present mvention for use may further comprise administering a checkpoint antibody (such
as anti-GITR, anti-0X40, anti-PD-1, anti-CTLA-4, anti-TIM-3, and anti-LAG-3) (which may
also be a monoclonal antibody).

In another aspect, the mvention is directed to kits, comprising the immunogenic
composition of the first aspect and instructions for use. Kits can further comprise
lenalidomide, dexamethasone, cyclophosphamide, and a checkpoint antibody (such as anti-
GITR, anti-O¥X40, anti-PD-1, anti-CTLA-4, anti-TIM-3, and anti-LAG-3, which may be
monoclonal antibodies).

In another aspect the invention 1s directed to methods of making an immunogenic

peptide from a subject suffering from cancer, comprising:
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{a) obtaining a sample of the subject’s cancer tissue;
{b} sequencing the exomes of the genomic DNA present in the sample;
{c} identifying from the sample non-synonynous somatic mutant alleles that encode
mutant protems when compared to a wild type control;
{d} sequencing mRNA from the sample or a new sample from the subject’s cancer
tissue to identify those somatic mutations identified in step {c} that appear in mRNA
expressed in the cancer;
(¢} determining the allelic frequency of the mutant alleles in the sample;
{f) determining the expression level of the mutant alleles in the sample, by, e.g..
determining the median expression level of the mutant allele relative to other cancers
of the same mndication.
{g) deternmuning the subject’s MHC type:
{h) selecting one or more mutant peptides encoded by the mutant alleles that
1} bas an allelic frequency of greater than 0.05;
2) has a median expression level of greater than I RPKM unit across all
cancers of the same mdication; and
3) arc predicted to bind to one or more of the subjects MHC molecules;
(1) ranking the mutant peptides selected n step (h) by the number of predicted
mutations and by IC50 binding to the subject’s MHC tvpe; and
(1) synthesizing one or more peptides of about 27-31 aminc acids, each peptide
comprising one of the peptides ranked in step (1)
In such methods, the wild type control can be healthy tissue or cells 1solated from the subject.
The one or more peptides can be a phosphopeptide.
in certain embodiments, the present invention relates to a composition comprising
mmmunogenic peptides obtaiable by a method of the nvention.
In another aspect the mvention 1s directed to methods of identifving an immunogenic
peptide from a subject suffering from cancer, comprising:
{a) obtaining a sample of the subject’s cancer tissue;
(b} sequencing the exomes of the genomic DNA present in the sample;
{c} identifying from the sample non-synonymous somatic mutant alleles that encode
mutant proteins when compared to a wild type control;
{d} sequencing mRNA from the sample or a new sample from the subject’s cancer
tissue to identify those somatic mutations identified in step (¢} that appear in mRNA

expressed in the cancer;
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{c} determining the allelic frequency of the mutant alleles in the sample;
{f) determuning the expregsion level of the mutant alleles in the sample, by, eg.,
determining the median expression level of the mutant allcle relative to other cancers

of the same mndication.

(o]

{g) deternmuning the subject’s MHC type:
{h) selecting one or more mutant peptides encoded by the mutant alleles that:
1} has an allelic frequency of greater than 0.05;
2} has a median expression level of greater than 1 RPKM umit across all
cancers of the same indication; and
10 3) arc predicted to bind to one or more of the subjects MHC molecules;
(1) ranking the mutant peptides selected n step (h) by the number of predicted
mutations and by IC50 binding to the subject’s MHC type; and
(1) wdentifying one or more wmmaunogenic peptides of about 27-31 amino acids, each
peptide comprising one of the peptides ranked n step (1)
5 In another aspect, the invention 1s directed to methods of making immunogenic
peptides from a subject sufferimg from cancer, comprising:
{a) obtaining a sample of the subject’s cancer tissue;
(b} purifving from the sample major histocompatibility complex (MHC)-peptide
complexes comprised therein;
20 {c) eluting from the purified MHC-peptide complexes a plurality of peptides
comprised therein;
{d} identifving from the plurality of peptides one or more nutant peptides that are
found in the sample of the subject’s cancer tissue but that are substantially absent from a
sample of normal tissue; and
23 (¢} synthesizing one or more peptides, each peptide comprising a mutant peptide
wdentified in step {d) or a mimetic thersof.
In certain embodiments, the present invention relates 0 a composition comprising
immunogenic peptides obtainable by a method of the invention.
In another aspect, the invention 1s directed to methods of wdentifving immunogenic
30 peptides from a subject suffering from cancer, comprising:
{a) obtaining a sample of the subject’s cancer tissue;
(b} purifving from the sample major histocompatibility complex (MHC)-peptide

complexes comprised therein;
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{c) eluting from the purified MHC-peptide complexes a plurality of peptides
comprised therein;
{d} identifying from the plurality of peptides one or more mutant peptides that arc

found in the sample of the subject’s cancer tissue but that are substantially absent from a

(o]

sample of normal tissue; and

{2} identifying one or more immunogenic peptides, each peptide comprising a mutant
peptide identificd in step (d) or a numetic thercof.

The MHC can be class { or class H MHC. The sample of normmal tissue can be isolated
from the subject. The at least one mutant peptide identified 1o step {d) can be a post-

10 translationally modified peptide. The at least one anmino acid residuc in the at least one
mutant peptide identified in step {d) can be post-transiationally modified m the subject’s
cancer tissue but is not post-translationally modified in normal tissue. The post-translationally
modified peptide can be phosphorylated. The at least one synthesized peptide in step {e} can
comprise at Jeast one mutant peptide identified in step {d). The at least one synthesized

15 peptide in step {¢) can comprnise a mumetic of at least one mutant peptide dentified i step
{d}. The at least one mutant peptide 1dentified i step (d) can be a phosphorylated peptide and
the at least one synthesized peptide in step (¢} can be a phosphopeptide mimetic. A
phosphorylated residue in the at least one mutant peptide identified in step (d) can be
replaced with a non-hydrolyzable analogue in the at least one synthesized peptide n step {¢).

20 The one or more mutant peptides can be identified in step (d) by determining the molecular
structure of the plurality of peptides from the subject’s cancer tissuc using mass speciroscopy
and comparing the molecular structure of the plurality of peptides with the corresponding
peptides found in normal tissue to identify one or more mutant peptides.

The mutant peptide(s) identified 1n step {d) can be selected for synthesis in step {¢)

25 using a method comprising the steps of:

{f) determining the subject’s MHC type:
{g) selecting one or more mutant peptides encoded by the mutant alleles that
1} bave an allelic frequency of greater than 0.05;
2) have a median expression level of greater than 1 RPEM umit across all
30 cancers of the same mdication; and
3} are predicted to bind to one or more of the subjects MHC molecules;
{h) ranking the mutant peptides sclected 1n step (g) by the number of predicted
mutations, by the frequency of the mutant peptides in cancer cells, and/or by IC50 binding to

the subject’s MHC type.
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In certain embodiments, the present invention relates to a composition comprising
immunogenic peptides obtainable by a method of the invention.

in another aspect, the invention is directed to immunogenic COMpOSIIONS COMPTising
a stress protein and a first immunogenic peptide that comprises a second immunogenic
peptide or a mimetic thereof, wherein the second immunogenic peptide 1s a fragment of a
mutant protein that occurs in cancer cells of a subject having cancer and comprises at least
onc anino actd residue that is post-translationally modified, wherein the first immunogenic
peptide does not comprise the entire amino acid sequence of a naturally-occurring protein.
Normal cells of the subject can comprise a normal form of the mutant protein, the normal
form of the mutant protein comprising the second immunogenic peptide except that at least
one of the anmuno acid residues that 1s post-translationally modified in the second
munogenic peptide is not post-translationally modified in the normal form of the mutant
protein. The first immunogenic peptide can comprise the second immunogenic peptide except
that at least one residue that 1s post-transiationally modified in the second mmmunogenic
peptide is replaced with a mimetic residuc in the first immunogenic peptide. The mimetic
residue i the first immunogenic peptide can be less labile than the corresponding residue that
is post-translationally modificd in the second immunogenic peptide. The at least one amino
acid residue that is post-transiationally modified in the second immunogenic peptide can be
phosphorylated. The at least one phosphorviated amino acid residue in the second
immunogenic peptide can be selected from the group consisting of phospho-Ser, phospho-
Thr, phospho-Tyr, phospho-His, phospho-Arg, and phospho-Lys. The first inununogenic
peptide can comprise the second immunogenic peptide except that at least one
phosphoryiated residue in the second immumogenic peptide is replaced with a
phosphomimetic residue in the first immunogenic peptide. The phosphomimetic residue in
the first immunogenic peptide can be a non-hydrolyzable analogue of the comresponding
phosphorylated residue in the second immunogenic peptide. The peptides can be 8-50 ammo
acids long, such as 9-11 amino acids or 27-31 amino acids long. The compositions can
further comprise at least one of a third inununogenic peptide derived from mutant proteins
selected from the group consisting of mye, k-ras, n-ras, tp33, and kdm6A . wherein the third
peptide does not comprise an entire amine acid sequence of a protein and wherein the first
immunogenic peptide is not a peptide denved from myc, k-ras, n-ras, 133, or kdm6A. The
stress protein can be selected from the group consisting of hsc790, hsp70, hap90, hsp110,
grpl70, gp96, calreticulin, a mustant thereof, and combmations of two or more thereof, such

as combinations including hsc70 and one or more of hsp70, hsp90, hspl10, grpl70, gp9%6,
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calreticulin, or mutant thereof. The compositions of these aspects can further comprise an
adjavant, such as a saponin or an immunostimulatory nucleic acid. The compositions of these
aspects can be used in methods of treating a subject having a cancer, comprising
administering to the subject any of these compositions. In a further aspect, the composition is
for use as a medicament. In a further aspect, the composition is for use as a therapeutic
vaceine. In a further aspect, the composition is for use as a cancer vaccine. In a further aspect,
the composition is for use in a method for the treatment of cancer. In a further aspect, the
present invention relates to a composition comprising (a) a stress protein and (b) a first
mmmunogenic peptide that comprises a second immunogenic peptide or a mimetic thereof, as
described above, and optionally, (¢} a third immunogenic peptide as described above and/or
an adjuvant.

The present invention relates to a first composition comprising at least two different
complexes of a purified stress protein bound to an antigenic peptide, wherein the complexes
cach comprise a different antigenic peptide, whercin ecach one of the different antigenic
peptides comprises one or more mutant MHC-binding epitopes from a cancer cell, and
wherein the composition comprises no more than 5 different antigenic peptides that contan
only wild-type MHC-binding cpitopes, preferably wherein the composition does not
comprise any antigenic peptides that contain only wild-type MHC-binding epitopes and/or
wherein the composition comprises no more than 100 different antigentc peptides. In one
preferred embodiment, the stress protein is an hsc70, in particular a human hsc70, or an
hsp70, in particular a human hsp70. In a further preferred embodument, the stress protein 15
non-covalently bound to the antigenic peptide. In another preferred embodiment, the molar
ratic of stress protein to antigenic peptide in each complex 1s 11 or less, in particudar, the
molar ratio of stress protein to antigenic peptide in each complex is 1.2, 1:4, 1.5, 1:10, 1.20,
1:50, or less, such as up to 11100, In another preferred embodiment, each one of the antigenic
peptides in the composition is 5 to 50 anuno acids m length, even preferably 25 to 40 amino
acids in length, most preferably 27 to 31 amino acids in length. In ancther preferred
embodiment, at least one of the antigenic peptides in the composition of the invention is 21-
31 anuno acids in length. In another preferred embodiment, cach one of the antigenic
peptides in the composition is 21 to 31 amino acids in length. In one preferred embodiment,
cach one of the antigenic peptides of the composition of the invention comprises a heat shock
protein binding sequence. In another preferred embodiment, at least one of the mutant MHC-
binding epitopes is expressed in cancer cells of a subject but not in normal cells of the

subject, preferably cach one of the mutant MHC-binding epitopes is expressed in cancer cells
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of a single subject but not in normal cells of the subject. In another preferred embodiment, at
least one of the mutant MHC-binding ¢pitopes is expressed at a higher level in cancer cells of
a subject relative to normal cells of the subject.

In another preferred embodiment, the composition of the mvention further comprises
a pharmaceutically acceptable carrier or excipient and opnonally an adpvant. In one
preferred embodiment, the adjuvant comprises a saponin or an immunpostinndatory nucleic
acid, even more preferably the adjuvant comprises QS~21.

In another aspect, the invention is directed to immunogenic compositions comprising
a first immunogenic peptide that comprises a second immunogenic peptide or a mimetic
thereof, wherein the second tmmunogenic peptide is a fragment of a mutant protein that
occurs 1n cancer cells of a subject having cancer and comprises at least one amino acid
residue that 15 post-translationally modified, wherein the first immuonogenic peptide does not
comprise the entire amino acid sequence of a natarally-occurring protein. Normal cchis of the
subject can comprise a normal form of the mutant protein, the normal form of the mutant
protein comprising the second immunogenic peptide except that at least one of the amino acid
residues that is post-translationally modified i the second immunogenic peptide is not post-
translationally modified in the normal form of the mutant protein. The first immunogenic
peptide can compnse the second immunogemic peptide except that at least one residue that 1s
post-translationally modified in the second immunogenic peptide is replaced with a mimetic
residue in the first immunogenic peptide. The mimetic residue in the first immunogenic
peptide can be less labile than the corresponding residue that is post-transiationally modified
in the second mmmunogenic peptide. The at least one amino acid residue that is post-
translationally modified in the second immunogenic peptide can be phosphoryviated. The at
least one phosphorylated amino acid residue in the second immunogenic peptide can be
selected from the group consisting of phospho-Ser, phospho-Thr, phospho-Tyr, phospho-His,
phospho-Arg, and phospho-Lys. The first immunogenic peptide can comprise the second
immunocgenic peptide except that at icast one phosphorylated residae in the second
immunogenic peptide is replaced with a phosphomimetic residue in the first immunogenic
peptide. The phosphomimetic residue in the first immunogenic peptide can be a non-
hydrolyzable analogue of the corresponding phosphoryiated residue in the second
immunogenic peptide. The peptides can be 3-50 amino acids long, such as 9-11 amino acids
or 27-31 amino acids long. The composttions can further compnise at least one of a third
mmunogenic peptide derived from mutant proteins selected from the group consisting of

myc, k-ras, n-ras, {p33, and kdm6A; wherein the third peptide does not comprise an entire
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aming acid sequence of a protein and wherein the first immunegenic peptide is not a peptide
derived from myc, k-ras, n-ras, £33, or kdm6A . The compositions of these aspects can further
corprise an adjuvant, such as a saponin or an immunostimulatory mucleic acid. The

compositions of these aspects can be used 1in methods of treating a subject having a cancer,

(o]

comprising adnuinistering to the sabject any of these compositions. In a further aspect, the
composition is for use as a medicament. In a further aspect, the composition is foruse as a
therapeutic vaccine. In a further aspect, the composition is for use as a cancer vaccine. Ina
further aspect, the composition is for use in a method for the treatment of cancer. In a further
aspect, the present invention relates to a composition comprising (a) a stress protein and (b} a
10 first immunogenic peptide that comprises a second immunogenic peptide or a mumetic
thereof, as described above, and optionally, (¢} a third immuumogenic peptide as describe

above and/or an adjuvant.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts somatic mutation characterization workflows useful in the methods

15  ofthe mvention. {A}is a schematic tlhustration of an exemplary method of identifving tumor-
specific mutations using the methods disclosed herein. (B) is a schematic illustration of
exemplary methods of annotation of a Variant Call Format (VCF) file generated using the
methods disclosed herein. MedGenome’™s Vanation and Mutation Annotation Toolkit
{(VanMAT, Cambridge, MA) is used to map single nucleotide vanants (SNVs) to the genes.

20 The vanant class prediction (missense, nonsense, silent, stop-loss} is performed using Variant
Effect Predictor (VeP; Bioinformatics. 2010 Aug 15;26(16):2069-70, incorporated herein by
reference in its entirety} and somatic variants are wdentified on the basis of allele frequency n
1000 genome project reported SNPs and indels, and other SNP databases. Disease relevance
of cach variant is also annotated using data from variocus databases. () is a schematic

25 ilustration of the in silico prediction of binding of 9 and 10mer peptide libranies to MHC
molecules using NetMHCpan (Immunogenetics. 2009 Jan;61{1):1-13; PLoS One. 2007 Aug

29.2(8}.2796, incorporated herein by reference in its entirety).

Figure 2 is a diagram showing a ranking flow to determine those mutations from
which to dertve peptides for inclusion in the immunogenic compositions of the invention.
30 Tumor mutations are wentified (upper left hand comer), and filters are apphied to the
mutations {procceding diagonally along the diagonal arrow), inchuding mutation allele

frequency of > 0.05, a median expression level of, for example, over 1 Reads Per Kilobase of
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transcript per Million mapped reads (RPKM) units across all tumors of that indication, and
then mutation present in peptide predicted to bind o MHC. The peptides that result from the
filters are predicted as 27 amino acids, with the mutation centered, and then ranked, first
according to number of predicted epitopes and then sorted by ICS0 binding to MHC. The
higher ranked peptides are synthesized and included in the immonogenic compositions of the

nvention, such as a vaccine.

Figure 3 is a set of scatter plots of neo-epitope 9mer (A} and 10mer {B) peptides and
thetr native counterparts with predicted HLA-A*02:01 and HLA-B*07.02 binding affinity of
<I50 nM.

Figure 4 1s a set of tumor growth carves in six groups of CS7BL/6 mice after
mjection with B16.F10 melanoma cells on Day 0, followed by administration on days 3, 9,
and 15 of the following: Groups 1-3: 3ug, 10ug, and 30ug, respectively, of corapositions
comprising Hsc70 complexed with two peptides, B-16-M27 and B-16-M30, containing
neaeptiopes in Bi6.F10 melanoma; Group 4: 30ug Hse70 alone; Group 5: the peptides alone
at an amount cquivalent fo that m Group 3; and Group 6: 100ug of cach peptide with

polv(1:C).

Figure 51s a graph showing the average tumor volume afior tumor challenge across

the groups of mice whose tumor growth curves are depicted n Figwre 4.

Figure 615 a set of tumor growth corves in seven groups of C537BL/6 mice after
njection with B16.F10 melanoma cells on Day 0, followed by administration on days 3, 9,
and 15 of the following: Groups 1-3: 3ug. 10ug, and 30ug, respectively, of compositions
comprising Hsc70 complexed with B-16-M27 and B-16-M30 peptides: Group 4: 30ug of the
same composition as Group 3, with 10ug Q8-21 Stimulon® adjuvant; Group $: 30ug Hse70
alone; Group 6: the peptides alone at an amount equivalent to that in Group 3; and Group 7:

100pg of cach peptide with poly{L. ().

Figure 7 1s a set of graphs showing the average tumor volume after tumor challenge

across the groups of mice whose tumor growth curves are depicted in Figure 6.

Figure 8 15 3 graph showing the percentage survival afior tumor challonge 1o cach of

the groups of nuce whose tumor growth curves are depicted m Figure 6,



WO 2016/183486 PCT/US2016/032465

Figure 8 13 3 set of tumor growth curves in C37BY6 mace (n=11-12/group} imjecicd
suboutancously with 3x10° B16 F10 tumor cells and treated with the indicated agents on days
3,9 and 15 after tumor challonge. Tomaor size was assessed every 2-3 dayvs. Tomor growth

kinetics m individual muce are plotied as a fimetion of time. Group 1 PBS alone: Group 2

(o]

Hac70 and 8-21 Stimulon”™ without peptides; Groups 3 and 4: 30 pg and 100 pg.
respectively, of compositions comprising Hse70 complexed with 18 peptides (M3, M12,
M17, M20, M22, M24, M25, M27, M28, M29, M30, M36, Md4, M45, M46, M47, M48, and

Lirg 1

M50} and QS-21 Stimulon®™ adjuvant.

Figure 10 is a graph showing the mean tumor volume afier tumor challenge across

10 the groups of mice whose tumor growth curves are depicted m Figure 9.

Figure 11 18 3 set of tumor growth curves in US7BYS mice (n=11-12/group) injected
suboutaneously with 3x10° B16.F10 tumor colls and treated with the indicated agents on days
3.9 and 15 affer tumor challonge. Tomaor size was assessed every 2-3 davs. Tomor growth
kinctics 1w mdividual muce are plotied as a fimetion of time. Group 1 PBS alone: Group 2:
15 Hsc70and 0821 Stimulon” without peptides; Groups 3 and 4: 30ug and 100ug,
respectively, of compositions comprising Hse70 complexed with 5 peptides (M22, M27,

W44, M4, and M50) and QS-21 Stimulon® adjuvant.

Figure 12 is a graph showing the mean tumor volume after tumor challenge across

the groups of mice whose tumor growth curves are depicted i Figure 11

20 Figure 1315 a bar graph showing the responses of splenocyies from three mice
immunized with Hse70-M27/M30 peptide complexes in combination with 98-21 Stimulon®
adiavant and cultured with the M27 and M30 B16 F10 27maers, their wild-type counterparts
or no peptide. The mean values of IFN-y spot forming cells (SFCs) per Sx107 splenocytes
withun each group are shown. Fach bar roprescuts technical triplicates from a representative

25 mowse. Statistical significance 18 measured using a Z-tmied student’s t-test {¥ denotes p<0.05;

** depotes p<Q.005)

Figure 14 is g size-oxclusion chromatography (SEC) chromatogram of a sample of

Heo70.

Figure 15 is a sct of superimposed SEC chromatograms of Hee70 {sohid line} and of

30 Hsc?0 combined with a substrate peptide {dashed line}.
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Figure 16 is a set of suporimposed SEC chromatograms of Haec70 {solid hne) and
Hse70-M27-poptude comgrexes at Hse70 peptide moolar ratios of 1:4 {dashed Ime}, 110
{dotted ime), and 1:20 {dashed and dotied bine}.

Figure 17 15 a plot of the percentage of Hse70 that s complexed to M2Z7 peptide as a

function of Hac70peptide molar ratio,

Figure 18 15 a plot of the percentage of Hsc70 that 1s complexed to M27 peptide as a
function of Hee70:peptide molar vatio after incubation for cither 2 or 3 howurs at 37 degrees

Celsius.

Figure 19 18 g sef of superimposed SEC chromatograms of Hac70 {solid hine} and
Hse70 combined at a 1110 Hee 70 peptide molar ratio with a chicken ovalbumin peptide
{STHNFEKL (SEQ 1 NO:448)) fused at its C-terounus, via a peptide linker (FFRE (SEQ 1D
NG:A447, to 2 bigh affiuty Hac70 binding sequence (NLLRLTG SEG 1D NG:439) (dashed

fimne}.

Figure 3 13 3 sef of superimposed SEC chromatograms of Hac70 {solid hine) and
Hse70 combined at a 1.2 Hac70:peptide molar ratio with cither a chicken ovalbumin peptide
{SIINFEKL (SEQ ID N{O 448} ) fused at its C-ierminoes, via a peptide loker (FFRE{SEQ 1D
NG:A4473 ), 10 a tugh affingy Hse70 binding sequence (NLLRLTG (SEQ TD NO: 438
{dashed ine) or the same chicken ovalburun peptide fused at its M-terminus, via the same

peptide linker, to the high affinity Hse70 binding sequence {dotted hne).

Figure 21 is a graph showing IFN-y responses of splenocytes isolated from mice
immunized with Hee70-peptide complexes or peptides alone. The data are displayed using
box-and-whisker plots in which the first and third quartiles are at the ends of the box, the
median is ndicated with a borizontal Iine in the interior of the box, and the maximum and
minimum are at the ends of the whiskers. Each dot represents a single well of the ELISPOT
plate onto which splencoytes of each of three mice were seeded in duplicate. **Statistically

significant using a two-way ANOVA test (p-value <.05).
DETAILED DESCRIPTION

The nstant disclosure provides compositions useful as therapeutic vaccines {e.g.,

cancer vaccines), and methods of producing such compositions. The compositions disclosed
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herein gencrally employ a stress protein and at least one synthetic antigenic peptide
comprising a cancer-specific mutation present in a patient’s cancer. The methods disclosed
herein are particularty advantageous in that they allow for the preparation of therapeutic

vaceine {e.g., cancer vaccing) compositions using only trace amounts of a subject’s tissue

5 {e.g., single cells or exosomes).
1. METHODS FOR IDENTIFYING ANTIGENIC PEPTIDES
The methods of the invention generally involve the identification of antigenic
peptides that comprise one or more mutant MHC-binding epitopes from a cancer cell.
1G As used herein the term “mutant,” in the context of a protein (or peptidic fragment or

MHC-binding epitope thereof), refers to a protein {or peptidic fragment or MHC-binding
epitope thereof) that contains an anino acid mutation {¢.g., substitotion, insertion, or
deletion} that is found in a subject’s disease tissue {e.g., cancer cells) but not in the subject’s
normal or healthy tissuc; a protein {or peptidic fragment or MHC-binding cpitope thercof)

15 that contains an amino acid modification {¢.g., a post-transiational modification, such as
phosphorylation) that is found m a subject’s disease tissue {e.g., cancer cells) but not i the
subject’s normal or healthy tissue, or vice versa; a protein (or peptidic fragment or MHC-
binding epitope thereof) with different expression profiles m cancer cells as compared with
normal or healthy cells (e.g., a protein that is expressed in cancer cells but not in normal

20 cells); or a protein {or peptidic fragment or MHC-binding epitope thereof) that is processed
differently in the antigen presentation pathway in the disease tissue {¢.g., cancer cells) vs.
normal cells, leading to different peptides presented by MHC molecules. Alternatively, in
certain embodiments, a matant protein (or peptidic fragment or MHC-binding epitope
thereof) is one that exhibits an elevated level of post-transiational modification {e.g.,

25 phosphorvlation) in cancer cells relative to normal tissue.

In certain embodiments, the present invention relates (o a composition comprising

immunocgenic peptides obtainable by a method of the invention. Mutations that can be present
1 routant proteins (or mutant peptidic fragments or mutant MHC-binding cpitopes thereof)
mclude, without limitation, anmino acid substitution, insertion, or deletion mutations, or gene

30 fusion mutations. As used herein, a “gene fusion mutation” refers to a neo-epitope formed by
the breakpoint junction of a protein encoded by a gene fusion (¢.g., the BCR-ABL gene
fusion breakpoimnt junction}.

As used herein, the term “MHC-binding epitope/epitopes”™ refers to those epitopes

shown to bind an MHC molecule {¢.g., a human MHC) by any of the above assays, or

23
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predicted to bind an MHC molecule {¢.g., a human MHC) by a software program {e.g.
SYFPEITHI, Rammensee, ¢t al., Immunogenetics 50, 213-219, 1999, incorporated herein by
reference in its entirety). Other methods that can be used include those disclosed 10 Guan, P
et al, (2003} Apphed Biomformatics, 2: 63-66; Blythe, M. J. et al, (2002} Biomformatics,
18: 434-439; Flower, . R. and Doytchinova, 1. A. (2002). Applied Biomformatics, 1: 167~
176; Yu, K. et al,, (2002) Molecular Medicine, 8: 137-48; Brusic, V. et al., (2002)
Inmunology and Cell Biology, 80: 280-285; Jung, G. et al., (2001) Biologicals, 29: 179-181
{describes T cell epitope prediction programme EPIPREDICT); Kwok, W. W. et al,, (2001)
Trends in Immunology. 22: 583-588; Mallios, R. R. {2001} Bioinformatics, 17: 942-948;

10 Romisch, K. (2001}, Trends in Biochenucal Scicnces, 26: 531; Schirle, M. et al, (2001)
Journal of Immunological Methods, 257; 1-16; Singh, H. and Raghava, G. P. §. (2001)
Bioinformatics, 17: 1236-1237; Andersen, M. H. et al,, (2000) Tissue Antigens, 35: 519-531;
Buus, 8. (1999). Carrent Opinton in fmmunoclogy, 11: 209-213; Mallios, R R. {1999}
Bioinformatics, 15: 432-439; Maffei, A. and Harris, P. E. (1998). Peptides, 19: 179-198; and

15 Vita R et al, Nucleic Acids Res. 2014 Oct 9. pin: gkn938. [Epub ahead of print] PubMed
PMID: 25300482 (describes the immune epitope database (IEDB) 3.0, available at

(o]

www.icdb.org) {cach of which is incorporated herein by reference 1n its entirety).
As used herein, the term “wild-type” in the context of an MHC-binding epitope, refers
to an MHC-binding epitope that has a wild-type amino acid sequence, wild-type post-
20 translational modifications, and is not expressed only in cancer celis or overexpressed in
cancer cells relative to normal cells.
In certain embodiments of the methods of the invention, the exomes of the genomic
DNA of cancer cells from a subject are sequenced and compared to a non-mutated (wild-
type} control (such as non-cancer cells of the subject), and non-synonymous somatic mutant
25 alleles that encode mutant proteins are identified. In certain embodiments, mRNA from the
same subject sample, or from a new cancer cell sample from the same subject, 1s sequenced
to identify those somatic mutations that appear in mRNA expressed in the cancer.
In certain embodiments, the expression level of mutant alleles is also determined. In
certain embodiments, where the RNA RetSeq data for a gene corresponding to a mutant
30 allele 1s available, the expression of transenipts of the mutant allele is determimed by
Normalized Mutation-containing Read Count (NMRL). NMRC 1s the number of Next
Generation Sequencing {(NGS) reads obtained from ¢DNA that contain the mutation divided
by the total number of mapped nucleotides multiplied by 10" as a normalization factor. As

such, NMRC represents the number of reads that contain the mutation normalized to the total
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number of nucleotides generated in the sequencing experiment. In certain embodiments,
mutant alleles with a Normalized Mutation-containing Read Count (NMRC) that is greater
than 10 are used to gencrate antigenic peptides. In certain embodiments, mutant alleles with a

Normalized Mutation-containing Read Count (NMRC) that 1s greaterthan 1, 2,3, 4,5, 6,7, 8

(o]

or 9 are used to generate antigen peptides.

In other embodiments, where RNA RefSeq data is not available, the expression level
of the mutant allcles in cancers of the same indication is estimated from publicly available
databases (e.g., The Cancer Genome Atlas - Cancer Genome (TCGA:
www.cancergenome.nih gov); The Intemational Cancer Genome Consortium (JCGC:

10 www.icgc.org)) and the median cxpression of transcripts comprising a mutation is
determined based on the Reads Per Kilobase of transeript per Million mapped (RPKM). In
RNA-Seq experiments, cDNA fragments are sequenced and mapped back to genes and
ideally, individual transcripts. Properly normealized, the RNA-Seq reads, i.c. RPKM, can be
used as a measure of relative abundance of transcripts. In certain embodiments, mutant

15 alleles with RPKM reads greater than | are used to generate antigen peptides. In certain
embodiments, motant alleles with a RPKM reads greater than 1 are used to generate anhigen
peptides. In certain embodiments, mutant alleles with RPKM reads greaterthan 2, 3, 4, 5, 6,
7.8, 9, or 10 are used to generate antigen peptides.

In certain embodiments, the allelic frequency of mutant alleles is determined. As

20 used herein, the term “allelic frequency™ with respect to a mutant allele, is the relative
amount {expressed as a fraction or percentage) of a mwutant allele relative to other alleles (e g,
wild type alleles) m a sample.

In certain embodiments, the subject’s haman levkocyie antigen (HLA) type is
determined. Any means for determining HLA type can be employed, mchuding sequencing of

25 the DNA of a subject, as disclosed herem.

