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PERSONALIZED CANCER VACCINES AND METHODS THEREFOR
REFERENCE TQ PRIOR APPLICATIONS

This application claims the benefit of and priority to US Provisional Application
62/050,195 filed on September 14, 2014, This application also claims the benefit of and
priovity o US Provisional Application 62/141,602 filed April 1, 2015, Each of the

applications are hereby incorporated by reference, each in their entivety,
STATEMENT OF GOVERNMENT RESEARCH

This work was supported in part by a grant from the National Cancer Institote grant

R2ZICALT9695. The United States Government may have rights in the mvention,

REFERENCE TO A SEQUENCE LISTING

The Sequence Listing, which is a part of the present diselosure, includes a text file
comprising primer nucleotide andfor aminoe acid sequences of the present invention. The
subject matfer of the Sequence Listing 1s incorporated herein by reference in its entivety, The

mformation recorded in computer readable form is identical to the written seguence Hsting.
Introduction

The incidence of malignant melanoma continues to rise worldwide, The number of
new cases m the US for 2012 is estimated to be 76,250 {8.6% increase compared o 201D
{Stegel, R, et al., Cancer statistics, 62, 10-29 2012). Despite recent advances in the treatment
of metastatic melanoma with ipilimumab (anti-CTLA-E antibody) and vemurafenib {BRAF
VeOOE: inhilstor), this disease remaing an incurable malignancy with an expected survival of
12-14 months (Hody, F.S etal, N Bogl 1 Med. 363, 711723, 2010¢ Chapman, P.B. et al,,
N. Engl I Med. 364, 2507-2516, 201 1), Thus, metastatic melanoma represents a disease area
of unmet medical need. Melanoma s distinguished for its association with early w hife UV-
Hght exposure, high mutationad rate, and the ability to induce spontansous anti-tumor
mnmunity (Lennerz, V., et al., Proc. Nat'l Acad. Sci. USA 102, 16013-16018, 20035;
Garibyan, L., et al., Curr. Oncol. Rep. 12, 319-326, 2018; Pleasance, ED). et al., Nature 463,
191-196, 2010; Berger, MUE., et al., Nature 4835, 502-306, 2012; Hodis, E., etal,, Cell 150,
251-263, 2012). The modest, vet reproducible, clinieal activity of ipilimumab seen in patients
with advanced melanoma provides strong evidence that immune fargeting confers therapentic

benefit in this disease. Investigational cancer vaccines as well as adoptive T cell therapies
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while more techuically demanding are now beginning to show efﬁcacy in early phase clindcal
trials {Rosenberg, 8.A. Science Transiational Medicine 4, 127p3128, 20812).

However, a critical barrier facing investipators developing these celtular therapies is
the paucity of validated melanoma antigens. New strategies are needed to identify patient-
specific (unique) tamor antigens, which can serve as targets for immune ntervention,
Identification of the entire spectran ol unigque antigens at the single tamor/patient level has
been viewed historically as an unattainable goal.

Summary

The present mventors have developed anti-cancer vaceines, methods of constructing
mecines, methods of their use, and methods of identifving neoantigens to create personalived

vaccines to treat cancer. In various embodiments, the preseat teachings provide methaeds for
identification of tumor-spectfic neoantigens and their incorporation in a vaceine, and adoplive
T cell therapy for the treatment of cancers such as, withont limitation, melanoma and lung
cancer. Various embodinents involve patient-specific identification of tumor neo-antigens. In
various configurations, such tumor neo-antigens, such as those ansing during neoplastic
transformation, can elicit T cell immunity capable of protecting the host from cancer
progression, In various smbodiments, the present teachings make use of next-generation
sequencing technology, human leukooyie antigens (HLA) class T binding/stability prediction
alporithms and in vitro assays to identify personalized tumor necantigens. In various
embodiments, these technologies can be mcorporated nto g vaceme/adoptive T cell therapy
for treatment of cancer.

In some embodiments, the present teachings include strategies for personalized
neoantigen-specific adoptive T cell therapy. In various aspects, DNA tsolated from tumor and
matched peripheral blood mononuckear cells (FBMO) can be subjected to exome sequening
to identify tumor somatic missense mutations, In some embodiments, RNA solated from g
turnor can be used for transcriptome analysis to identify those somatic mutations that are
expressed. In some aspects, results can show that in cancers such gs melanoma and lung
cancer, & high number of missense mutations (>200) can be identified per tumor genome. In
some embadinients, 8 combination of major histocompatibility complex (MHC) class 1
hinding and stability prediction algorithms can be used to identify candidate neo-antigens
among missense mutations, and expressed candidate neo-antigens can be selected for peptide
manufacturing. Biochemical and celhilar assays can be performed to established binding and

presentation of neo antigen-encoding peptides. Experimentally vahidated peptides can be

%]
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selected for incorporation in a dendritic cell (DU vaccine as described in Carreno, BM., et
al., & Chin, Iovest. 123, 3383-3394, 2013; afler 3 vaccine doses patients can be subjected to
apheresis and CDS+T cells can be isolated from PFBMC. These T cells can be expanded i an
antigen-specific manner psing a 2 step procedure as deseribed in Carreno, B.M, et al, L
Immunology 18E, S839-5849, 2012, 1o various configurations, the 2 step procedure can take
10-30 days, such as, without Hinutation, 10 days, 11 days, 12 days, 13 days, 14 days, 15 days,
16 days, 17 days, 18 days, 19 days, 20 days, 21 days, 22 days, 23 days, 24 days, 25 days, 26
days, 27 days, 28 days, 29 days or 30 days for completion and can vield > 10 fold antigen-
specific T cell expanstons. In various configurations, expanded neo-antigen specific T cells
can be infused into pre-conditioned patients as adoptive T cell therapy, by, for examiple,

methods desenbed by Linette, GUP. et al, Clin, Cancer Res, 11, 7692-7699, 2003,

In vartons configurations, the present teachings include a series of analvtical steps for
identification of neo-antigens from somatic tumor missense mutations, as itlustrated m FIG.
1. In various embodiments, DNA isolated from tumor and matched PBMC can be subjected
to exome sequencing in order to idenittfy tumor somatic missense mudations. For esample, in
melanoma and hung cancer high number of missense mutations (200} can be identified per
tumor genome, Prediction algorithms such as, without limitation, PePSST (B, H.H., et al.,
Proteing 63, 43-52, 2006) can be nsed for the identification of candidate tamor neo-antigen
epitopes presented in the context of the patient’s HLA class | molecules. In various
configurations, analysis of tumor transeriptome data can be used for the selection, among

predicted candidates, of those epitopes that are expressed by the tumor,

Various embodiments of the present teachings include the following aspects: In some
embodiments, 8 method of treating a cancer in a subject in need thercof can comprise:
providing a neoantigen peptide encoded in DNA of a tumor of the subject, wherein the
necantigen peptide can consist of from § to 13 anuno acids; transfecting at least one HLA
class Ipositive cell with at least one tandem minigene construct that can comprise af feast ong
sequence that can encode the at least one necantipen; wWentifving a complex that can comprise
the at least one HLA molecule and the at feast one ncosntigen peplide produced by the at
least one HLA class [ posttive cell; forming a vaccine that can comprise the at least one
necantigen; and adoimistering the vaccine to the subject, wherein at least one tmor cell of
the cancer can comprize at feast ong polypeptide which can comprise at least one aming acid
substitution. In some configurations, the at least one neoantigen peplide can consast of from 9
to 11 amino acids, In some configurations, the at least one neoantigen peplide can consist of 9

-
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amino acids, In various configurations, the at least one neoantipen peptide can consist of &, 8,
10, 11, 12, or 13 amino acids. In some confignrations, the al feast one neoantigen peptide can
bind in silico o an HLA class [ molecule with a stability > 2 h. In some configurations, the at
least one neoantigen peptide can bind iy sifico 1o an HLA class T molecale an affinily of <
500 1M, In some configurations, the at least one necantigen peptide can bind in sifico to an
HLA class I molecule with an affinity of < 250nM. In various configurations, the at least one
neoantigen peptide can bind & sifico to an HEA elass Umolecnle with an affinity of <350 nM,
< 500 nM, <d50nM, <400 nM, <350 nM, <300 nM, <230 oM, or < 200 nM, In various
configurations, the at least one neoantigen peptide can ind fo vites to an HLA class |
molecule with an affinity of < 4.7 log (1Ts0, nM), < 4.6 log (JCs, nM) S log (I, nM),
<44 log (Hse, nM), <43 log (ICs0, nM), <4.2 fog (1050, nMY, <4 iug {IC50, nMY, <4.0 log
{ICs0, uM}, <3.9 log (3Cse, nM), < 3.8 log (s, nM), or < 3.7 log (1Cs0, nM}. In some
configurations, the at least one neoantigen peplide can bind fn vitro 1o an HLA class |
miokecule with an affinity of < 4.7 log (1Cs0, nM). In some configurations, the at least one
neoantigen peptide can bind i vitro to an HLA class I molecule with an aftinity of < 3.8 log
{150, oM}, In some configurations, the at least one neoantigen peptide can bind i vitre to an
HEA class D molecule with go aflinity of 3.7 log (ICso, oMY, In some condigurations, the at
least one neoantigen peptide can bind i vitro to an HLA class [ molecule with an atfinity of
< 3.2 log {(1Cse, nM), In some configurations, the vaceine can comprise at feast seven
nepantigen peptides. In varfous contigurations, the HLA class D molecules can be selected
from the group consisting of HLA-AY0L01, HLA-B®07:02, HLA-A®02:01, HLA-B¥07:03,
HLA-AT02:02, HLA-B*G8:01, HLA-AMZ:03, HLA-B*15:01, HLA-AT02:05, HLA-
BF15:02, HLA-ATZ2:06, HLA-B*15:03, HLA-A*02:07, HLA-B*15:08, HLA-A®03:01,
HLA-B*15:12, HLA-A* 101, HLA-BY15:16, HLA-A®TLO2, HLA-B*15:18, HLA-
AFIL02, HLA-B*27:03, HLA-A*29:01, HLA-B¥27:05, HLA-A®2ZS:02, HLA-B*27:08,
HLA-A¥34:02, HLA-B*35:01, HLA-AMG:01, HLA-B¥35:08, HLA-B*42:01, HLA -
B*S3:01, HLA-B*34:01, HLA -B*36:01, HLA-B*36:02, HLA -B*$7:01, HLA-B®3T:02,
HLA -B¥57:03, HLA-B*38:01, HLA -B*67:01, and HLA-B*§1:01. In some confipurations,
the HLA class I molecules can be HLA-A¥02:01 molecules. In some configurations, the
HEIA class I molecules can be HLA-A*11:01 melecules. In some configurations, the HLA
class molecules can be HLA-B¥8:01 molecules, In some configurations, the at least one
HELA class § positive cell can be at least one melanoma cell. In vartous configurations, the at
feast one melanorsa cell can be selected from the groop consisting of DM6 cell and an A37S
cell. In some configurations, the tandem minigene can further comprise a ubiquitination
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stgnal and two mini-gene controls. In configurations where the neoantigens bind HLA-
AT molecules, the tandem minigene can further comprise a nbiguitination signal and two
munt-gene contrels that encode HLA-AY02:01 peptides G280 and WNV SVGHR. Ia various
configurations, the cancer can be selected from the group consisting of skin cancer, lung
cancer, bladder cancer, colorectal cancer, gastrointestinal cancer, esophageal cancer, gastric
cancer, intestinal cancer, breast cancer, and a cancer cansed by a mismatch repair deliciency.
In various configurations, the skin cancer can be selected from the group consisting of basal
cell carcinoma, squamous cell carcinoma, merkel cell carcinoma, and melanoma, In some
configurations, the cancer can be a melanoma. In some conligarations, the forming a vaccine
can comprise: providing a culture comprising dendritic colls obtained frony the subject: and
contacting the dendeitic cells with the at least one neoantigen peptide, thereby fornung
dendritic cells comprising the at feast one neoantigen peptide. In some configurations, the
forming a vaceine can further comprise maturing the dendritic cells. In some conligurations,
the maturing the dendritic colls can comprise administering CDE0LL and IFN-v. In various
configurations, the maturing the dendritic cells can further comprise administering TLR
agonst. In vartous configurations, the matuning the dendritic cells can further comprise
administering ¢ TLRZ agonist. In various configurations, the maturing the dendnitic cells can
further comprise administering a TLRE agonist. In various configurations, the maturing the
dendritic cells can further comprise administering TLR3 and TLRS agonists, In various
configurations, the maturing the dendritie cells can further comprise administering poly LC
ad REIR, In some configurstions, the forming a vaceine can further comprise: administering
i0 the subject the dendritic cells conprising the at least one neoantigen peptide; obtaining
population of CD& T cells from a peripheral blood sample from the subject, wherein the
CDE+ cells recognize the at least one neoantigen; and expanding the population of CDR+T
cells that recognize the neoantigen, In some configurations, the forming a vaceine can further
comprise administering to the subjoct the expanded CD& T cells. In vavious configurations,
the forming a vaceine can comprise combining the neoantigen peptide with a
pharmaceutically acceptahle adjuvant.