After identification of mutant alieles that are expressed in a subject’s tamor cells, ong
or more mutant peptides (comprising one or more mutant MHC-binding epitopes) encoded by
the mutant alleles are sclected based on, for example, having an allelic frequency of greater
than 0.05, a median expression level of greater than 1 RPKM wnit {e.g., across all cancers of

30 the same indication), and/or a predicted abihity to bind to one or more of the subject’s HLA

molecules. In certain embodiments, the selected nmutant peptides are additionally ranked, for

example, by the number of predicted mutant MHC-binding epifopes and/or by predicted
binding affinity {e.g., IC30) for the subject’s HLA type. A mutation characterization

workflow useful in the methods of the invention is shown in Fig. 1.
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In certain embodiments, one or more antigenic peptides amine acids 1s synthesized,
cach peptide comprising one or more of the foregoing selected mutant peptides. Once
synthesized, the peptides can be used in the immunogenic compositions of the invention. In
certain embodiments, the methods further comprise determining whether the synthesized

antigenic peptides are recognized by T cells when presented on a cell surface MHC molecule.
1.1. Next Generation Sequencing

in certain embodiments, the sequence of nucleic acids {¢.g., tumor DNA and mRNA)
is determined using next-gencration sequencing (NGS). NGS is the generic term used to
describe a number of different modemn sequencing technologies referred to as “highlv
multiplexed amplicon sequencing.” Althoagh the chemistry by which sequence mformation
is generated varies for the different next-gencration sequencing platforms, all of them share
the common feature of gencerating sequence data from a very large nuaber of sequencing
templates, on which the sequencing reactions are run simultancously. In general, the data
from all of these sequencing reactions are collected using a scanner, and then assembled and
analvzed using computers and bioinformatics software programs. The scquencing reactions

are performed, read, assembled, and analyzed in a massively parallel or multiplex fashion.

NGS platforms include, without limitation, the 454 FLX™ or 454 TITANIUM™
{Roche), Massively Parallel Signature Sequencing (Lynx Therapeutics); solid-phase,
reversible dye-terminator sequencing (SOLEXA™ (Genome Analyzer /fHumina), the
HELISCOPE™ Single Molecule Sequencer (Helicos Biosciences), and the SOLID™ DNA
Sequencer {Life Technologics/Appliecd Biosystems) mstruments), lon semiconductor
sequencing (JIon Torrent); DNA nanoball sequencing (Complete Genomics), nanopore
exomuclease sequencing (Oxford Nanopore), PacBio Sequencing Systems buwlt on Single
Molecule, Real-Time (SMRT) Sequencing technology (Pacific Biogystems), and DNA

sequencing by synthesis (SBS) technology (Intelligent Biosystems).

An exemplary embodiment of NGS includes, for example, solid-phase, reversible
dye-terminator sequencing {(SOLEXA™ Genome Analyzer /Hlumina}. Humina sequencing
reads approximately 100-150bp. Somewhat longer fragments are ligated to generic adaptors
and annealed to a shde using the adaptors. PCR is carried out to amplify cach read, creating a
spot with many copics of the same read. They are then separated into single strands to be
sequenced. The slide 1s flooded with nucleotides and DNA polymerase. These nucleotides are

fluorescently labelled, with the color corresponding to the base. They also have a terminator,
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so that only one base is added at a time. An image is taken of the shde. In each read location,
there will be a fluorescent signal indicating the base that has been added. The slide is then
prepared for the next cycle. The terminators are removed, allowing the next base to be added,
and the fluorescent signal i1s removed, preventing the signal from contaminating the next
image. The process is repeated, adding one nucleotide at a time and imaging in between.
Computers are then used to detect the base at cach site in each mmage and these are used to

construct a sequence.

Another exemplary embodiment of NGS includes, for example, Roche 454
sequencing. 454 sequencing allows for much longer reads than fHumina. Like Hlumina, it
does this by sequencing multiple reads at once by reading optical signals as bases are added.
Asin Hlunna, the DNA or RNA is fragmented mto shorter reads, in this case up to 1kb.
Generic adaptors are added to the ends and these are anncaled to beads, one DNA fragment
per bead. The fragments arc then amplified by PCR using adaptor-specific primers. Each
bead is then placed in a single well of a slide. So gach well will contain a single bead,
covered in many PCR copies of a single sequence. The wells also contain DNA polymerase
and sequencing buffers. The slide is flooded with one of the four NTP species. Where this
nucleotide 1s next in the sequence, it 1s added to the sequence read. If that single base repeats,
then more will be added. 50 if we flood with Guamne bases, and the next n a sequence is G,
one G will be added, however if the next part of the sequence 1s GGG, then four Gs will be
added. This NTP nuix is washed away. The next NTP nux is now added and the process
repeated, cycling through the four NTPs. This kind of sequencing generates graphs for each
sequence read, showing the signal density for each nucleotide wash. The sequence can then
be determined computationally from the signal deusity in cach wash. All of the sequence
reads we get from 454 will be different lengths, becanse different numbers of bases will be

added with each cycle.

Another exemplary embodiuent of NGS 1ncludes, for example, lon torrent and lon
proton sequencing. Unlike Hlumina and Roche’s 454, Ion torrent and Ton proton sequencing
do not make use of optical signals. Instead, they exploit the fact that addition of a dNTP to a
DNA polymer releases an H' ion. As in other kinds of NGS, the input DNA or RNA is
fragmented to a length of ~200bp. Adapiors are added and one molecule 1s placed onto a
bead. The molecules are amplified on the bead by emulision PCR. Each bead 1s placed into a
single well of a slide. Like 454, the slide is flooded with a single species of dNTP, along with

buffers and polymerase, one NTP at a time. The pH is detected is cach of the wells, as cach

jo8]
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H+ ion released will decrease the pH. The changes i pH allow us to determing if that base,
and how many thereof, was added to the sequence read. The ANTPs are washed away, and
the process is repeated cveling through the different dNTP species. The pH change, if any, is

used to determine how many bases (if any} were added with each cvcle.

Descriptions of NGS platforms can also be found in the following: Shendure, et al,
“Next-generation DNA sequencing,” Nature, 2008, vol. 26, No. 10, 1135-1145; Mardis, “The
mmpact of next-generation sequencing technology on genetics,” Trends in Genetics, 2007, vol.
24, No. 3, pp. 133-141; Su, et al., “Next-generation sequencing and s applications in
molecular diagnostics” Expert Rev Mol Diagn, 2011, 11{3):333-43; Zbang et al.,, “The impact
of next-gencration sequencing on genomics”, § Genet Genomics, 2011, 38(3):95-109; Quail
et al. (2012}, "A tale of three next generation sequencing platforms: comparison of lon
Torrent, Pacific Biosciences and fHumina MiSeq sequencers”. BMC Genomics 13 (1) 341,
L et al (2012}, "Comparison of Next-Generation Sequencing Svstems”. Joumal of
Biomedicine and Biotechnology (Hindawi Publishing Corporation) 2012 1-11; EBL Next
Generation Sequencing Practical Course publically available at the EMBL-EBI web site at

www.ebi.ac.uk, each of which is incorporated by reference in its entirety.
1.2, Exome Sequencing and HILA Defermination

Sequencing of paticnt tumor and germline DNA samples can be accomplished using
NGS platforms, such as the Hlumina HiSeq using whole-exome capture. For example, tumor
mutations can now be rapidly and effectively 1dentified in the context of immunotherapy
chinical trials, all within wecks of saraple acquisition (Br J Cancer, 2014, 111(8): p. 1469-75,
mcorporated herein by reference in its entirety). Furthermore, the patient HLA type can be
simultaneously deternined from both standard NGS exome (BNA) and RNA-Seg (RNA)
profiling {Genome Med, 2013, 4(12}: p. 102; Genome Med, 2012 4(12}: p. 95, cach of which
1s incorporated berein by reference 1n its entitety). Alternatively HLA type can be determined
using appropriate clinical assays or performed by fee-for-service providers. In certain
embodiments, nucleic acids can be amplified from a patient’s tumor cells {e.g., by
polymerase chain reaction (PCR)). This amplification allows for the vse of extremely small
samples {e.g., single celis or cxosomes) and 15 one advantage of the instant invention over
prior art methods of producing immmunogenic peptides that rely on harvesting of a patient’s

own peptides from tumor samples.

1.3, Identifying non-synonymous sematic mutant alleles

(8]
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The nucleotide “reads” from the NGS sequencing arg mapped to the human genome.
The DNA tumor reads are compared to germling DNA reads to identify and exclude
mutations that are geomline single nucleotide polymorphisms (SNPs), and a tumor haplotype
comprising tumor-specific mutations is statistically identified. Tumor RNA reads overlapping
DNA-determined tumor mutations are examined to confirm mutation existence and mutant
RNA expression. Local NGS read re-mapping is performed particularly if insertion or
deletions or gene fusions are detected. “Read re-mapping” refers to remapping of reads, after
an initial alignment (mapping} of the reads to the entire genome, within their local genomic
region using a highly sensitive alignment algorithm (a process which is often called local read
re-mapping) to eliminate potential spurnious false-positive mutation calls. Additionally
tumor-specific mutations are evaluated according to the allelic frequency of the DNA
mutations in tumors and if the muotation is listed in the COSMIC (Catalogue Of Somatic
Mutations In Cancer) database, made publically available by the Welicome Trust Sanger
Institute. The discovery and monitoring tor the emergence of additional tumor-specific
mutation can be evaluated by testing hquid biopsies, mcluding cell free DNA test (cfDNA |
commercially available at Swift Biosciences), circelating tumor cells (CTCs), and circulating
exasomal RNA (Exosome Diagnostics).

Data processing 1s then used to determine if the mutation is transcribed at high levels
1 the tumor, as shown by RNA-Seq NGS reads, if it occurs in a protein-coding transcript and
if the mutation causes a non-synonymous mutation in a protein coding sequence. Other
information can also be obtained, although is not necessary for the manufacture of a vaccine,
which includes the function and sub-cellular localization of the mutant protem, the molecular
consequences of the protein change, and the expected clinical consequences of the protein

change.
1 4 Immunological Characterization and Ranking of Mutation-Containing Peptides

In certain embodiments, mutations are characterized using one or more of the
characterizations set forth in Table 1. Mutation-containing peptides may also be ranked
according to the criteria shown in Table 1, which process is summarized in Fig. 2. Not all the
characterizations listed in Table 1 are necessary for ranking the mutation-containing peptides
for successful immunogenic composition formulation. For example, n certam embodiments,
four characierizations are sufficient. In certain embodiments, five, six or seven
characterizations are used for further refinement. In certain embodiments, all the

characterizations in Table 1 are used.
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Table 1

Characierization Algorithm Rationale

Mutations not found in
databases of human-to-human Avoid likely non-somatic mutations
genctic differences (“SNPs™)

Pick mutations in more tumor cells and at

Mutation DNA zvgosity . S
e high abundance i individual cells

“Early mutation” ~ position on Pick mutations in more tumor cells
mutation phylogenetic tree {carlier occurrence}

Mutations in genes expressed
n the specific cancer Tumaor expression
mdication (e.g.. GBM)

Mutations with RNA-Seq

. o Tumor expression
support in specific tumor

Mutant allele expression in

o Tumor expression
specific tumor

PSORT
Protein subcellular localization {Bioinformatics. 2010 MHC classfor I
Jul 1;26(13):1608-15%)
NetChop
Proteasomal cleavage (Immunogenetics., Epitope cleaved by proteasome

ST(1-2):33-41, 2005%)

TAP transport
netMHCpan
(Immunogenetics. 2009
pMHC class I binding affinity | Jan;61(1):1-13%; PLoS binds to MHC class |
One. 2007 Aug
29:2(83.¢796%)
pMHC class H binding affinity netMHCpan binds to MHC class {1
pMHC stability and off rate netMHCstab
€ terminus stability (Immuonology. 2014 stays on MHC
{(Modeling) Jan 141(1):18-26%)
pMHC C-terminus stability stays on MHC

Large MHC binding “delta”

e e C3CaPes tolerance
(MUT vs WT) i

Simular to pathogen HLA
. escapes tolerance
ligand

Mutation dissimilar to self,

gscapes tolerance
bulge P




WO 2016/183486 PCT/US2016/032465

Mutation in location accessible

o escapes tolerance
to TCR D

Indel creating non-self

: escapes tolerance
peptides

Number of epitopes in 27aa

: High utility
peptide 1gh utiity

*ecach of these references is incorporated herein by reference in its entirety

1.5 identifving Phosphopeptide Mutanis

In certain embodiments, the mutant peptides identified from a subject’s cancer cells

(94

are phosphopeptides, where the phosphorylated residue(s} {e.g., Tyr, Ser, Thr, Arg, Lys,
and/or His) are not phosphorylated {or to a substantially lesser degree) in the subject’s
corresponding normal cells. Mutant phosphopeptides can be dentified from a patient’s cancer
cells using any methods known in the art. Seitable methods include, without limitation, those
set forth in Meyeret al. § Proteome Res. 2009 Jul:8(73:3666-74. dot: 10.1021/pr800937k, and
10 Zarling et al. Proc Natl Acad Sci U 8§ A, 2006 Oct 3;103(40): 14889-94, cach of which s
mcorporated by reference in its entivety. Once suitable mutant peptides have been identified,
antigenic phosphopeptides or phosphopeptide mimetics can be synthesized {e.g., as described
herein} for use in the therapeutic compositions, compositions for use, and methods of the

mvention.
153 2. ANTIGENRIC PEPTIDES

In certain embodiments, the compositions disclosed herein comprise complexes of
stress proteins bound to different antigenic peptides, cach antigenic peptide comprising one
or more mutant MHC-binding epitopes from a subject’s cancer cell. In particular, 1n certain
crobodiments, the present mvention relates to a first composition comprising at least two

20 different complexes of a purified stress protein bound to an antigenic peptide, wherein the
complexes each comprise a different antigenic peptide, wherein each one of the different
antigenic peptides comprises one or more mutant MHC-binding epitopes from a cancer cell,
and wherein the composition comprises no more than 5 different antigenic peptides that

contain only wild-type MHC-binding epitopes. Mutant MHC-binding epitopes are identified

3]
(¥4

from subjects, such as those suffering, or recovering from, glioblastoma (GBM) or multiple
myeloma (MM). Antigenic peptides can be prepared syntheticallv or by recombinant DNA
technology, or can be isolated from natural sources. The antigenic peptides can be used in

combination with adjuvants to create compositions that are useful for treatment and/or
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prevention of cancers, such as GBM or MM, The compositions comprising the antigenic
peptides are immunogenic and are effective at eliciting a beneficial immune response againgt

a cancer in a subject.

MHC molecules are classified as either Class I or Class I molecules. Class I MHC
molecules are expressed primarnly on cells involved in initiating and sustaining immune
responses, such as dendrtic celis, B lymphocyvtes, macrophages, ctc. Class I MHC molecules
are recognized by helper T lvmphocytes and induce proliferation of helper T lymphocytes
and amplification of the immune response to the particular immunogenic peptide that is
displayed. Class 1 MHC molecules are expressed on almost all nucleated cells and are
recognized by cytotoxic T lvmphocytes (CTLs), which then destroy the antigen-bearing cells.
Cytotoxic T lymphocyies are particularly important in tumor rejection and i fighting viral
wfections. The UTL recognizes the antigen in the form of a peptide fragment bound to the
MHC class 1 molecules rather than the intact foreign antigen itself. The capacity of peptides
to bind MHC molecules can be measured in a variety of different ways, such as by inhibition
of antigen presentation {Sette, et al., . Immunol. 141:3893, 1991 incorporated herein by
reference in its entirety), in vifro assembly assavs (Townsend, et al, Cell 62:285, 1990), and
FACS based assays using muiated cells, such as RMA S (Mglief, et al., Eur. I, Immunol.
21:2963, 1991, incorporated herein by reference in its entirety ). MHC-binding epitopes
predicted to bind MHC class I molecules are typically between 8 to 11 residues, while MHC-
binding epitopes predicted to bind MHC class {1 molecules are typically in the range of 10 to
20 residues. Accordingly, in certain embodiments, antigenic peptides used in the
compositions disclosed herein are between 5-50 amino acids {e.g., 5,6, 7,8, 9, 10, 11, 12, 13,
14,15, 16,17, 18,19, 20, 21,22, 23. 24, 25, 26, 27, 28. 29, 30, 31, 32, 33, 34, 35,36, 37, 38,
39,40, 41,42, 43, 44, 45, 46, 47, 48, 49, and 50 anmino acids) in length. In certan
embodiments, the antigenic peptides are 5 to 50 amino acids in length. In certain
embodiments, the antigenic peptides are 25 to 40, 27 to 31, or 21-31 amino acids in length.

In one embodiment, the invention encompasses antigenic peptides wdentified by
methods of the invention. For example, unique peptides comprising a mutant MHC-binding
epitope expressed in tumor cells are dentified by mapped RNA-Seq reads. Such identified
peptides can also be modified by the addition or deletion of amino acids. For example,
several (1, 2, 3, 4, or 5) additional amino acid residues can be added to or removed from
either end or both ends of a peptide providing that the antigenicity or immunogenicity of the

antigenic peptide is not destroved. Peptides can also be modified by altering the order or
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composition of certain residues, for example, residues that are located within a MHC-binding
epitope. It can readily be appreciated that certain amino acid residues essential for binding to
MHC molecules, e.g.. those at critical contact sites or conserved residues in an epitope may
generally not be altered without an adverse effect on immunogenic activity.

In certain embodiments, the invention provides antigenic peptides that are variants of
the mutant peptides identified using the methods disclosed herein, wherein the amino acid
sequence of an antigenic peptide 1s at least 30%, 60%, 70%, or 80% similar to the origimally
identified peptide. Preferably, the similarity is 90% and most preferably 95% or higher. The
varianis can comprise mostly or only conservative substitutions of amino acids relative to the
identified amino acid sequence. Preferably fow if any of the amino acid substitutions occur
within an epitope of a peptide.

Conservative substitutions of amino acids within the sequence may be selected from
other members of the class to which the amino acid belongs. By conservative substitutions is
meant replacing an amino acid residuc with another which is biologically and/or chemically
similar, e.g., one hvdrophobic residue for another, or one polar residue for another. For
example, the nonpolar (hydrophobic) amino acids include alanine, leucine, isoleucine, valing,
proline, phenyialanine, tryptophan and methionine. The polar neutral amino acids include
glycine, serine, threonine, cysteine, tyrosine, asparagine, and glutamine. The positively
charged {(basic) amino acids include arginine, lysine and histidine. The negatively charged
(acidic) amino acids include aspartic acid and glutamic acid. Such modifications may be
made using well known peptide synthesis procedures as described in e g, Memrifield, Science
232:341-347 (1986}, Barany and Merrificld, The Peptides, Gross and Meienhofer, eds. (New
York, Academic Press), pp. 1-284 (1979); and Stewart and Young, Solid Phase Peptide
Synthesis, {Rockford, 111, Picrce}, 2d Ed. {1984), cach of which is incorporated herein by
reference in its entirety.

In yet another embodiment, the invention encompasses antigenic peptides that
comprise an amino acid sequence that binds to a heat shock protein. Such an amino acid
sequence s referred to herein as a “heat shock profein binding sequence.” In certain
embodiments, the heat shock protein binding sequence binds to a heat shock protein (e g,
hsc70, hsp70, hsp90, hspl 10, grp170, gp6, or calreticalin} with a Ky of 107 M, 107 M, 107
M, 10° M, 107 M, 10 M, 10”7 M, or lower. Heat shock protein binding sequences are
tvpically five to fifteen amino acid residues long and are well known in the art. Such binding
sequences are exploited in the present invention to facilitate the non-covalent binding of the

segment of peptide that comprises the peptide MHC-binding epitopes of the invention to a
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heat shock protein, in vitre or in vive. Many such binding sequences are heterologous to the
peptide from which the MHC-binding epitopes are denived. Heterologous shock protein
binding sitcs present in many proteins can be used. Examples of such heat shock protein
binding sequences are disclosed in US Patent Nos. 7,420,037 and 7,309,491, and PCT
publication W0 97/06821 corresponding to PCT/US96/13363, Blond-Elguindi, §. et al.,

(o]

“Affinity panning of a library of peptides displayed on bacteriophages reveals the binding
specificity of BiP.” Cell 75:717-728 (1993); Flynn, G. C. et al., “Peptide binding and release
by proteins implicated as catalysts of protein assembly.” Science 245:385-390 (1989); Auger,
I etal, “HLA-DR4 and HLA-DR10 motifs that carry susceptibility to rheumatoid arthritis

10 bind 70-kD heat shock proteins.” Nature Medicine, 2:306-310 (1996); and Gragerov, A. ¢t
al., “Infferent Specificity of DnaK-peptide binding.” J. Molec. Biol. 235:848-854 (1994).
Usage of heat shock protein binding sequences is described, e g, in Morot et al., Proc. Nat.
Acad. Sci. USA 2000, 97:3485, each of which is incorporated herein by reference n itg
entirety.

5 One example of a heat shock protemn binding sequence usetul in the compositions of
the invention is a heptameric segment having the sequence: Hy(Trp/20Hy X Hy XHy, where
Hy represents a hydrophobic anmino acid residue, particularly trvptophan, leucine, or
phenylalanine, and X 1s any anuno acid. Such heat shock protein binding sequences, or other
heat shock protein binding scquences, are preferably present at either one of the ends of an

20 amino acid sequence that comprises the MHC-binding epitope. Optionally, the heat shock
protein binding sequence, can be joined to either one of the ends by a short peptide linker that
congists of scveral amino acids {e.g., a tripeptide hinker having the sequence: glycine-serine-
glveine or phe-phe-arg-lvs, as disclosed tn US Patent No. 7,309,491, which is incorporated by
reference herein 1n its entirety ). Such antigenic peptides can be synthesized chemically with

25 the anuno acid residues of the heat shock protem binding sequence, joined to the rest of the
peptide by a peptide bond. Alternatively, such antigenic peptides can be synthesized by
recombinant DNA techuiques as a fusion peptide. Heat shock protein binding sequences,
¢.g., high atfinity heat shock protein binding sequences, suttable for mchision in the antigenic
peptides disclosed herein melude, without imitation, NLLRLTG (SEQ 1D NO: 439),

30 NLLRLTGW (SEQ ID NQO: 440), HWDFAWPW (SEQ ID NO: 4413, HWDFAWP (SEQ ID
NO: 442), FYQLALTW (SEQ 1D NO: 443), FYQLALT (SEQ 1D NO: 444y, RKLFFNLRW
(SEQ 1D NO: 445), and RKLFFNLR (SEQ ID NO: 446).

In certain embodiments, the invention encompasses antigenic peptides that comprise a

heat shock protein binding sequence. In some embodiments, the heat shock protein binding
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sequence 1s 5 to 15 amino acids in length. Heat shock protein binding sequences suitable for
imchusion in the antigenic peptides disclosed herein include, without limitation, NLLRLTG
(SEQ 1D NO: 439), NLLRLTGW (SEQ ID NO: 440), HWDFAWPW (SEQ 1D NO: 441),
HWDFAWP (SEQ 1D NO: 442), FYQLALTW (SEQ ID NQ: 443), FYQLALT (SEQ 1D
NG: 444), RKLFFNLRW (SEQ ID NO: 44353, and RKLFFNLR (SEQ ID NO: 446). In
certain embodiments, the heat shock protein binding sequence is NLLRETG (SEQ 1D NG:
439). In some embodiments, the heat shock protein binding sequence is at the C-terminus of
the antigenic peptide. In some embodiments, the heat shock protein binding sequence is at
the N-terminus of the antigenic peptide. In some embodiments, the heat shock protein
binding scquence is in the muddle of the antigenic peptide. In cortain embodiments, the heat
shock protein binding sequence is at either one of the ends of an anuno acid sequence that
comprises an MHC-binding epitope. In certain embodiments, the heat shock protein binding
sequence is joined to either one of the ends of an amino acid sequence that compiises an
MHC-hinding epitope via a linker. In some embodunents, the linker is a peptide linker. in
some embodiments, the linker is 2 to 10 amino acids i length. In some embodiments, the
hinker is FFREK (SEQ ID N(:447}. In certain embodiments, the aming acid sequence that
comprises an MHC-binding cpitope is 3 to 30 amino acids in length. In certain embodiments,
the amino acid sequence that comprises an MHC-binding epitope s 25 to 40 amino acids in
fength. In certain embodiments, the amino acid sequence that comprises an MHC-binding
epitope is 27 to 31 amino acids in length. In certain embodiments, the amino acid sequence
that comprises an MHC-binding epitope is & to 12 amino acids i length. Io certain
embodiments, the MHC-binding ¢pitope comprises a phosphorylated residue. In certain
embodiments, the MHC-binding epitope comprises a phosphomimetic residue. In certain
embodiments, the phosphomimetic residue is a non-hydrolyzable analogue of a
phosphorylated residue. In certain embodiments, the amino acid sequence that comprises an
MHC-binding epitope 1s 8 o 12 aming acids in length, and the MHC-binding epitope
comprises a phosphorvlated residue. In certain embodiments, the amino acid sequence that
comprises an MHC-binding epitope is % to 12 amino acids in fength, and the MHC-binding
epitope comprises a phosphonmimetic residue. In certain embodiments, the antigenic peptide
is 15 to 60 amino acids in length. I certam embodiments, the antigenic peptide 15 15 to 40
amino acids in length. In certain embodiments, the antigenic peptide is 30-60 amino acids in
fength. In certain embodiments, the antigenic peptide 1s 34-56 amino acids in length, ¢.g., 34,
35,36,37,38, 39,40, 41,42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 32, 53, 54, 55, or 56 amino

acids in fength, containing an amino acid sequence 27-31 amino acids in length that
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comprises an MHC-binding epitope; a peptide linker that is 2-10 amino acids in length, e.g.,
FFRE (SEQ ID N{O:447); and a heat shock protein binding sequence that is 3-15 aming acids
n length, ¢.g., NLLRLTG (SEQ ID NG: 439), NLLRLTGW (SEQ 1D NO: 440),
HWDFAWPW (SEQ ID NG: 44 1), HWDFAWP (SEQ ID NG: 442), FYQLALTW (SEQ ID
NG: 443), FYQLALT (SEQ 1D NO: 444), RKLFFNLRW (SEQ ID NQO: 445), and
RKLFFNLE (SEQ ID NO: 446}, wherein the amino acid sequence that comprises an MHC-

(o]

binding epitope, the peptide linker, and the heat shock protein binding sequence are arranged
sequentially N-ternunal to C-terminal or C-terminal to N-terminal. In particular
embodiments, the antigenic peptide is 38 amino acids in length, containing an amino acid

10 sequence of 27 amino acids in length that comprises an MHC-binding epitope; peptide hnker
FFRK (SEQ 1D NO:447); and heat shock protein binding sequence NLLRLTG (SEQ ID NO:
439), wherein the aming actd sequence that comprises an MHC-binding epitope, the peptide
linker, and the heat shock protein binding sequence are arranged sequentially N-terminal to
C-terminal or C-terminal to N-termunal. In certain embodiments, the amino acid sequence

15 that comprises an MHC-binding epitope comprises a mutated residue in the nmuddle flanked
by two peptides of equal length. In some embodiments, the amino acid sequence that
comprises an MHC-binding cpitope is 27 amino acids in length and comprises a mutated
residue at position 14 flanked by two peptides of 13 anuno acids n length. In some
embodiments, the amino acid sequence that comprises an MHC-binding epitope is 29 anino

20 acids in length and comprises a mutated residue at position 15 flanked by two peptides of 14
amino acids in length. In some embodiments, the amino acid sequence that comprises an
MHC-binding epitope is 31 amino acids in length and comprises a mutated residue at position
16 flanked by two peptides of 15 amino acids in length. In certain embodiments, the
antigenie peptide 1s 15-37 amino acids o length, ¢.g., 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,

25 25,26, 27,28,29,30,31, 32,33, 34, 35, 36, or 37 anuno acids in length, containing an amino
acid sequence 8-12 amino acids in length that comprises an MHC-binding epitope; a peptide
tinker that is 2-10 amine acids in length, e.g., FFRK (SEQ D NO:447); and a heat shock
protein binding sequence that is 5-15 amino acids in length, ¢.g., NLLRLTG (SEQ D NO:
430}, NLLRLTGW (SEQ TD NO: 4403, HWDFAWPW (SEQ ID NG: 441), HWDFAWP

30 {(SEQIDNOQ: 442), FYQLALTW (SEQ ID NO: 4433, FYQLALT (SEQ ID NQ: 444),
RKLFFNLRW (SEQ 1D NQ: 445), and RKLFFNLR (SEQ D NO: 446), wherein the amino
acid sequence that comprises an MHC-binding epitope, the peptide linker, and the heat shock
protein binding sequence are arranged sequentially N-terminal to C-terminal or C-terminal to

N-termimmal. In particelar embodiments, the antigenic peptide is 20 amino acids in length,
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containing an amino acid sequence of 9 amino acids in length that comprises an MHC-
binding epitope; peptide linker FFRK (SEG 1D NO:447); and heat shock protein binding
sequence NLLRLTG (SEQ 1D NO: 439), wherein the anmino acid sequence that comprises an
MHC-binding epitope, the peptide linker, and the heat shock protein binding sequence are
arranged sequentially N-terminal to C-ternunal or C-terminal to N-terminal. In certamn
embodiments, the MHC-binding epitope is an MHC class I-binding epitope. In certain
embodiments, the amino acid sequence that comprises an MHC-binding epitope is 8-12
amino acids in length and comprises a phosphorvlated residue. In certain embodiments, the
amino acid sequence that comprises an MHC-binding epitope is 8-12 amino acids in length
and comprises a phosphomimetic residue. In certain embodiments, the phosphonumetic
residue is a non-hydrolvzable analogue of a phosphorviated residue.

In one preferred embodiment, each one of the antigenic peptides comprises a heat
shock protein binding sequence at s N- or C-termunus, more preferably each one of the
antigenic peptides comprises a heat shock protein binding scquence at its C-termunus and/or
the heat shock protein binding sequence 15 linked to the remainder of the antigenic pepuide
via a peptide linker. In one preferred embodiment, the peptide linker comprises the amino
acid sequence FFRK (SEQ 1D NO:447).

In certain embodiments, antigenic peptides of the mvention comprise the amino acid
sequence FFRKNLLRLTG (SEQ ID NO:477) at the C-terminus. In certain embodiments,
the antigenic peptides further comprise an aming acid sequence of 27-31 amino acid in fength
(c.g.. 27, 29, or 31 amino acid in length) that comprises a mutant MHC-binding epitope. In
certain embodiments, the amino acid sequence comprising the mutant MHC-binding epitope
has a tumor-specific mutation at about the middle of the anmuno acid sequence (e.g., the
tumor-specific mutation 1s at about position 14, 15, and 16 of 2 27, 29, or 31 amino acid
peptide, respectively).