In some embodiments, a method of freating a cancer i a subject in need thereof, can
comprise: a) providing a sample of a tumor from a subject; b) performing exome sequencing
on the sample to identify one or more aming acid substitations comprised by the tamor
exome; ¢} performing ranseriptome sequencing on the sample © vertfy expression of the
amino acid substitetions identified in b); and d) selecting at {east one candidate necantigen
peptide sequence from amongst the amine acid substitutions identified in ¢f according to the

5
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following critertac 1) Exome VAF » 10%; 1) Transcription VAF > 10%; 1) Alternate reads >
5; ) FPRM > 1. v) hinds in sifice to an HLA class I molecule with an affinity of <0 500 nM
and a stability > 2 h; ) performing an in vitro HLA class [ binding assay; {) selecting at least
one candidate neoantigen peplide sequence from amongst the amine acid substitutions
wdentified in d) that bind HLA class one molecules with an affinity of < 4.7 log (ICs0, nM) in
the assay performed in ) g) transfocting st least one HLA class T positive cell with at least
one tandem minigene construct which can comprise at least one sequence encoding the at
least one necantipen; ideatifving a complex comprising the at least one HLA moelecule and
the ai least one nepantigen peptide produced by the at least one HLA class { positive celly 1)
forming a vaceine that can comprise the at east one necantigen: and ) administering the
vaccine to the subject, wherein at east one tumor cell of the cancer can comprise at least one
polypeptide comprising the one or more amino acid substitutions. In some confipurations, the
Exome VAF can be > 30%. In some conligurations, the Exome VAF can be 2 40%. In some
configurationg, the Exome VAF can be 250%. In various configurations, the in vitre HLA
class I hinding assay can be selected from the group consisting of a T2 assay and 8
fluorescence polarization assay.

I some cmbodiments, a method of tregling cancer 1o & subject 1o need thercof can
comprise: a) providing a sample of a tumor from a subject; b} performing exome sequencing
on the sample to dentify smine acid substitutions comprised by the fumor exome; ¢}
performing tanscriptome sequencing on the sample o vertfy expression of the amino acid
substitutions klentificd in b); &) poerforming a fluorescence polarization binding assay ora 12
assay of amino acid substitutions identified i ¢} to an HLA class I molecule; ¢) selecting at
least one candidate neoantigen from amongst the amine acid substitutions dentified in d)
according to the following eriteria: 1) Exome variant allele fraction (VAF) > 10%; i)
Transcriptome (3eq captore data) VAF = 10%,; i1} Altemate reads > 3; iv) fragments per
kilohase of exon per million fragments mapped (FPKM) { > 1; v) Peptides comprise 9-11
amine acids; viy Peptides are predicted in sifico to bind to any HLA class 1 allele that mest
the following criteria; A) Predicted MHC binding < 250 nM; B) Predicted MHC stability = 2
hy vity MHC binding < 3.2 log [TCs, nM] i Hloorescence polarization binding assay; D
transfecting at least one HLA class 1 positive cell line such as a melanoma celf line with at
teast one tandem minigene construet comprising at least one sequence encoding the al least
one candidate neoantizen wentified in e); g3 extracting from the at least one HLA class |
positive cell Hine one or more HLA class | complexes comprising a HLA class molecule and
the one or more neoantigen peptides; h} identifying the sequence of at least one neoantigen

6
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peptide comprised by the soluble HLA class I comples using reverse phase HPLC and
LOAMS, 1) confacting dendritic cells obtained from the suhject with the at least one
neoantigen peptide ol sequence identified i h), thereby forming dendritic cells comprising
the at feast one necantigen peptide; 1) administering to the suhject the dendritic cells
comprising the at least ope neoantigen peptide; k) ebtaining CD&H T cells from a peripheral
blood sample from the subject: 1) enriching the CD8+ T cells that recognize the at least one
necantigen; m) administering to the subject the enviched CDE+ T cells. In some
confignrations of the present teachings, the HLA class Dmolecules can be selecied from the
group consisting of HLA-AYG 1O, HLA-B*07:02, HLA-A®O2:01, HLAVB¥07:03, HLA-
AX2:02, HLA-B*08:01, HLA-A¥02:03, HLA-B¥15:01, HLA-ARO2:05, HLA-B¥15:02,
HLA-A®02:06, HLA-B*15:03, HLA-A¥02:07, HLA-B*15:08, HLA-A®X:01, HLA-
B¥15:12, HLA-AY 101, HLA-B*15:16, HEA-AP11:02, HEA-B¥ 1518, HLA-A®24:02,
HLA-B¥27:03, HLA-AR29:01, HLA-B*27:05, HLA-A®29:02, HLA-B*27:08, HLA-
AF34:02, HLA-B*35:01, HLA-A¥30:01, HLA-B*35:08, HLA-B*42:01, HLA -B*533:01,
HEA-B#*54:01, HLA -B*36:01, HLA-B¥56:02, HLA -B¥537:01, HLA-B*37:02, HLA -
B*37:03, HLA-B®S8:01, HLA -B*6T:01, and HLA-B*R1:81. In some configurations, the
HEA class D molecules can be HLA-AR2:01 molecales. In some configurations, the HELA
class I melecules can be HLAGA*T 0T molecules. In some configurations, the HLA class |
molecules can be HLA-B¥08:01 molecules, In various configurations, the melanoma cell line
can be selected from the group consisting of DMG and A375. In some configurations, the
tandem minigene can further comprise a ublquitination signal and two mini-gene controls. In
confignrations where the HLA-A molecales are HLA-AY2:01 molecules, the two mini~gene
controls can encode (280 and WNV SVG9 peptides. In some configurations, the cancer can

be a melanoma. In varions configurations, the melanoma is a metastatic melanoma.

In some configurations, as many as 600 amino acid substitutions can be wdentified
from any given wmor. In some configurations, each of these amino acid substitutions can be
analyzed for predicted binding to HLA-A class T molecules, In varions configarations, at least
1, at feast 2, ot least 3, at least 4, at least 5, at least 6, at least 7, at least &, at least 9, at Jeast
10, at least 11, at legst 12, at least 13, at least 15, at least 16, ot least 17, at least 18, at least
19, at least 20, at least 21, at least 22, at feast 23, at least 24, at least 25, at least 26, at least

27, at least 28, gt least 29, at least 30, at least 31, at least 32, at least 33, at least 34, at least

Lk
i

at least 36, at least 37, at beast 38, at least 39, af least 44, af least 41, at east 42, at least

=
14

3, at least 44, ar feast 45, at least 46, at feast 47, at least 48, at least 49 or at least 50
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candidate neoantigens can be expressed in a tumor. In some configurations, at least 1, at least
2. at least 3, af least 4, at loast 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least
11, atleast 12, at feast 13, at least 15, at least 16, at Igast 17, at least 18, at least 19, at least
20, at least 21, at least 22, at least 23, at Jeast 24, of least 25, at least 26, at least 27, at least
28, ot least 29, at least 30, at least 31, at least 32, at least 33, at least 34, at least 35, at Jeast
36, at least 37, at feast 38, at least 30, at least 40, at least 41, o least 42, at least 43, at least
44, at least 45, at least 46, at least 47, at least 48, at least 49 or at least 30 candidate
neoantigens can be selected to test their presentation to T cells. In some configurations, at
least 1, ab least 2, at least 3, at least 4, at least 5, at least 6, at least 7, at least §, at least $ at
feast 10, at least 11, at least 12, at feast 13, ot least 15, at least 16, at least 17, at least 18, at
feast 19, at least 20, at feast 21, at least 22, at least 23, at least 24, at least 25, at least 26, at
feast 27, at least 28, at least 29, at least 30, af least 31, at least 32, at least 33, at least 34, at
Teast 35, at least 36, at least 37, at {east 38, at least 39, af {east 40, at least 41, of least 42, at
feast 43, af least 44, at least 45, at least 46, at least 47, at leaxt 48, ot least 49 or &t feast 30
candidate neoantigens can be selected for incorporation inte a vaccine. In some
configurations, the fandem minigenes can comprise at least 1, at least 2, at least 3, at least 4,
at least 3, ail least 6, at foast 7, at least 8, ai least 9, at least 10, ot least 11, at legst 12, 8t Jeast

oy
+
¥

13, at least 15, at least 16, at feaxt 17, at least 1§, at feast 19, at least 20, at least 21, at least
22, ot least 23, al least 24, at least 25, af least 26, at least 27, at least 28, at least 29, at least
36, at least 31, at feast 32, at least 33, at least 34, at least 33, at least 36, at least 37, at least
38, at loast 39, at least 40, af least 41, at feast 42, at least 43, at least 44, at least 45, at least
46, at least 47, at least 48, at least 49 or at least 30 candidate neoantigen sequences. In some
configurations, the dendritic cells can comprise at least 1, at least 2, at least 3, at least 4, at
feast 5, at least &, af least 7, af least B, at least 9, ot least 10, at least 1, at least 12, at least 13,
at least 15, at least 16, at least 17, at least 18, at {east 19, at Jeast 20, af least 21, at least 22, at
least 23, at least 24, at least 23, at keast 20, at feast 27, at least 28, at least 29, at least 30, at
least 31, at least 32, at least 33, at least 34, at least 35, at least 36, at least 37, at least 38, at

5

feast 39, at least 40, af least 41, at least 42, at least 43, at least 44, o8 least 45, at least 46, at

)

least 47, at least 48, al teast 49 or at least 30 neoantigen peptides. In some embodiments, the
personalized neoantigen therapy can be paired with other forms of cancer therapy such as, bt
without himitation, chemotherapy. In some contigurations, the chemotherapy can comprise

ipilimumab andfor vemuratenib,
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In some embodiments, the present teachings include a neoantigen peptide encoded in
DNA of a tumor of the subject for use in the treatment of & cancer, wherein the neoantigen
peptide consists of from 8 to 13 amino acids, binds in silice to an HLA class mwlecule with
an atfindy of < 300 oM and a stability > 2 h and binds i virre to an HLA class T molecule
with an affmity of < 4.7 log (s, nM).

Brief Deseription of the Drawings

FIG. 1 illustrates & work How for identilying candidate neo-antigens and preparing & dendritic

cell vaceine comprising the neo-antigens.

FiGz, 2 illustrates the analvtical steps and specific neo-antigen analysis for 3 melanoma

patient.
FIG. 3 illustrates HLA binding on T-cell surfaces to various neo-antigens.

FIG. 4 illustrates a schematio representation of the steps for creating a dendritic cell based

vaceing of the present teachings,

el

FIG. § illustrates T cell regponse m vaccinated patients for the Bisted neo-antigens using a

dextramer assay.

FIG. 6 illostrates the o silico binding affinity (top) and stability (bottont) of peptides to Tweell
HEA.

FIG. 7 illostrates the binding of immunogenic peptides to blood CDE T cells following
vaceination,

FIG. 8 illustrates antigen-specific T cell vields following vaceination.

FIG. 9 ix a schematie diagram of a tandem mini-gen construct,

FIG., 10 tllustrates ELISA-measured production of IFN-y by T cells.

FiG, T ostrates that T eell specificity can detect 3 single amino acid change for AKAPLS

and Sec24 A,

FiG. 12 Hlustrates that T cells cannot diseriminate between peptides with a single ammo acid

change for ORSBA.

FHG. 13 illusteates that vaccing-induced T cells produce large amounts of IFNwy relative to 1L-

4, ~5 and -13.

9
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FIG. 14 Hustrates tumor regression monitared by luciferase (photon flux).

FIG. 15 illustrates disease progresston of mice tnoculated with a lucilerase expressing

melanoma.

cression and survival.

bos

FI: 16 illustrates the relationship between tumor ve

FIG. 17 Hlustrates immunological and clinical outcomes for patients treated with G209-2M

and G2880-9V specitic CDE+ T cells.