In certain embodiments, antigenic peptides of the invention comprise the amino acid
sequence NLLRETGFFRK (SEQ ID N{O:478) at the N-terminus. In certain embodiments,
the antigenic peptides further comprise an amino acid sequence of 27-31 amino acid in length
{c.g., 27, 29, or 31 amino acid m length) that comprises a mutant MHC-binding epitope. In
certain embodiments, the amino acid sequence comprising the mutant MHC-binding epitope
has a tumor-specific mutation at about the middle of the amino acid sequence (¢.g., the
tumor-specific mutation 13 at about position 14, 15, and 16 ofa 27, 29, or 31 amuno acid

peptide, respectively).
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Incladed within the scope of the mvention are derivatives or analogs of antigenic
peptides that are modified dunng or after translation, e.g., by glycosylation, acetyvlation,
phosphoryiation, amidation, or derivatization by known protecting/blocking groups, or
proteolytic cleavage. Any of numerous chemical modifications may be carried out by known
techniques, including but not limited to, reagents useful for protection or modification of free
NH,~ groups, free COOH-- groups, OH-- groups, side groups of Trp-, Tyr-, Phe-, His-, Arg-,
or Lys-; specific chemical cleavage by cvanogen bromide, hydroxylamine, BNPS-Skatole,
acid, or alkali hydrolysis; enzymatic cleavage by trypsin, chymotrypsin, papain, V& protease,
NaBHy; acetylation, formylation, oxidation, reduction; metabolic synthesis in the presence of
tunicamycin; ete.

in certain embodiments, phosphopeptide mimetics are emploved, wherein a
phosphorylated amino acid residue i an antigenic peptide is replaced with a phosphomimetic
group. Non-limiting examples of phosphomimetic groups mchide O-boranophospho, borono,
O-dithiophospho, phosphoranude, H-phosphonate, alkviphosphonate, phosphorothiolate,
phosphodithiolate and phosphorofluoridate, any of which may be derivatized on Tyr, Thr,
Ser, Arg, Lys, or His residues. In certam embodiments, an Asp or Glo residue isused as a
phosphomimetic. Asp or Glu residucs can also function as phosphomimetic groups, and be
used n place of a phospho-Tyr, phospho-Thr, phospho-Ser, phospho-Arg, phospho-Lys

and/or phospho-His residue in a peptide.
2.1. Production of Antigenic Peptides by Chemical Synthesis

Antigenic peptides can be synthesized by standard chemical methods including the
use of a peptide synthesizer. Conventional peptide synthesis or other synthetic protocols well
known in the art can be used.

Peptides having the amino acid sequence of an antigenic peptide can be synthesized,
for example, by solid-phase peptide synthesis using procedures similar to those described by
Merrifield, 1963, ], Am. Chem. Soc ., 85.2149, mncorporated herein by reference in its
entirety. Durning synthesis, N-g-protected amino acids having protected side chans are added
stepwise to a growing polypeptide chain linked by 1ts C-ternunal and to an msoluble
polymeric support 7.e., polystyrene beads. The peptides are svnthesized by linking an amino
group of an N-a~deprotected amino acid to an a~carboxyl group of an N-u-protected amino
acid that has been activated by reacting it with a reagent such as dicyclohexyicarbodimmide.
The attachment of a free amino group to the activated carboxy!l leads to peptide bond

formation. The most commonly used N~a-protecting groups nclude Boc which is acid labile
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and Fmoc which is base labile. Details of appropriate chenustries, resins, protecting groups,
protecied amino acids and reagents are well known 1o the art (See, Atherion, et al., 1989,
Solid Phase Peptide Synthesis: A Practical Approach, IRL, Press, and Bodanszkv, 1993,
Peptide Chenustry, A Practical Textbook, 2nd Ed., Springer-Verlag, each of which s

(o]

mcorporated herein by reference in its entirety).

In addition, peptide analogs and derivatives of antigenic peptides can be chemically
synthesized as described supra. If desired, nonclassical amino acids or chemical amino acid
analogs can be mtroduced as a substitution or addition into the peptide sequence. Non-
classical amino acids include, but are not limited to, the D-isomers of the common amino
10 acids, a-amino isobutyric acid, 4-aminobutyric acid, hydroxyproline, sarcosine, citrulline,

cysteic acid, t-butvlglveine, t-butylalanine, phenyiglycine, cyclohexylalanine, B-alanine,
designer amino acids such as B-methyl amine acids, C-g-methy! amino acids, and N-g-methyl
amino acids.

Peptides phosphorylated on the side chains of Tyr, Ser, Thr, Arg, Lys, and His can be

15 synthesized in Fmoc solid phase synthesis using the appropriate side chain protected Fmoce-
phospho amino acid. In this way, peptides with a combination of phosphorylated and non-
phosphorviated Tyr, Ser, Thr, Arg, Lys, and His residues can be synthesized. For example,
the method of Stacrkaer et al can be applied (1991, Tetrahedron Letters 32; 5389-3392).
Other procedures (some for specific amino acids) are detailed in De Bont et al. {1987, Trav.

20 Chum Pays Bas 106: 641, 642), Bannwarth and Trezeciak (1987, Helv. Chim. Acta 70: 175~
186), Perich and Johns (1988, Tetrahedron Letters 29 2369-2372), Kitas et al. (1990, J. Org.
Chem. 55:4181-4187), Valerio ¢t al. (1989, Int. | Peptide Proten Res. 33:428-438), Perich et
al. {1991, Tetrahedron Letters 32:4033-4034}, Pennington {1994, Meth. Molec. Biol. 35:195-
2}, and Perich (1997, Methods Enzymol. 289:245-266, each of which is incorporated herein

25 by reference in ifs entirety).

The phosphopeptide can also be produced by first culturing a cell transformed with
the nucleic acid that encodes the aming acid sequence of the basic polypeptide. After
producing such a polypeptide by cell culture, the hyvdroxyl groups of the appropriate amino
acid are substituted by phosphate groups using organic synthesis or enzymatic methods with

30 phosphorylation enzymes. For example, in the case of serine-specific phosphorylation, serine

kinases can be used.

Phosphopeptide mimetics can also be synthesized, wherein a phosphorvlated amino
acid residue 1n an antigenic peptide 1s replaced with a phosphomimetic group. Non-limiting

examples of phosphomimetic groups include O-boranophospho, borono, O-dithiophospho,
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phosphoramide, H-phosphonate, alkylphosphonate, phosphorothiolate, phosphodithiolate and
phosphoroflucridate, any of which may be derivatized on Tyr, Thr, Ser, Arg, Lys, or His
residues. In certain embodiments, an Asp or Glu residue is used as a phosphonumetic. Asp
or Glu residues can also function as phosphomimetic groups, and be used in place of a
phospho-Tyr, phospho-Thr, phospho-Ser, phospho-Arg, phospho-Lys and/or phospho-His
residue in a peptide.

Purnification of the resulting peptide is accomplished using conventional procedures,
such as preparative HPLC using reverse-phase, gel permeation, partition and/or ion exchange
chromatography. The choice of appropriate matrices and buffers are well known in the art

and so are not described in detail herein.
2.2. Production of Antigenic Peptides Using Recombinant DNA Technology

Antigenic peptides can also be prepared by recombinant DNA methods known in the
art. A nucleic acid sequence encoding an antigenic peptide can be obtained by back
translation of the aming acid sequence and synthesized by standard chemical methods, such
as the use of an oligonucleotide synthesizer. Alternatively, coding information for antigenic
peptides can be obtained from DNA templates using specifically designed oligonucleotide
primers and PCR methodologies. Varnations and fragments of antigenic peptides can be made
by substitutions, insertions or deletions that provide for antigenically equivalent molecules.
Due to the degeneracy of nucleotide coding sequences, DNA sequences which encode the
same or a vanation of an antigenic protein may be used in the practice of the present
mvention. These include, but are not limited to, nucleotide sequences which are altered by the
substitution of different codons that encode an antigenically equivalent amino acid residue
within the sequence, thus producmg a sent or conservative change. The nucleic acid
encoding an antigenic peptide can be inserted into an expression vector for propagation and
gxpression i host cells.

As the coding sequence for peptides of the length contemplated herein can be
synthesized by chenucal techniques, for example, the phosphotriester method of Mattcucci et
al I Am. Chem. Soc. 103:3185 {1981) (incorporated herein by reference in its entivety),
modification can be made simply by substituting the appropriate base(s) for those encoding
the native peptide sequence. The coding sequence can then be provided with appropriate
linkers and ligated into expression vectors commonly available in the art, and the vectors
used to transform suitable hosts to produce the desired peptide or fusion protein. A number of

such vectors and suitable host systems arc now available. For expression of the peptide or
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fusion proteins, the coding sequence will be provided with operably linked start and stop
codons, promoter and terminator regions and usually a replication system to provide an
cxpression vector for expression in the desired celiular host.

An expression construct refers to a nucleotide sequence encoding an anfigenic peptide
operably linked with one or more regulatory regions which enables expression of the peptide
i an appropriate host cell. “Operably-linked” refers to an association in which the regulatory
regions and the peptide sequence to be expressed are joined and positioned in such a way as
to permit transcription, and ultimately, translation.

The regulatory regions necessary for transcription of the peptide can be provided by
the expression vector. A translation mitiation codon {ATG) mav also be provided if the
peptide gene sequence lacking its cognate mitiation codon is to be expressed. In a compatible
host-constract system, cellular transcriptional factors, such as RNA polymerase, will bind to
the regulatory regions on the expression construct to effect transcription of the peptide
sequence in the host organiso. The precise nature of the regulatory regions necded for gene
expression may vary from host cell to host cell. Generally, a promoter 1s required which 1s
capable of binding RNA polymerase and promoting the transcription of an operably-
associated nucleic acid sequence. Such regulatory regions may nclude those 3' non-coding
sequences mvolved with imtiation of transcription and translation, such as the TATA box,
capping sequence, CAAT sequence, and the like. The non-coding region 3' to the coding
sequenee may contain transcriptional termination regulatory sequences, such as terminators
and polyadenylation sites.

In order to attach DNA sequences with regulatory functions, such as promoters, to the
peptide gene sequence or to insert the peptide gene sequence into the cloning site of a vector,
linkers or adapters providing the appropnate compatible restriction sites may be ligated to the
ends of the cDNAs by technigues well known in the art (Wu et al., 1987, Methods in
Enzymol 152:343-348, incorporated herein by reference in its entirety}. Cleavage with a
restriction enzyme can be followed by modification to create blunt ends by digesting back or
filling in single-stranded DNA termint before ligation. Alternatively, a desired restriction
enzyme stie can be introduced mto a fragment of DNA by amplification of the DNA by use
of PCR with primers containing the desired restriction enzyme site.

An expression construct comprising an antigenic peptide sequence operably linked
with regulatory regions can be directly mtroduced into appropriate host cells for expression
and production of the peptide without further cloning. The expression constructs can also

contain DNA sequences that facilitate integration of the DNA sequence into the genome of
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the host ¢ell, e.g., via homologous recombination. In this instance, it s not necessary 10 use
an expression vector comprising a replication origin suitable for approprate host cells in
order to propagate and express the peptide in the host cells.

A vanety of expression vectors may be used including plasmids, cosmids, phage,
phagenuds or modified viruses. Typically, such expression vectors comprise a fimetional
origin of rephication for propagation of the vector in an appropriate host celf, one or more
restriction cndonuclease sites for insertion of the peptide gene sequenee, and one or more
selection markers. Expression vectors may be constracted to carrv nucleotide sequences for
one or more of the antigenic peptides of the invention. The expression vector must be used
with a compatible host cell which may be derived from a prokaryotic or eukaryotic organism
mcluding but not himuted to bacteria, veasts, insects, mammals and humans. Such host cells
can be transformed to express one or more antigenic peptides, such as by transformation of
the host cell with a single expression vector containing onc or more nucleotide sequences
encoding any of the antigenic peptides of the invention, or by transformation of the bost cell
with multiple expression vectors encoding different antigenic peptides of the mvention.

In bacterial systems, a number of expression vectors may be advantageously selected
to produce antigenic peptides. For example, when a large quantity of such a protein is to be
produced, such as for the generation of phammaceutical compositions, vectors that direct the
expression of high levels of fusion protein products that are readily purified may be desirable.
Such vectors include the &. coli expression vector pUR278 (Ruther et al., 1983, EMBO . 2,
1791, incorporated herein by reference in its entirety), in which the peptide coding sequence
may be ligated individually into the vector i frame with the lac Z coding region so that a
fusion protein is prodoced; pIN vectors (Inouve and Inouve, 1985, Nucleic Acids Res. 13,
3101-3109; Van Heeke and Schuster, 1989, J. Biol. Chem 264, 5503-5509, ecach of which is
mcorporated herein by reference in ifs entirety); and the like. pGEX vectors may also be used
to express these peptides as fusion proteins with glutathione S-transferase (GST). In general,
such fusion proteins are scluble and can easily be punfied from lysed celis by adsorption o
glutathione-agarose beads followed by clution n the presence of free glutathione. The pGEX
vectors are designed to include thrombin or factor Xa protease cleavage sites so that the
antigenic peptide can be released from the GST moiety.

Alternatively, for long term, high vield production of properly processed peptide
complexes, stable expression in mammalian cells 1s preferred. Cell lines that stably express
peptide complexes may be engimeered by using a vector that contains a selectable marker. By

way of example, following the mtroduction of the expression constructs, enginecred cells
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may be allowed to grow for 1-2 days in an enriched media, and then are switched to a
selective media. The selectable marker in the expression construct confers resistance {0 the
seloction and optimally allows cells to stably intograte the expression construct mto their

chromosomes and to grow m culture and to be expanded into cell lines. Such celis can be

(o]

cultured for a long penod of time while peptide 1s expressed continucusly.

The recombinant cells may be cultured under standard conditions of temperature,
mecubation time, optical density and media composition. However, conditions for growth of
recombinant cells may be different from those for expression of the antigenic peptides.
Modified culture conditions and media may also be used to enhance production of the
10 peptides. For example, recombinant cells containing peptides with their cognate promoters

may be exposed fo heat or other environmental stress, or chemical stress. Any techniques
known in the art may be applied to establish the optimal conditions for prodacing peptide
complexes.

In one embodiment of the invention, a codon encoding methioning is added at the &'

15 end of the nucleotide sequence encoding an antigenic pepiide to provide a signal for initiation
of translation of the peptide. This methionine may remain attached to the antigenic peptide, or
the methionine may be removed by the addition of an enzyme or enzymes that can catalyze
the cleavage of methionine from the peptide. For example, in both prokarvotes and
eukaryotes, N-terminal methionine is removed by a methionine aminopeptidase (MAP)

20 (Tsunasawaect al.,, 1985, J Biol. Chem. 260, 53382-5391, incorporated herein by reference in
its cutirety}. Methionine aninopeptidases have been isolated and cloned from several
organisios, including . cofi, veast, and rat.

The peptide may be recovered from the bacterial, mammalian, or other host cell types,
or from the culture medivm, by known methods {see, for example, Current Protocols in

25 Tmmunology, vol. 2, chapter &, Coligan et al. {ed.), John Wiley & Sons, Inc.; Pathogenic and

Clinical Microbiology: A Laboratory Manual by Rowland et al., Little Brown & Co., June

1994, incorporated herein by reference in its entirety}.

3. HEAT SHOCK PROTEINS AND METHODS OF USE

30 Heat shock proteins, which are also referred to interchangeably herein as stress
proteins, useful in the practice of the instant invention can be selected from among any
cellular protein that 1s capable of binding other proteins or peptides and capable of releasing

the bound proteins or peptides m the presence of adenosine triphosphate (ATP) or under
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acidic conditions. The mtracetlular concentration of such protein may increase when a cell is
exposed to a stressful stimulus. In addition to those heat shock proteins that are induced by
stress, the HSP6O, HSP70, HSPSO, HSP100, sHSPs, and PDI families also include proteins

that are related to stress-induced HSPs in sequence similarity, for example, having greater

(o]

than 35% amino acid dentity, but whose expression levels are not altered by stress. Therefore

it is contemplated that the definition of stress protein or heat shock protein (HSP) embraces

other proteins, mutants, analogs, and variants thereof having at feast 35% (¢.g., at least 40,

45, 50, 55,60, 65,70, 75, 80, 85, 90, 95, or 99%;} amino acid identity with members of these

familics whose expression levels in a cell are enhanced 10 response to a stressful stimulus.

16 in addition to the major HSP fanulics described supra, an endoplasmic reticulum
resident protein, calreticulin, has also been 1dentified as vet another heat shock protem useful
for eliciting an tmmune response when complexed to antigenic molecules {Basu and
Srivastava, 1999, F Exp. Med. 189:797-202; incorporated herein by reference in its entirety).
Other stress proteins that can be used in the invention include grp78 (or BiP), protem

15 disulfide isomerase (PDI}, hep 110, and grpl70 (Lin et al,, 1993, Mol. Biol. Cell, 4:1109-
1119 Wang et al., 2001, J. Immunol. | 165:490-497, cach of which is mcomorated herein by
reference in its entirety). Many members of these families were found subsequently 1o be
mduced in response to other stresstul stimuli including nutnient deprivation, metabolic
disraption, oxvgen radicals, hypoxia and mfection with intracellular pathogens. (See Welch,

20 May 1993, Scientific American 56-64; Young, 1990, Anna. Rev. Immunol. 8:401-420; Craig,
1993, Science 260:1902~1903; Gething, ot al., 1992, Nature 355:33-45; and Lindquist, et al,
1988, Annu. Rev. Genetics 22:631-677, each of which 1s incorporated herein by reference in
its entirety). It is contemplated that HSPs/stress proteins belonging to all of these familics can
be used i the practice of the invention. In certain embodiments, a stress protein encompasses

25 any chaperone protein that facilitates peptide-MHC presentation. Suitable chaperone proteins
mclode, but are not imuted to, ER chaperones, e g, tapasin {¢.g., human tapasin}.

The major HSPs can accumulate to very high levels in stressed cells, but they occur at
low to moderate levels in cells that have not been stressed. For example, the highly inducible
mammalian hsp70 1s hardly detectable at normal temperatures but becomes one of the most

30 actively synthesized proteins in the cell upon heat shock (Welch, et al,, 1985, §. Cell. Biol.

101:1198-1211, incorporated herein by reference in s eatirety). In contrast, hsp90 and hsp60

proteins are abundant at normal temperatures in most, but not all, mammalian cells and are

further induced by heat (Lai, et al., 1984, Mol. Cell. Biol. 4:2802-10; van Bergen en
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Henegouwen, et al., 1987, Genes Dev. 1:525-31, each of which is incorporated herein by
reference in Hs entirety).

in various embodiments, nuclectide sequences encoding heat shock protein withina
family or variants of a heat shock protemn can be identified and obtained by hybndization
with a probe comprising micleotide sequence encoding an HSP under conditions of low to
mediom stringency.

By way of example, procedures using such conditions of low stringency are as
follows (see also Shilo and Weinberg, 1981, Proc. Natl. Acad. Sci. USA 78.6789-6792).
Filters containing DNA are pretreated for 6 h at 40°C. in a solution containing 35%
formamide, 5X SSC, 50 mM Tris-HCH (pH 7.5), 5 mM EDTA, 0.1% PVP, 0.1% Ficoll, 1%
BSA, and 300 pg/ml denatured salmon sperm DNA. Hybndizations are carried out n the
same solution with the following modifications: 0.02% PVP, 0.02% Ficoll, 0.2% BSA, 100
ug/ml salmon sperm DNA, 10% {wt/vol} dextran sulfate. Filters are incubated in
hybridization mixture for 18-20 h at 40° C, and then washed for 1.5 h a1 55° C in a solution
contatning 2 x SSC, 25 mM Tris-HClH(pH 7.4}, 5 mM EDTA, and 0.1% SDS. The wash
solution 1s replaced with fresh solution and incubated an additional 1.5 h at 60° C. Filters arg
blotted dry and exposed for signal detection. if necessary, filters are washed for a third time
at 65-68° C before signal detection. Other conditions of low stringency which may be used
are wel known in the art {e. 2., as used for cross-species hvbridizations).

Where HSPs are used, peptide-binding fragments of HSPs and functionally active
derivatives, analogs, and variants of HSPs can also be used. The term “HSP peptide-binding
fragment” 1s used to refer to a polypeptide that comprises a domain that is capable of
becoming noncovalently associated with a peptide to form a complex and eliciting an
immune response, but that is not a full-length HSP. The term “variant of HSPs” refers to a
polypeptide that is capable of becoming noncovalently associated with a peptide to form a
complex and eliciting an immune response, but that shares a ligh degree of sequence
similarity with a HSP. To determine a region of identity between two amino acid sequences
or nucleic acid sequences, the sequences are aligned for optimal comparison purposes {e.g.,
gaps can be introduced i the sequence of a first amino acid or nucleic acid sequence for
optimal alignment with a second amino or nucleic acid sequence}. The amino acid residues or
sucleotides at corresponding aming acid positions or nucleotide positions are then compared.
When a posttion in the first sequence 1s occupied by the same amino acid residue or
nucleotide as the corresponding position in the second sequence, then the molecules are

identical at that position. The percent wdentity between the two sequences is a function of the
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number of identical positions shared by the sequences {i.e., % identity=# of identical
overlapping positions/total # of positions x 100%:). In one embodiment, the two sequences are
the same length.

The deternunation of percent identity between two sequences can also be

(o]

accomplished using a mathematical algorithm. A preferred, non-limiting example of a
mathematical algorithm utilized for the comparnson of two sequences is the algorithm of
Kartin and Altschul, 1990, Proc. Natl. Acad. Sci. USA 87:2264-2268, modified as in Karlin
and Altschud, 1993, Proc. Natl. Acad. Sct. USA 90:5873-5877 (each of which is incorporated
herein by reference in its entirety). Such an algorithm s incorporated into the NBLAST and
10 XBLAST programs of Altschul, et al., 1990, . Mol. Biol. 215:403-410 (incorporated herein
by reference in 1ts entirety). BLAST nucleotide searches can be performed with the NBLAST
program, score=100, wordlength=12 to obtain nucleotide scquences homologous to a nucleic
acid molecules of the invention. BLAST protein searches can be performed with the
XBLAST program, score=50, wordlength=3 to obtain anuno acid sequences homologousic a
15 protein molecules of the invention. To obtain gapped alignments for comparison purposes,
Gapped BLAST can be utihzed as described i Altschal et al., 1997, Nucleic Acids Res.
25:3389-3402. Altematively, PSI-Blast can be used to perform an iterated search which
detects distant relationships between molecules (Altschul et al., 1997, supra). When vtilizing
BLAST, Gapped BLAST, and P5I-Blast programs, the default parameters of the respective
20 programs {e.g.. XBLAST and NBLAST) can be used. Ancther example of a mathematical
algonithm utidized for the comparison of sequences is the algorithm of Myers and Miller,
1988, CABIOS 4:11-17. Such an algorithm 1s incorporated into the ALIGN program (version
2.0} which is part of the GCG sequence alignment software package. When atilizing the
ALIGN program for comparing amino acid sequences, a PAM120 weight residue table, a gap
25 length penalty of 12, and a gap penalty of 4 can be used. The percent identity between two
sequences can be determined using technigues similar to those described above, with or
without allowing gaps. In calculating percent identity, typically only exact matches are
counted.
In one embodiment, for example, hsp70 and hsc70 peptide-binding domain
30 denvatives and analogs can be designed. By computer modeling the three dimensional
structure of the Hsp70 peptide-binding site, variants of members of the hsp70 famuly
meluding hsc70 vanants can be designed in which amino acid residues not involved
peptide binding or structurally important determinants may be substituted for the wild-type

residues.
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In a specific embodiment, an HSP peptide-binding fragment of the mvention
comprises a peptide-binding domain that is contiguous on its N-terminal side with a vanable
number of amino acids that naturally flank the peptide-binding domain on the N~terminal side

and that is contiguous on the C-termunal side with a variable number of amino acids that

(o]

naturally flank the peptide-binding domain on the C-terminal side, See for example, the

peptide-binding fragments of H5Ps disclosed in United States patent publication US

2001/0034042 (incorporated hercin by reference in its entirety).

Amino acid sequences and mucleotide sequences of naturally occurring HSPs are

gencrally available in sequence databases, such as GenBank. For example, Homo sapiens

10 heat shock protein HSP70 (Heat Shock 70kDa Protein 1A) has the following identifiers
HGNC: 5232; Entrez Gene: 3303; Ensembl: ENSG00000204389; OMIM: 140550
UniProtKB: PO3107 and NCBI Reference Sequence: NM_005343 .5, Computer programs,
such as Entrez, can be used to browse the database, and retrieve any amino acid sequence and
genetic sequence data of interest by accession nuraber. These databases can also be searched

15 toidentify sequences with various degrees of similarities (0 a guery sequence using programs,
such as FASTA and BLAST, which rank the similar sequences by alignment scores and
statistics. Such nucleotide sequences of non-limiting examples of HSPs that can be used for
preparation of the HSP peptide-binding fragments of the invention are as follows: human
Hsp70, Genbank Accession No. NM_005345, Sargent et al., 1989, Proe. Natl. Acad. Set.

20 US.A., 86:1968-1972; human Hsc70: Genbank Accession Nos. P11142, Y00371; human
Hsp90, Genbank Accession No. X15183, Yamazaki ¢t al., Nucl. Acids Res. 17:7108; human
gp96: Genbank Accession No. X15187, Maki et al., 1990, Proc. Natl. Acad Sci., 87: 5658-
5562; human BiP: Genbank Accession No. M19645; Ting et al., 1988, DNA 7. 275-286;
human Hsp27, Genbank Accession No. M24743; Hickey et al., 1986, Nucleic Acids Res.

25 14:4127-45; mouse Hep70: Genbank Accession No. M35021, Hunt et al., 1990, Gene,
87:196-204; mouse gp96: Genbank Accession No. M16370, Srivastava et al., 1987, Proc.
Natl. Acad. Sci., 85:3807-3%11; and mouse BiP: Genbank Accession No. U16277, Haas et
al., 1988, Proc. Natl. Acad. Sci. U.S. A, 85: 2250-2254 (cach of these references is
mcorporated herein by reference in its entirety). Due to the degeneracy of the genetic code,

30 the term “HSP nucleic acid sequence” refers not only to the naturally occurring nucleotide

sequence but also encompasses all the other degenerate DNA sequences that encode the HSP,

The HSPs in pharmaceutical preparations can be prepared by punification from
tissues, or by recombinant DNA technigues. HSPs can be purified from tissues in the
presence of ATP or under acidic conditions (pH 1 to pH 6.9), for subsequent in vitro
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complexing to one or more antigenic peptides. See Peng, et al., 1997, §. Immunol. Methods,
204:13-21; Li and Srivastava, 1993, EMBO J. 12:3143-3151 {cach of these references is
mcorporated herein by refercnce in its entirety). “Purified” stress proteins or heat shock
proteins are substantially free of matenals that are associated with the proteims ina cell, ma
cell extract, wn a cell culture medium, or in an mdividual.

Using the defined amino acid or ¢BNA sequences of a given HSP or a peptide-
binding domains thercof, one can make a genetic construct which is transfected into and
expressed in a host cell. The recombinant host cells may contain one or more copies of a
nucleic acid sequence comprising a sequence that encodes an HSP or a peptide-binding
fragment, operably linked with regulatorv region(s) that drives the expression of the HSP
nucleic acid sequence 1n the host cell. Recombinant DNA technigues can be readily utilize
to generate recombinant HSP genes or fragments of HSP genes, and standard techniques can
be used to express such HEP gene fragments. Any nucleic acid sequence encoding an HSP
peptide-binding domain, mchuding cDNA and genomic DNA, can be used to prepare the
HSPs or peptide-binding fragments of the invention. An HSP gene fragment containing the
peptide-binding domain can be inserted into an appropriate cloning vector and introduced
mnto host cells so that many copies of the gene sequence are generated. A large number of
vector-host systems known in the art may be used such as, but not himited to, bacteriophages
such as lambda derivatives, or plasmids such as pBR322, pUC plasmid derivatives, the
Bluescript vectors {Stratagene) or the pET series of vectors (Novagen). Any technigue for
mutagencsis known in the art can be used to modity ndividual nucleotides in a DNA
sequence, for purpose of making amino acid substitution(s) in the expressed peptide
sequence, or for creating/deleting restriction sites to factiitate further manipulations.

The HSPs or peptide-binding fragments may be expressed as fusion proteins to
facilitate recovery and puritication from the cells in which they are expressed. For example,
the HSP or fragment may contain a signal sequence leader peptide to direct its translocation
across the endoplasmic reticohum membrane for secretion into culture medivm. Further, the
HSP or fragment may contain an affinity label fused to anv portion of the HSP or fragment
not involved in binding antigenic peptide, such as for example, the carboxyl ternunal. The
affinity label can be used to facilitate parification of the protein, by binding to an affity
partner molecule. A variety of affinity labels known 1o the art may be used, such as the
mmmunoglobulin constant regions, polvhistidine sequence (Petty, 1996, Metal-chelate affinity
chromatography, in Current Protocols in Molecular Biclogy, Vol. 2, Ed. Ausubel et al,

Greene Publish. Assoc. & Wiley Interscience, incorporated herein by reference in its
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entirety), ghutathione S-transferase (GS8T: Smith, 1993, Methods Mol. Cell Bio. 4:220-229,
mcorporated herein by reference in its entirety), the £ coli maltose binding protein (Guan et
al., 1987, Gene 67:21-30, incorporated herein by reference in its entirety), and various
celiulose binding domains (U.S. Patent Nos. 5,496,934; 5,202,247, 5,137.819; Tomme et al.,

5 1994, Protein Eng. 7:117-123, each of which is incorporated herein by reference in its
entirety), etc.

Such recombinant HSPs or fragments can be assayed for antigenic peptide binding
activity {(see for example, Klappa et al., 1998, EMBO J., 17:927-935, incorporated herein by
reference in its entirety) for their ability to clicit an immune response. k is preferred that the

10 recombinant HSP produced in the host cell or library cell is of the same species as the
miended recipient of the immunogenic composition. Recombinant human HSP is most
preferred.

In one embodiment, the HSP isolated from tissue is a mixture of different HSPs, for
example, hsp70 and hsc70. Pharmaceutical compositions can comprise purified human hsc70

15 produced by recombinant DNA methods, for example using human hsc70 sequence as
described in Dworniczak and Mirault, Nucleic Acids Res. 15:5181-3197 (1987) and Genbank
accession no. P11142 and/or Y00371 (cach of which is incorporated herein by reference in its
entirety}. In certain embodiments, Hsp70 sequences are as described in Hunt and Morimoto
Proc. Nath. Acad. Sci. U.S.A. 82 (19), 6455-6439 (1985} and Genbank accession no.

20 PODMVS and/or M11717 {cach of which is incorporated herein by reference in its entirety).

In other erobodiments, the stress protein s a mutated stress protein which has an
affinuty for a target antigenic peptide that is greater than a native stress protein. Such mutated
stress proteins can be aseful when an antigenic peptide is phosphorylated or is a
phosphopeptide mimetic (such as non-hydrolyzable analogs) or has some other post-

25 translational modification.

In a preferred embodiment of compositions of the present invention, the stress protemn
is selected from the group consisting of hsc70, hep70, hsp90, hspl 10, grpl 70, gpds,
calreticulin, a mutant thercof, and combinations of two or more thereof. In one preferred
embodiment, the stress protein s an hse70, even more preferably a human hsc70. In another

30 preferred embodiment, the stress protein is an hsp70, even more preferably is a human hsp70.
The stress protein may be bound to the antigenic peptide non-covalently or covalently. Ina
preferred embodument, the stress protein is non-covalently bound to the antigenic peptide. Tn
one preferred embodiment, the amount of the stress protein in the composition is 10 ug to 600

ug, such as 23 pg.
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3.2, Preparation of Heat Shock Protein-Peptide Complexes

Described are exemplary methods for complexing in vitre a HSP with a population of
antigenic pepiides for preparing compositions of the invention described herem. The
complexing reaction can result in the formation of a covalent bond between a HSP and a
peptide. The complexing reaction can result in the formation of a non-covalent association
between a HSP and a peptide. In various embodiments, the complexes formed in vifro are
optionally purified. Punified complexes of heat shock proteins and antigenic peptides are
substantially free of materials that are associated with such complexes in a cell, or m a cell
extract. Where purified heat shock proteins and purified antigenic peptides are used in an i
vitro complexing reaction, the term “purified” complexes of heat shock proteins and
antigenic peptides do not exclude a composition that also comprises free HSP and peptides
not in complexes. In a preferred embodiment of compositions of the present nvention, the
stress profein is selected from the group consisting of bsc70, hsp70, hsp90, hsp 110, grpl70,
2p96, calreticulin, a mutant thereof, and combinations of two or more thereof. In one
preferred embodiment, the stress protein is an hsc70, even more preferably a human hse70. In
another preferred embodiment, the stress protein is an hsp70, cven more preferably is a
human hsp70. The stress protein may be bound to the antigenic peptide non-covalently or
covalently. In a preforred embodiment, the stress protein is non-covalently boond to the
antigenic peptide. In one preferred embodiment, the amount of the stress protein in the
composition 1s 10 ug to 600 pg, such as 25 pg.