FIG. 18 tHustrates ex-vivo H.-12 production and that Tel prolile correlates with clinical

outcome (TP

FIG, 19 dlustrates that weak p335 transcription accounts for the 1.-12p70 defect in non-

tesponder patients,

FIG. 20 illustrates that impaired HL-12p70 production by a patient’s dendritic cells is rescued

by a combination of fnnate and adaptive signals,

FIG. 21 illustrates that & combination of inate and adsplive signals for dendriiic cell
maturation enhances the kinetics of the response.

e

FIG. 22 tlustrates that & combination of imnate and adaptive signals for dendritic cell

e

maturation promotes Tel-pologrized immunity.
FIG. 23 Hlustrates that cataneous melanoma barbor a stgnificant mutation burden.
FIG. 24 llustrates the translation of tomor missense muations into patieat-specific vaccines.

FIG. 25 iltustrates diserimination between mutation and wild-type sequences and

discrimination between antigens that are and are not presented to T-eells.

FI(, 26A-B llustrates clinical trial schema and ex-vivo [L-12p70 levels produced by matare

D

FIG. 27 15 a schematic representation of the selection of AAS peptides for use in experiments

and vacemes.
FIG. 28 18 a schematic reprosentation of g strategy for neoantigen selection.
FIG. 29 llustrates AAS-comprising peptide binding to HLA-AY2:01.

FIG, 30A-C ustrate immune response to neoantigens.

10
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FIG. 31 Hustrates immune-monitoring of neoantigen-specific CD8+ T cell responses

FIG. 32 illustrates frequency of G209-2M- and G280-9V-specific T cells in CDE+
populations isolated directly Trom PEBMUC samples and after ex-vivo expansion using

autelogous DO and artificial antigen presenting cells.

FIG. 33 illustrates Kinetics ol immune responses o GIO9-2M and G2E0-9V pepiides.
FIG. 34 illustrates antigenic deternuinants recognized by vaccine~-tndoced T-cells

FIG. 33 tllustrates eytokine production in neoantigen-specific T cells that were stimulated
with artificial antigen presenting cells in the presence {open bar} or absence (vlose bar} of
AAS-peptide.

FIG. 36 tlustrates the Type 17 Type 2 phenotype of neoantigen-specific CDS+ T cells,

FIG. 37A-B illustrates the structure {A) and expression (B) of tandem mini-gene constructs

{TMLO} used for evaluating processing and presentation of neoantigens,
FIG, 38 illustrates neogntigen processing and presentation,

PG, 39 illustrates interferon production i neoantigen-specific CDS T cells cultured with

neoantigen expressing M6 cells.

FIG. 40A-H iHlustrates processing and presentation of tumor neoantigens.

FIG. 41 A-D ilustrates processing and presentation of melanoma G280 and WNV SVGY
peptide controls.

FIG. 42 15 o schematic diagram for analysis and identification of neoantigen-specific TCRB
clopotypes in CD8+ T cell populations isolated from PBMC samples obtained Pre-and Post-
vaceination.

FIG. 43A-B ilastrates proliles of purified neoantigen-specific CD8 T cells used for the
generation of TCRP CDR3 reference libraries.

FIG. 44A -8 illustrate that vaceination promotes a diverse neoantigen-specific 1 cell

repertolre.

FY3. 435 depicts schematic diagrams of HLA-ATQ2:4] and HLA-B*0R:01 neoantigen

identification for patient MELS6.

i1

SUBSTITUTE SHEET (RULE 26)



WO 2016/040900 PCT/US2015/049836

FIG. 46 depacts schematic diagrams of HLA-AM02:01 and HLA-A* 1101 neoantigen

identification for patient MELGS,

FHG. 47 depiels resulis of a dexiramer assay to tHustrate neoantigen response in T cells

following adnunistration of a vaccine i accordance with the present teachings,
Detailed Description

The present teachungs describe methods of creating vaccines for personalized cancer
treatment. As used berein, a vaccine™ I8 a preparation that induces a T-cell mediated immuane
response, As nsed in the present description and the appended clains, the singular forms “g”,
“an™ and “the” arve intended to include the phural forms as well, unless the context indicates

otherwise,

I some erabodiments, nicthods of the present teachings can comprise sequencing
DNA from excrsed tumor tissue of a subject to identify aminoe acid substifntions, performing
sequence capture 1o confirm the expression of the amine acid substifutions, selecting amino
acid substitutions that bind or are likely to bind HLA wolecules, transtiecting nucleic acids
encoeding the selected amino acid sabstitutions into an HLA positive melanoma cell line,
exiracting HLA class | complexes from the transfected cells, identifving the sequence of
peoantigens bound to the extracted HLA class one complexes, contacting dendritic cells
obtained from the sabject with the identified neoantigen peptides, thereby forming a dendritie
cell vaccing, administering to the subjeet the dendritic cell vaceme, obtaining and enriching
CDE+ T cells from the subject, and administering the eariched CD8+ T cells fo the subject, In
some emabodiments, the nepantigen binding T celly can be used for adaptive T cell therapy. In
some embodinments, a fluorescence polarization binding assay can be used to confirm the

binding of necantigen pepiides to HLA molecules prior to selection for transfection.

I some configurations, the tollowing criteria can be used fo select the necantigens for
transtection inte HLA class T positive cells: in the exome sequencing, the variant allele
fraction of the neoantigen greater than 10%; in the transcript sequencing resulis the VAF

greater than 10%, the alternate read counts greater than 3, and the FPKM greater than 1; the

encoded peptides can be 9-11 amino acids in length; the predicted binding to any HLA class |
allele can have following characteristics: the predicted MHC binding <0 2530nM (NetMHC3 4
algorithm), the predicted MHC stability >2h (NetMHCStab, algorithm); the experimental
MHC binding <3.2 log {10, nM] in the fluorescence polarization binding assay. In some
embodiments, a personalized immmotherapy of the present teachings can be used in

12
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conjunction with check point inhibitors, such as but without imitation ipriplimumab therapy.
In some configarations, a cancer vaceine can be generated by contacting dendritic cells
obtained from the patient with at least one necantigen peptide of the preseat teachings. In
some configurations, the dendritic cell vaceine can then be adminisiered 1o the subject. In
some conflgurations, CD8+ T cells be obtained from PBMC samples from the subject, and
CDE+ T cells that recognize the at least one neoantigen are isolated using cell sorting. In
vartous configurations, the cell sorting can comprise using an affinity column or atfimity
beads, In some configurations, sorted CD& T cells that recognize neoantigens can be
expanded using methods as described herein, In some configurations, the expanded T cells

can then be administered to the subject.

In various configurations, the present teachings include a seriex of analvtical steps for
dentilication of neo~antigens from somatic tumor missense mutations, as ustrated in PIG.
2. In vartous embodiments, DNA isolated from tumor and matched PBMC can be subyecied
o exome sequencing w order to identify famor somatic missense mutations. For example, in
melanoma and lung cancer high number of missense mutations (»200) can be identified per
turnor genome. Prediction algorithms such as, without limitation, PePSSI(Bu, HUHL, et al,,
Proteins 63, 43-52, 2006) can be used for the identification of candidate tumor necantigen
epitopes presented in the context of the patient’s HLA class Fmolecules. In various
configurations, analysis of tumor transcriptome data can used for the identification and

selection, grmong predicted candidates, of those epitopes that are expressed by the tumor.
Methods

The methods and compositions desceribed herein utilize laboratory techniques well
known to skilled artisans, and can be found in laboratory manuals such as Sambwook, 1., of
al., Molecular Cloning: A Laboratory Manual, 3rd ed, Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NUY ., 2001 Methods In Molecular Biology, ed. Richard, Humana Press,
NI, 1993, Spector, D, L. et al,, Cells: A Laboratory Manual, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NUY., 1998, and Harlow, E., Using Antibodies: A Laboratory
Manual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NUY,, 1999, Methods
also are as described herein and in pubhications such as Linette, G.P. et al., Clin. Cancer Res.
11, 76927699, 2005; Carreno, BM, et el I Iinmunol, 18K, 5839-3849, 2012; and Carreno,

BM., etal, & Clin, Invest. 123, 3383-3394, 2013,
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In order to determine the safety, tolerability and immunological responses to Amino
Acid Substitutions (AAS)-peptides formulated in an mPC vaccine, the following protocols

were followed.
Human Subjects
Examples 1-10

Human subjects. Ehgible aduli patients with newly diagnosed treabment natve
{HCOG performance status ) stage IV cotancous melanoma are enrolled in this clinicsl tial
All subjects are HLA-AY02017, had pp1007 biopsy-proven (HMB45™,
immunchistochemistry) melanoma metastases, have no evidence of avtoimmune disorder,
amd are negative for HIV, HBV, and HOV. Leukapheresis was performed to obtain PBMCs
from patienis and healthy donors through the Barnes Jewish Hospital blood bank. For trial
patients, leukapheresis is performed prior to treatment and after D3 and D6, Patients are not
presereened for IL-12p70 DC production prior to freatment. Prior to lreatment, haseline
imaging is performed by MRI scan of brain and CT scan of the chest/abdomen/pelvis with
L. contrast.

Examples 11-13

All patients were enrolled mn clinical trial (NCTO06K367D, BB~IND 13590) and signed
mformed consents that had been approved by the Institutional Review Board of Washingion
University. Al subjects were HLA-A*02:017, had ne evidence of autoimmune disorder and
were negative for HIV, HBV, and HOV. Leukapheresis was performed, prior to freatment
and after the Ird mature dendritic cell {1} vaceination, al Barmces Jewish Hospitad blood
bank (Saint Louis, MO}, Patients were not prescreened for interlenkin (1L3-12p70 DC
production prior {o treatiment. Priot to treatinent, baseline imaging was performed by MRI
scan of brain and €7 scan of the chest, abdomen and pelvis with v, contrast. Toxicities and
adverse effects were graded according to the National Cancer Institute Common Toxicity
Scale {version 3.0}, Informed consent for genome sequencing was obtained for all patients on

protocols approved by the lostitutional Review Board of Washington University,
Patient Information

Patient MEL2 1 was a S4~year-old man diagnosed with stage 3C cutaneous melanoma
of the tight lower extramity m 2010, The BRAF VoUOE mutation was detected. Surgery was

performed to excise 2 om inguinal lymph node and numeroos o transit metastases. He
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developed recurrent in transit metastases and deep pelvic adenopathy in Mayv 2012 and was
given ipihmamab (3 merkg x 4 doses) with stable disease nntil late 2013, Dhsease progression
was noted with increasing 2 om external ihiac, 1.2 om ingumal, and 7 mm retrocrural
adenopathy. Three surgically resected melanona lesions {(ingoinal lymph node 1730711, leg
skin 5710412, leg skin 6/6/13) and PBMC were submitted for genomic analysis in order to
identify sonmatic missense mutations, The patient provided wiitien informed consent for the
study and underwent apheresis, and received cyclophosphamide 4 days prior to
administration of the first vaceine dose. He reeeived a total of three vaccine doses without
side effect or toxicity. Re-staging U showed stable disease and he remains i follow up 8

months later.

3

Patient MEL3® was a 47-year-old woman diagnosed with stage 3C cataneous flank
melanoma and underwent surgical resection of an axillary ymph node in 2012, The BRAF
VE(OE mutation was detected. She developed recurrent disease in the skin and axilla that was
surgically reseeted. A few months later, CT imaging confirmed metastatic disease in the right
hung and axilla and she was given ipilimumab (3 mg'kg x 4 doses) in May 2012 with
complications of grade 2 avtomamune colitis requiring predoisone taper and later, grade 3
hypophysitis requiring replacement therapy with levothyroxine and hydrocortisone, Dissa
progression was noted 12 months later with new lung and skin metastases. Vemuratenib was
administered for two months with po response in August 2813, Three surgically resected
melsnoma lesions (axilla lymph node 4/19/12, skin breast 2714713, skin abdomimal wall
4/16/13} and PBMC were submitted for genomic analysis in order to identify somatic
missense nudations. Further discase progression was evident with 3 lung nodules measuring
12 i, S wm, and § wm in diameter, The patient provided written informed consent for the
study and underwent apheresis, and received evelophosphamide 4 days prior to the first
vaceine dose. She received a total of three vaceine doses without side effect or toxicity, Re-
staging U7 showed 30% tumor reduction; however, the following CT examination 12 weeks
tater showed interval increase of tumor size back to basedine dimensions with no new siles of
disease. The patient remains with stable disease for the past 8 months.

Patient MEL218 was a 32-year-old man diagnosed with stage 3C cutansous
melanoma on the left lower extremity in 2003, The BRAF mutation VBOOE mutation was
detected when tested later on archived tumor, He underwent surgical resection and received
adjuvant interferon tor 6 months bot had disease recurrence that was surgically resected on
several oceasions. In 2008, he developed discase progression with extensive in transit and
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subcutansous metastases on the left leg wath bulky meuinal nodal metastasis deemed
unresectable. He received ipilimmanab (10 mefke x 14 doses) on chindeal irtal from 2008-2012
with complete response. One surgieal speaimen {ingumal lymph node 4/4/05) and FBMC
were subimiited for genomic analysis to identify sornatic missense mulations. The patient
provided written mformed consent for the study and underwent apheresis, and received
cyclophosphamide 4 days prior to the {irst vaceine dose. He received a total of three vaceine
doses administered in the adjuvant setting without side effect or toxicity. Re-staging PET-CT
imaging confirms no evidence of recurrent or metastatic disease. The patient remains in

complete remission and continues i follow up.

Patient MELGY was a 61-year-old man dingnosed with stage 3C cotancous melanoma
m 2012, Surgery was performed to excise the primary site and the axillary adenopathy, A
total of 3 lymph nodes contained metastatic melanoma. The BRAF Vo0OE mutation was
detected. The patient reccived adjuvant Interferon for 3 months but this was discontinued
affer progression and development of metastatic disease. The patient was given vemurafenib
for 10 months but progressed with new sttes of disease. Dabrafonib and trametinib
combination systenyce therapy was administered for 7 additional months until progression.
Several new sites of metastatic discase including a solitary brain lesion were resected. His
subsequent course was complicated by malignant pericardial effusion and deep venous
thrombosis. After appropriate treatment, he improved. Two surgically resected melanoma
festons {MELGYAZ, hmb and MELGOB2, scalp) and PBMC were submitted for genomic
analysis in order to identify somatic missense mutations. The patient provided written
iformed consent, underwent apherests, and then received ovclophosphamide 4d prior to the
first vaccine dose. He recetved a total of 2 vaccines doses without side effect or toxicity, Re-
staging CT examination confirned disease progression and the patient was removed from the

study and enrolled in hospice care.

Patient MELGS6 was a 43~year-old female diagnosed initially with stage 3B cutaneous
melanoma m 2013, Surgery was performed to exciss in iransit metastases and the BRAF
VOO0 mutation was detected, Suhsequent imaging confimied metastatic disease in the lung
and retroperitoneal cavity deemed unresectable. She received several doses of iptlimumab
and developed grade 3 autoimmune colitis ireated with corticosieroids, After her recovery,
dizense progression was noted and combination therapy with dabrafentb/rametinib was

begun. Disease progression was noted after & months of treatiment. Surgieal resection of

several metastatic lesions was performed to render the pationt discase-free. Two surgically

1
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resected melanoma lesions (MELG6A, skin and MELA6D, soft tissue) and PBMC were
submitted for genomic analysis in order to identify somatic missense mutations. The patient
provided written informed consent, underwent apherests, and then received
cyelophosphamide 4d prior {o the first vaccine dose. She received a total of 3 vaccine doses
without side effect or toxicity, Re-staging Ct confirmed no evidence of disease recurrence
and the patient remains in remission with no evidence of disease 4 months m follow ap with

no additional therapy.

Cyelophosphamide treatment and DC preparation, (Examples 1-1()
Cyclophosphamide (300 mgim®) was given 72 hoars prior te D1 with the intention of
ehminating Trees (Hoons, DS, et al, Cancer Res., 30, S353&-3364, 1990}, All mature
dendritic cell (miXC) vaceine doses were prepared at the time of inymunization from either
freshly isolated (D1) or cryvopreserved (D2-D6) PRMUs {all derived from the same
leukapheresis collection}, A GMP-grade CD40Lexpressing K362 celf line (referred to as
K463H), used for maturation of DCy, is generated, selected, and maintained under serum-free
{Stembine, S1694 media) conditions. For each vaccine dose, monocyte-derived immatare
dendridic cells (GDCS) were generated as desertbed previoasty (Linette, G.P,, et al., Chin,
Cancer Res., 11, 7692-7699, 2005) by culturing the PRMC adherent fraction in RPMI 1640
with 19 human AB-serum (DO media) supplemented with 100 ng/ml GM-CSF (Berlex) and
20 ngfml Ho~4 (CellGenix ). 6 dayvs after culture mitiation, iDCs were harvested, washed i
PRS, and cultured for an additional 24 hows in DC media (DO conirol or DC medig with
irradiated {100 Gy K463H (5:1 DOKAOIH ratio} and 100 Liml IFN-y (Actimmuns;
InterMune Ine.) to generate mDPCs, 2 hours prior to infusion, mDCs were pulsed with (50
ug/ 10 cells/ml) peptide. For infusion, mDCs weve resuspended 1o 30 nad normal saline
supplemented with 5% human serom albumin and administered over 30 minutes by L.v.
infuston after premedication with 650 mg acetaminophen.

DC immunizations (Examples 1-10), mDC infusions were given Ly, every 3 weeks
for & doses in the outpatient chime. A restaging C'T scan of the chest/abdomen/pelvis with Lv.
contrast was performed after 3 and D6 and then every 2 months thereafter untif disease
progression. I clinical or radiographic disease progression was evident, the patient was
removed from the stady. For D1, patients received 1.5 x 107 DCs per peptide (6 > 107 DCs
total); for D2-D6, patients received 5 = 10% DCs per peptide (2 » 107 DCs total). Patients
anderwent chinical evaluation prior to each mDC infision. Toxicities and adverse effects

were graded according to the National Cancer Institute Common Toxicity Scale {version 3.0},
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Clinical response was assessed by measurement of assessable metastatic deposits by CT scan,
MRI scan, or divect measure of cutancous deposits, The RECIST (v1.0) group sysiem was
used {Therasse, P, etal, §. Nat'l Cancer Inst., 92, 205-216, 2000).

Immunologic monitoring (Examples 1-10), Immuonologic analysis to evaluate the
kinetics and magnitude of T cell response to gpld0 peptides was performed usmg PEMCs
collected weekly (prior 1o vacoination and wntil week 21, Fresh PBMUs obtained by Ficoll-
Hypaque gradiest centrifugation were adjusted to 2 x 10° cells/ml in Stemline media (Sigma-

Aldrich} containing 5% human AB-serum, and dispersed at 1 mliwell in 24-well plates.
Cultares were set ap for the gpl00 peplides and the CMV ppéd peptide (positive peptide
control), Cultures were pulsed with 40 pg/mi peptide and 50 U/mid TL-2 fd starting at 48
hours and every other day thereafter. On day 12 {peak of response; the invenlorg’
unpublished observation), cultures were harvesied, counted, and stained for flow cytometry
snalysis, To assess the antigen~specifie T cell frequency, cells were stained with
HLAA®O20 Vpeptide tetramers (Beckman Coulter) for 30 minutes at room onperatare,
followed by addition of FITC-conjugated CD4, CD14, CDI9, and CII56 and
atlophyveocyanin-conjugated CDS (Invitrogen) for 15 mumutes at 4°C. Cells were washed and
resuspended in FACS buffer, and TAAD was added J minutes before analysis. Control CMV
pp6Sespecific CD8+ T cells were detected in all CMVezeropesitive paticnts befire and after
anmunization, A pegative HLA-AFQ201HIY gag peptide tetramer control was included.
25,000 events in the CD&F gate were collected using a Iierarchical gating strategy that
included FSC/SSC and excluded TAAD+ (dead) cells and CD4+CDT4+CDISHCDI6+ cells.
Drata were acquived and analyzed using Flow-Jo software,

DC manutacturing and vaccine (Examples 11-15)

Cyelophosphamide (300 mp/m™) was given 96 h prior o the first DC dose with the
infention of ehiminating Tregs., All matwre DO (mDC) vaceine doses were prepared at time of
mmunization from either freshly isolated (1) or ervopreserved {D2-3) PBMC (all denived
from same leukapheresis collection). For each vaccine dose, monocyle-derived immatare
PCs were generated in 100 ng/ml. granulocyte-macrophage colony-stimulating factor (GM-
CSF, Berlex) ansd 20 ng/ml 1L-4 (Miltenyi Bioted) as deseribed {Carrene, BM,, et al, J.
Clin. Tnvest.,, 123, 3383-3394, 2013; Linette GP, et al ,Clin. Cancer Rex., 11, 76927699,
2005} by culturing the PBMC adherent fraction in RPMI 1640 with 1% human AB-serum
{DC media) supplemented with 1) ng/ml GM-CSF (Berlex} and 20 ng/ml -4 {CellGenix),

Six days after culture initiation, immatire DCs were eultiwed with mradiated (10,000 rad)
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GMP-grade CD40L-expressing K362 cells {Carreno, BM., et al, 1. Clin. Invest,, 123, 3383-
3394, 20133, 100 o/mL IFN-y (Actimmane, InterMune Inc.), poly EC (nvivogen, Inc) and
R84% (Invivogen, fne.} for 16h to generate mDC. Two hours prior to infusion, mPC were
pulsed {30 ug/ 106 cells/mL) separately with each peptide {7 AAS-peptides and 2 gplQ0
peptides, G209-2M and G280-0V) and, for dose 1 only, influenza vires vaceine (Floviria,
Novartis} was added to provide a source of recall antigen for CD4+ T cells, [L-12p70
production by vaceine DU was measured by ELISA {eBioscienee) in accordauee to the
manufacturer’s instructions. The initial priming dose was 1.5x10° DC per peptide (1.35x 10"
DC total), in remaining doses, patients received Sx10° DO per peptide (4.5x107 DC total).
mDC were resuspended in 50 mi normal saline supplemented with 5% human serum
atbumin and administered over 30 min by intravenous infusion alter premedication with

acetaminophen 650 my. Paticats underwent clintcal evalnation prior to cach mDC infusion.

Cytoking production. DC 1L-12p70 and 1L-12p40 prodection is measured by ELISA
{eBioscience) according to the manufacturer’s nstructions. Production of additional
cytokines and chemokines by RCs is determined using MILLIPLEX map Human Cytokine
Panels Tand H (EMD Millipore). For production of cytokines by T cells, G280-8Vospecific T
colls are expanded using mDCs and AT-SCT as described proviously {mnfra and Carreno,
B.M., et al, I Inmunael. 188, 5839-53849, 2012). The frequency of antigen-speciiic T cells
after secondary stimulation is 2%-32%, as determined by HLA-A*Q20Upeptide tetramers
{NIH tetramers Facility or Beckman Counlter). T cells are restimulated as deseribed infra
{Carreno, B.M., et al., J. Immunol. 18R, 5839-3849, 2012), supernatants are collected at 24
hours. and production of eytekines is determined nsing MILLIPLEXY map Human Cytokine
Panel F{EMD Millipore).

Generation and expansion of Ag-specific T eells

CD8+ T cells were isolated from PBMCs using a CDE2 negative-selection kit
{Miltenvi Biotee, Auburn, CA). Purified CDS+ T cells were cnltured at a 2001 satio with
irradiated (2500 rad) autologous mature DC (mDC) pulsed with peptide in Stemline media
{S1694; Sigma-Aldrich, St Louis, MO} supplemented with pooled human sera (Stemline~5).
Human -3 (10-50 Wiml Cluren, Emeryville, CA) was added every 2 d, starting 48 b after
culture inttiation, Fourteen days after DO stimualation, T cell culiures were harvested,
characterized Tor neo-atigen specific frequencies using HLApeptide tetramers {see below),
and restimulated with frradiated (10,000 rad) Single Chain Trimers {SCT; US Patent

K518697; LIS Patent ¥895028; Carrenc, BM,, et b, 1 Immunol., IR, 5838-5849, 201 ) or
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amino-termunal extended peptide MHC class 1 single-chain trimer (AT-SCT-expressing
K362 cells at a 111 ratio. Cultures were initiated in cither six-well plates {10° each T and SCT
or AT-SCTY or T25 flask (5x10" cach) using Stemline-3, Twenty-four hours after stimulation,
cultures were supplemented with 112 {500 Uiy, and viable eell counts were performed

daily.

Cell concentrations were maintained at § x 107wl throughout the culture period, For
farge~-scale expansion, T cells were cultured m gas-permeable Lifecell bags (Nexell
Therapeuatics, Emeryville, CA). On days 1014 of secondary stimulation, the percentage of
tetramert cells and the number of viable cells were used to determine tetramer yields and

tetramer folds,

For analysis of cytokines seereted by T cells upon SCT activation, cultures were
activated 14 d after SCT or AT-8CT stimulation, T cells were restumulated with SCT at 1:1
ratio in RPMI 1640 supplemented with $% pooled uaman sera (RPMI-3), supernatants were
collected 24 b after activation and characterized using a MILLIPLEX® cytokine kit

{Millipore, Billerica, MA), per the manutacturer’s instructions.

gRT-PCR.