Prior to complexing, HSPs can be pretreated with ATP or exposed to acidic
conditions (o remove any peptides that may be non-covalently associated with the HSP of
mterest. Acidic conditions are any pH levels in the range pH | to pH 6.9, including the ranges
pH 1-pH 2, pH 2-pH 3, pH 3-pH 4, pH 4-pH 5, pH 5-pH 6, and pH 6-pH 6.9. When the ATP
procedure 1s ased, excess ATP is removed from the preparation by the addition of apyranase
as described by Levy, etal., 1991, Cell 67.265-274 {incorporated herein by reference i its
entirety}. When acidic conditions are used, the buffer 1s readjusted to neutral pH by the
addition of pH modifving reagents. The molar ratio of total antigenic peptides, or of any one
peptide, to HSP can be any ratio from 0.01:1 to 100:1, including but not hmated to 0.01:1,
0.02:1,0051.011.02:1,651, 1:1,2:1, 3.1, 41, 5:1,6:1, 7.1, 81,91, 10:1, 111, 12:1,
13:1, 14:1, 15:1, 16:1, 17:1, 18:1, 19:1, 20:1, 30:1, 40:1, 491, up to 100:1. In one
embodiment of a composition of the invention, the molar ratio of stress protein to antigenic

peptide in cach complex can be in the range of 1:0.01 to 1:100. In certain embodiments of a
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composition of the invention, the molar ratio of stress protein to antigenic peptide in each
complexisatleast 111 (e.g.. about 2:1, 3:1, 4:1, 5:1, 6:1, 7.1, 8:1, 91, 101, 1001 1208, 1301,
4:0, 150, 161, 1720, 181, 19:1, 2011, 3011, 40:1, 491, up to 100:1).1In certain embodiments
of a composition of the invention, the molar ratio of stress protein to antigenic peptide in each
complexis Llorless{e g, 1:2, 13, 14, 1:5 1:6, 1.7, 18, 1.9, 110, 111, 112, 1113, 1114,
1:15, 1016, 1:17_1:18, 1:19, 1:20, 1:50, down to 1:100 or less). A preferred, exemplary

(o]

protocol for the noncovalent complexing of a population of peptides to an HSP in vifro is
discussed below.
The population of antigenic peptides can comprise a mixture of the different antigenic

10 peptide species of the invention. Then, the mixture is incubated with the pretreated HSP for
from 15 nunutes to 3 hours at from 4° to 50° € in a suitable binding buffer, such as phosphate
buffered saline pH 7.4, or a buffer containing 20 mM sodiom phosphate, pH 7.2, 350 mM
Nal(l, 3 mM MgCl, and 1 mM phenv] methyl sulfonyl fluoride (PMSF}. Any butfer may be
used that is compatible with the HSP. The preparations are then optionally purified by

15 centrifugation through a Centricon 10 assembly (Miliipore; Billerica, MA) to remove any
unbound peptide. The non-covalent association of the protems/peptides with the HSPs can be
assaved by High Performanee Liquid Chromatography (HPLC) or Mass Spectrometry (MS).
In certain embodiments, tumor-specific antigenic peptides of the mvention are 27 amino
acids in length ("27mers”) with an average molecuolar weight of ~3,000 daltons. Assuming

20 the molecular weight of HSP70 15 70,000 daltons, the following material will be required to
generate complexces of tumor-specific antigenic peptides and HPS70 10 quantities sufficient to
treat a cancer patient. Assuming in one embodiment a 240 pg dose of HSP70 15 intended to
be administered 12 times to a patient, approximately 3 mg HSP70 is required. I, in one
embodiment, ten 27mer peptides are complexed with the HSP70 the total quantity of peptide

25 required for the complexing reaction is 124 pg (12.4 ug each peptide), assunung a |11 molar
ratic of total peptide: protein. I a 4:1 molar ratio of total peptide: protein 1s preferred, then
494 g total peptide is required. fn certain embodiments, the HSP70 species is recombinant
human Hsc70 (rhHsc70). In certain embodiments, the HSP70 species is recombinant human
Hsp70 (thHsp70}. In certain embodiments, thHsc70 is incubated for 60 minutes with the

30 muxture of antigenic peptides at 37°C in a binding buffer comprising 2.7 mM Sodium
Phosphate Dibasic, 1.5 mM Potassium Phosphate Monobasic, 150 mM NaCl, pH 7.2. An
exemplary alternative binding butfer comprises 9% sucrose in potassium phosphate buffer, or

20 mM sodiom phosphate buffer pH 7.5, 0. 5M NaCl, 3 mM MgCl and 1| mM ADP. The
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HSP70-peptide binding incubation mixture can optionally be centrifuged one or more times if
necessary, through a Centricon 10 assembly (Millipore) to remove any unbound peptide.
in certain emboduments, a 25 pg dose of HSP70 is administered 17 times to a patient,

requiring a total of 300 ug HSP70. If in one embodiment where ten 27mer peptides arc

(o]

complexed with the HSP70, the total quantity of peptide required for the complexing reaction

1s 12.9 ug (1.29 ug each peptide), assuming a 1:1 molar ratic of total peptide: protein. if a 4:1

molar ratio of total peptide: protein is preferred, then 51.6 pg total peptide 1s required

It will be appreciated that the above described quantities of HSP70 and peptides are
the minimum exemplary quantitics needed for administration of vaccine to a patient and that

10 extra material may be produced for the purposes of satisfying quality control tests and certain
regulatory requirements.

In certain embodiments, the HSP70-peptide complexes are mixed with 3S-21
adjuvant at bedside just prior {o admimisiration to a patient. In certain embodiments, the dose
of Q5-21 15 50 pg.

5 In cases where fewer or more than 10 peptides are complexed with HSP70, the
quantity of peptide 1s scaled accordingly to maintain the preferred total pephde: protein molar
ratio of 1:1, 4:1 or 10:1 as the case may be. Similarly, if it is desirable to use peptides shorter
or longer than 27 amino acids in length for complexing to HSP70, the molecular weight of
each peptide will be calculated and the quantity of each peptide scaled accordingly to

20 maintain the preferred total peptide: protein molar ratio of 1:1, 4:1 or 10:1.

Alternatively, for producing non-covalent complexes of gp96 or hsp90 to peptides,
the molecular weight of each protein is calculated and the total anticipated dosing
requirement for a given patient is determined. In one example, assaming 12 doses of gp96-
peptide complexes are to be administered to a patient and the dose of gp96 i1s 25 g, then 300

25 ugtotal protemn is required. If, m one embodiment, where ten 27mer peptides are complexed
with the gp96, the total quantity of peptide required for the complexing reaction 1s 9.4 ug
{0.94 ug each peptide), assuming a 1:1 molar ratio of total peptide: protein {in this case,
gp96}). It a 4.1 molar ratio of total peptide: protein is preferred, then 37.5 ug total peptide 1s
required. Binding buffer may be similar to that described for HSP70-peptide binding

30 reactions.

Following complexing with peptides, immunogenic HSP complexes can optionally be
assaved using, for example, the mixed tymphocyte target cell assay (MLTC) described
below. In certain embodiments, the complexes are measured by enzyvme-hnked immunospot

(ELISPOT) assay (Taguchi T, et al., J Immunol Methods 1990; 128: 63-73, incorporated
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herein by reference n its entirety ). Once HSP-peptide complexes have been 1solated and
diluted, they can be optionally characterized further in animal models using the
administration protocols and excipients discussed below.

As an alternative to making non-covalent complexes of HS8Ps and peptides, the

(o]

antigenic peptides can be covalently attached to HSPs,

HSPs can be covalently coupled to peptides by chemical crosshinking. Chemical
crosslinking methods arc well known 1n the art. For example, glutaraldehvde crosslinking
may be ased. Glutaraldehyde crosslinking has been used for formation of covalent complexes
of peptides and HSPs (see Barrios et al., 1992, Eor. §. Immunol. 22: 1365-1372, mcorporated
10 berein by reference in its entitety). 1-2 mg of HSP-peptide complex is cross-linked in the

presence of 0.002% glutaraldehyde for 2 hours. Glutaraldehvde is removed by dialysis
agatnst phosphate buffered saline (PBS) overnight (Lussow et al., 1991, Eur. J. Immunol. 21:
2297-2302, incorporated herein by reference in its entirety). Alternatively, a HSP and
peptides can be cross-linked by ultraviolet (UV) crosslinking under conditions known in the
15 art
Complexes of HSP and antigenic peptides from separate covalent and/or non-covalent
complexing reactions can optionally be combined to form a composition betore
administration to a subject.
Any number of different complexes of a stress protein bound to an antigenic peptide
20 can be included in a single composition, as disclosed herein. In certain embodiments, the
compositions comprise no more thap 100 difterent antigenic peptides, (e.g., 2, 3,4, 5.6, 7, &,
9,10, 11, 12,13, 14, 15,16, 17, 18, 19, or 20 antigenic peptides; e.g., about 20, 25, 30, 40, 50,
35, 60, 65,70, 75, 80, 85, 90, 95 or 100 antigenic peptides.
in certain embodiments, the compositions include antigenic peptides that contain only
25 wild<type MHC-binding epitopes. In certain embodiments, the compositions comprise no
more than 20{e.g., 1,2,3, 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20
different antigenic peptides that contain only wild-tvpe MHC-binding epitopes. In certain
embodiments, the compositions do not comprise any antigenic peptides that contain only

wild-type MHC-binding epitopes.
30 4. PHARMACEUTICAL COMPOSITIONS

The compositions of the present disclosure encompasses pharmaceutical compositions
compiising compositions of the invention described hercin comprising complexes of stress

proteins bound to diffcrent antigenic peptides cither alone as the active ingredient or in
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combination with one or more adjuvants, for the prevention and treatment of a cancer, such
as muktiple myeloma (MM). Such pharmaceutical compositions are useful as vaceine
formulations, in particular cancer vaccine formulations. The vaccine formulation may be

prepared by any method that results in a stable, sterile, preferably njectable formulation.

(o]

In certain embodiments, the compositions comprising complexes of stress
protein/antigenic peptide complexes are 1n admixtare with one or more adjuvants. Many
different adpuvants can be used with the compositions disclosed herein. The composition(s}
and adjuvant(s) may be mixed together in the same fhnd volume, and the composition{s) can
comprise one of more adjuvant(s).

10 A varniety of adjuvants may be emploved, including, for example, systemic adjuvants
and mucosal adjuvants. A systemic adjuvant is an adjuvant that can be delivered parenterally,
Systemic adjuvants include adpuvants that create a depot effect, adjuvants that stimulate the
immune system and adpuvants that do both. An adjuvant that creates a depot effect 1s an
adjuvant that causes the antigen to be slowly released in the body, thus prolonging the

15 exposure of immune cells to the antigen. This class of adjuvants includes alum (e.g.,
aluminum hyvdroxide, aluminum phosphate); or emulsion-based formulations ncluding
mincral oil, non~-mineral oil, water-in-oil or oil-in-water-in o1l emulsion, oil-in-water
emulsions such as Seppic ISA series of Montanide adjuvants {e.g., Montanide ISA 720,
AirLiguetde, Pans, France), MF-59 {(a squalene-in-water emulsion stabilized with Span &5 and

20 Tween 80; Chiron Corporation, Emeryville, Calif ; and PROVAX {an cil-in-water emulsion
containing a stabilizing detergent and a micclle~-forming agent; IDEC, Pharmaceuticals
Corporation, San Diego, Calif),

Other adjuvants stimutiate the immune system, for instance, cause an immune cell to
produce and secrete cytokines or IgG. This class of adjuvants includes immunostimulatory

25 wnucleic acids, such as CpG oligonucleotides; saponins purified from the bark of the .
saponario tree, such as Q5-21; polyldi{carboxvlatophenoxy jphosphazene (PCPP polymer;
Yirus Research Institute, USA), RNA mimetics such as polymosinic: polycyiidylic acid (poly
LC) or poly E:C stabilized with poly-lysine (polv-1CLC {Hiltonol®; Oncovir, fnc |;
derivatives of lipopolysacchandes (LPS) such as monophosphorvl hipid A (MPL; Ribi

30 ImmunoChem Rescarch, Inc., Hamilton, Mont.}, muramy! dipeptide (MDP; Ribi) and

threonvi-muramyl dipeptide (-MDP: Ribi); OM-174 (a glucosamine disaccharide related to

lipid A; OM Pharma SA, Meyrn, Switzerland); and Leishmana elongation factor (a purified

Leishmania protein; Corixa Corporation, Seattle, Wash.).
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Other systemic adjovants are adiuvants that create a depot effect and stimulate the
immune system. These compounds have both of the above-identified functions of systemic
adjuvants. This class of adjuvants includes but 15 not himited to ISCOMs (Immunostimulating
complexes which contain muxed saponins, lipids and form virus-sized particles with pores
that can hold antigen; CSE, Melbourne, Australia); AS01 which is a liposome based
formulation containing MPL and QS-21 (GlaxoSmithKline, Belgiom), AS02
{GlaxoSmithKline , which is an oil~in-water emulsion containing MPL and QS-21:
GlaxoSmthKline, Rixensart, Belgium}, AS04 (GlaxoSmuthKline, which contains alom and
MPL; GSK, Belgium); AS15 which is a liposome based formulation containing CpG
oligonucicotides, MPL and QS-21 {GlaxoSmithKline, Belgium); non-ionic block copolymers
that form micelies such as CRL 1005 (these contain a linear chain of hydrophobic
polyvoxypropylene flanked by chains of polyoxyethvlene; Vaxcel, Inc., Norcross, Ga.); and
Syntex Adjuvant Formulation (SAF, an oll-in-water ¢mulsion containing Tween 80 and a
nontonic block copolymer; Symex Chemicals, Inc., Boulder, Colo ).

The mucosal adjuvants useful according to the invention are adjuvants that are
capable of inducing a mucosal immune response i a subject when administered to a mucosal
surface in conjunction with complexes of the invention. Mucosal adjuvants include CpG
nucleic acids {e.g. PCT published patent application WO 99/61056, incorporated herein by
reference in is entirety), bacterial toxins: e.g., Cholera toxin {CT), CT dertvatives including
but not limited to CT B subunit ({CTB}; CTD33 (Val to Asp); CTKY7 (Val to Lys), CTK104
{(Tvrto Lysy; CTDS3/K63 (Val to Asp, Serto Lys); CTHS4 (Arg to His); CTN107 (Histo
Asn}; CTE114 (Serto Glu); CTE112K (Glu to Lys); CTS61F (Serto Phey; CTS 106 (Pro to
Lys); and CTK63 (Ser to Lys), Zonula occludens toxin {zot}, Escherichia coli heat-labile
enterotoxin, Labile Toxin (LT}, LT dertvatives including but not limited to LT B subunit
(LTB); LT7K (Arg to Lys): LT6IF (Ser to Phe); ETHI2K (Gl to Lys): LTHSE (Gly to Glu);
LTI46E (Arg to Gluy;, LT192G (Arg to Gly): LTKS3 (Ser to Lys}; and LTR72 (Alato Arg),
Pertussis toxin, PT. including PT-9K/129G; Toxin derivatives {see below); Lipid A
derivatives {e.g., monophosphory! lipid A, MPL); Muramy!l Dipeptide (MDP) denivatives;
bacterial outer membrane proteins (e.g., outer surface protein A {OspA) ipoproteimn of
Borrelia burgdorferi, outer membrane protein of Neisseria meningitidisy, oil-m-water
emulsions {e.g.. MF539; aluminum salts (Isaka et al., 1998, 1999}, and Sapounins {e.g., 38-21,
e.g., 98-21 Stivudon®, Antigenics LLC, Lexington, Mass ), ISCOMs, MF-39 (a squalene-in-
water emulsion stabilized with Span 85 and Tween 80; Chiron Corporation, Emeryville,

Calif}; the Seppic ISA series of Montanide adjuvants {e.g.. Montanide ISA 720; AirLiquide,
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Paris, France); PROVAX (an oil-in-water emulsion containing a stabilizing detergent and a
micelle-forming agent; IDEC Pharmaceuticals Corporation, San Biego, Calif }; Syntext
Adpuvant Formulation (SAF; Svntex Chemicals, Inc., Boulder, Colo.);
polvidi{carboxylatophenoxy}jphosphazene (PCPP polvmer; Virus Research Institute, USA)
and Leishmania elongation factor (Corixa Corporation, Seattle, Wash 3.

The compositions of the invention descnbed herein, compnsing complexes of stress
proteins and antigenic peptides may be combined with an adjuvant in several ways. For
example, different peptides may be mixed together first to form a mixture and then
complexed with stress proteins and/or an adjuvant or adjuvants to form a composition. As
another example, different antigenic peptides may be complexed mdividually with a stress
protein and/or an adjuvant or adjuvants, and the resuiting batches of stress protein /antigemic
peptide/adiavant complexes may then be mixed to form a composition. The adpivant can be
admunistered prior to, during, or following administration of the compositions comprising
complexes of stress protein and antigenic peptides. Administration of the adjuvant and the
compositions comprising complexes of stress protein and antigenic peptides can be at the
same or different administration sites. In certain embodiments, the antigenic peptides of the
mvention are complexed with heat shock proteins. Antigenic peptide-HSP complexes can be
covalent or non-covalent,

Adjuvant(s) that can be added to the compositions disclosed heretn include, for
example, saponins, and immunostimulatory nucleic acids. In specific embodiments, the
second adjuvant added to the composition comprising HSPs and the antigenic peptides is QS-
21.

The concentration of the peptides at which the efficacy of a vaceine formulation of the
mvention is optimized can be deternined using standard methods known to one skilled in the
art, e.g., determined by the antibody or T-cell response to the peptide-stress protein mixture
or complex relative to a control formulation, e.g., a formulation comprising the peptide or
stress protein alone.

The amount of stress protein/antigenic peptide complex and optionally adjuvants used
i the pharmaceutical compositions may vary depending on the chemical nature and the
potency of the antigenic peptides, stress proteins, and adjuvants. Typically, the starting
concentration of antigenic peptides, stress proteins, and adjuvands in the vaccine formulation
1s the amount that is conventionally used for ehiciting the desired mmune response, using the
conventional routes of admimstration, e 2., imtramuscular injection. The concentration of the

antigenic peptides, stress proteins, and adjuvants is then adjusted, e.g., by dilution using a
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dileent, in the pharmaceutical compositions of the invention so that an effective protective
immune response 1s achieved as assessed using standard methods known in the art.
Pharmaceutical compositions can be optionally prepared as lyophilized product,

which may then be formulated for oral administration or reconstituted to a liqud form for

(o]

parenteral adonnistration.

Pharmaceutical compositions of the invention can additionally be formulated to
contain other agents as pharmaceutically acceptable carriers or excipients including bulking
agents, stabilizing agents, buffering agents, sodiam chloride, calcium salts, surfactants,
antioxidants, chelating agents, other excipients, and combinations thercof,

10 Bulking agents are preferred in the preparation of lvophilized formulations of the
vaccine composifion. Such bulking agents form the crystalline portion of the lyophilized
product and may be selected from the group consisting of mannitol, glycine, alanine, and
hydroxyethyl starch (HES).

Stabilizing agents may be sclected from the group counsisting of sucrose, trehalose,

15 raffinose, and arginine. These agents are preferably present in amounts between 1-4%.
Sodium chloride can be included in the present formulations preferably in an amoant of 100-
300 mM, or if used without the aforementioned bulking agents, can be mchuded in the
formulations in an amount of between 300-300 mM NaCl. Calcium salts include calctum
chloride, calcium gluconate, calcium ghibionate, or calciom gluceptate.

20 Buffering agents can be any physiclogically acceptable chemical entity or
combination of chemical entities which have a capacity to act as buffers, including but not
himited to histidine, potassium phosphate, TRIS [tris~(hyvdroxymethyl)-aminomethane], BIS-
Tris Propane (1,3-bis-{tris-(thydroxymethyDmethyiamino]-propanc), PIPES [piperazine-NN'-
bis-(2-cthanesulfonic acidy], MOPS {3-(N-morpholinojethanesulfonic acid], HEPES (N-2-

25 hydroxyethyl-piperazine-N'-Z-ethanesulfonic acid), MES [2-(N-morpholino)ethanesulfonic
acid}, and ACES (N-2-acetamido-2-aminoethanesuifonic acid}. Typically, the buffering agent
i included in a concentration of 10-50 mM. Specific examples of base buffers inchude (1)
PBS; (1) 10mM KPO.sub 4, 150 mM NaCl; (ui) 10 mM HEPES, 1530 mM NaCl; v} 10 mM
imidazole, 150 mM NaCl; and (v} 20 mM sodium citrate. Excipients that can be used include

30 (1) glycerol {10%, 20%:; 31y Tween 50 (0.05%, 0.005%); (11} 9% sucrose; (1v) 20% sorbitol;

{v} 10 mM lysine; or {vi} 0.01 mM dextran sulfate.

Surfactants, if present, are preferably 10 a concentration of 0.1% or less, and may be
chosen from the group mncluding but not hmted to polysorbate 20, polysorbate 0, pluronic

polyoils, and BRIJ 35 (polvoxyethylene 23 laurel ether). Antioxidants, if used, must be
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compatible for use with a pharmaceutical preparation, and are preferably water soluble.
Suitabic antioxidanis include homocysteine, glutathione, lipoic acid, 6-hvdroxy-2,5.7,8-
tetramethvichroman-2-carboxylic acid (Trolox), methionineg, sodium thiosulfate, platinum,

glyveme-glycine-histidine {tnpeptide}, and butylatedhydroxytoluene (BHT). Chelating agents

(o]

should preferably bind metals such as copper and iron with greater affinity than calcium, if a
calcium salt is being used in the composition. A preferred chelator is deferoxamine.

Many formulations known in the art can be used. For example, U.S. Patent No.
3,763,401 describes a therapeutic formulation, comprising 15-60 mM sucrose, up to 50 mM
NaCl, up to 5 mM calctum chioride, 65-400 mM glycine, and up to 50 mM histidine. In some
10 cmbodiments, the therapeutic formulation is a solution of 9% sucrose in potassium phosphate

buffer.

U.S. Patent No. 5,733,873 {(incomorated herein by reference i its entirety) discloses
formudations which include between 0.01-1 mg/ml of a surfactant. This patent discloses
formulations baving the following ranges of excipients: polysorbate 20 or 80 in an amount of

15 atleast 0.01 mg/ml, preferably 0.02-1.0 mg/ml; at least 0.1 M Na(l; at least 0.5 mM calcium
salt; and at least 1 mM histidine. More particularly, the following specific formuldations are
also disclosed: (1) 14.7-50-65 mM histidine, 0.31-0.6 M Na(l, 4 mM calcium chloride,
$.001-0.02-0.025% polysorbate 80, with or without ¢.1% PEG 4000 or 19.9 mM sucrose; and
(2) 20 mg/ml mannitol, 2.67 mg/ml histidine, 18 mg/ml NaCl, 3.7 mM calcium chloride, and

20 (.23 mg/ml polysorbate 80.

The use of low or high concentrations of sodiurn chloride has been described, for
example U.S. Patent No. 4,877,608 (incorporated herein by reference in its entirety) teaches
formulations with relatively low concentrations of sodium chloride, such as formulations
comprsing 0.5 mM-15 mM Na(ll, 5 mM calcium chlonde, 0.2 mM-5 oM histidine, $.01-10

25 mM lysine bydrochlonde and up to 10% maltose, 10% sucrose, or 5% mannitol.

U.S. Patent No. 5,605,884 {incomorated herein by reference in its entirety) teaches
the use of formulations with relatively high concentrations of sodium chloride. These
formulations mnchade 0.35 M-1.2 M NaCl, 1.5-40 mM calcium chloride, 1 mM-50 mM
histidine, and up to 10% sugar such as mannitol, sucrose, or maliose. A formulation

30 compnsing 0.45 M NaCl, 2.3 mM calcium chloride, and 1.4 mM histidine 13 exemplified.

international Patent Application WO 96/22107 {(incorporated herein by reference in iis
entirety} describes formulations which include the sugar trehalose, for example formulations

comprising: (1} 0.1 M Na('l, 15 mM calcium chloride, 15 mM histidine, and 1.27 M (48%)
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trehalose; or {2) 0.011% calcium chloride, 0.12% histidine, 0.062% TRIS, 0.002% Tween 80,
0.004% PEG 3350, 7.5% trehalose; and either 0.13% or 1.03% NaCl.

U.S. Patent No. 5,328,694 (incorporated hercin by reference in its entirety) describes
a formulation which includes 100-650 mM disaccharide and 100 mM-1.0 M amno acid, for
example {1} 0.9 M sucrose, .25 M glycine, 0.25 M lysine, and 3 mM calcium chloride; and

(2) 0.7 M sucrose, 0.5 M glycine, and 3 mM calcium chloride.
5. METHODS OF USE

The compositions disclosed herein, comprise complexes of a stress protein bound to
an antigenic peptide, for treating and/or preventing cancers, for example, multiple myeloma.
The compositions can be used to make medicaments and vaccines for use by individuals or
subjects in whom treatment or prevention of cancer is desired. In various embodiments, such
mdividual or subject s an amimal, preferably a marmmal, a non-human primate, and most
preferably human. The term “animal” includes companion animals, such as cats and dogs;
zoo animals; wild amimals, including decr, foxes and raccoons; farm animals, livestock and
fowl, including horses, cattle, sheep, pigs, turkevs, ducks, and chickens, and laboratory

animals, such as rodents, rabbits, and guinea pigs.
5.1 Trecument of cancer

The compositions of the invention can be used alone or in combination with other
therapics for the treatment of cancer.

Cancers that can be treated using the compositions of the invention include, without
himitation, B cell lvmphomas (e.g., B cell chromie lymphocytic leukemia, B cell non-Hodgkin
tymphoma, cutancous B cell lymphoma, diffuse large B cell ymphoma), basal cell
carcinoma, bladder cancer, blastoma, brain metastasis, breast cancer, Burkitt lymphoma,
carcinoma (e. 2., adenocarcinoma (e.g., of the gastroesophageal junction}), cervical cancer,
colon cancer, colorectal cancer (colon cancer and rectal cancer), endometrial carcinoma,
csophageal cancer, Ewing sarcoma, follicular lymphoma, gastric cancer, gastroesophageal
junction carcinoma, gastroiniestinal cancer, glicblastoma {e.g., glioblastoma multiforme, o g,
newly diagnosed or recurrent), glioma, head and neck cancer {e.g., head and neck squamous
cell carcinoma), hepatic metastasis, Hodgkin's and non-Hodgkin’s lymphoma, kidney cancer
{e.g.. renal cell carcinoma and Wilms’ tumors), laryngeal cancer, leukemia {e.g., chronic
myvelocytic leukenua, hairy cell teukemia), iver cancer (e.g., hepatic carcinoma and

hepatoma), lung cancer {e.g., non-small cell lung cancer and small-cell lung cancer},
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vmphblastic lvmphoma, lymphoma, mantle cell lymphoma, metastatic brain tamor,
metastatic cancer, mygloma {e.g., multiple myeloma}. neurcblastoma, ocular melanoma,
oropharyngeal cancer, ostcosarcoina, ovarian cancer, pancreatic cancer {e. g., pancreatis
ductal adenocarcinoma), prostate cancer {e.£., hormone refractorv (e.g., castration resistant),
metastatic, metastatic hormone refractory {e.g., castration resistant, androgen independent)),
renal cell carcinoma (e.g , metastatic), salivary gland carcinoma, sarcoma {e.g.,
rhabdomyosarcoma}, skin cancer {e. g, melanoma {e.g., metastatic melanoma)), soft tissue
sarcoma, sohd tumor, squamous cell carcinoma, synovia sarcoma, testicular cancer, thyrowd
cancer, transitional cell cancer {urothelial cell cancer), uveal melanoma (e g.. metastafic},
verrucous carcinoma, vulval cancer, and Waldenstrom macroglobulinemia.

in certain embodiments, the cancer s a carcinoma {¢.g., an adenocarcinomayl,
tymphoma, blastoma, melanoma, sarcoma, or leukemia.

In certain embodiments, the cancer is a human sarcoma or carcinoma, ¢.2.,
fibrosarcoma, mvxosarcoma, liposarcoma, chondrosarcoma, osteogenic sarcoma, chordoma,
angiosarcoma, endotheliosarcoma, lymphangiosarcoma, lvmphangioendotheliosarcoma,
synovioma, mesothehoma, Ewing's tomor, letiomyosarcoma, rhabdomyosarcoma, colon
carcinoma, pancreatic cancer, breast cancer, ovarian cancer, prostate cancer, squamous cell
carcinoma, basal cell carcinoma, adenocarcinoma, sweat gland carcinoma, sebaceous gland
carcinoma, papillary carcinoma, papillary adenocarcinomas, cystadenocarcinoma, medullary
carcinoma, bronchogenic carcinoma, renal cell carcinoma {(e.g., metastatic), hepatoma, bile
duct carcinoma, choriocarcinoma, seminoma, embryonal carcinoma, Wilms' tumor, cervical
cancer, testicular tumor, lung carcinoma, small cell lung carcinoma, bladder carcinoma,
epithehal carcinoma, glioma, ghoblastoma multiforme, astrocytoma, medulioblastoma,
craniopharvngioma, ependymoma, pincaloma, hemangioblastoma, acoustic neuroma,
oligodendroglioma, meningioma, melanoma, neuroblastoma, or retinoblastoma.

In certain embodiments, the cancer is an acute lvmphocytic leukemia or acute
myelocytic leukemia {e.g., myeloblastic, promyelocytic, myelomonocytic, monocyiic and
ervthroleukemia}; chronic leukenua (chronic myelocytic {granulocytic) leukemia or chronic
Fymphocytic leukemia); Hodgkan's disease; non-Hodgkin's discase; acute myeloid leukemia;
B-cell lymphoma; T-cell lvmphoma; anaplastic large cell lymphoma; intraocular lvmphoma;
follicular lymphoma; small mtestine fvmphoma; or orsplenic marginal zone lymphoma.

in certain embodiments, the cancer is multiple mveloma, Waldenstrom's
macroglobulinemia, heavy chain disease, gastromtestinal stromal tumors, head and/or neck

cancer {e.g., squamous cell carcinoma of the hvpopharynx, squamous cell carcinoma of the
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larvax, cell carcinoma of the oropharynx, or verrucous carcinoma of the larvax}, endometrial
stromal sarcoma, mast cell sarcoma. adult soft tissue sarcoma, uterine sarcoma, merkel cell
carcinoma, urothelial carcinoma. melanoma with brain metastases, uveal melanoma, yveal
melanoma with liver metastases, non-small cell tung cancer, rectal cancer, or myelodysplastic
syndrome.