GRT-PCR was performed as desentbed previously {Carreno, B.M., et all, Immuncl,
Cell Biol. 87: 167-177, 2009). cDNAs were prepared (2 pg total RNA}Y, and cINA samples
were amplified in triphicate using a GeneAmp 5700 sequencer detector (Applicd Biosystems).
Primers used are 1L-12p35 (HsO016840G5_m D) and ITGAX (ntegrin alpha X, referred to
herein as CD 1o HeOGIO13070 _m1). Transcript levels were calculated using the relative
standard corve method, using CD1 e transeript levels to normalize valoes,

My release and T2 assays.

Sy release assays to measare specific lysis have been described previously
{Carreno, BM., ef al., Invmunol. Celf Bioll 87: 167-177, 2009; Linette, GLP. et al., Chin.
Cancer Res, 11, 7692-7699, 2003). Melanoma cell lines DM6G (HLAAZ2+ gplO0+) and A37S
(HLA-A2+p100-) were labeled with 25 pCi ¥'Cr for 1 hour, washed, and tested as targets in
a standard 4-hour assay. Effectors were gonerated using PBMCs collected after D3 and
culiured for 12 days i the presence of peptide (30 pgdml) and 1L-2 (30 Uil every other
day). Vaceme-induced antigen-specific T cells were characterized nsing HLAAT020  peptide
dextramers (Immudex). To determine the avidity (effective concentration at 30% maximal

tysis) of vaccine-induced T cells for antigen, T2 cells were pulsed with titrated G209-2M or
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(2R0-9V peptide concentrations for 1 hour in serum-free media followed by S1Cr {25 uCiy
fabeling for 1 hour, washed twice, and tested using vaccing-induced gpl0G-specific T cells in
a standard 4-hour assay.

Statistics.

Student's { tests are 2-tailed (GraphPad Prism software, version 5.0), Data are
presented as mean £ 1 SD, unless otherwise mdicated. Cox regression analysis followed by
likelihood-ratio test 18 used o evalnate whether (loge) 1L-12p70 (sum) production added
statistically significant information 1o a2 model of time to progression {TTP}) Kaplan-Meier
TTP model is used 1o test whether eytokine ratios added statistically significant information
to a model of TTP, Wilcoxon matched-pairs analysis ix used to compare H-12p70 production
between pationts and healthy donors (GraphPad Prisin software, version 5.0). All P values
less than 0,038 were constdered significant, except the Cox proportional hazard model, which
ased g fower threshold of significance (P < 0.048} to adjust for | interin analysis of this
endpoiig,

Peptides.

Peptides were obtained tyophilized from American Peptide Company (>953% purity),
dissolved in 1096 DMSO in sterile water and tested for sterility, purity, endotoxin and
residual organics. Pepiide binding to HEA-AY02:01 was determined by T2 assay (Ehvin et gl
1993 1. Imnmunol. Methods 158, 161) or using a fluorescence polarization assay (Pure
Protein, L.L.C)Y (Buchli, R, et al,, Biochemistry 44, [2491-12507, 2005). The affinity scale
of this latter assay is: high binders: log (JCs nM) <3.7; intermediate binders: fog (ICs0 nM}

3.7-4.7; low binders: log (ICse nM} 4.7-5.5; and very low binders: log (Mo nMy 260 (11
Computer Algorithms

Barrows-Wheeler Aligner (BWA; Li, H. and Durbin R., Bioinformatics 25, 1754
1760, 2009 15 a reference~-directed aligner that 18 used for mapping low~divergent sequences
against & large relerence genome, and consists of separvate algorithms designed tor handling

short guery sequences up o 100bp, as well as longer sequences ranged from 70bp to [Mbp.

Picard (Broad Institute, Cambridge, MA) is a set of Java-based command-line tools
for processing snd analyvzing high-throughput sequencing data in both Sequence
Alignment/Map (SAM) text format and SAM binary (BAM) format. The "MarkDuplicates’
utility within Picard examines aligned records in the supplicd SAM or BAM file o locate

duplicate molecule and can be used 1o flag andfor remove the duphicate records.
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SAMiools {11, H., et al., Bioinformatics, 25, 2078-2079, 2009} is a suite of programs
for interacting with and post-processing alignments in the SAM/BAM format to perform a
variety of functions like variant calling and alignment viewing as well as sorting, indexing,

data exiraction and format conversion.

Somatic Smiper (Larson, D.E., et al, Biomnformatics, 28, 311-317) 15 used to identily
single nucleotide positions that are different between tumer and normal BAM files. It
employs a Bayesian comparison of the genetype likelihoods mn the tumor and novmal, as
determined by the germline genotyping algorithm implemented in the MAC) and then

calculates the probability that the tumor and normal genotypes are different,

VarScan (Koboldt, D.C., et al., Genome Research, 22, 568-576, 2012; Koboldt, D.C.,
et al., Bioinformatics 23, 2283-2285, 2009,) is a software program that detects somatic
vanants {SNPs and indels) using a hearistic method and a statistical test based on the number
of aligned reads supporting each allele using an mpat SAMiools pileup/mpileup file. For
tumor-normal pairs, it further classifies cach vanant as Germbing, Somatie, or LOH, and also

detects somatic copy number changes.

Stretka {Saunders, C.T., et al., Bioinformatios 28, 1811-1817, 2012) is an analysis
package designed to detect SNVs and small indels from the sequencing data of matched
twmor-normal samples, IUis specifically designed to detect somatic variants at lower
frequencies typically encountered in tumors due to high sample impurity or sub-clone

variation, while maintaining sensifivity,

TopHat (Trapnell, C., et al., Bioinformaties, 25, 1105-1111, 2009; Kim, D)., et al,,
Genone Biol, 14, R36, 2013} is a fast splice junction mapper for RNA-Seq reads that aligns
reads to mammahian-sized genomes in order to identify exon-exon sphice junctions, It uses the
ultra high-throughput short read aligner Bowtie, and then analyzes the mapping results to
wdentity splice junctions between exons.

& -

Cuftlinks (Trapnell, C., et al., Nat. Protoc., 7, 362-378, 2012) is a software program
for transcriptome assembly and differential expression analysis for RNA-Seq data, It
assembles transeripts from aligned RNA-Seg reads, estimates their shundances based on how
maany reads support each one, taking inte account biases in library preparation protocols, and

then tests for differential expression and regolation in RNA-Seq samples.

3
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Flexbar (Dodt, M., et al., Biology (Basel), 1, 8835-005, 2012y is a software package
that preprocesses high-throughput sequencing data efficiently by demultiplexing barcoded
rans and removing adapter sequences. Additionally, it supports trinuming as well as filtering
features; thereby aiming to increase read mapping rates and improve genome and

transeriptome assembilies,

NetMHC 3.4 server (Nielsen, M., et al., Protein Sci,, 12, 1007-1017, 2003,
Lundegaard, C., et al,, Nuclere Acids Res., 1, Wi09-512, 2008) makes high-accuracy
predictions of major histocompatibility complex (MHC): peptide binding {0 a number of
different HLA alleles. The predictions are based on artificial neural networks trained on
different datasets (human and non-human) from several MHC alleles and position-specific

scoring matrices {(PSSMs).

In terms of additional filtering of variants from DNA/RNA data that would pass to
analysis for identifying peplides, the following filters wers used on coverage for tumor and

normal, below which a variant is discarded from further consideration:
»=5x Normal coverage

=1 0x Tumer coverage

= 2% Normal VAF

=300 Tumor VAF
FPKM >1 (this s the only RNA-based filter).
In silico work flow,

The present invertors have developad an in silico automated pipeline for neoantigen
prediction {(pVAC-Seq) that can ntilize several types of data inpot from next-generation
sequencing assays. First a list of nonsynonymous mutations is identified by a somatic variant-
calling pipeline using exomic sequencing and transeript sequencing of both normal and tumor
tissue. This vartant list can then be annotated with amino acid changes and ranseript
sequence, The HLA-haplotypes of the patient, can be derived through clinical genotyping
assays or in silico approaches. These data can be joput into the pVAC-Seq workflow which
tmplements theee steps: performing epitope prediction, integrating sequencing-based

information and lastly, fillering necantigen candidates. The following pavagraphs deseribe the
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analysis methodology from preparation of inputs o the selection of neoantigen vacaine

canchdaies via pVAC-Sey.
Prepare Input Datar HLA-Typing, Alignment, Vartant defection and Amnotation

As described above, pVAC-Seq utifizes input data generated from the analysis of
nexi-generation segquence dats that includes annotated nonsynonymaous somatic variants that
have been franslated into muiant amino acid changes, as well as patient-specific HEA
aplotypes. While these data could be obiained from any appropriate variant calling,
annetation and HLA typing pipeline, the inventors” approach as disclosed hevein utilived the
following analysis methods for preparing these input data. In brief, BWA (version 0.5.9) (L4,
H. and Durbin, R., Bioinformatics, 25, 1754-1760, 2009) was used as the aligner of choice
with defanlt parameters except the number of threads way set to 4 (-1 4) for faster processing,
and the quality threshold for read trimming to 5 {~q 33 The resulting ahignments were de-

doplicated via Picard MarkDuplicates (version 1.46; Broad Institute, Cambridge, MA)

In cases where clinically genotvped HLA haplotyping calls were not available, the
tnventors used i silico HLA typing by HLAminer (Version }{Warren, R.L., et al., Genome
Med., 4, 95, 2012) 1o provide HLA haplotypes from either whele genome sequence data or
RNA-seq data, or by Athlgtes (Liu, C., et al, Nucleic Aaids Res, 41, 142, 2013) when
exome data were avatlable, Typing was performed on samples of the patient’s normal cells,
rather than cells from the tumor sample. The two software tools were > 85% concordant in

the ventors’ text data; both algorithms were used i order {o break ties reported by

HLAminer {(see below)

i HLAminer for m silico HLA-typing using WGS data: When predicting HLA class |
afleles from WGS data, the inventors used HLAminer in de pove sequence alignment mode
using TASR {Warren, R.L. and Holt, R.A., PLoS One, 6, 19816, 2011) {params: -1 § -m 20)
by ranning the seript HPTASRwgs classLsh, provided in the download. (The download
mcludes detatled instractions for customizing this script, and the scripts on which # depends,
for the user's compuling enviromuent.) For each of the three HLA loci, HL Aminer reports
predictions ranked in decreasing order by seore, where "Prediction #17 and "Prediction #27
are the most likely alleles for a given locus. When ties were present for Prediction | or
Pradiction 2, the inventors nsed all tied predictions for downstream ngo-epitope prediction,
However, it should be noted that most epitope prediction algorithms, including NetMHC

{Lundegaard, C., et al., Nucleie Acids Res., 36, 309-512, 2008; Niclsen, M., et al., Protein
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Sein, 12, H007-1017, 2003), only work with an algorithm-specific subset of HLA alleles, so
we are consirained o the set of NetMHC-compatible alleles. The current version NetMHC

v3.4 supports 78 human alleles.

18 Athlates for in sifice BLA-typing using exome sequence data; The inventors diverged
from the recommended procedare to ron Athlates at two pomnts in the procedure: 1) they
performed the alignment step fo align exome sequence data {comresponding to the normal
tissne sample) against the HLA allele seguences present tn the IMGT/HLA database
{Robinson, L., et al., Nucleie Actds Res., 41, D1222-D1227, 2013), wsing BWA with zero
mismatches {params ¢ bwa aln -¢ 0 -0 § -n 0) instead of NovoAlign (Hercus, €., Novecraft
short read alignment package, 2009) with one mismateh, and 2) i the subsequent step,
sequence reads that matched, for example, any HLA-A seguence from the database were
extracted from the alignment using bedtools (Quinlan, AR, and Hall, LM, Bioinformatics
26, 841-842, 2010) instead of Picard, This procedure s resource-uitensive, and may require
careinl resowrce management. Athlates reports alleles that have & Hamming distance of at
most 2 and meet several coverage requirements. Additionally, it reports "inferred allehic
pairs,” which are wdentified by comparing each possible allelic pair to a longer list of
candidate allcles using a Hamming distance-based score. The inventors typically used the

inferred allehic patr as input to subsequent steps in the neo~-epitope prediction pipeling,

After alignments (and optional HLA typing) were completed, somatic matation
detection was performed using the following series of steps. (1) Samtools (1Li, H., et al.,
Biomnformatics, 25, 2078-2079, 2009; Li, H. Bioinformatics, 27, 2087-2993, 201 1) mpileup
v, 1.16 was run with parameters A -B” with default setting for the other parameters. These
calls were filtered based on GMS “sap-filter v17 and were retained i they met all of the
following rulex: (a) Site is greater than 10bp from a predicted indel of guality SO or greater,

{b) The maximum mapping quality at the site s > 40, {¢) Fewer than 3 SNV calls are present
m a 10 bp window around the sife, (d) The site is covered by at least 3 reads and Jess than 1 x

109 reads, and (&) Consensus and SNF quality s 2 20. The filiered Samtools variant calls

were intersected with those from Somatie Sniper version 102 (Larson, DE. et al,,
Bioinformatics, 28, 311-317, 2012) (params: -F vet'g 1 -Q 15), and were further provessed
through the GMS “false-positive filter w17 {params: ~bam-readeouni~version 0.4 -
banyeadcount-min-base-quality 15 ~min-mapping-quality 40 --nxin-somatic-score 483, This

filter used the following oriteria for retaining variants: {a) = 1% of variant allele support

comes from reads sequenced on cach strand, (b) variants have > 3% Varant Allele Fraction
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{VAF) (¢) more than 4 reads support the variant, (d) the average relative distance of the
variant from the start‘end of reads iy greater than 0.1, {g} the difference in mismateh guality
sum between variant and reference reads is less than 50, (1) the difference i mapping quality
between variant and reference reads s less than 30, (g) the difference in average supporting
read length between variant and reference reads is less than 25, (h) the average relative
distance to the offective 37 end of variant supporting reads 1s at feast 0.2, and (i} the varant s
not adjacent to 5 or more bases of the same nucleotide identity (v.g. 8 homopolymer run of
the same base). (2) VarScan Somatic version 2.2.6 (Koboldt, D.C,, et al,, Bioinformatics, 25,
2283-22R3, 2009; Koboldt, D.C., et al., Genome Res., 22, 368-576, 2012) was run with
default parameters and the variant calls were filtered by GMS filter “varscan-high-confidence
filter verston w17, The “varscan-high-contidence v filter employed the following rulesto
filter out variants {a) p~value (reported by Varscan} is greater than 0.07, {b) Normal VAF &
greater than 5%, {¢) Tamor VAF is loss than 10% or (d) less than 2 reads support the variant.
The remaining variant calls were then processed through false-positive filter v1 {params: -
bam-readeount- version 0.4 --bamreadcount- min-hase-quality 15} as deseribed shove. (3)
Strelka version 1.0.10 (Saunders, C1, of al., Bioinformatics, 28, 1811-1817, 2012) {params:

isSkipDepthFiliers = 1)

The consolidaied list of somatic mutations dentified from these different variant-
callers was then annotated using our internal annotator as part of the GMS pipeling. This
annetator leverages the functionghity of the Ensembl database (Flicek, P, ot al., Nuckic
Acids Res., 41, D48-55, 2013) and Variant Effect Predictor (VEPY Malaren, W, et al.,

Bivintormatics, 26, 2069-2070, 2010).

From the annotated variants, there are two components that are needed for pVAC-
Seq: amine acid change and transeript sequence. Even a single amino acid change in the
transeript ansing from missense mutations can alter the binding affinity of the resulting
peptide with the MHC Class molecule. Larger insertions and defetions, suchas, for
gxample, those arising from frameshift and trmncating mutations, splicing abgrrations or gene
fusions can also result in potential nepantigens. However, for the present iterations of pVAC-

Seq, the inventors chose to focus their analvsis on only missense mutations,

O feature of the inventor’s pipeline is the ability to compare the differences
between fumor neo-antigens gnd normal peptides in terms of the peplide hinding atfinity.

Additionally, it leverages RNA-Seq data to mcorporate isoform-level expression information
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and to quickly cull variants that are not expressed in the tumor, To integrate RNA-Seq data,
both transcript 1D as well as the entire wild-type transeript amino acid sequence can he used

as part of the annotated variant file.
Perform epitope prediction

One compenent of pVAC-Seq is predicting epitopes that result from mutations by
calcutating their binding affinity against the Class I MHC molecule. This process involves the

following steps for effectively preparing the input data as well as parsing the output.
Generate FASTA file of peptide sequences:

Peptide sequences are an input to the MHC binding prediction tool, and the existing

process to compare the germiine normal with the tumor can be very onerous. To streamiine

the comparison, the mventors first build a FASTA ile that consists of two amino acid
sequences per varant site- wild-type (novmal) and mutant (tamor). The FASTA sequence
can he buill using approxtmately 8-10 Hanking amino acids on cach side of the mutated
amino acid. However, if the mutation is towards the end or beginning of the transeript, then
the preceding or succeeding 16-20 amino acids can be taken respectively, as needed, to build
the FASTA sequence. Subsequently, a key file can be created with the beader (nane and type
of variant) and order of each FASTA sequence in the file. This can be done to correlate the
cutput with the name of the variant protein, as subsequent epitope prediction software sirips

off cach name.
Run epitope prediction software:

To predict high affinity peptides that bind to the HLA class | molecule, the standalone
version of NetMHC 3.4 is used, The input o this software is the HLA type of the patient,
determyined via genotyping or using in silico methods, as well as the FASTA file generated i
the previous step comprised of mutated and wild-type 17-21-mer sequences. Typically,
antigenic epitopes presented by MHC class T molecules can vary in lenpth from 8 to 13 or 8
to 11 amine acids, Therefore, specifying the same range when running epitope prediction

software is recommended,
Parse and filter the output:

Starting with the output list of all possible epitopes from the epitope prediction

software, the mventors apply specitic filters to choose the best mutant peptide meorporating
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candidates. First, further consideration is restrivcted to strong to imtermediate binding peptides
by focusing on candidates with a mutant {MT) binding score of fess than 500 nM or less than
250 nM. Second, epitope binding calls are evaluated only for those peplides that contain the
mulant amino acid (localized peptides). This filter eliminates any wild-type {WT) peptides
that may overlap between the two FASTA sequences. The pVAC-seq workflow enables
screening across multiple longths snd multiple alloles very elficientty. I predictions are run
to assess multiple epitope lengths (e.g., 9-mer, 10-mer, eic.), and/or to evaluate all different
patient HLA allele types, the mnventors review all localized peptides and choose the single
best binding valpe representative across lengths (9aa, 10aa, ete.) based on lowest binding
score for MT sequence. Furthermore, they choose the “hest candidate” (lowest MT binding

seored per mutation between all independent HLA allele types that were nsed as yput.
Integrate expression and coverage mformation

Subsequently several filters ave applied to ensuore that the predicled neoantigens are
expressed ax RNA variants, and are predicted correctly based on coverage depth in the
normal and fumor tissue data sets. Specifically, gene expression levels from RNA-Seq data
measured as Fragments per kilobase of exon per mllion reads mapped (FPKM) provide a
method o filler only the expressed transeripts. We used the tuxedo swite — Tophat (Trapnell,
C., et al., Bioinformatics, 25, 1105-1111, 2009; Kim, D., et al., Genome Biol., 14, R36, 2013)
and Cafthinks (Trapnell, C,, et al., Nat. Protoc., 7, S62-378, 2012} as pavt of the GMS 1o align
RNA-Seq data and subsequently infer gene expression for our in-house sequencing data,
Depending on the type of RNA prep kit, OVATION®™ RNA-Seq System V2 (NaGEN
Technologies, Ine. San Carlos, CA)Y or TRUSEQ™ Stranded Total RNA Sample Prep kit
GLLUMINAY, Inc. San Diego, CA), used, Tophat was run with the following parameters:
Tophat v2.0.8 ‘—-howtie-version=2,1.0" for OVATIONT, and *~-library-type fi-firsistrand -
bowtic-version=2.1.0" for TRUSEQY. For OVATION™ data, prior to alignment, paired 2x 100
bp sequence reads were trimmed with Flexhar version 2.21 (Dodt, M., et al,, Biology {Basel,
1, 8U5-903, 2012 {params: --adapter CTTTGTGTTTOA ~~adapter-trim-ond LEFT --none-
lengthedist ~threads 4 -~adaptec-min~overiap 7 ~maxuncalled 150 —min-readlength 25 o
remove single primer isothermal amplification adapter sequences, Expression fevels (FPKM)
were caloulated with Coftlinks v2.0.2 {params--max-bundie-lengih=10000000--num-threads

4}.
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For selecting unigue vaceine candidates, targeting the best *quality” of mutations 1s an
important factor for priontizing peplides. Sequencing depth as well as the fraction of reads
containing the variant allele (VAF) are used as oriteria to filter or prioritize nutations. This
information was added in owr pipeline via bamereadeount {Larson, D., The Genome Instifute
at Washington Untversity). Both twmor {(from DNA as well as RNA) and normal coverage are

caleulated along with the VAF from corresponding DNA and RNA-Seq alignments.
Filter necepitope candidates

Since manufacturing antigenic peptides can be one of the most expensive steps in
vaveine development and efficacy depends on selection of the best neoantigens, the invento
filter the bist of predicted high binding peptides to the most highly confident set, primarily

with expression and coverage based filters,
The filters can be employed as follows:

Depth based Tilterss any variands with normal coverage =55 and normal VAYF of
== can be filtered oul The normal coverage cutofl can be ncreased up to 20x to elinuinate
occasional misclassification of germbine variants as somatic. Similarly, the novmal VAF
cutefl can be increased based on suspected level of contanunation by tumor cells in the
rormal sample. For tumor coverage from DNA and/or RNA, a cutoff can be placed at >=1{x
with a VAF of >=10% or 30%. This can ensore that necantigens from the magjor clones in the
tumor are nclnded, but the tumor VAF can be lowered to capture more vartants, which may

or may not be present o all tumor cells. Alternatively, if the patients are selected based on a

pre-existing disease-assoctated mutation such as BRAF VOOOE in the caxe of melanoma, the
VAF of the speaific presamed driver mutation can be used as a guide for assessing clonality

of other mutations.

Expression based filters: as a standard, genes with FPKM values of greater than zero
are considered to be expressed, The nventors shightly increase this threshold to 1, to
chminate noise. Alternatively, the FPEM distribution (and the corresponding standard
deviation) can be anslyzed over the entire sample, o determine the sample-specific cutofis
for gene expression. Spike~in controls can also he added to the RNA-Seq experiment to
assess guahity of the sequencing library and to normalize gene expression data. This filterad
tist of mutations can be mamually reviewed via visual inspection of aligned reads in a genome

viewer like TGV (Robinson, 1T, et al, Nat Biotechnald,, 29, 24-26, 201 1; Thorvaldsdottir, H.,
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et al. Brief Biomform., 14, 178-182, 2013) to reduce the retention of obvious false positive

mutations,
Analysis of T cell responses

For fumctional characterization, necantigen-specific T cell Hunes were generated using
autologous mDC and antigen loaded artificial antigen presenting cells at a ratio of 131 as
previoasty deseribed (Carreno, BV, etal, I Immaunol., 188, SR39.584%, 2012). To
determine the peptide avidity (effective concentration at 50% maximal tysis, EC50) of
neoantigen-spectlic T cells, T2 cells were pulsed with titrated peplide concenteations for 1h,
followed by V'Cr (25uC1) labeling for | h, washed twice and tested in a standard 4h V'Cy
release gssay nsing neoantigen-spectfic T cells as effectors. For production of cytokines,
neoantigen-specific T cells were restimulated using artificial antigen p";.‘esenti.l‘ig cells iy the
presence or absence of peplide, supernatants collected at 24h and evtokine produced

determined using MILLIPLEX®™ MAP Human Cytokine Panel T {EMD Miilipore).
Overview of the Fresent Teachings

FIG. 4 ilustrates a scheme showing neo-antigen identification and s incorporgtion
into a personalized dendritic cells vaceine, The upper diagran depicts a pipeline for
peoantigen identification. Tumor cells and matched peripheral Mood mononuclear cells
{PBMC) are subjected 1o whole exome sequencing (o wdentify somatic missense mutations,
Missense mutations are evaluated as peptides (8-13 aa long) through MHC class | binding
algorithims to wdentify potential candidate necantigens and the expression of franscripts
encoding mutated protein is confirmed by transcriptome sequencing. Synthetic peptides
encoding candidate neoantigens can be tested experimentally for MHC class [ hinding and
vaceine candidates can be selected using charvacteristics deseribed fnfra. The lower diagram
represents a vaceination process whereby dendritic cells (DC) can be generated from
monocytes using GM-CSF and -4, and matured using CD40L/AFN-g/poly 1C and RR48,
Mature DC can be pulsed with candidate neoantigen peptides and infused in order to generate

mtalion (uissensel-specific T cells,
Examples

The present leachings include desceriptions that are not intended to Hant the scope of
any aspect of claim, Unless spectiically presented in the past tense, an example canbe a

prophetic or an actual example. The examples and methods are provided fo further iHustrate
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the present teachings. Those of skill in the art, in light of the presem disclosure, will
appreciate that many changes can be made in the specific embodiments that are disclosed and
still obtain a like or similar result without departing from the spirit and scope of the present
teachings.