In certain embodiments, the cancer is prostate cancer, breast cancer, lung cancer,
colorectal cancer, melanoma, bronchial cancer, bladder cancer, brain or central nervous
system cancer, peripheral nervous system cancer, uterine or endometrial cancer, cancer of the
oral cavity or pharynx, non-Hodgkin’s lymphoma, thyroid cancer, kidney cancer, biliary tract
cancer, small bowel or appendix cancer, salivary gland cancer, thyroid gland cancer, adrenal
gland cancer, squamous cell cancer, mesothelioma, osteocarcinoma, thvoma/thymic
carcinoma, ghoblastoma, myelodysplastic syndrome, soft tissue sarcoma, DIP(G,
adenocarcinoma, osteosarcoma, chondrosarcoma, leukemia, or pancreatic cancer.

in certain embodiments, the cancer is a squamous cell cancer, small-cell tung cancer,
non-small cell lung cancer, gastrointestinal cancer, Hodgkin's lymphoma, non-Hodgkin's
ymphoma, pancreatic cancer, ghioblastoma, glioma, cervical cancer, ovarian cancer, liver
cancer {e.g., hepatic carcinoma and hepatoma), bladder cancer, breast cancer, inflanumatory
breast cancer, Merkel cell carcinoma, colon cancer, colorectal cancer, stomach cancer,
urinary bladder cancer, endometrial carcinoma, myeloma {e.g., multiple myeloma), salivary
gland, carcinoma, kidney cancer {e.g., renal cell carcinoma and Wilms’™ tumors), basal cell
carcinoma, melanoma, prostate cancer, vulval cancer, thyroid cancer, testicular cancer,
csophageal cancer, serous adenocarcinoma or various types of head and neck cancer. In
certain embodiments, the cancer is desmoplastic melanoma, inflammatory breast cancer,
thvmoma, rectal cancer, anal cancer, or suwrgically treatable or non-surgically treatable brain
stern ghioma. In a specific embodiment, the cancer is a sohd tumor. In another specific
embodiment, the cancer is glioblastoma multiforme. In some embodiments, the glioblastoma
multiforme is recarrent. In some embodiments, the ghioblastoma moltiforme is newly
diagnosed. In some embodiments, the glioblastoma multiforme 15 in a subject having non-
methyvlated MGMT promoters. In some embodiments, the glioblastoma multiforme s
refractory to Bevacizumab therapy. In some embodiments, the glishlastoma multiforme is in
a subject that has not received Bevacizumab therapy.

n certain embodiments, the cancer is multiple myeloma, ghoblastoma, colorectal
cancer, hepatocellular carcinoma, sarcoma, head and neck cancer (¢.g., head and neck

squamous cell carcinoma), breast cancer, lung cancer, and melanoma.

656



(o]

10

[
(4

2
L

30

WO 2016/183486 PCT/US2016/032465

In certamn embodiments, the cancer is metastatic.

The compositions of the invention may be administered when a cancer is detected, or
prior to or during an episode of recurrence.

Admimstration can begin at the first sign of cancer or recurrence, followed by
boosting doses unti at least symptoms are substantially abated and for a period thercafter.

In some embodiments, the compositions can be administered to a subject with cancer
who has undergone tumor resection surgery that results in an insufficient amount of resected
tumor tissue {(e.g., less than 7 g, less than 6 ¢, less than 5 g, less than 4 g, less than 3 g, less
than 2 g, or less than 1 g of resected tumaor tissue} for production of a therapeutically effective
amount of an autologous cancer vaccine comprising a representative set of antigens collected
from the resected tumor tissue. (See, for example, cancer vacemes described 1 Expert Opin.

Biol. Ther. 2009 Feb:9(2):179-86; incorporated herein by reference.)

The compositions of the mvention can also be used for invnunization against
recurrence of cancers. Prophvlactic admimistration of a composition to an individual can

confer protection against g future recurrence of a cancer.
5.2.Combination Therapy

Combination therapy refers to the use of compositions of the invention with another
modality o prevent or treat the cancer. In one embodiment, this additional form of modality
is a non-HSP modality, e.g., a modality that does not comprise HSP as a component. This
approach 1s commonly termed combination therapy, adjunctive therapy or conjunctive
therapy (the terms are used interchangeably). With combination therapy, additive potency or
additive therapeutic effect can be observed. Svnergistic outcomes are sought where the
therapeutic efficacy is greater than additive. The use of combination therapy can also provide
better therapeutic profiles than the administration of the treatment modality, or the
compositions of the invention alone. The additive or synergistic effect may allow for a
reduction in the dosage and/or dosing trequency of either or both modalities to mitigate
adverse cffects.

in certain embodiments, a subject is administered a combination of! a first patient-
specific composition, that comprises at least two different complexes of a purified stress
protein bound {¢.g., recombmant stress protein} to an antigenic peptide (¢.g., a chemically
synthesized antigenic peptide), wherein the complexes each comprise a different antigenic
peptide, wherein cach one of the different antigenic peptides comprises one or more mutant

MHC-binding epitopes present in the subjects cancer cell; and second cancer type-specific
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composition that comprises at least 2 different complexes of a purified stress protein bound to
an antigenic peptide, wherein the complexes cach comprise a different antigenic peptide. and
wherein each one of the different antigenic peptides comprises one or more mutant MHC-
binding epitopes that are frequently found in cancers of the same type as subject’s cancer.
The first and the second composition can have any one or more of the features of the stress
protein/antigenic peptide compositions described heremn.

As used herein, the term “frequently found i cancers” refers to one or more mutant
MHC-binding epitopes that are found in greater than 5% of cancers.

Any number of different complexes of a stress protein bound to an antigenic peptide
can be included in the second composition. In certain embodiments, the compositions
comprise no more than 100 different antigenic peptides (e.g.. 2, 3,4, 5,6, 7, 8,9, 10, 11, 12,
13, 14, 15,16, 17, 18, 19, or 20 antigenic peptides; €.g., about 20, 25, 30, 40, 50, 55, 60, 65,
70, 75, 80, 85, 90, 95 or 100 antigenic peptides). In certain embodiments, the second
composition comprises at least one antigenic peptide that comprises onc or more mutant
MHC-binding epitopes of mye, k-ras, n-ras, 1p33, or kdm6A found in cancer.

In certain embodiments, the second composition includes antigenic peptides that
contain only wild-tvpe MHC-binding cpitopes. In cortain embodiments, the compositions
comprise no more than 20 {(¢.g., 1,2,3,4,5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16,17, 18, 19,
or 20} different antigenic peptides that contain only wild-type MHC-binding epitopes. In
certain embodiments, the compositions do not comprise any antigenic peptides that contain
only wild-type MHC-binding epitopes.

The first and second stress protein/antigenic peptide compositions can be
administered simultancously or sequentially. In certain embodiments, the second
composition is administered prior to admimistration of the first composition.

in other embodiments, the combination therapy comprises the adnunistration of the
compositions of the mvention to a subject treated with a treatment modality wherein the
treatment modality admimstered alone is not clinically adequate to treat the subject such that
the subject needs additional effective therapy. e.g., a subject is unresponsive to a treatment
modality without administering the compositions. Included 1n such embodiments are methods
comprising administering the compositions of the imvention to a subject receiving a treatment
modality wherein said subject has responded to therapy yet suffers from side effects, relapse,
develops resistance, etc. Such a subject might be non-responsive or refractory to treatment
with the treatment modality alone. Methods of the invention comprising adrnistration of the

compositions of the mvention to a subject refractory to a treatment modality alone can
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improve the therapeutic effectiveness of the treatment modality when admmistered as
contemplated by the methods of the invention. The determination of the effectiveness of a
treatment modality can be assaved i vivo or in vitro using methods known in the art. In ong
embodiment, the compositions of the mvention are administered in combination with a
second treatment modality comprising a different cancer vaccine.

In one embodiment, a lesser amount of the second treatment modality 1s required to
produce a therapeutic benefit in a subject. In specific embodiments, a reduction of about
10%, 20%, 30%, 40% and 50% of the amount of second treatment modality can be achieved.
The amount of second treatment modality, including amounts in a range that does not
produce any observable therapeutic benefits, can be determined by dose-response
experiments conducted m animal models by methods well known 10 the art.

In one embodiment, the compositions are administered in combination with a second
treatment modality, such as a chemotherapeutic agent. Examples inchude antineoplastic
agents such as: acivicin; aclarubicin; acodazole hvdrochloride; acronine; adozelesin;
adriamycin; aldesleukin; altretamine; ambomycin; a. metanirone acetate; aminoglutethimide:;
amsacring; anastrozole; anthramycin; asparaginase; asperling azacitidine; azetepa;
azotomycin; batimastat; benzodepa; bicalutamide; bisantrene hvdrochloride; bisnafide
dimesylate; bizelesin; bleomycin sulfate; breguinar sodium; bropinnune; busultfan;
cactinomycin; calusterone; camptothecin; caracemide; carbetimer; carboplatin; carmusting;
carubicin hydrochloride: carzelesin; cedefingol; chiorambucil; cirolemycin; cisplating
cladribine; combretestatin a-4; crisnatol mesylate; cyclophosphamide; cvtarabine;
dacarbazine; daca (n~[2~(dimethyl-anuno)ethyljacrndine-4-carboxamide); dactinomycin;
daunorubicin hydrochloride; davnomycin; decitabine; dexormaplating dezaguanine;
dezaguanine mesylate; diaziquone; docetaxel; dolasating; doxonubicin; doxorubicin
hyvdrochlonde; droloxifene; droloxifene citrate; dromostanolone propionate; duazomycin;
edatrexate; eflormithine hydrochloride; ellipticime; elsamitrucin; enloplating enpromate;
epipropidine; epirubicin hydrochloride; erbulozole; esorubicin hydrochloride: estramustine;
estramustine phosphate sodium; ctanidazole; ethiodized oil 1 131; ctoposide; etoposide
phosphate; etoprine; fadrozole hydrochlonde; fazarabine; fenretinide; floxundine;
fludarabime phosphate; fluorcuracil; S-fdump; flurocitabine; fosquidone; fostriecin sodium;
gemcitabine; gemcitabine hydrochloride; gold au 198, homocamptothecin; hydroxyurea;
wdarubicin hvdrochloride; ifosfanude; ilmofosing; interferon alta-2a; interferon alfa-2b;
mterferon alfa-nl; interferon alfa-n3; interferon beta-t a; wterferon gamma-i b; iproplating

irinotecan hydrochloride; lanreotide acetate; letrozole; leuprolide acetate; Harozole
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hydrochlornide; lometrexol sodium; lomustine; losoxantrone hydrochloride; masoprocol;
maytansing; mechlorethamine hydrochloride; megestrol acetate; melengestrol acetate;
melphalan; menogar; mercaptopuring; methotrexate; methotrexate sodivm; metoprine;
meturedepa; mitindomide; mitocarcin; mitocromin; mitogithn; mitomalcin; mitomyemn;
mitosper, mitotane; mitoxantrone hydrochlonde; mycophenolic acid; nocedazole;
nogalamycin; ormaplatin; oxisuran; paclitaxel; pegaspargase; peliomycin; pentamustine;
peploycinsulfate; perfosfamide; pipobroman; piposulfan; piroxantrone hydrochloride;
plicamyvcin; plomestane; porfimer sodium; porfiromycin; prednimustine; procarbazine
hydrochloride; puromycin, puromycin hydrochloride; pyrazofurin; rhizoxin, rhizoxin d;
rtboprine; rogletinude; safingol; safingol hydrochloride; semustine; suntrazene; sparfosate
sodium; sparsomycin; spirogermanium hydrochloride; spiromustine; spiroplatin;
streptonigrin; streptozocin; strontium chloride sr 89; sulofenur; talisomycin; taxane; taxoid;
tecogalan sodium; tegafur; teloxantrone hydrochioride; temoporfin; teniposide; teroxirong;
testolactone; thiamiprine; thioguanine; thiotepa; thymitaq; tiazofurin; tirapazamine; tomudex;
top33; topotecan hvdrochloride; toremifene citrate; trestolone acetate: triciribine phosphate;
nmetrexate; trimetrexate glucuronate; triptoreling tubulozole hydrochloride: uract maustard;
uredepa; vapreotide; verteporfin: vinblastine; vinblastine sulfate; vincristine; vincristine
sulfate; vindesine; vindesine sulfate; vinepidine sulfate; vinglycinate sulfate; vinleurosine
sulfate; vinorelbine tartrate; vinrosidine sulfate; vinzolidine sulfate; vorozole; zenipiatin;
zinostatin, zorubicin hydrochloride; 2-chlorodeoxyadenosine; 2' deoxyvformycin; 9-
aminocamptothecin; raltitrexed; N-propargvl-5,8-dideazafolic acid; Zchloro-2'-arabino-
fluoro-2'-deoxyadenosing; 2-chloro-2'-deoxyadenosine; anisomycin; trichostatin A; hPRL-
G129R; CEP-751; linomide; selfur mastard; nitrogen mustard (mechior ethamine);
cyelophosphamide; melphalan; chlorambuc; Hostamide; busuifan; N-methyl-Nnitrosourea

(MNU}); N N'-Bis(Z2-chloroethvl)-N-nitrosourca (BCNUY; N-(2-chloroethyl)-N'eyclohexyl-N

nitrosourea (CCNUY, N-(2-chloroethyl}-N'-{trans-4-methvlcyclohexyl-N-mtrosourea
{(MeCCNU}, N-(Z-chloroethyl)-N-{digthyDethylphosphonate-N-nitrosourea {fotemusting);
streptozotocing diacarbazine (DTIC); miutozolomide; temozolomide; thiotepa; mitomycin C;
AZQ; adozelesin; cisplating carboplatin; ormapiating oxaliplatin, C1-973; DWA 2114R;
IM216; IM335; Bis {platinum); tomudex; azacitidine; cyvtarabine; gemeitabing; 6~
mercaptopurine; 6-thioguanine; hypoxanthine; teniposide 9-amino camptothecin; topotecan;
CPT-11; Doxorubicin; Daunomyem; Epirubicing darubicin; mitoxantrone; losoxantrone;
Dactinomycin {Actinomycein D), amsacrine; pyrazoloacridine; all-trans retinol; 14-hydroxy-

retro-retinol; all-trans retinoic acid; N-{(4-hydroxyphenyl) retinamide; 13-cis retinoic acid; 3-
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methyl TTNER; 9-cis retinoic acid; fludarabine (2-F-ara-AMP); or 2-chlorodeoxyadenosing
{2-Cda}.

Other therapeutic compounds include 20-pi-1,25 dihydroxyvitanun $33; 3-
ethyvnyiuracil; abiraterone; aclarubicin; acyltulvene; adecypenol; adozelesin; aldesieukin;
ALL-TK antagonists; altretaming; ambamustine; anudox; amifostine; aminolevehnic acid;
amrubicin; amsacrine; anagrelide; anastrozole; andrographolide; angiogenesis inhibitors;
antagonist D; antagonist G; antarclix; anti-dorsalizing morphogenetic protein-1;
antiandrogen, prostatic carcinoma; antiestrogen; antincoplaston; antisense oligonucleotides;
aphidicolin glycinate; apoptosis gene modulators; apoptosis regulators; apurinic acid; ara-
CDP-DL-PTBA; arginincdeanminase; asulacrine; atamestane; atrimusting; axinastatin 1;
axinastatin 2; axinastatin 3; azasetron; azatoxin; azatyrosine; baccatin HI derivatives; balanol;
batimastat; BCR/ABL antagonists; benzochloring; benzovistaurosporine; beta lactam
derivatives; beta-alething; betaclamycin B; betulinic acid; bFGF inhibitor; bicalutamide;
bisantrene; bisaziridinylspermine; bisnafide; bistratene A; bizelesin; breflate; bleomycin A2;
bleomycin B2 bropirimine; budotitane; buthionine sulfoximine; calcipotnol; calphostin C;
camptothecin denvatives {g.g., 10-hyvdroxy-camptothecin}; canarvpox IL-2; capecitabing;
carboxamide~-amino-triazole; carboxyanudotriazole; CaRest M3: CARN 700; cartilage
derived mbibitor; carzelesin; casem kinase inhubitors (ICOS8); castanospernmine; cecropin B,
cetrorelix; chloring; chloroquinoxaline sulfonamide; cicaprost; cis-porphyrin; cladribing;
clomifene analogues; clotrimazole; collismycin A; collismycin B; combretastatin Ad;
combretastatin analogue; conagenin; crambescidin 816; crisnatol; cryptophycin &;
cryptophycin A denvatives; curacin A; cyclopentanthraguinones

; evcloplatam; cyvpemyein;

cvtarabine ocfosfate; cytolvtic factor; cytostatin; dacliximab; decitabing; dehydrodidemnin B;
2'deoxycoformycin {(BCF); deslorehin; dexifosfamide; dexrazoxane; dexverapamil;
diaziquone; didemnin B, didox; dicthyinorspermine; dihvdro-S-azacytidine; dihydrotaxol, 9-;
dioxamyvein; diphenyl spiromustine; discodermolide; docosanol; dolasetron; doxifluridine:;
droloxifene; dronabinol; duccarmycin SA; ebselen; ecomustine; edelfosine; edrecolomab;
cflornithine; clemene; emitefur; epirubicin; epothilones (A, R=H; B, R=Mg); epithilones;
cpristeride; estramustine analogue; estrogen agonists; estrogen antagomsts; etamidazole;
ctopostde; ctoposide 4'-phosphate (etopofos); exemestane; fadrozole; fazarabine; fonretinide;
filgrastiny, finasteride; flavopiridol; flezelastine; fluasterone; fludarabine; fluorodavnorunicin
hyvdrochlonde; forfemimex; formestane; fostriecin; fotemustine; gadolinium texaphynin,
gallium nitrate; galocitabme; ganirelix; gelatinase inhibitors; gemeitabing; glutathione

mhibitors; hepsulfam; hereguling hexamethylene bisacetamide; homoharringtonine (HHT);
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hypericin; ibandronic acid; idarubicin; idoxifene; idramantone; ilmofosine; tlomastat;
imidazoacridones; imiquimod; immmunostimulant peptides; msulin-like growth factor-1
receptor inhibitor; interferon agonists; interferons; interleukans; iobenguane;
wododoxorubicin; ipomeanol, 4~ inmotecan; iroplact; irsogladine; isobengazole;
isohomohalicondrin B; asetron; jasplakinolide; kahalalide F; lamelHarin-N triacetate;
lanreotide; leinamycin; lenograstim; lentinan sulfate; leptolstatin; letrozole; leukemia
mhibiting factor; leukocyte alpha interferon; leuprolide+estrogentprogesterone; leuproreling
levamisole; harozole; lincar polvamine analogue; lipophilic disaccharnde peptide; lipophilic
platinam compounds; lissoclinamide 7, lobaplatin; lombricine; lometrexol; lonidamine;
losoxantrone; lovastatin; loxoribine; lurtotecan; lutctium texaphvrn; lysofviling; Iyvtic
peptides; maytansme; mannostatin A; manimastat; masoprocol; maspin; matnlysin inhibitors;
matrix metatioproteinase mhibitors; menogaril; merbarone; meterehin; methioninase;
metoclopramide; MIF inhibitor; Hepristone; miktefosing; mirimostim; mismatched double
stranded RNA; mithracin; mitoguazone, mitolactol, mitomyvcin analogues; mitonafide;
mitotoxin fibroblast growth factor-saporin; mitoxantrone; mofarotene; molgramostim;
monoclonal antibody, human chorionic gonadotrophin; monophosphory! lipid
A-+myobacterium cell wall sk; mopidamo!; multiple drug resistance gene mhibitor; multiple
tumor suppressor 1-based therapy; mustard anticancer agent; mycaperoxide B; mycobactenal
cell wall extract; myriaporone; N-acetvldinaline; N-substituted benzamides; nafarelin;
nagrestip, naloxonetpentazocine; napavin, naphterpin; nartograstim, nedaplatin;
nemorubicin; neridronic acid; neutral endopeptidase; nilutanude; nisamycein; nitric oxide
modulators; nitroxide antioxidant; nitrullyn; 06-benzylguanine; octreotide; okicenone;
oligonucleotides; onapristone; ondansetron; ondansetron: oracin; oral cvtokine indueer;
ormaplatin; osaterone; oxaliplating oxaunomyvein; paclitaxel analogues; paclitaxel derivatives;
palananine; palmitovirhizoxin; pamidronic acid; panaxvtriol; panomifene; parabacting
pazelliptine; pegaspargase; peldesine; pentosan polysulfate sodium; pentostatin; pentrozole;
perflubron; perfosfamide; perillyl alcohol; phenazinomyvein; phenvlacetate; phosphatase
mhibitors; picibanil; pilocarpine hydrochloride; pirarubicin; piritrexim; placetin A; placetin
B; plasminogen activator inhibitor; platimum complex; platinum compounds; platinum-
tnamine complex; podophyllotoxin; porfimer sodium; porfiromyein; propy! bis-acridone;
prostaglandin J2; proteasome mhibitors, protein A-based immune modulator; protein kinase
C mhibitor; protein kinase C intubitors, mucroalgal; protein tyrosine phosphatase mhibitors;
puring nucleoside phosphorylase mhibitors; purpurins; pyrazoloacridine; pyridoxylated

hemoglobin polvoxyethylene conjugate; raf antagonists; raltitrexed; ramosetron; ras farnesyl
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protein transferase inhibitors; ras inhibitors; ras-GAP mhibitor; retelliptine demethylated;
rhenium Re 186 etidronate; rhizoxin; ribozymes; R retinamide; rogletimide; rohituking;
romurtide; roquinimex; rubiginone B 1; ruboxyl; safingol; saintopin; SarCNU; sarcophyvtal A
sargramostim; Sdi I mimetics; semustine; senescence derived inhubitor I sense
cligonacieotides; signal transduction inhibitors; signal transdection modulators; single cham
antigen binding protein; sizofiran; sobuzoxane,; sodium borocaptate; sodium phenylacetate;
solverol; somatomedin binding protein; sonemin; sparfosic acid; spicamycin I
spiromustine; splenopentin; spongistatin 1, squalamine; stem cell inhibitor; stem-cell division
mhibitors; stipiamide; stromelysin inhibitors; sulfinosine; superactive vasoactive intestinal
peptide antagonist; suradista; suramin; swainsoning; synthetic glycosaminoglycans;
tallimustine; tamoxifen methiodide; tauromustine; tazarotene; tecogalan sodium; tegafur;
tellurapyrylium; telomerase inhibitors; temoporfing temozolomide; teniposide;
tetrachlorodecaoxide; tetrazomine; thaliblastine; thalidomide; thiccoraline; thrombopoigting
thrombopoictin mimetic; thymalfasin; thvmopoictin receptor agonist; thymotrnan; thyroid
stimulating hormone; tin cthyl etiopurpurin; tirapazamine; titanocene dichloride; topotecan;
topsentin; toremifene; totipotent stem cell factor; translation inhibitors; tretinoin;
triacetyluridine; triciribing; trimetrexate; tnptoreling tropisctron; turosteride; tyrosine kinase
mhibitors; tvrphostins; UBC inhibitors; ubenimex; urogenital sinus-derived growth inhibitory
factor; urckinase receptor antagonists; vapreotide; variolin B; vector system, ervthrocyte gene
therapy; velaresol; veramine; verding, verteporfin; vinorelbine; vinxaltine; vitaxin; vorozole;
zanoterone; zeniplating zilascorb; and zinostatin stimalamer.

In some embodiments, indoleanune dioxygenase-1 inhibitors are used, such as 4-
amino-N-(3-chloro-4-fluorophenyly-N'-hvdroxy-1,2,5-oxadiazole-3 -carboximidamide
{W02006122150).

in another embodiment, the compositions of the mvention are used m combination
with one or more antibodies, ncluding but not hmited to polyclonal antibodies, monoclonal
antibodies, chimeric antibodies, antibody fragments, single chain antibodies, and the like.
Excroplary antibodies that may be combined with the disclosed compaositions include,
without himitation, those that are immune checkpoint inhibitors, such as anti-GITR, anti-
0X40, anti-PD-1, anti-CTLA-4, anti-TIM-3, and anti-LAG-3. Other immaune checkpoint
mhibitors include pazopanib, bevacizumab, nivolumab, pembrolizumab/MK-3475,
piditizumab, MEDIO6R0 (AMP-514), AMP-224; BMS-935359, MEDI4736, MPDL3280A,

MSBOG10718C, ipilimuamab or tremelimumab.
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In another embodiment, the compositions of the invention are used in combination
with one or more biological response modifiers, for example, cytokines. In one such
crobodiment, a cvtokine is administered to a subject receiving a compaosttion of the mvention.

In another such embodiment, the compositions of the mvention are administered to a subject

(o]

recetving a chemotherapeutic agent, such as an antiviral agent, antibody, adjuvant, or another

biological response modifier, in combination with a cytokine. In various embodiments, one or

more cytokine(s} can be used and are selected from the group consisting of IL~-Ta, IL-1p, I~

2, 1L-3, 14, IL-5,) 1L-6, 1L-7, IL-§, IL-9, IL-10, IL-11, IL-12, IFNa, IFNB, IFNy, TNFq,

TNFB, G-CSF, GM-CSF, TGF-f, HL.-15, {L-18, GM-CSF, INF-y, INF-0, SLC, endothelial

10 monocvie activating protein-2 (EMAPZ), MIP-3a, MIP-3f, or an MHC gene, such as HLA-
B7. Additionally, other exemplary cytokines mclude other members of the TNF fanuly,
mclading but not himited to TNF-o-related apoptosis-inducing ligand (TRAIL), TNF-u-
related activation-induced cvtokineg (TRANCE), TNF-g-related weak mducer of apoptosis
(TWEAK), CD40 ligand (CD40L), lvomphotoxin alpha (L. T-a), lvophotoxin beta (1.1-5),

15 OX40 bigand (O0X40L), Fas ligand (FasL), CD27 ligand (CD27L), CD30 higand (CD30L},
41BB ligand (41BBL), APRIL, LIGHT, TL1, TNFSF16, TNFSF17, and AITR-L, ora
functional portion thercof. See, e.g., Kwon et al., 1999, Curr. Opin. Tovounocl. 11:340-345
(incorporated herein by reference in its entivety) for a general review of the TNF fanmuly. In
certain embodiments, the compositions of the invention are administered prior to the

20 treatment modalities.

in other embodiments, the compositions of the invention are used in combination with
one or more biological response modifiers which are agonists or antagonists of various
higands, receptors and signal transduction molecules of the immune system. For example, the
biclogical response modifiers, inclade, but are not limzited to, agonists of Toll-like receptors

25 (TLR-2, TLR-7, TLR-8 and TLR-9); LPS; agonists of 41BB, OX40, 1COS, and CD40; and
antagonists of Fas ligand, PD1, and C'TLA-4. These agonists and antagonists can be
antibodies, antibody fragments, peptides, peptidomimetic compounds, polysaccharides, and
small molecules.

In certain embodiments, the compositions of the invention can be used in combination

30 with one or more additional adjuvants such as saponins and immunostimulatory nucleic

acids.

Guullaja saponing are a nuxture of triterpene glvcosides extracted from the bark of the
tree Quiliaja saponaria. They have long been recognized as immune stimalators that can be

used as vaccine adjuvants, (Campbell, J. B, and Peerbaye, Y. A, Res. Immunol. 143(5):526-

~J
£



10

15

20

WO 2016/183486 PCT/US2016/032465

530 (1992}, which is incorporated herein by reference in s entirety}, and a number of
commercially available complex saponin extracts have been utilized as adjuvants. Due to its
potent adjuvant activity and low toxicity, the saponin, 9S-21 (commercially available as the
“Stimulon™” adjuvant), has been wdentified as a useful timmunological adjuvant. (Kensil, C.
R et al, “Structural and Immaunological Characterization of the Vaccing Adjuvant Q5-217 in
Vaccine Design: The Subunit and Adjuvant Approach, Powell, M. F. and Newman, M. .
eds., Plenua Press, New York (1993}, which is incorporated hercin by reference in its
entirety). QS-21 is a complex triterpene glycoside of quiliaic acid. QS-21 is glycosylated at
triterpene carbon 3, triterpene carbon 28, and carbon 5 of the second fatty acyl unit in a fatty
acid domain.

In certain embodiments, the disclosed composttions comprise complexes of stress
proteins with the antigenic peptides in combination with a saponin. In certain embodiments,
the saponin comprises, for example, Q5-21 or related compounds, (disclosed in U.S. Patent
MNos. 5,057.540; 5,273,965, 5,443,829, 5,650,398, and 6,524,584, cach of which is
mcorporated herein by reference in its entirety). QS-21 has been further purified using
hydrophilic interaction chromatography (HILIC) and resolved into two peaks, Q8-21-V1 and
35-21-V2, which have been shown to be chemically different compounds. In C57BL/6 mice
mmunized with vacceines consisting of ovalbumin and either QS-21, QS-1-V1, or §S-21-V2,
both of the individual components Q8-21-V1 and QS-21-V2 are comparable in adjuvant
effect to the original QS-21 peak {containing a mixture of 3:2 Q8-21-V1 and Q8-21-V2) for
boosting the 1gG subclasses IgG1, 1gG2b, and IeG2 as well as the total IeG titer (disclosed in
U.5. Patent No. 6,231,859, which is incorporated by reference herein in its entirety).

Many immunostimulatory nucleic acids are ohigonucleotides comprising an
samethylated CpG motif, are mitogenic to vertebrate lymphocytes, and are known to enhance
the immune response (see Woolridge, et al., 1997, Blood 89:2994-2998, incorporated herein
by reference in its entirety). Such oligonucieotides are described in International Patent
Publication Nos. WO 01/22972, WO 01/51083, W0 98/40100 and WO 99/61036, as well as
U.S. Patent Nos. 6,207,646, 6,194,388, 6,218,371, 6,239,116, 6,429,199, and 6,406,703 (cach
of which is incorporated herein by reference in 1ts entirety). Gther kinds of
mmmunostimulatory oligonucleotides such as phosphorothioate oligodeoxynucleotides
containing YpG- and CpR-motifs have been described by Kandimalia et al. in “Effect of
Chemical Modifications of Cyvtosine and Guanine in a CpG-Motif of Oligonucleotides:
Structare-Immonostimulatory Activity Relationships.” Bioorganic & Medicinal Chemistry

9:807-813 (2001}, which is incorporated herein by reference in its entirety. Also
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encompassed are immunostimulatory oligonucleotides that lack CpG dimucleotides which
when administered by mucosal routes {including low dose administration) or at high doses
through parenteral routes, augment antibody responses, often as much as did the CpG nucleic
acids, however the response was Th2-biased (IgG1>>1g(G2a) (see, tor example, Umited States
Patent Publication No. 2001/00444 16, which 1s meorporated herein by reference m its
entirety. Methods of determining the activity of immunostimulatory oligonucleotides can be
performed as described in the aforementioned patents and publications. Moreover,
mmmunostimulatory oligonucleotides can be modified within the phosphate backbone, sugar,
nucleobase and internucleotide linkages in order to moduelate the activity. Such modifications
arc known to those of skill in the art.

in certain embodiments, the disclosure provides compositions comprising complexes
of stress proteins with different antigenic peptides having one or more mutant MHC-binding
epitopes from a cancer cell in combination with an adjuvant, such as at least one
immunostimulatory oligonucleotide or a saponin {e.g., US-21) 1n a physiologicallv acceptable
carrier.

In certain embodiments, the compositions can comprise hsp70 complexed with one or
more antigenic peptides, combined with QS8-21. In certain embodiments, the compositions
comprise hsp70 or hse70 complexed with one or more antigenic peptides, combined with at
least one mmmostimulatory oligonucleotide. In certain embodiments, the compositions
compiise hsp70 or hsc70 complexed with one or more antigenic peptides, combined with (3S-

21 and at least one immunostimulatory oligonucleotide.
5.3. Dosage

¢ dosage of corapositions disclosed heremn, and the dosage of any additional
treatment modality such as an adjuvant if combination therapy is to be adnunistered, depends
to a large extent on the weight and general state of health of the subject being treated as well
as the amount of vaccine composition adounistered, the frequency of treatment and the route
of administration. Amounts effective for this use will also depend on the stage and severity of
the disease and the judgment of the prescribing physician, but generally range for the mtial
immunization {that is, for therapeutic administration} from about 1.0 ug to about 1000 pg (1
mg} {including, for example, 10, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200, 240, 250,
300, 350, 400, 450, 500, 550, 600, 630, 700, 750, 800, 850, 900, 950, or 1000 ug} of any one
of the compositions disclosed herein for a 70 kg patient, followed by boosting dosages of

from about 1.0 pg to about 1000 pg of the composition (including, for example, 10, 20, 25,
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30, 40, 50, 60, 70, 80, 90, 100, 130, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700,
750, 800, 850, 900, 950, or 1000 ug) pursuant to a boosting regimen over weeks 1o months
depending upon the patient's response and condition by measuring specific CTL activity in

the patient's blood. Regimens for contimung therapy, including site, dose and frequency may

(o]

be guided by the mitial response and clinical judgment. Diosage ranges and regimens for
adjuvants are known to those in the art, see, 2.2, Vogel and Powell, 1995, A Compendium of
Vaccine Adjuvanis and Excipients; M. F. Powell, M. J. Newman {cds.), Plenum Press, New
York, pages 141-228.
Preferred adjuvants include Q8-21, e.g.. 98-21 Stimulon®, and CpG oligonucleotides.
10 Exemplary dosage ranges for QS-21 are | pg to 200 pg per administration. In other
embodiments, dosages for §S-21 can be 10, 25, and 50 pg per adminsstration.

In certain embodiments the administered amount of compositions comprising heat
shock proteins (HSPs) complexed to antigenic peptides, depends on the route of
adounistration and the tvpe of HSPs in the compositions. For example, the amount of HSP in

15 the compositions can range, tor example, from 5 to 1000 ug (1 mg) per administration.

In certain embodiments, the administered amount of compositions comprising hse70-,
hsp70- and/or gpY6-antigenic peptide complexes is, for example, 5, 10, 20, 25, 30, 40, 50, 60,
70, 80, 90, 100, 200, 250, 300, 400, 500, 600, 700, 750, 800, 900, or 1000 micrograms.

In certain embodiments, the administered amounts of compositions comprising hsc70-

20, gp96- or hsp7C-antigenic peptide complexes are in the range of about 10 to 600 ug per
adounistration and about 5 to 100 pg if the composition is adounistered tradermally.

In another embodiment, compositions comprising hsc70-, hsp70- and/or gp96-
antigenic peptide complexes are administered in an amount ranging from about § micrograms
to about 600 micrograms, or about 5 microgrars to about 60 micrograms for a human

25 patient. In other embodiments, the administered amount of the compositions can be less than
100 micrograms. In other embodiments, the administered amount of the compositions is
about 5 micrograms, 25 micrograms, 50 micrograms, or 240 micrograms. Preferably, the
compositions comprising complexes of stress proteins and antigenic peptides are purified.

In certain embodiments, the dosage of the compositions comprising hsp-90 antigenic

30 peptide complexes in a human patient 15 in the range of aboat 3 to 1000 micrograms. In

certain embodiments, the administered amount of the compositions is 5, 10, 20, 25, 530, 60,

70, 80, 90, 100, 200, 250, 300, 400, 500, 600, 700, 750, 800, 900, or 1000 micrograms. In

other embodiments, the dosage of the compositions 1s 100 micrograms. In certain
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embodiments, the dosage for intradermal administration of the compositions comprising hsp
G0 antigenic peptide complexes ranges from about 5 to 50 pg per administration.

in one embodiment of a therapeutic regimen, a dosage substantially equivalent to that
seen to be effective in smaller non-human animals {e.g., mice or guinea pigs}) is effective for
human administration, optionally subject to a correction factor not exceeding a fifty fold
increase, based on the refative lymph node sizes in such mammals and in humans.
Specificallv, interspecics dose~response equivalence for stress proteins (or HSPs)
noncovalently bound to or mixed with antigenic molecules for a human dose s estimated as
the product of the therapeutic dosage observed in mice and a single scaling ratio, not
cxeeeding a fifty fold increase.

{n another embodiment, dosages of the compositions can be much smaller than the
dosages estimated by extrapolation. In one embodiment, the amount of compositions
compiising hsc70-antigenic peptide complexes, hsp70-antigenic peptide complexes and/or
gp96-antigenic peptide complexes is administered that is, for example, in the range of about 2
microgram to about 150 micrograms for a human patient, the human dosage being the same
as used m a 25 g mouse. The dosage for compositions comprising hsp-90 peptide complexes
n 2 human paticot is in the range of about 10 to 1,000 micrograms. In another embodiment,
the dosage of the compositions is about 20 micrograms.

The doses recited above can be given once or repeatedly, such as daily, every other
day, weekly, biweekly, or monthly, for a period up o a year or over a vear. Doses are
preferably given once every 28 days for a period of about 52 weeks or more.

In one embodiment, the compositions are administered to a subject at reasonably the
same time as an additional treatment modality or modalities. This method provides that the
two administrations are performed within a time frame of less than one minute to about five
minuies, or up to about sixty nunutes from each other, for example, at the same doctor's visit.

In another embodiment, the compositions and an additional treatment modality or
modalities are administered at ¢xactly the same time.

in yet another embodiment the compositions and an additional treatment modality or
modalities are admunistered m a sequence and within a time interval such that the complexes
of the invention and the additional treatment modality or modalities can act together to
provide an increased benefit than if they were administered alone.

{n another embodiment, the compositions and an additional treatment modality or
modalities are admimstered sufficiently close in time so as to provide the desired therapeutic

or prophylactic outcome. Each can be administered simultancously or separately. in any
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appropriate form and by any suitable route. In one embodiment, the complexes of the
mvention and the additional treatment modality or modalities are administered by different
routes of administration. In an aliemate embodiment, cach is administered by the same route
of admunistration. The compositions can be administered at the same or different sites, e.g.
arm and leg. When administered simultancousty, the compositions and an additional
treatment modality or modalities may or may not be administered in admixture or at the same
sitc of administration by the same route of administration.

In various embodiments, the compositions and an additional treatment modality or
modalitics are administered less than 1 hour apart, at about 1 hour apart, 1 hour to 2 hours
apart, 2 hours to 3 hours apart, 3 hours to 4 hours apart, 4 hours to 5 hours apart, 5 hours to 6
hours apart, 6 hours to 7 hours apart, 7 hours to 8 hours apart, 8 hours to 9 hours apart, 9
hours to 10 hours apart, 10 houars to 11 hoars apart, 11 howrs to 12 hours apart, no more than
24 hours apart or no more than 48 hours apart. o other embodiments, the compositions and a
vaceine composition are adminisicred 2 to 4 days apart, 4 to 6 davs apart, I week a part, 1 to
2 weeks apart, 2 to 4 weeks apart, one month apart, 1 to 2 months apart, or 2 or more months
apart. In preferred embodiments, the compositions and an additional treatment modality or
maodalitics are administered in a time frame where both are stiff active. Oue skilled m the art
would be able to determine such a time frame by determining the half-life of each
administered component.

in certain embodiments, the compositions are administered to the subject weekly for
at least four weeks. In certain embodiments, after the four weckly doses, at least 2 {c.g., 2, 3,
4,5,6,7,8,9, 10,11, 12, 13, 14, 15, 16, 17, 18, 19, or 20) further doses of the compositions
are administered biweekly to the subject. In certain embodiments, the compositions
adminustered as a booster three months after the final weekly or biweekly dose. The three
monthly booster can be administered for the life of the subject {e.g., atleast §, 2, 3,4, 5,6, 7

3,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 40, 50, or more vears). In certain

2

embodiments, the total number of doses of the compositions administered to the subject is 1,
2,3,4,5,6,7.8,9, 10, 11,12, 13, 14, 15, 16, 17, 18, 19, or 20.

In one embodiment, the compositions and an additional treatment modality or
modalities are adninistered within the same patient visit. In certain embodiments, the
compositions are admunistered prior to the administration of an additional treatment modality
or modalities. In an alternate specific cmbodiment, the compositions arc administered

subsequent to the administration of an additional treatment modality or modalities.
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In certain embodiments, the compositions and an additional treatment modality or
modalities are cyclically administered to a subject. Cycling therapy involves the
administration of the compositions for a period of tune, followed by the administration of a
modality for a period of time and repeating this sequential admunistration. Cvehing therapy
can reduce the development of resistance to one or more of the therapies, avoeid or reduce the
side effects of one of the therapies, and/or improve the efficacy of the treatment. In such
embodiments, the disclosure contemplates the aliernating administration of the compositions
followed by the administration of a modality 4 to 6 days later, preferable 2 to 4 days, later,
maore preferably 1 to 2 days later, wherein such a cycle may be repeated as many times as
destred. In certain embodiments, the compositions and the modality are alternately
administered in a cycle of less than 3 weeks, once every two weeks, once every 10 days or
once every week. In certaim embodiments, the compositions are administered to a subject
within a time frame of ong hour to twenty four hours after the administration of a modality.
The time frame can be extended further to a foew days or more if a slow- or contimuous-

release type of modality delivery system is used.
3.4. Routes of Adminisiration

The compositions disclosed hercin may be administered using any desired route of
administration. Many methods may be used to introduce the compositions described above,
including but not limited to, oral, intradermal, intramuscular, intraperitoneal, intravenous,
subcutaneous, mucosal, intranasal, intra-tumoral, and intra-lymph node routes. Non~mucosal
routes of administration include, but are not limited to, intradermal and topical
administration. Mucosal routes of administration include, but are not limited to, oral, rectal
and nasal admimstration. Advantages of intradermal administration include use of lower
doses and rapid absorption, respectively. Advantages of subcotancous or intramuscular
administration include suitability for some insoluble suspensions and otly suspensions,
respectively. Preparations for mucosal administrations are suitable in various formulations as
described below.

Solubility and the site of the admimstration are factors which should be considered
when choosing the route of administration of the compositions. The mode of administration
can be varied between multiple routes of adounistration, including those listed above.

If the compositions are water-soluble, then it may be formulated in an appropnate
buffer, for example, phosphate bueffered saline or other physiclogically compatible solutions,

preferably sterile. Alternatively, if a composition has poor solubility in agucous solvents, then
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it may be formulated with a non-ionic surfactant such as Tween, or polyethylene glycol.
Thus, the composttions may be formulated for administration by inhalation or insufflation
{cither through the mouth or the nose) or oral, buccal, parenteral, or rectal administration.

For oral administration, the compostition may be n liquid form, for example,
solutions, syraps or suspensions, or may be presented as a drug product for reconstitution
with water or other suitable vehicle before use. Such a liquid preparation may be prepared by
conventional means with pharmaceutically acceptable additives such as suspending agents
{e.g., sorbitol syrap, cethulose derivatives or hydrogenated edible fats); emulsifying agents
{e.g., lecithin or acacia), non-aqueous vehicles (e g., almond oil, oily esters, or fractionated
vegetable oils); and preservatives {e.g.. methy! or propyl-p-hydroxybenzoates or sorbic acid).
The compositions may take the form of, for example, tablets or capsules prepared by
conventional means with pharmaceutically acceptable excipients such as binding agents {e.g.,
pre-gelatinized maize starch, polyviny! pyerohidone or hydroxypropyl methylcellulose); fillers
{¢.g.. lactose, microcrystalline cellulose or calcium hydrogen phosphate); fubricants {e.z.,
magnestum stearate, tale or silica); disimtegrants {e.g., potato starch or sodium starch
glyeolate); or wetting agents {e.g., sodium laaryl sulphate). The tablets may be coated by
methods well-known in the art.

The compositions for oral administration may be suitably formulated to be released in
a controlied and/or timed manner.

For buccal adnunistration, the compositions may take the form of tablets or lozenges
formulated m conventional manner.

The preparation may be formulated for parenteral administration by injection, e.g., by
bolus injection or continuous infusion. Formulations for injection may be presented in unit
dosage form, e.g., in ampoules or in muolti-dose containers, with an added preservative. The
preparation may take such forms as suspensions, solutions or emulsions in oily or agqueous
vehicles, and may contain formulatory agents such as suspending, stabilizing and/or
dispersing agents. Alternatively, the active ingredient may be in powder form for constitution
with a suitable vehicle, e. g, sterile pyrogen-free water, before use.

The preparation may also be formulated in a rectal preparation such as a supposttory
or retention enema, e.g., containing conventional suppository bases such as cocoa butter or
other glveerides.

in addition to the formulations described previously, the preparation may also be
formulated as a depot preparation. Such long acting formulations may be administered by

implantation (for example, subcutaneously or intramuscularly} or by intramuscular injection.
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Thus, for example, the preparation may be formulated with suitable polvmeric or
hydrophobic materials (for example, as an emulsion in an acceptable oil) or ion exchange
resins, or as sparingly soluble denvatives, for example, as a sparingly soluble salt. Liposomes
and emulsions are well known examples of delivery vehicles or carriers for hydrophilic
drugs.

For admimnistration by inhalation, the compositions are conveniently delivered i the
form of an acrosol spray presentation from pressurized packs or a nebulizer, with the use of a
suitable propellant, e. g, dichlorodifluoromethane, trichlorofluoromethane,
dichlorotetrafluorocthane, carbon dioxide or other suitable gas. In the case of a pressurized
agrosol the dosage unit may be determined by providing a valve to deliver a metered amount.
Capsules and cartridges of, e.g., gelatin for use i an mhaler or insufflator may be formulated
containing a powder mix of the compound and a suitable powder base such as lactose or

starch.
5.5. Patient {Subject) Evaluarion

Patients treated with the compositions disclosed heremn may be tested for an anti-
tumor mmmune response. In this regard, peripheral blood from patients may be obtained and
assayed for markers of anti-tumor immumty . Using standard laboratory procedures,
feukocytes may be obtained from the peripheral blood and assayed for frequency of different
mmmune cell phenotvpes, HLA subtvpe, and function of anti-tumor immune cells.

The majority of effector inumune cells in the anti-tumor response are CDE™ T cells and
thus are HLA class I restricted. Using immaunotherapeutic strategies in other tumor types,
expansion of CD8+ cells that recognize HLA class 1 restricted antigens is found in a majority
of patients. However, other cell types are involved in the anti-tumor immune response,
mcleding, for example, CD4+ T cells, and macrophages and dendritic cells, which may act as
antigen-presenting cells. Populations of T cells (CD4+, CD8+, and Treg cells), macrophages,
and antigen presenting cells may be determined using flow cytometry. HUA typing may be
performed using routine methods in the art, such as methods described in Boegel et al.
Genome Medicine 2012, 4:102 (seg2HLA}, or using a TruSight® HLA sequencing panel
{Hiomina, Inc}. The HLA subtype of CD8+ T celis may be determined by a complement-
dependent microcyiotoxicity test.

To determine 1f there 1 an ncrease in anti-tumor T cell response, an enzyme linked
manospot assay may be performed to quantify the IFNv-producing peripheral blood

mononuclear cells (PBMC). This technique provides an assay for antigen recogmnition and
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mmmune cell function. In some embodiments, subjects who respond clinically to the vaccing
may have an increase in tumor-specific T cells and/or IFNy-producing PBMCs. In some
crobodiments, immune ccll frequency is evaluated using flow cytometry. fn some
embodiments, antigen recognition and immune cell function is evaluated using enzyme
Iinked immumospot assays.

In some embodiments, a panel of assays may be performed to characterize the
immune response generated to HSPPC-96 used alone or given in combination with standard
of care {e.g., maximal surgical resection, radiotherapy, and concomitant and adjuvant
chemotherapy with temozolonmide for glioblastoma mueltiforme). In some embodiments, the
panel of assayvs mcludes one or more of the following tests: whole blood cell count, absolute
tymphocyte count, monocyte count, percentage of CD4"CD3™ T cells, percentage of
CD8CD3" T cells, percentage of CD4"CD25 FoxP3" regulatory T cells and other
phenotyping of PBL surface markers, intracellular cyickine staining to detect
proinflammatory cytokines at the protein level, gPCR to detect cytokines at the mRNA level
and CFSE dilution to assay T cell prohiferation.

In evaluating a subject, a number of other tests may be performed to determine the
overall health of the subject. For example, blood samples may be collected from subjects and
analvzed for hematology, coagulation times and serum biochenistry. Hematology for CBC
may include red blood cell count, platelets, hematocrit, hemoglobin, white blood cell (WBC)
count, plus WBC differential to be provided with absolute counts for neutrophils, cosinophils,
basophils, lvmphocytes, and monocytes. Serum biochemistry may include albumin, alkaline
phosphatase, aspartate amino transferase, alanine anuno transferase, total bilivubin, BUN,
glucose, creatinine, potassium and sodium. Protime (PT) and partial thromboplastin time
{PTT) may also be tested. One or more of the following tests mayv also be conducted: anti-
thyroid (anti-microsomal or thyroglobulin) antibody tests, assessment for anti-nuclear
antibody, and rheumatoid factor. Urinalysis may be performed to evaluated protein, RBC,
and WBC levels i urine. Also, a blood draw to determine histocompatibility leukocyte
antigen {HLA) status may be performed.

In some emboduments, radiologic tumor evaluations are performed one or nore times
throughout a treatment to evaluate tumor size and status. For example, tomor evaluation
scans may be performed within 30 days prior to surgery, within 48 hours after surgery (e.g.,
to evaluate percentage resection), 1 week (maximum 14 days) prior to the first vaccmation

{e.g., as a baseline evaluation), and approximately every 8 weeks thereafter for a particolar
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duration. MRI or CT imaging may be used. Typically, the same imaging modality used for

the baseline assessment is used for each tumor evaluation visit.

6. KITS

Kits are also provided for carrying out the prophylactic and therapeutic methods
disclosed herein. The kits may optionally be accompanied by instructions on how to use the
various components of the kits.

in a specific embodiment, a kit comprises a first container containing the composition
comprising complexes of stress protemns bound to different antigenic peptides, where cach
antigenic peptide comprises one or more mutant MHC-binding epitopes from a cancer cell;
and a second container containing an adjuvant or adjuvants that, when adounistered before,
concurrently with, or afier the administration of the peptides in the first container, s etfective
to induce an immune response against the antigenic peptides. In another embodiment, a kit
comprises a first container contaiming the composition comprising complexes of stress
proieins bound to different antigenic peptides, where cach antigenic peptide comprises one or
more mutant MHC-binding epitopes from a cancer cell; a second container containing an
adjuvant or adjuvants; and a third container containing a second treatment modality. In vet
another embodiment, the kit comprises a container containing the composition comprising
complexes of stress proteins bound to different antigenic peptides, where cach antigenic
peptide comprises one or more mutant MHC-binding epitopes from a cancer ccll and
adjuvants in one container, and a second container containing a second treatment modality; or
an additional adjuvant, such as a saponin, including but not bmited to QS-21, ¢ g., O8-21
Stimulon” {Antigenics LLC). Additional containers may be present for additional treatroent
modalities that can be used in combination. In certain embodiments, the compositions in the
container are in the form of complexes of heat shock proteins bound to different antigenic
peptides where cach antigenic peptide comprises one or more mutant MHC-binding epitopes
from a cancer cell.

In certain embodiments, the compositions and adjuvants in the container are present
in pre-determined amounts effective to {reat cancers or prevent their recurrence. If desired,
the compositions can be presented in a pack or dispenser device which mayv contain one or
more unit dosage forms of the compositions. The pack may, for example, comprise metal or
plastic foil, such ag a blister pack. The pack or dispenser device may be accompanied by

nstructions for administration.
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EXAMPLES

Example i Identification of somatic mutations in banked human multiple myeloma (MM)

7

plasma cell samples

P

Based on previously annotated RNA and whole cxome-sequencing (WES) of over
fifty MM samples stored in Mount Sinai Medical Center’s Hematological Malignancies
Tissue Bank {Miami Beach, FL), we have generated lists of non-synonymous mutations for
19 samples. The nwtations are computationally characterized, and up to 48 peptides for each

of 10 samples are synthesized for testing in inumunological assays.
Example 2: Somatic mutations identified in murine MM tumor cell line

We profiled the exome of the immediately available MOPC313, the parental tine to
MOPC315 BM. Similar to our studies of B16F10 (962 non-synonymous mutations} and
126 (1,688) and published studics of MC-38 (4,285) and TRAMP-C1 (949), we identified
1,764 non-svnonymous somatic point mutations (SNVs) relative to the BALB/c genome.
These SNVs occur in 1,539 genes (Cancer research. Mar 1 2012;72(5): 1081-1091; Nature.
Nov 27 2014:515(75283.5372-5376, BMC genonncs. 201415190, cach of which is
meorporated herein by reference in its entirety ). We calculated the potential mmmunogenicity
of MOPC3 15 mutation-containing peptides. We then applied three filters to wdentify neo-
epitopes that contain features reported to be predictive of immunogenicity or tumor control.
These filters were (1) point mutation in the neo~epitope located at position (P3-P7) which is
accessible to the T cell receptor as desceribed by Mellman and colleagucs (Nature. Nov 27
2014;515(7528).572-576}; (i1} maximum difference 1 affinity between predicted neo-
epitopes and their normal counterparts as described by Srivastava and colleagues (The
Journal of experimental medicine. Oct 20 20142 11(113:2231-2248, meorporated herein by
reference 1n s entirety); and (i) affinity < 150 oM for the H-2Kd, H-2Dd or H-2Ld HLA
alleles asing the NetMHCpan algorithm.

Example 3: PBMCs of MM patients contain 1 cells that recagnize predicied neo-epitopes

PBMCs of un-vaccinated MM patients are demoustrated to contain T cells that
recognize neo-cpitopes identified by next generation sequencing. This demonstration
catablishes the extent of the mutated tumor antigen recognition at “baseline,” setting the
stage for Phase 1 clinical testing of (8} vaccine-driven increase in frequency of T cells
specific for the various predicted neo-epitopes compared to pre-vaccination baselines and

{b} vaccine-driven induction of responses to antigens not recognized at baseline. Peptides
S e o
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containing putative mutated epitopes can be pooled and used to stimulate CD4 and CDS T
cells independently, following processing into naturally selected epitopes by CD4/CDS-
depleted PBMC, without the need to predefine alleles of HLA restriction (. fmmmunol Feb |
2003;170(3):1191-1196, incorporated herein by reference in its entirety). Both professional
and non-professional antigen presenting cells require uptake and processing of long
peptides which ensure that only naturally processed epitopes are presented to T cells, where
the mutation may be important for cither HLA-binding or T cell recognition. Long peptides
are used in this example given based on observations that 1} long peptides facilitate
antibody recognition of linear epitopes (Methods Mol. Biol 2009;520:11-19, incorporated
berein by reference in its entirety); 2) long peptides need to be naturally processed into HLA
class I restricted epitopes, ofien in a proteasome-dependent manner, to be recognized by
CD8 T cells (J Immunol Feb 1 2003;170(3):1191-1196, incorporated herein by reference in
tts entirety ), and 3} long peptides are optimal targets of CD4 T cells (Proc. Natl Acad. Sci.

U 5 A4 Jul 9 2003, 100(15).8862-8867, incorporated hercin by reference in its entirety).
Basis for synthesis of peptides tested for recognition in immunological assays.

To address both the sub-clonal intra-patient mutation heterogeneity characteristic of
MM and the vocertainty in mutation selection, the MM ASY mmdividualized vaccine
compiises up to 48 patient- and tumor-specific neo-antigens {(Cancer cell. Jan 13
2014;25(1):91-101, incorporated herein by refercnce in its entirety). For most of the patients
this comprises all expressed non-synomymous mutations found in their tumor. Analvsis of the
mutation lists generated from the MM plasma cell samples in Mount Sinar’s Hematological
Malignancics Tissue Bank is used to identify mutant peptides for synthesis for each sample,
up to a maximum of 48, Each peptide consists of a 3 lmer with the point mutation centered.
Long peptides allow for processing by antigen presenting cells {APCs) to generate shorter
fragments that may represent either HLA class 1 or i binding epitopes for up to six alleles
that may be expressed in each subject. A pool of long synthetic peptides, each peptide
containing a single point mutation, is synthesized along with cach peptide’s non~mutated
counterpart and tested i T cell function assays using bulk autologous PBMCs as a source of
T cells and antigen presenting cells. Where possible, the minimal neo-epitope recognized by

T cells is defined.
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Methods

1. Pre-sensifization

The Hematological Malignancies Tissue Bank holds two green-top tubes, containing
~2-4 x10" PBMCs total, from cach MM patient for whom annotated RNA and WES data is
avatlable. A single m vitro pre-sensitization is first performed, designed to expand immune
responses to neo-epitopes primed iz vive by recognition of malignant cells. Cells are thawed
and PBMCs isolated, aliquoted and either used in the pre-sensitization phase or frozen down
for later use. For pre-sensitization, 1x107 are cultured in 24-well plates with pools of 31mer
peptides. For patients for whom NGS data reveals < 48 mutatiouns, long peptides are
generated for all mutations and used for sensitization. In cases where > 48 mutations are
wdentified, a maximum of 48 peptides are synthesized for sensitization based on random
selection of 48 mutations. The size and composition of the peptide pools used for
sensitization is determined based on the biochemical characteristics of the various peptides
such that solubility of peptides 1s maintained m the culture plate. The pre-sensitization is
carried out for 10 - 20 days in presence of 112 and 1L-7. As a positive control, a subset of
PBMC is pre-sensitized with recall viral antigens such as CEF peptide pools. Precxisting
CDE T cell responses to peptides are expected to peak around day 10 while CD4 T cells peak
around day 20 of culture, and repetitive sampling and functional testing ensures optimal

detection.

1. ELISPOT and Intracelular Cvtokine Staumung (ICS)

To identify which peptide pools are recognized by autologous T cells, an TFN-y
Enzyme-Linked ImmunoSpot (ELISPOT) assay is then performed with bulk lymphocytes
harvested from the pre-sensitization cultures. Autologous EBV-transformed B cells (B-EBV)
and/or PHA-expanded T cells (T-APC) are used as antigen presenting cells and pulsed
overnight with smaller subpools of the same peptides used for presensitization {altematively,
if target cells are imiting, cell coltures will be divided and sensitized with subpools of

cptides). Unstimulated cells serve as a negative control. CEF peptide pool is included as
positive control antigens and PHA/PMA -ionomycin 1s used to assess overall viability and
survival of cells. Spots representing IFN-v secreting lymphocytes is quantified with CTL
Immunospot analyzer and software (Shaker Heights, OH}. To be considered significant,
antigen-specific IFN-y responses must have a spot count of more than 50 out of 50,000 celis
and at least three times more than the nmumber of spots obtaimed with control non-pulsed

target cells.
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To confirm any observed reactivity and to identify the phenotype (CD4 or CD8™) of
T cells responding to subpools of long peptides m the ELISPOT assay, ICS is performed
with remaining celis from the presensitization culture using mAbs for CDE, CD4 and IFN-y.

A positive response will be defined as > 0.5% and >3-fold the percentage obtained with

(o]

control non-pulsed target cells. In some cases, frequencies of antigen-specific T cells may be
sufficiently high to allow cryopreservation of cell hines displaying specificity for further
analyses.

i, Specificity of responding lvmphocvies

Reactivity to ong or more pools of neo-cpitope containing peptides is identified in the
10 prehminary screen, and those pools are deconvohited by testing the peptides individually for
recognition. To confirm that T cell responses are neo-epitope specific, each mutant peptide
are tested alongside its non-mutant (7. e., wild type} counterpart peptide. A presensitization
culture followed by ELISPOT assay and ICS, as described above, is used for these
cxpertments.

15 iv. Identification of minimal CDY™ T cell nco-epitones

Depending on the number of 31mer peptides that “pass” the screens described above
and the number of PBMCs recovered from the cell bank, a series of assays is performed to
identify the minimal T cell neo-epitopes that are recognized. Because HLA class I binding
peptides are of a finite size {typically 9, 10 or 11mers) while HLA class H binding peptides

20 may vary considerably in length, minimal epitope identification is focused on class 1 binding
peptides only and thus only on those 3 lmers that are shown to be recognized by CD8™T
cells in the above described ICS assay. For each positive 3 lmer, all possible 9, 10 and
I 1mers are synthesized wherein the point mutation is placed at each position of the putative
epitope. The non-mutated counterparts to these short peptides are tested as a control. This

23 requires synthesis of 60 peptides (nine Ymers, ten 0mers and eleven 11mers for each
putative nco-epitope and its non-mutated counterpart). The cellular expansion phase is
accomphished using the cognate mutant 3 Imer peptide as stimulating antigen. ELISPOT
assays are then performed mitially with pools of the short mutant peptides. As described
above, the positive pools are then deconvoluted and at this stage may be tested individually

30 for recognition using the counterpart non-mutated peptides as a control. Bepending on
frequencies chserved, it is possible that repeated stimulation in vifro is necessary prior to
testing the short peptides on an individual basis for recognition bv T cells in the ELISPOT

assay. Alternatively, enrichment of antigen-specific T cells 1s attempted with assays
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measuring IFN-y and/or other desirable cytokines that allow sorting of peptide reactive celis

and non-specific expansion of monospecific lines with allogencic feeder and PHA.