Example 1

This example illustrates the clinical use of commion cancer antigen peptides and the

difficulties of nsung matured dendritic cells i cancer vaceines.

Vaceingtion was performed with HLA-AR20 L-restricted gpl00 melanoma antigen—
derived peptides {G209-2M, and G280-9V) {Carrene, B.M., etal, I Clin, Investigation, 123,
3383-3394, 2013; Kawakami, Y., et al, L Immunol,, 154, 39613968, 1995; Skipper, J.C., et
al., ot I Cancer, 82, 669677, 1999) using autologous peptide-pulsed, CD40LAFN -
activated matare DUs (mDCs). The top of FIG. 17 illusirates the comparison of gplQ0
{G209-2M and G2RG-9V)-specific T cell frequencies observed pre- and post-vacome.
Statistical assessment was parformed using patred two-tail t-test; p values are indicated in
figure. The table on FIG. 17 bottom lefi summarizes the characteristics of patients eurolled in
the trial and details their clinical outcomes: UR, complete response; PR, partial response: PD,

progressive disease.

The bottom left of FIG. 17 illustrates radiologic studies {(FDG-PET/CT imaging) that
were obtained on Patient 1 before vaccination, 11 months and 21 mounths after treatment,
Coronal whole body PET images show complete regression of left supra~clavicular and hilar

tymph nodes as well as multiple subcutancous lesions op the right leg, Pl remains in

remission as of December 2012

FIG. 18 illustrates that ex-vivo dendritic cell (C) 1L-12 production and Tel profile
correlates with clinieal outcome {TTP, time to progression} {Carreno, B.M., etal, . Clin.
Invest,, 123, 33833394, 2013}, A Cox regression analysis followed by hkelihood-ratio test
revealed a positive correlation between H.-12 production and TTP (FIG. 18, top; p=0.0198,
log rank). Filled (dark} cireles indicate patients that had a confirmed clinical response (P1,
CR; PS5 and P6, PR; FIG. 17, bottom lefl) with disease progression observed at orafier 11.5
months of treatment inftiation. The open (white) circles represent patients with rapid disease
progression. The analysis was performed on 08052012, Pl renmains in complete remission 4
years atter inttiation of treatment. No correlation was observed between 1L-12 production and

Hnmune response or immune response and clintcal oulcome. Cytokine ratios diffored among
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chinical responders {Clin Resp) and non-responder (Clin non-Resp) patients and demonstrate
a Tel profite (FIG. IR, botom; high IFN-g, low 1L-3 or IL-13} among responders. p vahues

o indicated in figure, unpaired two-tailed ttest.

FIGL 19 illastrates that weak p33 transcription accounis for the 1L-12p70 defect in
chureal non-responder patients {Carreno, B.M,, et al., J Clin. Invest, 123, 3383-3304, 2013).
FIG. 19 top, left DC from age and gender matched healthy (H) donors and melanoma (M}
patients were achivated with CDA0LAPN-y for 24h, supernatants harvested and assaved for
H.-12 production by ELISA. Hortzontal hines and whiskers indicated median and interquartile
range, 00420, Wilcoxon matched-pairs test. Healthy individuals produced on average ~
10X more IL12p70 than melanoma pattents. Patient DC were activated with CD401L/TFN -y
for 24h, supernatants were collected and H.-12p40 (circles)y and [L-12p70 (squares)
prodaction measured by ELISA (FIG. 19, top right). Results are shown for 10 melanoma
patients, Horizontal lnes and whiskers mdicated median and mterquartile range. Resalts
demonstrate 8 defect on IL~12p70 (pdh/p3 5} but not in IL-12p4) suggesting defeet lies in
mduction of H.-12p35. To examine [L~12p35 gene scetivation, DC were activated with
CDAOLARN~y for 6k, cells harvested, washed and total RNA prepared. Total RNA was also
prepared from immature DC. Using p38 and CD e {C lineage marker) specific primers,
gRT-PCR was performed and analyred using the relative standard method. Valoes shown in
FIG. 19 {bottom) were normalized o expression of CD1 e and p33 fold induction in mature

DC calculated relative to immature DC. Resolis decreased I-12p33 indaction in clinical

non-responding patients (P2, P3, P7).
Example 2

This example iliustrates techniques of maturing DO that overcome the hmitations

discussed in Example 1

Based on the results obtained 1in Example 1, different DC maturation fechniques were
required to increase clinical response to cancer antigens. The inventors thevefore tested
maturation signals for dendritic cells, Immature DC were stimulated with a combination of
CDA0LAEN-y plus poly £C (30ug/mI, TLR3 agonist) and RB4R (Sug/mi., TLRS agonist)
{PR-P1{) for 24h and supernatants assayved for H-12. As a control, dala from fmmalure
dendritic cells stimulated with CDR40LAPN-y(patients P1-P7; Carreno, BM., et al., 3. Clin,

Brovest. 123, 3383-3394, 2013) were plotted on the same graph. The results depicted in FIG.

SUBSTITUTE SHEET (RULE 26)



WO 2016/040900 PCT/US2015/049836

20 demonstrate that a combination of all 4 signals enbances IL-12p70 production to levels

similar to those observed in healthy individuals (see FIG, 19 top left for the baseline).

A combination of innate and adsplive signals for DO maturation ephances the kinetics
of the tmmune responses 1o gpl00 (g209-2M and G2R0-9V) antigens. FIG. 21, left
demonstrales that gpl00-specilic T cell responses can be detected in patients vaccinated with
CRA0LAPN-y /TLR3/E agonist-matured DC as early as one week afier vaccination (bottom
left}. In contrast, two vaccinations with CDAFIFN-g matured DCs are required for detection
of gpl0 «specifie T cell responses (FIG. 21, top lefl). Time ix recorded in weeks. Antigen-
specific numbers were caleulated based on dextramer porcentage and total live cell yields,
The dot plots (FIG. 21, right) depict frequencies of gpl00-specific T cells in ex-vive
expanded peripheral blood mononnclear cells obtained pre- and post-vaccination. FIG. 22
Hlustraies that a combination of innate and adaptive signals for DC maturation promotes Tel-
polarized immunity. Purified CD&+ T cells were stimulated twice in vitre and antigen-
specifie frequencies deternmined by peptide? HLA-AY201 tetramers. T cells were adjusted to
10° cell/ml, stimulated with antigen and supernatants harvested at 20h. Cytokine production
was determined using MILLIPLEX® map Human Cytokine Panel I(FIG. 22, top). To
compare production of Tel (IFN-y) and Ted (1L-5, H.-13) eytokines among patients, a
cytoking ratio was derived by dividing pg/mL IFN~y by pg/mL H.-5 or H-13, Ratiog>]

ndicate a Tel phenotype (FI(G. 21, bottom},

Example 3

This example ilustrates fn silico analysis of missense mutations found in melanoma

anors.

FIG. 23 illustrates that cuiancous melanoma harbors a significant mutation burden and
hence continues & cancer madet to study tumor somatic mutations as neoantigens. Mutation
paitern, spectrum and clinical featnres i 15 metastases from 13 WGS melanoma cases are
tustrated. Numbers and frequencies of Tier 1 transitions and transversions events identified
i all 15 tumors are shown. Hence, melanoma patients were chosen for further stady of

personalized vaceines,

The diagram in FIG. 2 illustrates an example derived from analysis of a tumor/PBMC
matched pair derived from a melanoma patient. As depicted multiple candidate patient-

specific tumor-derived epitopes can be identitied per HLA-class  molecule; in this particular
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case, those presented by HLA-A*0201 are shown. The analysis depicted here can be

performed for each of the HLA class T alleles (n23-6) expressed by the patient.

I vartoos embodiments, the present teachings melude analysis of missense mutabions
by prediction algorithms for binding to HLA-A®0201. Table 1 shows the chromosomal
{CHR) location, genomic ahgnment position and nocleotide change encoding missense
mutation in metastases (hreast, abdominal wall) derived from a patient. Exomic variant allelle
fraction {under exome column) for each nwtation as well as gene encoding mutation and
amine acid change are shown, One mutation iy ORIKZ ix unique to breast metastasis, while
miations in CCDCST and IL17Ra are unigoe to abdominal wall metastasis. Proteins
encoding missense nutations were analyred using the NetMHC and NetMHCstab algorithms
in order to predict mutation-containing peptides {9-11 amino seid in length) that may bind to
any of patient’s HLA-class I molecules. Candidate peptides {o consider for a vaceine are
selected based on variant frequencies {exome, transcriptome > 10), expression {(FPKM > 1)
and HLA class [ affinity (<23500MO and stability (=2h). In Table I, mutated peptides
fulfilling these ortteria are highlighted in bold. NR= not recorded.

Example 4

This example illustrates the i vire binding of neoantigen peptides to HEA class |

maolecules.

In some embodiments, the present teachings diselose HLA class T hinding capacity of
peptides containing tumor-specific missense mutations. The binding capacity of missense
mutation-containing peptides is experimentatly evaluated using a flow cvtometric assay.
Pepiide binding to cell surface HLA class 1 can lead Lo stable peptide/HLA class Teomplexes
that can be detected using a HLA-class 1 allele specific antibody. Four control peptides can be
included in the assay, two known HLA-AY0201 binding peplides (FloM1LG280-9V) and 2
negative controls (G17, NP263). In the graph shown i FIG. 3, binding of mutation-
containing peptides to HLA-A®Q201 expressed on the swrface of T2 cells is examined. Nine
of the 15 mutation-coutaining peptides tested bound to HLA-A®201 and all these peptides
show affinities <230nM.

Example 5
This example illastrates the translation of tumor missense mutations into patient-
specific vaccines, FIG, 24 {top) ilustrates the distribation of somatic missense matations

identified n a melanoma patient (MEL38) tumor. HLA-AYM02:01 -binding candidate peptides
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were i sifico identified among amino acid substituted peptides and expression of gene
encoding muiated profein determuned from cDINA capture data. FIG. 24 (bottom) iHlusirates
the immune-menitoring of acoantigen-speaific COS+ T eell responses. Results are derived
from PBMC isolated before DC vaccination (Pre~vaceine) and at peak {Post-Vaccing).
PBMCs were culinred m vitro in the presence of peptide and 1L-2 for 10 days followed by
HLA-A®02:0 /meoantigen-peptide dextramer assay. This immune monitoring strafegy allows
the reliable detection, as well as, the assessment of replicative potential of vaceme-induced T
cell responses, Numbers within dot plots represent percent necantigen~specific T cells
mphHUDS+ gated cells. A pre~existing response {o one neoantigen (SEU24A) was
ohserved; vacoination enhance this response and revest two additional ones {AKAP13 and
OREB3}. Demonstrating that tumor somatic mutations can be immunogenic and that
vaccination can expand the antigenic diversity of such response,

Example 6
This example Justrates CDR+ T cell response to mutation containing peplides.

In some embodiments, the present teachings inchude vaccination with tumor-specific
missense mutations 1o elickt CDS+ T cell inmmnit.y, As shown in FIG, 5, o dextramer assay
{Carreno, B.M., et al, F Chine Invest, 123, 3383.3394, 2013} was used to monitor
development of CDS+ T cell immunity (o mutation-containing peptides. Dot plots show
frequencies of CDR+ T cells specific for the mutstion-containing peptides prior to vaceination
{pre-vace} and after 2-3 vaceinations (post-vace). In all 3 patients, responses to 3 of the 7
peptides are observed as demonstraied by an increase in the frequency of dextramer + T cells.

T some ersbodiments, predicted affinities (FIG. 6 top) and stabalities {FIGL 6 bottom)
of mutated peptides and their wild-type counterparts can be compared. In FIG. 6, mutated
peplides (neo-antigens) that elieited CD+ T cell immunity are indicated by rectangles. All
mmunogenic peptides display HLA-A*0201 affinities of <30nM and stabilities »3h. These
characteristics can be important as defenminants of mmunogenicity. These characteristios can
be taken mto consideration when choosing mutation-containing peptides to incorporate in a

FACCING,

In some embodiments, the present teachings include vaceine-induced CDE+ T cells
divected af tiumor nussense mutations display high replicative potential, As shown i FIG, 7
and FIG. 8, after 3 DC vaceinations, leukapheresis was performed in patients m erder to
obtain PBMC. CD8+ T cells purified from PBMC were stimudaied with neo-amtigen-peptide

pulsed avtologons DO and audtored m the presence of H.-2 for 10 days. These primary
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cultures were re-stimudated with peptide-pulsed K362-expressing HLA-class | single-chain
dimer (SCD) as deseribed (Carreno, BM., et 2l J. Immunol., 188, 5839-5849, 2012).
Cultares were maigtained for an additional 10 day period in the presence of -2, FIGL 7
depicts results from the dextramer assay, the frequencies {%6) of neo-antigen specific T cells
found i the CDS+ T cell population at nitiation of coltures {Blood, day 0) and after
DCSCD stimulation (Expanded, day 20) were determined. FIG. § illostrates that based on
viable cell counts and antigen-specific T cell frequencies, &t initiation and termination of
cultures, antigen~specific T cell yvields and expansion folds were calenlated, Antigen-specific
yields were caleulated as the % of HLA/Ag dextramert CIIS+ T cells x total D&+ T cedl
mumibers at day 20, Antigen-specific T cell folds represented (%0 of HLA/Ag dextramerr
CDE+H T cells x total TDR+ T cell numbers at day 20 7 (%% of HLA/Ag dextramer+ CDE+ T
cells x total CR8+T cell numbers at day 0. Results demonstrated that this method allows the
expansion of vaccine-induced T cells over 10 fold (FIG. R, right panel), A 10* fold expansion
vields 10% antigen-specific T cells from a starting population with <10 antigen-specific T
colls.