Example 4: The biclogical activity of AutoSynVax™ is tested in one or more murine M

models such as the STMM series or MOPC

5 The biclogical activity of AutoSynVax™ (ASY™) composition, which comprises
HSP complexed with peptides containing cancer neo-gpitopes, is tested in the MOPC315. BM
murine MM model. MOPC315 BM is a murine malignant plasma cell line syngeneie to
BALB/c mice that resembles several features of the human discase. It engrafts bone marrow
and causes Ivtic bone discase when introduced by intravenous injection, and secretes and

10 IgA lambda M-protein that can be measured in serum by ELISA . This model has been used
to investigate wdiotype vacoine strategies, and a neo-cpiiope in the hypervariable region of
the lambda light chain, peptide 91-101, can elicit robust CD4+ T cell invnunity in BALB/c
mice. As described above, the parental cell line, MOPC3 15, was subject to whole exome
sequencing and a preliminary list of mutations was identified. In this example,

15 MOPC315.BM is subject to WES 1o identify and RNAscq to confiro expression of
mutations in transcripts. Assuming the number of mutations identified 1s simular to that seen
1 the parental line, it is not possible to synthesize all corresponding long peptides for use in
the MOPC315.BM ASV surrogate. This is an acknowledged limitation of the model.
Instead, a sclection of filters is applied to narrow the list of candidate long peptides to a

20 maximum of 48. Each peptide consists of a 3 Imer with the point mutation centercd. The 48
long peptides are complexed to Hse70 and mixed with Q8-21 Stimulon® to generate the
surrogate ASY vaccine. Experiments are then conducted to identify optimal dosing for ASV
in the BALB/c background and assess immunologic efficacy both alone and 1n combination
with lenalidomide. Experiments sequenced for dose finding, component activity, and

25 combination assessment. The vaccination schedule is based on similar synthetic long peptide
based vaccine preparations tested in amimal model (Faccine. Nov 3 2011,29(47).8530-8541).
Immunogenicity studies are followed by prophylactic tumor protection studies and by

therapy studies in combination with lenalidomide.
Methads

30 1. Recombinant Hsc70 and selection of lons peptides for inclusion in MOPC315. BM

ASY surrogate vaccine

89



WO 2016/183486 PCT/US2016/032465

Because of the large number of mutations expected to be expressed in MOPC315 BM,
an agnostic approach to selection of peptides for inchusion in the sarrogate vaccine is not
possible. Instead, filters such as the three describe above for the parental line, MOPC315, are

applied to enable selection of three groups of 16 peptides each {to be combined to reach a

(o]

maximum 48 total}, representative of all three BALB/¢ alleles.
i, Immunogenicity studics
These expeniments identify optimal dosing of the MOPC315 BM surrogate of ASV in
the BALB/c background and assess immunologic efficacy both alone and in combination
with lenalidomide. Experiments are sequenced for dose finding, vaccine component activity,
10 and combination assessment. The vaccination schedule is based on similar vaccine
preparations tested i animal models (Faceine. Nov 3 2011:29¢47):8530-854 1, incorporated
herein by reference in its entirety).
(a) MOPC315 BM ("MOPC”) ASY dose finding.
Groups of four female BALB/c mice receive cscalating doses of ASV by mtradermal
15 mjection on days | and 8. One group receives ASY formulated with peptide containing
residues 91-101 from the MOPC lambda light chain idiotype A2 (Id ASV} as a positive
controd (The EMBO joumal. Jul 1989;8(7):1947-1952, incorporated hercin by reference in
its entirety), and unvaccinated mice serve as negative controls. ASY formulations are 10, 30,
or 100 ug of Hse70 complexed to 48 synthetic 3 Imer peptides (somatic mustation centered,
20 flanked by natarally occurring residues} at a 1:1 molar ratio of Hsc70 to total peptide
mixture. The complex is mixed with 10 pg QS-21 Stimuton” prior to injection in 100 pl total
volume sterile saline. 100 pl of whole blood is obtained from cach subject by retro-orbital
bleed prior to vaccination and at the end of each experiment, and serum is cryopreserved for
potential future analysis for humoral immune responses. Subjects are euthanized on day 15,
23 and total splenocyies are recovered by mechanical disruption and ACK buffer Iysis of
erythrocytes. T cell immunity are assessed by in vifro restimudation and ELISPOT assay as
escribed above. This will establish the /7 vive tmmunogenicity and optimur dose for
subsequent experiments.
{b) Yaccme component asscssment.
30 The relative contribution of each vaccine component are assessed by vaccinating
groups of four test subjects with each component at the optimized dose established 1o part (a)
above. The vaccination schedule is as described in part (a) above. Groups include MOPC

ASV {which includes Q8-21 Stimulon®™), MOPC ASV without Q8-21 Stimulon”™, MOPC
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peptides with Q§-21 Stimulon® (but without Hse70), MOPC peptides alone, MOPC Id ASY
or untreated control. Antigen-specific T cell responses are assessed as described.
{c) In vitro analvsis of lenalidomide activity against MOPC315 BM.

Dhrect activity of lenalidomide against MOPC315 BM cells is deternuned i vigro by

(o]

8-point dose curve viability assay. Triplicate wells of MOPC315 BM in 96-well plates are co-
incubated with lenalidomide at increasing doses, and cell viability is quantified at 40 hrs by
Alamar Blue (Life Technologies; Grand Island, NY) fluorescence. Bortezomib at 10 um
serves as a positive control for eytotoxicity. 8-point dose carves are gencrated by automated
aliquots of 10mM lenalidomide stock sohution in DMSO with an HP B3000 dispenser
10 {Hewlett-Packard, Inc.; Palo Alto, CA). Lenalidomide and controls are randomly distributed
in the plates to elinunate edge effects, and the Alamar Blue fluorescence readout at 40 hrs is
deconvoluted prior to analysis. These data provide estimated LD50 concentrations for further
analysis. The LD50 are compared with physiclogic dose levels from previous vaccination
models to wdentifv a target dose that is below the estimated single agent activity lovel for
15 MOPC315BM.30-32.
{dj Lenalidomide activity in promoting ASV immaune priming in vivo.
The activity of lenalidomide m promoting invoune priming by MOPC ASVY 1s
assessed in the animal model. Groups of test subjects are vaccinated with MOPC ASY or id
ASY admimstered alone or with lenalidonude at the optimized dose (identified 10 part (¢}
20 above) by intraperitoneal (IP) injection (10 mM DMSO stock diluted in sterile saling).
Untreated mice serve as negative control. Immuunologic efficacy is assessed as previously
described.
{¢) Functional characterization of MOPC ASV-induced Ag-specific immunity.
In order to perform detailed characterization of the cellular immune response to
25 vaceingtion, cohorts of 10 mice are vacomated with either MOPC ASV or Id ASVY with co-
admimstration of lenalidomide; unvaceinated mice serve as negative controls. Total
splenocytes are pooled and CD4 and CDR T cells are separated by antibody-conjugated
magnetic bead sorting and restimwilated with total peptide pools. Expanded T cell pools are
divided for analysis. The frequency of T cell response to specific neo-epitopes is identified
30 by matrix ELISPOT assays as described above. These populations are functionally
characterized by re-stimulation and ICS5/flow cytometry for IFN-y, TNFa, perforin,
granzyme, 1L-4, and [L-5 expression. Specificity for the mutated neo-epitope repertoire is
confirmed by ELISPOT assay using mustated or wild type peptides for stmulation. Epitope-

spectfic T cells is 1solated and subcloned by IFN-y capture.
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Cytotoxac activity against MOPC 18 assessed by LDH (lactate dehydrogenase} release
assay; autologous, peptide-pulsed target cells and buffer kysis are positive controls and
unpulsed cells are negative controls. Specificity for the MOPC neo-epitope repertoire is
assessed by cytotoxicity assays against MOPC or other BALB/c nuneral oil-elicited plasma

cell hnes such as HOPC 1F/12 and RPC5 4 (ATCC, Manassas, VA). The presence of

(o]

potential cross-reactive mutations in these cell lines is assessed by WES and analysis as
described for MOPC,

i1i. Prophviactic tumor protection siudies:

{a) Tumor challenge optimization.
1G The number of MOPC315 BM cells is optimized for iz vive modeling by introducing
escalating numbers of cells by tail vem mjection. Cells are washed in RPMI medium three
times and resuspended to deliver the target cell load in 100 1 total volame. 100 pl of whole
blood is acquired by retro-orbital bleeding at baseline and seven-day intervals and serum are
isolated for IgA ELISA and immunofixation to follow M-spike as a marker of disease
5 progression. Test amimals are observed tor hind limb paralvsis, an indicator of pre~-morbid
disease burden in the spinal columm, and are euthanized at this event. Femnurs and spinal
columns are recovered at necropsy for decalcification, paraffin embedding, and sectioning
for morphology and womunochistochemical (THC) evaluation of CD 138+ plasma cells, CD3+
Iymphocvies i marrow. Survival curves are plotted to identify the minimom tamor
20 challenge dose that will result in 100% mortality.
{(b) Lenalidonide 1n vivo dosc optimization.

Lenalidomide dosing is optimized to minimize single agent activity against MOPC
and maximize co-stimulatory activity with MOPC ASV. Cohorts of 10 mice receive MOPC
tumor challenge at the optimized dose. After three davs to permit tumor engraftment, test

23 subjects receive weekly mtrapentoneal (IP) adounistration of lenalidomide (10 mM DMSO
stock dihited i sterile sahine) at three different dose levels centered around the dose
identified in (11){(d) abvoe. Tumor challenged mice without lenalidomide serve as negative
controls. Test animals arc monitored for IgA level and bind himb paralysis, and tumor burden
1s confirmed by pathology and IHC of necropsy specimens. Kaplan-Mever survival curves

30 are generated to identify the maximom lenalidomide dose level that does not significantly
prolong survival over background.

(¢} Prophylactic model of MOPC ASY and lenalidomide anti-tumor immumnity.
Cohorts of 12 female BALB/c mice are vaccinated with MOPC ASV-+lenalidomide or

controls {(MOPC Id ASV positive control, lenalidomide alone at optimized dose and

O
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untreated mice negative controls) on day 1 and &, then on day 15 they receive the optimized
challenge of MOPC315.BM cells suspended 100 pl sterile saline in the tail vein injection.
Untreated, tumor-bearing animals serve as negative controls. Tumor growth is followed by
weekly bleeding and [gA ELISA and by physical examination. Animals are euthanized when
hind limb paralysis 1s detected, and when the last negative control subject reaches the pre-
morbid milestone all remaining subjects are euthanized. Kaplan-Mever survival curves are
generated for test and untreated control animals. At the tormination of cach experiment, total
splenccytes are recovered for assessment of Ag-specific immumty, epitope specificity,
cytotoxicity, and Th phenotype as described above. Necropsy specimens are examined by
THC for tumor burden and T cell infiliration into the bone marrow.
(d) Therapeutic model of MOPC ASY and lenalidomide.

Cohorts of test subject recetve tumor challenge, and afier three days they receive
weekly vaccinations with MOPC ASV-+lenalidomide or controls as in (i}{c) above. Tumor
growth 1s followed by IgA ELISA and physical cxam, and post-mortem evaluation is

performed on splenocyies and bone marrow as described.

Example 5 Production of Phase 1 appropriate material jor a first in human clinical trial of

ASV in patients with relapsed MM

Patients cligible arc those with relapsed MM, and ehigible for transplantation
following up to four prior treatments. Patients are treated with vaccine in combination with
standard of care ImiDs and/or low dose oral Cytoxan. The endpoints include safety, immune
response, and signals of additive efficacy of vaccine to the anti-MM therapy. With respect to
mmmune monitoring, a longitudinal biomarker study is conducted to identify immunological
responses to the vaceine and track tumor evolution. Blood and potentially bone marrow
samples are taken before and after vaccination and assayed for, e.g., neo-epitope-specific T
cell phenotype, TCR repertoire and changes in level of expression of mutant genes. Plasma
cell exosomes may also be a convenient and uscfid source for some of these analyses. The
studies in support of immune monitoring and tracking of tumor evolution are performed afier

MM patients are enrolled in the trial and treated with the full course of vaccination.
Methads

1. Clinical trial design

Safety, feasibility and immunologic response i patienis with relapsed multiple

myeloma (n=~30) is assessed in a phase I study. The purpose of the study is to evaluate the

O
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safety, pharmacokinetics, clinical and immauonological response to vaccine. Essential inclusion
criteria are: 1) relapsed MM with after at least one, but not more than four, prior treatment
regimens, 2) measurable discase {serum M-protein 2 0.5 gn/dL. OR involved serum free light
chamn (sFLC) 2100 mg/L and abnormal sFLC ratio {(<0.26 or >1.65) OR urine M-protein 2
200 mg/24 hours), 33 adequate immunclogic reserve as demonstrated by peripheral blood
absolute lymphooyte count 21000/, 4) Hgb 28.0 gavdL and plt 250,000/, and 53 ECOG
PS 22. Exclusion criteria are: 1) prior therapy with vaccine immunotherapy for multiple
myveloma, 2} history of autoimmune disease, 3) prior allogeneic hematopotetic stem cell
transplantation, 43 known HIV or active Hep B or C, and 5) concurrent second malignancy
within 5 years except for non-melanoma skin cancer, carcinoma i sifu (including superficial
bladder cancer}, cervical intracpithelial neoplasia, or organ-contined prostate cancer with no
evidence of progressive disease.

Patients undergo bone marrow biopsy at screening with tissue acquisition for NGS
that is the basis for vaccine production, projected to take cight weeks from delivery of tissue.
Enrolled patients receive interim therapy with lenalidomide 25 mg orally daily days 1-21,
cvelophosphamide 50 mg orally twice daily and prednisone 20 mg orally daily days 1-7 of
cach 28-dayv cvcle (cycles 1 and 2). Cyclophosphamide is an alkvlating agent that is
commonly used in combination with lenalidomide and dexamethasone for multiple myeloma
{American journal of hematology. Aug 2011;86(83:640-645; British journal of haematology.
May 2007; 137(3):268-269). In addition to iis direct cyvtotoxic effects, low dose
cyclophosphamide has been shown to decrease the frequency of Tregs and promote a
favorable environment for immune priming through dendritic cell maturation and Th1/Thi7
T cell phenotypes m animal models and human studies (Cancer immunology, Immunotherapy
- CH. May 2013;62(5}.897-908; Blood. Jun 3 2010;115(22):4384-4392; Journal of
Immunology. Mar 1 2006;176(5).2722-2729; Cancer rescarch. Feb | 2011,71(3):661-665;
each of which is incorporated herein by reference in its entirety). Early phase chinical trials of
metronomic or low dose cyclophosphamide with therapeutic tumor vaccines demonstraied
associations with superior immunologic, and in some cases, clinical efficacy (Cancer
immunology, immunotherapy © CIE. May 2012;61(5):629-641; Cancer immunology,
immunotherapy - CI1 Jan 2013;62¢1}:171-182; Nature medicine. Aug 2012;18(8):1254-1261,
cach of which is incorporated herein by reference in its entirety}. Therefore, the combination
of lenalidomude, low-dose oral cyclophosphamide, and predmisone is a rational chotce for
mterim therapy prior to vaceination with ASV. The triplet combination provides additive

effects even in patients who have previously received lenalidomide and dexamethasone.
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Prednisone is administered only in the first week of each 28-day cycle to ensure that patients
entering the vaccine portion of the trial will not have exposure to glucocorticoids for at east
three weeks, mitigating the immunosuppressive effects of these agents.

Patients receive ASVY by intradermal injection on days 1, 8, 15, and 22 and
fenahidomide 25 mg orally daily days 1-21 of 28-day cycle 3, followed by monthly vaccine
dosing during each subsequent cycle with concurrent lenalidomide 25 mg orally {PO] on days
110 21 of cach 28-day cycle (C4 through C12). This constitutes 15 total vaccine
administrations over 1 vear of treatment. Patients continue to receive low dose
cyvclophosphamide prior to each vaccimation. Once the vaccine portion of the protocol is
competed (C12), subjects continue lenalidomide 25 mg orally daily days 1-21 of cach 28-day
cvele through C12. Protocol-specified dose withholding or reduction for attributable
toxacities 18 allowed for lenalidomide. Clinically-indicated concurrent medications, including
thromboprophyvlaxis, bisphosphonates, and hematopoictic growth factors are allowable.
Subjects undergo compleie re-staging and tomunologic assessment after C12 {end-of-study).
Follow up visits continue every 3 months for 24 months to assess PFS.

Immunogenicity, pharmacokingtics (PK), and pharmacodynamics (PD) are evaluated.
Safety evaluation includes the frequency, severity, and relationship of adverse events (AEs)
and serious AEs with the drug combinations are assessed for up to 60 days after the last dose
of study drug. Immunologic assessments will be completed: (1) pre-vaceine, {2) following 4
weekly doses; (3) bi-monthly thercafter or the final study visit. Objective responses (ORs,
which include stringent complete response, complete response, very good partial response
{VGPR), and PR), discase progression, and relapse are evaluated as a secondary objective
and assessed at the end of each cycle or at the study termination visit. Responses are assessed

in accordance with the Intemational Myeloma Working Group (IMWG) criteria.

Fixample 6: MM nec-epitopes derived from a database

Working with MedGenome (Cambridge, MA), we have queried their manually
curated database (OncoMD} of somatic mutations in MM identified from published sources
and unpubhished TCGA and ICGC studies. OncoMD has extensive computational workflows
to rapidly process raw NGS fastg files to identify somatic mutations and an annotation enging
that combines diverse genomics and bioinformatics data to wdentify tumor mutation profiles
and expression signatures. A summary of the 4505 unique curated mutation data speetfic to
MM is provided in Table 2. Importantly, the database also reports mutations in genes

associated with malignant progression in MM {(e.g., MYC, KRAS, NRAS, TFP53, and KDMOA)
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which speaks to the fidelity of the curation process in this indication. Most mutations in the
curated database occur only once among the 413 samples. This is indicative of the large armray
of passenger mutations which arise randondy i the genome, and the random nature of the

mutations expiaing why resultant neo-gpitopes are largely mdividually tumor-specific.

Table 2

Summary of muliple mveloma mutations present in OncoMD

Number Total number of | Total number of | Median number Frequently mutated
of studies’ | samples’ unique (range) of genes genes”
mutations” with non-
SYRONYMOous

5 . 4
somatic mutations

~3
—

413 4305 38.5(1 -463) KRAS, NRAS, BRAF
FAMA6C

'Six studies reported whole exome and whole genome sequencing and 65 studics reported
single or few gene sequencing

*Samples that were sequenced.

"Unique somatic mutations in genes from all studies (3888 from NGS and 617 from other
studies)

*Calculated from data reported in six NGS studies

“Frequently mutated genes defined as genes mutated in > 8% samples

From the 4505 unique mutations in MM, neo-epitopes and affinities for 12 HLA
alleles were predicted using NetMHCpan (Fig. 1). Neo-epitope size was limited to 9 and
10mers. Generally, peptides with 1Cse < 150 nM arc considered strong to intermediate
binders while <5300 aM arc weak binders. A representative output shows 362 9mers with 1Cs
< 150 oM and 192 9mers with {Cse < 50 nM were predicted for HLA-A*02:01. Table 3 lists
the actual predicted neo-epitopes with 1Csy < 30 nM. Scatter plots were generated comparing
the affinitics of the predicted 9mer and 10mer nec-gpitopes to their non-mutated counterparts
in the case of HLA~A®02:01 and HLA-B*07:02 for all peptides with 1Cso < 150 nM (Fig. 3).
In the case of the MM samples curated in OncoMD, similarities m predicted affinities
between neo-epitope/normal counterpart pairs are also observed (Table 3 and Fig. 3). In

Table 3, peptide sequences arc shown in lower case letters, except for the mutated amino acid
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in the mutant peptide sequence (second column) and the amino acid normally found mn the
native peptide sequence at the mutated position (sixth column}, which are shown in uppercase

leticrs in parentheses.
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Example 7: Glioblastoma ((GLB} neo-epitopes

Using the methods disclosed heremn, up to 24 peptides of 31 amuno acids n length for
meorporation mto an immunogenic composition {(vaccine) were 1dentified for three subjects.
Table 4 provides a summary of the data for all three subjects, and Tables 5-7 provide the

~

summary for each of the subjects (patients A, B, and C, respectively}.

Table 4
Summary of subject mutations data

GBM patient A B C
Mutations in transcripts 592 502 1029
Point mutations 573 502 1029
Mutations with DNA frequency > 10% 278 294 553
Mutations causing missense protein change 61 58 103
Mutations in genes expressed > 0.5 RPKM

} 28 31 56
units
Mutations in peptide binding MHC < 500 nM 14 13 24
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Example 8: Identification of Cancer-Specific Mutant Peptides

I Human leukocyte antigen (HLA) proteins corresponding to both major
histocompatibility complex (MHC) class [ and class I are 1solated. Depending on the methods
used, HLAs can be isolated with varying levels of specificity using immunoaffinity purification
(see e.g., Seward et al. Mo/ Cell Proteomics. 2011 Mar;16(3):M110.002477, which is
incorporated by reference herein in its entirety}. For example, the W6/32 antibody can be used to
isolate HLA-A, -B and -C proteins which collectively represent the MHC Class | HLA sub-pool.
Simifarly, the 1243 antibody can be used to isolate HLA-DR proteins. Tissue containing the
target HEL A-bound peptides is homogenized, and the tissue homogenate is then passed over an
immunocaffinity column containing an appropriate antibody against the HLA molecules of
mnterest. Following appropriate washing of column-bound HLA molecules, antibody-bound
proteins and their associated peptides are released with low-pH wash. This eluate 1s ultrafiltered
with a low-molecular weight cutoff filter to allow free peptides to flow through separately from
proteins. The resulting peptide fraction is then concentrated, transferred to an appropriate solvent
system {e.g., solvent A of 0.1% v/v trifluorcacetic acid in water) and then loaded onto a capillary
or nano reverse-phase high-performance liquid chromatography (RP-HPLC) column. The
column-bound peptides are then eluted using a solvent gradient (for example, 10% to 55%
solvent B: 0.1 % formic acid m 80% acetonitrile 20% water) over a time course of 90 minutes.

As peptides are eluted during the gradient, they are analyzed by mass spectrometry (MS).
Mass spectrometric analysis is typically performed using electro-spray ionization (EST) and mass
analysis on some form of a hybrid tandem mass spectrometer, such as a quadrupole time-of-
flight (QTOF) or quadrupole-orbitrap mass spectrometer capable of performing gh-accuracy
mass measurements of both parent 1ons and fragments of a molecule under analysis. Such mass
spectrometric analysis will typically provide a parent mass of the mtact analyte and masses of
fragments such that the sequence of the peptide being analyzed 13 unequivocally defined or
nearly so.

Briomformatics methods are then used to analyze peptide sequences and determune if they
correspond to normal {wild-type} or mutant (abnormal} protein sequences. Additionally or
alternatively, sequences obtained from diseased tissue are compared to sequences determined by
analysis of normal {(non-cancer) tissue from the same patient or a suitable conirol {e.g., a sample

from another subject or a database of known peptides from a normal tissue sample). Further
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analysis is possible by comparison of sequences identified by MS with protein sequences
determined by genomic analysis of an individual patient’s genome by sequencing of both normal
and diseased tissues.

ik In addition to analysis of native, unmodified peptide sequences that correspond
directly to normal or abnormal tissues, analysis can also be undertaken for MHC-bound peptides
that have been subjected to post-translational modification (PTM) (see e.g., Seward supra; and
Drouin et al. Arthritis Rheum. 2013 Jan;65(1):186-96., which is incorporated by reference herein
m its entirety). Such analysis of post-translational modifications can be conducted using accurate
precursor mass measurements and collision-induced dissociation (see e.g., Seward supra). Using
appropriate software, peptide core sequences and the associated PTM and 1ts location can be
identified. The range of PTMs that can be identified include, but are not hmited to, oxidized
methionine, pyroglutamic acid from amino-terminal glutamine and glutamic acid, and
deamidation of glutamine and asparagine. Additional PTMs that can be identified include O-N-
acetylglucosamine at Ser or Thr; acetylation at Lys or the amino terminus; amidation at the
carboxyl terminus; Arg to citrulline; S-cysteinylation; S-cysteinylglycine; S-glutathionylation;
glycation at Lys or the amino terminus; S-homocysteinylation; 4-hydroxy-5-nonenal at Cys, Lys,
or His; malondialdehyde at Lys; methylation at Lys or Arg; oxidation at Cys; and
phosphorylation at Ser, Thr, or Tyr. All identifications wdentified through database searching are
optimally manually verified.

L Inaddition to analysis of MHC-bound peptides for a range of PTMs, prior
fractionation of MHC-bound peptides can be undertaken to enrich the analyzed peptide pool na
specific PTM. For mstance, peptides containing a phosphate motety can be analyzed with this
approach (see e.g., Zarling et al. Proc Natl Acad S¢1 U S A 2006 Oct 3,103{40}:14889-94,
herein incorporated by reference in s entirety). Total MHC-bound peptides are solated in a
manner such as that described above. The resulting total peptide pool can then be subjected to
methylation to convert carboxylate groups {e.g., C-terminal COOH, and side chain Asp and Glu
COOH) to their corresponding methyl esters. The methylated peptide pool is then passed over an
Fe' -immobilized metal-affinity chromatography column. Phosphorylated peptides are retained
on the column following washing and then eluted with a mild acid wash (e.g., dilute ascorbic
acid}, which is applied directly to a RP-HPLC column. This phosphopeptide fraction is then

eluted through an additional RP-HPLC column with a solvent gradient into a mass spectrometer
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and analyzed to obtain both parent ion and fragment MS/MS data to allow identification of the
core peptide sequence and the location of the phospho-modification.

In a modification of this approach (see e.g.

=0

Zarling supra), comparisons of two samples
{e.g. normal and diseased tissue, or two different cell lines} can be undertaken in a single
analysis. A single sample is divided into two portions and methylated with do- or dg-methanol
resulting in two portions with light and heavy stable isotopic labeling. Samples with different
isotopic labels are combined, enriched for phosphopeptides by immobilized metal-affinity
chromatography, and analyzed by LC-MS as described above. Signals for phosphopeptides
appear in the mass spectrum as doublets separated by 3 m/z units per carboxylate group in the
molecule. Phosphopeptides that are unique to one or the other sample appear as singlets.

Data analysis is performed by using a three-dimenstonal visual representation of the
chromatogram available in the Xcalibur software (Thermo Electron Corporation). Peptide
sequences are determined by a combination of manual interpretation of MS/MS spectra, accurate
mass measurements, and MASCOT Sequence Query (www.matrixscience. com/home himl).
Sequences are confirmed by recording MS/MS spectra on the corresponding synthetic peptides.
Protein sources for confirmed peptide sequences are obtained by searching the nr and RefSeq
databases for human proteins (www.nchbinlmnth.gov/BLAST).

One of ordinary skill i the an would appreciate that the aforementioved techiugues can
be modified, and that other technigues are known to aid m identifying motant peptides {e.g.,
phosphopeptides} oseful w the wethods and compositions disclosed heren, Suitable methods can
be found, for example, in. Meyer et al. J Proteome Res. 2009 Jul,8(7):3666-74;, WQ2013177593,
WOI992021033; W2011149909; W(02014036562; W(O2015034519; W(2014039675, WO
2014093855; and US7,026,167, each of which 1s mcorporated by reference herein m its entirety.
Example 9: Tumor-protective activity of ASY composivions in BIS 10 melanoma

The therapeutic etficacy of an ASY composition containung two predicted neg-epiiopes
i B1o.F10 melanoma, BIo-M27 and B16-M30 (Kreiter et al, Nature 520[75491.692-6 [2015]),
was tested 1 B16.F10 melanoma. The sequences of M27 and M30 are shown n Table 8.

Materials

¢ Corning 175 cm’” cell culture flask, Cat# 431080, Lot#05415006

s FBS, Gemini Bio-Products, Cat 100-106, Lot ASGAQOY
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e PBS, Corming, Catalogue Number 21-040-CV, Lot 21040344

e Pen-Strep, Gibco, Catalogue 15140-122, Lot 1665601

e L-Glutamine, Gibco, Catalogue 25030-081, Lot 1627656

¢ 2 Mercaptoethanol, Gibeo, Catalogue 21985-023, Lot 1628448

¢ RPMI1640, (nbeo, Catalogue 10-040-CV, Lot 10040609

¢ {omplete media composttion: 450 mi RPMI-1640, 50 mi FBS, Sml Pen-Strep,
Smi L-Glutmamine and 500 ul of 2 Mercaptoethanol.

e TrpLE™ Express {Trypsin}, Thermo Fisher

Methods

1. Cell culture of B16.F10 cells and tumor challense:

A vial of B16.F10 cells (ATCC; P7) was thawed and resuspended in pre-warmed
complete RPMI media in a 15 ml conical tube. The cells were centrifuged at 1500RPM for four
minutes at 25 °C. The supernatant was discarded, and the pellet was resuspended in fresh
complete media and cultured in a 175 cm?2 flask with 30mL of complete media at 37 °C. The
cells were observed under a microscope every other day until >80% confluent.

When cells reached >80% confluency, the media was harvested and 10 mL of pre-
warmed PBS was added. The PBS was harvested, and then SmL of TrypLE™ Express was
added to the flask to detach the cells from the surface. The flask was incubated with trypsin for
five munutes at 37 °C. The trypsin reaction was stopped with fresh 20mL of complete media. The
cell suspension was pipetted up and down using a 10mL pipet to generate a single-cell
suspension. The cells were collected i a SOmL conmical tube and centrifuged at 1500RPM for
four nunutes at 25 °C. The supernatant was discarded and the cell pellet resuspended 1o fresh
media. The cells were cultared in a ratio of 1:20 in four 175 cm’ flasks.

The cells were harvested on the day of inyection mto muice {C57BL/6; Jackson
Laboratories} as described above. The cells were washed twice with serum-free PBS and
resuspended in PBS at a concentration of 1.5 x 10° cells/mL. 100ul of cells were injected per
mouse sub-cutaneously. A total of 60 mice were mjected. Measurements of tumor volume
{mm’) were obtained every 2-3 days starting on day 12 after tumor challenge.

1. Preparation of ASV composition and therapeutic oroups:
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ASY composition was prepared with two 27-mer peptides containing the M27 and M30
melanoma mutations. Mixtures of Hsc70 (Biomay AG) and peptide were prepared in 0.4 mM
HEPES, 20mM Kl atan Hsc70:peptide molar ratio of 1:10, for ASY dosages of 3ug, 10ug, or
30ug i a 200l administration per mouse for each of 12 mice per group. Control samples were
also prepared as shown for administration of Hsc70 alone (30ug), peptides alone {(6.6ug each
peptide [equivalent to amount present in 30pg ASVY), and peptides plus poly(1.C) (100ug each
peptide, 50ug poly [L.C])

For each group, peptide-Hsc70 complexes were individually made for each peptide and

then mixed later. Therapeutic groups were as follows:

Group | 3ug ASY

Group 2 10ug ASY

Group 3 30ug ASV

Group 4 30ug Hsc70

Group 3 6.6ug each peptide

Group 6 100ug each peptide + 30ug poly(L:C)

Hsc70-peptide complexes were incubated at 37°C for 2 hours before preparing aliquots
for the three total injections per mouse and freezing the aliquots. For therapeutic group 6,
poly{L:C} was added to free peptides just prior to mice injections.

200 ul of the therapeutic dose was injected per mouse sub-cutaneously at the farthest site
from the tumor on days 3, 9 and 15 following tumor challenge.

Resulfts:

Therapy with ASY at doses of 10pug and 30ug per mouse provided significant tumor
protection relative to therapy with Hse70 alone (Figure 4, showing tumor growth curves up 1o
day 16 after tumor cell mjection; boxed number at lower right of each plot shows the number of
nuce siill alive at day 10). Specifically. tumeors grew at significantly slower rates than negative
control groups {Hse70 or peptides alone} using the “mixed model” test {(p < §.005; groups
showing significant differences from Hse70 and peptide-only control groups are shown withan
asterisk}. Tumor growth rate i ouce freated with 10 and 30ug ASY doses {groups 2 and 3) was
not sigotficantly different than 1o the posiive cootrol group {pepiides plus poly[L.ChH. The

average rnor volume across the mice 1 each therapeutic group 18 shown o Figure 5.
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fxample 10 Testing different therapeutic doses of ASYV compaosition comprising iwo neo-

epitopes, with and withour (8.21 Stimulon” in BI6.F 10 melanonu,

The therapeutic efficacy of ASY compostiions coniaining the M27 and M30 neg-epiiopes
described i Example 9 was tested in B16. F10 melanoma in the presence and absence of the
saponin adjuvant 08-21 Stimulon® adjuvant. The tumor rejection assay described in Example 9
was repeated in the presence and absence of QS-21 Stimulon”, and in this example, Hsc70-

peptide complexes were prepared at Hse70 peptide molar ratios of 1:20.
Methods:

The methods described in Example 9 were repeated, except that the following ASY
compositions and control samples were prepared for administration to seven groups of C57BL/6
mice. Mixtares of Hsc70 and peptide were prepared in 0.4 mM HEPES, 20mM Kl at an
Hsc70:peptide molar ratio of 1:20, for ASV dosages of 3ug, 10ug, or 30ug in a 200ul.
administration per mouse for each of 12 mice per group. Control samples were also prepared as
shown for administration of Hsc70 alone (30ug), peptides plus Q8-21 Stimulon® (13.3ug each
peptide [equivalent to amount present in 30pg ASV], no Hsc70), and peptides plus poly(1.C}

{100ug each peptide). The therapeutic groups were as follows:

Group | Jug ASV

Group 2 10ug ASY

Group 3 30ug ASY

Group 4 30ug ASV + 10ug QS-21 Stimulon”

Group 5 30ug Hsc70

Group 6 13.3pg each peptide + 10pug Q8-21
Stimulon”

Group 7 100ug each peptide + 50ug poly(L.C)

Resulis:

Therapy with ASY composition at doses of 10ug, 30ug, and 30ug + 10ug 35-21
. 2 R . . . R . . ~
Stimulon® per roouse provided significant temor protection relative to thesapy with Hse70 alone
{Figure 6, showing tumor growth up to day 16 after tumor cell injection). Therapy with peptides

: : o . s . ®
alone (at the same amount a3 18 present i 30ug ARV Y and (33-21 Stimalon™ {group 6) also
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provided significant protection. The average tumor volume acroas the mice in each therapestic

groun, up to day 18, 1s shown i Figure 7. Corresponding effects 1 survival in the therapeutic

groups were obsarved, with all ASY dosages prolonging survival relative to Hse70 alone {Figure

&) Prolonged survival was also obaerved m the mice treated with peptides alone {at the same

amount as is present in 30pg ASYY and Q8-21 Stimulon” {group 63

Example 11: Analysis of neo-epitope specific T' cell responses in ASV-treated mice

T cell responses to neo-epitopes are analyzed in CS7BL/G muce following challenge with

B16.F10 melanonma tumor cells and treatment with ARV comprising the M27 and M30 B16.Fi0

neo-epitopes deseribed n Examples 9 and 10, The mice are challenged with tumor cells and

admimustered ASY samples as described m Hxample 100 At day 22 following tumor challenge,

mouse splenocyies are harvested and an ELISPOT assay is performed to probe T cell responses.

Meaterials:

e ACK lysing buffer, Life Technologies, Cat#A10492-01, Lot# 1701378

¢ FBS, Gemuni Bio-Products, Cat 100-106, Lot AS6A00Y

¢ 70 micron cell stramer, Corning, Catalogue Number 431751, Lot 111666

¢ PBS, Coming, Catalogue Number 21-040-CV, Lot 21040344

¢ Delicate Operating Scissors 4.75" Straight Sharp/Sharp, Roboz, Catalogue
Number RS-6702

¢ BD ELISPOT Plates, Becton, Dickinson & Co, Cat. No. 51-2447KC

¢ BD NA/LE Purified Anti-mouse TFN-y capture antibody (sterile}, Becton,
Dickinson & Co, Cat. No. 51-2525KC, Lot. No 5044579, stock concentration
Img/mL, diluted 1:200 v sterile PBS for use at a final concentration of 5 pug/ml.

¢ Biotinylated anti-mouse IFN-y detection antibody, Becton, Dickinson & Co, Cat.
No. 51-1818K7Z, Lot No. 5044578, stock concentration of 0.5mg/mlL, diluted
1:250 1n PBS + 10% FBS for a final concentration of Zug/mi..

¢ Streptavidin-HRP, Becton, Dickinson & Co, Cat. No. 51-9000209, Lot No.

5163509, 100x stock concentration, diluted 1:100 in PBS + 10% FBS for final

conceniration.
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e AEC Substrate Set 10 plates, Becton, Dickinson & Co, Cat. No. 551951, Lot No.
6011786, 50x stock concentration; one drop {20 ul} of AEC Chromogen diluted
with each 1mL of AEC Substrate for final working concentration.

e (Concanavalin A from Canavalia ensiformis cell culture grade (Con A} - Smg,
Sigma Aldrich. Cat. No. C0412-5MG, Lot No. SLBNS5209V, diluted to final
concentration of 5 ug/mi.

¢ Tween-20, Sigma Aldrich, Cat. No. PS927-500ML, Lot No. 043K01541, diuted
in PBS to final concentration of 0.05%.

e T cell media {TCM):

T cell Media (TCM) Cati Supplier Lot Vohime

Corning™ cellgro™ RPMI 1640 Medium MT-16-040~

(Med)) 1X with L-Glutamine Cv Fisher 10040612 | 500 mi

Gibco™ Fetal Bovine Serum, Qualified, US

Origin, Standard (Stexile-Filtered) 26-140-079 Fisher 1456399 55wl

Gibco™ L-Glutamine (200mM) (10020 25-030-164 Fisher 1698934 2 mk

Gibco ™ Penicillin-Streptomycin (5,000

U/ml) 15-070-063 Fisher 1601706 | 5.5 b

Gibco™ MEM Non-Essential Amino Acids

Selution {100X) 13-140-050 Fisher 1724360 3 sl

Gibco™ MEM Amino Acids Solution (5020 11-130-051 Fisher 1712438 3 mib

Gibco™ HEPES (1M) 15-630-080 Fisher 1707767 { 5.5 mi

(Giboo™ 2-Mercaptocthanol (55mbM) 21-985-023 Fisher 1733929 | 05 mi
Methods:

At Day -1 {the day before tumor challenge}, 58 mucroliters of the IFN-y capture antibody
is dibuted nto 10 mi sterile PBS, and 100 nucreliters of the diluted antibody s added to each
well of a So-well ELISPOT plate. The plate 1 incubated overmght at 4°C.

The next dav {Bay 0}, the antibody sohution is discarded, the plate 1s washed with
complete T-cell media and each well 18 filed with complete T-cell media (TCM} {containing
10% FBE} to block the plate for at least two hours at room temperatire. After two hours,
blocking buffer 15 discarded.

Ten muce are sacrificed and their spleens harvested. The splesns are processed through a
70-micron cell stramer and the red blood cells are fysed using Iml ACK lvsis buffer per spleen.

Complete media 5 added after a few numites, the mixture s spun down, and it 15 resuspended as
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a single-cell suspension at a concentration of 5 mullion cells/mi.. A najve mouse 13 sacrificed and
spienocytes are harvested and resuspended in an identical manner. Half of the naive splenocytes
are wradiated for thirty minotes (3000 rads) to function as antigen-presenting cells, and the other
half are reserved for use as a control. After irradiation, the cells are resuspended at a
concentraiton of 10 million cells/mL.

The splencovtes from each mouse in complete T-cell media are seeded into each row of
the ELISPOT plate with 300,000 cells in 100 nmicroliters TCM. Irradiated splenocvies are
partitioned into three groups: the first receives no pepiide {negative control}, the second is pulsed

vith 5 pe/mb. of peptide M27, and the third is pulsed with 3 ug/mi of pepiide M30. These
irrachiated splenocvtes are added at a concentration of 1,000,000 cells 1n 100 microliters TCM o

vells corresponding o each mouse’s splenocvies in duplicate for sach condition. As a positive
control, one well for each mouse 18 stunwilated with Concanavalin A {Con A} at a final
concentration of 5 ug/mi. The plate 18 meubated at 37°C and 5% €O, for two days.

After the two-day wenhation, the contents of the plate are discarded and the plate 15
washed twice with 200 gl dororuzed (D) water. After washiog twice with water, the wells are
washed with 200 L of 0.05% Tween i PBS (PBS-T) three times. After washing, 40 ul. of the
biatinylated IFN-y detection antibody 5 diluted into 10mE of 10% FBS 10 PBS, 100 pL of the
dilued antibody 18 added to each well, and the plate 15 icubated for two hours at room
temperature,

After two hours, the antibody solution 15 discarded and the plate 13 washed three times
with 200 gl of PBR-T. After washing, 100 uL of Strepavidin-HRP 18 difoted into 9.9mL of 10%
FBS m PBS. 100 ul of the enzyme conjugate solution s added to each well and the plate s
mevbated for one hour at room temperature,

Afier the one-hour incubation, the enryme conjugate solution is discarded and the plate 1s
washed four times with 200 L of 0.05% Twesen in PBS (PBX-T} After the fourth wash, the
plate 13 washed twice with 200 pb of PBE {withowt Tween). The developer final substrate
sofulion 18 prepared by dibiting ten drops of AHC Chromogen into 10mb ABEC sobstrate. 160 ul
of final substrate solotion 8 added to each well and the reaction 15 allowed to coniinue for about
20 manutes {until spots appear, making sure not to overdevelop. } To stop the reaction, the wells
are washed with DI water several timnes. After washing, the plate 15 thoroughly dried and allowed

to drv overnight in the dark The next dayv, the plate 15 analvzed using the CTL ImmunoSpot 86

121



¥4

WO 2016/183486

PCT/US2016/032465

MacroAnalyzer plate reader {Cellular Technology Limited) and associated software

ImmunoSpot 5.1.36

Fxample 12: Tumor-proteciive activity of additional ASY compositions in B16.710 melanoma

AAAAA

816 F10 melanoma was tested in a B16 F10 melanoma mouse model. The 18 peptides were

synthesized as fong peptides (27mers) {Table 8) and complexed to recombinant human Hsc70

(rhHsc70). The complexes were then tested for therapentic efficacy i mice challenged with five

B16.F10 tumor calls,

A separate cohort of non-tumor bearing U37BL/6 nuce was immunized

with Hse70 complexed with two of the 18 peptides (M27 and M30G, see Table 8 below} for

IMTURGEEnICity assessment.

Tabie 8
Synthetic B16.F10 peptides used for 1n vivo studies

SEQIBNO Amino Acid Sequence * Name
451 FVVKAYLPYNESFAFTADLRSNTGGQA MS
452 TPPPEEAMPFEFNGPAQGDHSQPPLOY Mi2
453 VVDRNPOQFLDPVLAYILMKGLCEKPLAS M17
454 FRREKAFLHWYTGEAMDEMEFTEAESNM MZ20
455 PKPDFSQLORNILPSNPRVTRFHINWD M22
456 TAVITPPTTTTKKARYSTPKPATPSTD M24
457 STANYNTSHLNNDVWQIFENPVDWKEK M25
458 REGVELCPONKYEMRRHGTTHSLVIHD M27
459 NIEGIDKLTQLEKPFLYNNKINKIENI M28
460 IPSGTTILNCFHDVLSGKLSGGSPGVP M29
461 PSKPSFQEFVDWENVYSPELNSTDOPFL M30
462 CGTAFFINFIAIYHHASRAIPFGTMVA M36
463 EFKHIKAFDRTFANNPGPMVYVFATPGM Md44
464 ECRITSNFVIPSEYWVEEKEEKOQKLIQ M4S
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465 NHSGLVTFQAFIDYVMSRETTDTDTADQ M46
466 GRGHLLGRLAAIVGKQVLLGRKVVVVR M47
467 SHCHWNDLAVIPAGYVHNWDFEPRKVS M43
468 FSQPLRRLVLHVVSAAQAERLARAEE M0

*The tumor encoded mutated residuc at position 14 is indicated in boldface.

Materials and methods

. Cuiture of B16.F10 tumor cells and tumor challence:

Low pasaags (P73 BIO.F10 celis {ATCC) were harvested from tissue culture, washed tn
serum-free PBS and re-suspended in PBS at a concentration of 5210 cells/mb. {5786 mice
shaved on the flank three days earlier were myected subcutansously in the shaved area with
$x10% cells in 100 pl.

1. Svnthetic B16.F10 peptides:

Fighteen immunogenic B16 F10 tumor nec-epiiopes were synthesized by C8 Bio as
27mers with the point mutation centered {Table §) The peptides were recaived in powder form

and dissolved in 100% DMSO at concentrations ranging from 25 — 100 mp/mi.

i1, Composition of AutoSynVax vaccine surrogate for treatment of fumor bearing

The frozen stocks of B16.F10 peptides were diluted to working concentration in PBS and
then an equimolar pool of the 18 pepudes was generated. The peptide pool was mixed with oh-
Hae70 at 11 molar ratio of to1al peptide: protein. Thus, each peptide was represerded at /181
molar ratio. The mixture was incubated for 1 hour at 37°C and then placed on ice until injection
of mice.

.  Composition of Hse70-peptide complexes for mmymunogenicity studies in non-

tumor bearing mice;

Yacone material used for sumonization of non-turnor bearning mice was prepared by
miang abiquots of thise70 with each of the M27 and M30 B16 F10 peptides at 101 molar ratio
of peptide: protein. The two complexes were inoubated separately for 1 howr at 37 °C and then
mixed and placed on 1ce until wiection of mice,

v.  Vaccine administration and assessment of tumor srowth kinetics:
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Tumor bearing muce {n=11-12 per group} were treated with 30 or 100 ue (referning to the
quantity of Hac703 AutoSynVax vaccine which was mixed with 10 pg Q8-21 Stimulon®
adjuvant just prior to fmijection. As negative controls, two groups of mice were ireated with
vehicle (PBS) or a muxture of 100 pg Hec70 and 10 pg 38-21 Stimulon® in the absence of
peptides. As a positive control, a group of mice was ireated with a pool consisting of a high dose
of M22Z, M27, M30, Mdd, M4E and M5S0 peptides {50-100 ug each) mixed with 50 pg poly {(1:()
adjuvant. Treatments were adnunistered subcutanecusly i 200 i on the flank diagonally
opposite from the tumor on days 3, 9 and 15 after tumor challenge. The size of tumors was
assessed using calipers every 2-3 days over 3-4 weeks and tumor volume was plotted as a
function of time. Tumor volume was determined using the following formuta: (L x W' =2,
where L 15 the length of the longest axis and W s the width of the fumor.

Non-tumor bearing nuce were immunized two times at 3 one week interval with 30 ug
Hae70 complexed to the M27 peptide and the M30 peptide mixed with 10 ng Q8-21 Stimulon®
adjuvant just prior to igection. Control groups of nuce were immunized with {a) 30 ug Hsc70
mixed with 10 ng 0S-21 Stimulon”™ in the absence of peptides or (b} 100 ng each of the two
peptides n 5O ug poly (1.C) adjuvant.

vi.  Immunogenicity assessment:

For immunogerucity studies i non-turnor hearing mice, mononuciear cells were prepared
from splenoeyies after RBO Iyvsis and seeded at 8 x 107 cells per well of 96-well plate in the
presence of 5 pug/mt of each of peptide As a posutive control, splenocvtes were stimulated with
Conecanavalin A (Con A} at 2 Tinal concentration of § pg/mL. The cultures were jncubated for 41
hours and IFN-y prodocing T cells were enomerated gsing an ELISPOT plate reader

rmmmoSpoet 2.0, Cellular Technologies Lumted)

Results

®

Treatment with 30 or 100 pg AutoSynVax vaccine mixed with 08-21 Stimulon
adjuvant was observed to significantly retard tumor growth m B16 F10 tumor bearing mice when
compared with mice treated with PBS or a mixture of Hsc70 and Q$-21 Stimulon” without
peptides {(p<C.01) using linear mixed models testing for a significant treatment-by-time
mteraction on tumor volume (Figures 9 and 10). This degree of tumor growth inhibition achieved
was equivalent to that observed with the positive control consisting of the high dose pool of six

peptides adnunistered with poly (L:C) adjuvant (not shown). Since only 72 and 240 ng of each of
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the 18 peptides were present in the 30 and 100 pg AutoSynVax vaccine groups, respectively,
compared with 50-100 ug of each of the six peptides administered with poly (1:C), this
observation demonstrated the considerable efficiency with which Hsc70 and QS-21 Stimulon®
delivered peptides to antigen presenting cells for subsequent processing and presentation to neo-
epitope specific T celis.

An ASY composition condaining five of the 18 peptides, namely M22, M27, Md4, M4R,
and M50, was synthesized and tested in B16.F10 melanoma in a sinular study as described
above. Similar to the 18-peptide ASV composition, the 5-peptide ASV composition (30 or 100
1g), when administered in combination with QS-21 Stimulon® adjuvant, slowed tumor growth in
B16.F10 tumor bearing mice when compared with mice treated with PBS or a mixture of Hsc70
and QS8-21 Stimulon” without peptides {Figures 11 and 12}.

For the immunogenicity assessment in non-tumor bearing mice, three mice from the
Hse70-M27/M30 B16.F10 peptide complex + Q8-21 Stimulon® vaccine group were sacrificed
one week after the second immunization to assess whether T cell responses 1o the peptides could
be detected using the IFN-y ELISPOT assay. A significant response was detected in two of three
mice (Figure 13}. A response to the positive control vaccine (M27/M30 peptides in poly (1:C)
adjuvant) was also observed in two of three mice while no response was observed in mice

immunized with the mixture of Hsc70/Q8-21 Stimulon® without peptides (not shown).

fxample 13: Investigation of Hsc70-peptide complex formation by size-exclusion

chromatography

Hsc70-peptide complex formation was examined i vitro using size exclusion
chromatography {(SEC). Hsc70 resolves in two main peaks on a size exclusion column, with one
peak corresponding to its monomeric form and the other peak to an oligomeric form (Figure 14},
Hsc70 undergoes a conformational change upon binding peptide (Zhuravieva and Gierasch,
PNAS V12{22):E2865-73 [2015]), resulting 1n the appearance of a new peak on the SEC
chromatogram that corresponds to the peptide-bound form (Figure 15). By measuring the
surface area of each of the peaks corresponding to the forms of Hsc70 on a chromatogram, the
percentage of Hsc70 complexed with a peptide can be determined. The effect of the molar ratio
of Hsc70 to peptide on Hsc70-peptide complex formation was determined by combining Hsc70

and a test peptide at Hsc70/peptide molar ratios of 1:4, 1:10, 1:20, and 1:50, and then resolving
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the resulting mixtures by SEC to determine the extent of complex formation. The peptide used
in these experiments was the immunogenic peptide B16-M27 (“M277}, containing a B16-F10
melanoma-specific mutation, as described in Kreiter et al., Nature S20(7549}.692-6 (2015} (also
described in Examples 9-11}. The effect on complex formation of appending a high affinity
Hsc70-binding peptide sequence to a chicken ovalbumin peptide having the aming acid sequence
SHNFEKL (SEQ ID N(G:448), that 15 highly immunogenic in mice (Zehn et al, Nature 458:211-
214 {12 March, 2009]) was also tested. The high affinity Hsc70 binding sequence, NLLRLTG
(SEQ 1D NO:439) was appended to either the C- or N-terminus of the ovalbumin peptide, and
was linked to the ovalbumin peptide by a linker having the sequence FFRK (SEQ 1D NO:447),
as disclosed in U.S. Patent No. 7,309,491,

Marerials and methods:

Standard size exclusion chromatography was carried out using 7 uM of recombinant
human Hse70 {(Genbank Accession No. P11142.1) (Biomay AG) i a reaction buffer containing
20 mM HEPES and 200 oM KCL in a final volume of 50 ul. Reactions were incubated at 37°C
for 1 or 2 hours and centrifuged 2 min at 13000 RPM. Reaction products {10 ug) were resolved
on a TSKgel SuperSW3000, 4um particle size, 25nm pore size gel filtration chromatography
column {(Tosoh Bioscience). For reactions containing peptide, peptide was included in the
reaction mixtures at Hsc70:peptide molar ratios of 1:4, 1:10, 1:20, and 1:50. The percentage of
Hsc70 complexed with peptide m each reaction mixture was calculated by measuring the surface
area of the appropriate peak.

Resudts:

The percentage of Hac70 complexed with M27 peptide increased with mcereasing molar
ratio of M27 peptide to Hsc70, as shown o Figure 16, At an Hsc70:peptide molar ratio of 1.4,
only 20% of Hsc70 1s bound to M27 peptide, but at a ratio of 110, approxumately 40% of Hsc70
is complexed. The proportion of Hsc70 complexed progressively increased further at
Hsc70:peptide molar ratios of 1:20 (approximately 50%) and 1:50 (approximately 65%)

{Figure 17). When the incubation time was increased from 2 to 3 hours, only a minor increase in
the extent of complex formation was observed (Figure 18).

When complex formation was analyzed between Hsc70 and the ovalbumin peptide
SHNFEKL (SE( D NO:448) having the high affinity Hsc70 binding peptide sequence
NLLRLTG (SEQ 1D NO:439) fused to its C-terminus via the linker FFRK (SEQ 1D N(:447),
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over 90% of Hsc70 was complexed to the peptide (Figure 19; tested at Hsc70 peptide molar ratio
of 1:10; full-length peptide sequence 1s SHNFEKLFFREKNLLRLTG (SEQ [D NO:449)). The
comparative effect of placing the high affinity Hsc70 binding sequence at the N- and C-terminus
of the ovalbumin peptide, linked via the FFRK (SEQ 1D NO:447} hinker in both cases, was also
tested. The extent of complex formation was significantly greater with NLLRLTG (SEQ ID
NO:439) positioned at the C-terminus as compared to the N-terminus (Figure 20, showing
chromatograms of reaction nuxtures with Hsc70:peptide at a molar ratio of 1:2; same result
observed at a ratio of 1:3). The sequence of the test peptide with the C-ternunal high affinity
Hsc70 binding sequence was SHNFEKLFFRENLLRLTG (SEQ ID NO:449), and the sequence

=
/
i

of the test peptide with N-terminal high affinity Hsc70 binding sequence was

NLLRLTGFFRESINFEKL (SEQ ID NO:450).
Example 14: ASV compositions containing high affinity Hse70 binding peptide sequence

In this example, ASY compositions containing antigenic peptides linked to a high affinity

Hsc70 binding sequence were generated.
Materials and methods

L B16.F10 tumor neo-epitopes and their modification with a high affinigy Hse70

bindine peptide:

The following four peptides were synthesized to 95% purity {Boston Open Labs,
Cambridge, MA}, representing tumor neo-epitopes of the B16.F10 melanoma cell line,
aliernanvely modified at they C-ternunt with the addition of a linker sequence FFRE (SEQ ID
N3:447y and a bugh affiony Hse70 binding peptide NLLRLTG (SEQ ID NOG: 439y

M27 REGVELCPGNEYEMRRHGTTHSLVIHD (SEQ ID NG: 438)

M0 PSKPSFOQEFVDWENVEPELNSTDOPFL (SEQ ID NG 461

M27-Jav: REGVELCPONKYEMRBRRHGTTHSLVIHDFFREMNLLRLTG (SEQ D NG:
469)

MIC-Jav: PSEPSFOQEFVDWENYSPELNSTDOPFLFFRKNLLRLTG (REQ ID NOG:
470)

1. Generation of Hsc70-M27/M30 peptide complexes:

The peptides listed above were individually meubated swith Hse70 w PBS a1 37°C for |

hour to form non-covalent Hee70-peptide complexes, For M27 and M30, the peptides were
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added to Hec70 at a 20:1 molar excess {peptide Hac70} while for M27-Jav and M30-Jav, the
peptides were added at a 4.1 molar excess. After incebation, the mixtures were dibuted 10 times
in PBS at 4°C and concentrated using a 30kDa MW cut off Millipore™ Amicon” centrifugal filter
io separate Hso70-peptide complexes from free, uncomplexed peptide. The retained compleres
Hse70-M27 and Hsc70-M30 were pooled and subsequently analyzed by atze exclusion
chromatography {SEC) to guantiy the proportion of Hse70 molecules loaded with peptide.
Forty-three {43} percent of the Hsc70 molecules were observed to be loaded with the M27/M30
peptides. The same pooling, filtration and SEC analysis steps were followed for the Hso70-M27-
Jav and Hse70-M30-Jav complexes with the observation that 73% of the Hsc70 molecules were
ioaded with the peptides.

1. Vaccine administration and immunogenicity assessment:

C57B1/6 mice (n=10/group) were inoculated subcutaneously with 5x10° B16.F10 umor
cells in the shaved flank and treated with the following vaccine materials on days 3, 9 and 15
after tumor challenge:

Group 1: 100 ug M27 + 100 pg M30 mixed with 5 ug Q8-21 Stimulon™ + § pg MPL

{InvivoGen, San Diego, CA) adjuvants

Group 20 30 pg Hse70 complexed to M27-Jav/M30-Jav

Group 3: 30 pg Hsc70 complexed to M27-Jav/M30-Jav mixed with S pg Q8-21

®

Stimulon™ + 3 pug MPL adjuvants

Group 4: 30 ug Hsc70 complexed to M27/M30

Group 5. 2.6 ug M27-Jav/M30-Jav (1.3 ug each peptide}

On day 22 after tumor challenge, three nice from each of the above five groups were
euthanized and splenocytes were harvested for vaccine immunogenicity assessment. Splenocytes
from a naive C57BL/6 mouse were also harvested as a negative control group in the
immunogenicity study.

For the immunogenicity study, mononuclear celis were prepared from splenocytes after
RBC lysis and seeded at 5x10° cells per well of 96-well plate in the presence of 5 pg/ml of each
of the following peptides.

M27 REGVELCPOGMNEKYEMRRHGTTHRLVIHD (SEQ 1D NG: 458)

M3G PREPSFQEFVDWENVSPELNSTDOPFL (SEQ 1D NG: 4613

Wild type M27: REGVELCPGNKYETRRHGTTHSLVIHD (SEQ 1D NO: 4713
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Wild type M30: PSKPSFQEFVDWEKVSPELNSTDQGPFL (SEQ 18 NO: 472)

As a positive control, splenocytes were stimulated with Concanavalin A (Con Ay ata
final concentration of 10 pg/mb. The cultures were incubated for 41 hours and IFN-y producing
T cells were enumerated using an ELISPOT plate reader (ImmunoSpot 2.0, Cellular

Technologies Limited).
Results

As shown in Figure 21, splenocytes isolated from mice immunized with 30 pg Hsc70
complexed to M27-Jav/M30-Jav {Group 2) secreted significantly more IFN-y upon exposure to a
mixture of the mutant M27 and M30 peptides compared to exposure to the same peptides
contaiming wild type residues at position 14 {p-value <05 by two-way ANOVA). Addition of
08-21 Stimulon” and MPL adjuvants to this Hsc70-peptide complex (Group 3) did not result in
enhancement of the response (not shown). Immunization with a high dose of the M27 and M30
mutant peptides in 98-21 Stimulon”™ /MPL adjuvants (Group 1} elicited significant IFN-y
production {not shown).

IFN-y secretion by splenocytes of mice immunized with 30 ug Hsc70 complexed to M27-
Jav/M30-Jav {Group 2) and stimulated with the mutant M27 and M30 peptides was significantly
greater than the response of splenocytes of mice immunized with 30 ug Hsc70 complexed to
M27/M30 peptides that did not contain the high affinity HSP70 binding sequence {(Group 4) (p-
value <0.05 by two-way ANOVA). These data demonstrate enhanced immmunogenicity of
complexes of Hsc¢70 and tumor nec-epitopes containing a high affinity Hsc70 binding domain
relative to complexes of Hse70 and tumor neo-epitopes lacking such a high affimty Hsc70
binding domamn.

Minimal IFN-~y secretion was observed in mice immunized with the M27-Jav and M30-
Jav peptides in the absence of Hsc70 {Group 5). Similarly, IFN-y secretion was not observed
from splenocytes of naive {ummmunized) mice exposed to the M27/M30 mutant or wild type
peptides.

It 1s notable that complexes between Hsc70 and the M27/M30 peptides not containing a
high affinity Hsc70 binding domain did not elicit an antigen- specific immune response in this

study (Figure 21} while such complexes did in an earlier experiment {Figure 13). Without being
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bound by the theory, the difference may be explained by the presence of Q$-21 Stimulon”

adjuvant in the earlier study but not in the present one.
Fxample 15: ASY compositions containing phospliopeptide epitopes

Four peptides {Table 9) containing a phosphorylated serine residue were synthesized to
95% purity (GenScript, Cambridge, MA}. The peptides comprise HLA-A*02:01 binding
epitopes of the CDC25 or IRS-2 antigen modified at etther their C-termini or N-termini with the
addition of a linker sequence FFRI (SE(Q ID N(:447) and a high affinity HSP binding peptide
sequence NLLRLTG (SEQ ID NO: 439). These peptides were individually incubated with
Hsc70 in PBS at 37°C for 1 howr at a 4:1 molar excess (peptide: Hsc70) to form non-covalent
Hsc70-peptide complexes. After incubation, the complexes were analyzed by SEC to quantify

the proportion of Hsc70 molecules loaded with peptide. The results are shown in Table 9.

Tabie 8

Synthetic phosphopeptide epitopes linked to high affinity HSP binding sequence

Peptide sequence SEQID | Percentage of
NG Hse70 loaded
with peptide

CDC25 antigen (HLA-A*02:01 binding epitope underlined):

NLLRLTGFFRKGLLG{pSeriPVRA 473 41
GLLG {pSer} PVRAFFREKNLLRLTG 474 74

IRS-2 antigen (HILA-A*02:01 binding epitope underlined):

NLLRLTGFFRKRVA {pSeri PTSGY. 475 34
RVA {pSert PTSGVFFRENLLRLTG 476 75

The invention 1s not to be himited 11 scope by the specific embodiments described heren.
indeed, various modifications of the mvention in addition to those described will become
apparent to those skilled in the art from the foregoing description and accompanying figures.
Such modifications are mtended to fall within the scope of the appended claims.

All references {e.g., publications or patents or patent applications} cited heremn are

mcorporated herein by reference in their entirety and for all purposes to the same extent as if
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each individual reference (e.g., publication or patent or patent application) was specifically and
mdividually mdicated to be incorporated by reference in 1ts entirety for all purposes. Other

embodiments are within the following claims.
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CLAIMS

A composition comprising at least two different complexes of a purified stress
protein bound to an antigenic peptide, wherein each complex comprises a different
antigenic peptide comprising:
a) an N-terminal portion of 21-31 amino acids in length comprising at least one mutant
MHC binding epitope from a cancer cell; and
b) a C-terminal portion of 11 amino acids in length comprising a heat shock protein binding
sequence, wherein the amino acid sequence of the C-terminal portion consists of the
amino acid sequence of SEQ ID NO: 477;
wherein at least one of the antigenic peptides in the composition comprises a tumor-
specific missense mutation.
The composition of claim 1, wherein the N-terminal portion of at least one of the antigenic
peptides is 27-31 amino acids in length.
The composition of claim 1, wherein the N-terminal portion of at least one of the
antigenic peptides is 27-31 amino acids in length and the tumor-specific missense
mutation is at amino position 11, 12, 13, 14, 15, 16, 17, 18, or 19 of the N-terminal
portion.
The composition of claim 1, wherein the stress protein is selected from the group
consisting of hsc70, hsp70, hsp90, hsp110, grp170, gp96, calreticulin, and combinations of
two or more thereof.

The composition of claim 4, wherein the stress protein is hsc70.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

The composition of claim 1, wherein the amount of stress protein in the composition
is about 10 pg - 600 pg.
The composition of claim 6, wherein the amount of stress protein in the composition

is about 240 pg.

The composition of claim 1, wherein the molar ratio of stress protein to antigenic peptide
in the composition is selected from the group consisting of about 1:1, 1:2, 1:4, 1:5, 1:10,
1:20, and 1:50.

The composition of claim 8, wherein the molar ratio of stress protein to antigenic
peptide in the composition is about 1:1.

The composition of claim 1, wherein the composition comprises at least 5 different
antigenic peptides.

The composition of claim 1, wherein the composition comprises at least 10 different
antigenic peptides.

The composition of claim 1, wherein the composition comprises at least 20 different
antigenic peptides.

The composition of claim 1, further comprising an adjuvant.

The composition of claim 13, wherein the adjuvant comprises a saponin or an
immunostimulatory nucleic acid.

The composition of claim 13, wherein the adjuvant comprises QS-21.

The composition of claim 13, wherein the adjuvant comprises about 1pg - 200 pg of QS-
21.

The composition of claim 13, wherein the adjuvant comprises about 10 pg, 25 pug, or 50
pg of QS-21.

The composition of claim 13, wherein the adjuvant comprises about 50 pg of QS-21.
The composition of claim 18, wherein the amount of stress protein in the

composition is about 240 pg.
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20. The composition of claim 19, wherein the molar ratio of stress protein to antigenic

peptide in the composition is about 1:1.

21. Use of an effective amount of the composition of claim 1 in the manufacture of a medicament
for inducing a T cell response in a subject to a mutant MHC binding epitope from a cancer
cell, wherein the medicament is to be administered to the subject, such that a T cell response

to at least one mutant MHC binding epitope in the composition is induced.
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