Example 7

This example iHusirates the specificity of pecantigen peptide recognition by CD8+T
cells.

In various embodiments, the present teachings inclode disclosure of discrimination
between mutated and wild-type sequences by vaceine-induced CHS+ T cells.

As tlustrated in FIG, 9 and FIG. 10, to determine whether vacoine-induced T cells
conld recognize naturally processed antigen, the melanoms tumor celf ine DM6 was
transduced with a multi~mini-gene construet encoding mutated (MUT) or wild-type (WT)
seguences of peptides incorporated 1o & vaccing, FIG. 9 lustrates that cach minigene
consists of 21 aa encoding either the MUT or WT sequences. A schome depicting minjigene
construct characteristics and a representative MUT 2 1-mer aa sequence encoded in construct
is shown. Vaceine-induced T cells, specific for AKAPLI containing the Q283K mutation,
were incubated with MUT or WT expressing DM cells, supernatants collected after 24h of
ncubation, and IFN~y prodoced by T cells was measured in supernatants by ELISA (FIG.
10). Results indicate that the AKAPT3 (Q283K) neo-antigen is processed, presented and

o

recognized by vaceine-induced T wells. The results indicate that a vaceine comprising
nutation-containing peptides plus antologons DC can induce T cells that will recognize

oews o the tnor cell surface.

b

processed and presented ant
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For therapeutic use of vaceine-mnduced T cells, it can be important to determine
whether responses ehicited by MUT peptides can cross-react with WT sequences. T cell
responses that cannet discriminate between MUT and WT sequences may have adverse
effects if given o patients as part of adoptive T cell therapy.

To examine cross-reactivity, T2 cells were pulsed with MUT or W peptide at the
indicated concentrations, labeled with S'CR-chromium and wed as target in a eytotoxic assay.
Vaccine~-induced T cells were incubated with peptide-pulsed T2 cells and 'Cr-Chromiun
release measured af 45 Results obtained with T cell lines specific for 3 mutsied peptides are
shown n FIG. 12, The resolts indicate that T cells can display exquisite antigen specificity
and can discriminate between peptide sequence containing single aa changes, as shown for

AKAPIS and Sec24A (FIG. 11). Qnly peplides containing the mutated aa can induce lysis of
targets. On the other band, other T cell lines cannot discriminate between MUT and WT
sequences as shown for responses directed gt OREB3 (FIG. 12), Thus, screening for cross
reactivity can be important in the selection of mutation-specific / vaccine-induced T cells to
be tneorporated in adoptive T cell therapies, only those free of reactivity 1o WT seguences
should be considered.
Exanple 8

This example Hlustrates that vaceine~induced mutation-specific T cells discriminate
between mutated (MUT) and wild type (WT) sequences amd recognized processed and
presented antigens. Neoantigensspecific T cells recognition of mutated {closed circles) and
wild type (open circles) peptides was determined in a stondard 4h 7 Crrelease assay using
peplide titrations on T2 (HLA-A¥02:01) cells. Percent specific lysis of triphicates (mean +
standard deviation) is shown in FIG. 25 (Jeft) for each peptide concentration; spontancous
fysis was <5%. Results are shown at 10:1 1 T ratto. T cells penerated against mutated
sequences do not recognize wild-type sequences. Thus, T cells induced by vaceine
demonstrate an exquisite spectficity for mutated antigen. Necantigen-specific T colls were
co-cultured with DM6 expressing mutated- (closed rectangles) or wild type- (closed circles)
tandent mini-gense constructs in a 4h M'Crerelease assay. Media represent lysis obtained with
parvental DM6 cells. Percent specific lysis of triplicates (mean + standard deviation} 1s shown
in FIG. 25 {right) for each BT ratio; spontancous lysis was <5%. Therefore, immunization
with autologous matare H.-12p70 producing DC ehicits shared setf~antigen specific T ecll
responses in humans with cancer. Collectively, these data show that clinical benefit correlates
with HL-12p70 which dictates hoeage commitment to type-1 T cell immunity.

Example 9
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This example ilostrates eytokine prodoction in response 1o neoantigen peptides.

I varions embodiments, a vaccine of the present teachings can induce CDI8+ T eells
to display a Tel profile.

Substantial evidence supports the hypothesis that Th2/Te2 immune polarization
correlates with worse disease putcome in patients with cancer (Fridman, W ., et al., Nat,
Rev. Cancer, 12, 208-306, 2012). In our previous study (Carveno, B.M,, et al,, J. Chn, Invest.,
123, 33833394, 2013} the inventors demonstrated that patients presenting vaceine-induced T
cells displaving a Tel (high IFN-y, fow TL~4, -5, -13 production} benefiied from vaccine as
determined by an increased time to progression. Thus, we deternsined production of cytokines
upon antigen stimulation as deseribed above. In these studies, neo-antigen-specific AKAPI3
{Q2ABSK) T cells were incubated with peptide-pulsed SCD-expressing cells and supernatants
collecied 24h after stimulation, Cytokine production was determined using a multi-plex bead
assay. Results iflustrated in FIG. 13 indicate that vaccine-induced T cells produced large
amounts of IFN-y relative to -4, -5 and ~13 and hence display a Tel phenotype.

Example 10

Thix example llusirates successiul treatment of melanoma in mice using a vaccine of
the present teachings.

Insome embodiments, the present teachings disclose that adoptive transfer of human
antigen-specific T cells can lead fo melanoma rejection. In investigations by the inventors,
humanized mice were inoculated v, with luciferase-expressing melanoma. Ten days later
{indicated by vertical arrows FIG. 14-15) mice received a single dose of me’:}zm(}mwspesiﬁc
uciferase {photon flux). As showsn in FIG. 14 and FIG. 15, in untreated mice luciferase sipnal
mnereases with time as a resull of tamor growth, Conversely in nuice treated with T cells, a
decrease i luciferase signal was observed. This signal decrease 13 proportional to the number
of T cells transforred. These data demonstrate the T eell transfer can result in tumor
regression. fmportantly, tumor regression can lead to increased survival {FIG. 16}, In some
configarations, concentration of »107 T cells/mouse can lead to significant changes in
survival rates in this model. Adoptive transfer of mutation-specifie T cells can Jead to tumor
regression in this animal model. Furthermore, these pre~clinical resulis can translate nto
therapeatic henefit for cancer patients,

Example 11

This example llustrates selection of necantigens for further study.
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Tumor missense mutations (MM), translated into amino acid substitutions (AAS),
may provide a form of antigens that the immune system perceives as foreign, which eligits
tumor-specifie T cell immunity (Walfel, T., et al., Science, 269, 1281-1284, 1995; Coulig,
PG etall, Proe, Nat™l Acad, Sci. USA 92, 7976-79R0, 1995; van Rooij, N. et al., L Clin.
Oncol, 31, 04392442, 2013; Robbans, PF, et al,, Nat Med,, 19, 747-752, 2013}, In these
experiments, three patients (MELZL, MEL3S and MEL218) with stage I resected cutaneons
mudanoma were consented for genomic analysis of thew surgically excised tumors and
subsequently enrolled in a phase 1 clinical trial with autologous, functionally mature,
inferlenkin (1L )-12p70-producing dendeitic cell {DOC) vaceine (FIG. 26 A-B) (Carreno, B.M,,
et al.. I Clin, Invest., 123, 3383-3394, 2013). FIG. 26A illustrates that dendritic cells {(DC)
were matured with CD40L, IFN-y plus TLR3 {poly LC)y and TLRS (R848) agomsts in order
o optimize the production of TL-12p70. Results shown are the ex~vive IL-12p70 fevels
produced by patient-derived mature DO used for manulacturing vaceines doses D1-D3 (each
symbol represents a vaccine dose). DO supematants were harvested 24h after sctivation and
H.-12p70 production fevels determined by ELISA. Resolts represent mean = SEM, FIG. 268
illustrates that study timelines depicting cyclophosphamide treatment {300 mgim® 1.3, DC
vacenations (D1-D3), PBMC sampling for unmune monitoning and lenkapheresis
collections. The vaceine dosing schedule was altered from every 3 weeks to every 6 weeks
based on the kinetics of the T cell response previously reported (Carreno, B.M., ef al, L Clin.

Invest., 133, 33833394, 2013,

All tumor samples were flash frozen except one from MEL 21 (skin, 6/06/2013),
which was formalin-fixed paraffin embedded. Peripheral blood mononuciear cells (PBMC)
were cryopreserved as cell pellets. DNA samples were prepared using QIAAMP® DNA Mini
Kit {Qlagen) and RNA using High Pure RNA Paraflin kit (Roche), DNA and RNA quality

was determined by NANOQDROPY 2000 and quantilated by the QUBITY Fluorometer (Life

Technologies). For sach patient, tumor/PBMC (normal) muatched genomic DNA samples
were processed for exome sequencing with one normal and two tumor libraries, cach using
30 ng DNA input (Service, S.K. et al, P.L.o.8S. Genet, 18, 1004147, 2014} Exome

sequencing was performed to wdentify somatic mutations m tumor samples.

Tumor MM, translated a5 AAS-encoding nonamer peplides, were filtered through in
silice analysis to assess HEA-AF02:01 peptide binding affinity (Nielsen, M., et al., Protein
Sci., 12, 1007-1017, 2003} Alignment of exome reads was performed using the inventors”

Genorme Modeting System (GMS) processing-profile. This pipehine pses BWA (version
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(.5.9) for alignment with default parameters except for the following: -t 4 -q 3", All
alignments were against GRCh37-Hte-build37 of the human reference genome and were
merged and subseguently de-doplivated with Pieard (version 1.46). Detection of somatic
mutations was performed using the union of three variant callers: 1) SAMtools version 1963
{params: -A -B) filtered by snp-filter v1 and flnther intersected with Somatic Sniper version
1.2 {params: —~F vet g T -Q 15) and processed through lalse-positive filter vl (params: -
bam-readeount-version 0.4 ~bamreadeount- main-base-quality 15 —min-mapping~quality 40 ~~
min-somatic-score 40) 2) VarScan Somatic version 2.2.6 filtered by varscan-high-confidence
filter version vi and processed through false~positive filter v1 (params: —-bam-readcount-
version 0.4 --bamreadcount- min-hase-quality 13), and 3} Strelka version 1.0.10 {params;
1SkipDepthFilters = 1) Aminoe acid substitutions (AAS) corresponding 1o cach of the coding
missense mutations (MM) were trapsiated into a 2 1-mer amine acid FASTA sequence, with

tdeally 10 amino acids flanking the substituied amino acid on egch side.

Fach 21-mer amino acid sequence was then evalusied through the HLA class |
peptide binding algorithm NetMHC 3.4 to predict high affinity HLA-A*02:01 nonamer
peptides for the AAS- as well as the WT sequence {o caleulate differences in binding
atfinities (8, 32). Any pepiides with binding affinity o valae< S008M were considered for

further analysis.

Experimental expression of genes encoding predicted HLA-A¥02:01 peptide
candidates was determined by cDNA capture. All RNA samples were DNase~treated with
TURBO DNA-FREE™ kit (Inviirogen) according to the manufacturer’s fustroctions; RNA
integrity and concentration were assessed using Agitent Fukaryotic Total RNA 6000 assay
{Agilent Technologies) and QUANT-IT™ RNA assay kit on a QUBIT™ Flnorometer (Life

Technologies Corporation).

Given the dynamic nature of genomic technologies, mudtiple overlapping wethods
were fested, However, resudis for tumors within a patient {Tables 2-4 are counsistent with ong
methodology: NuGen OVATIONY V2 for MEL3K and MEL2IR, umina TRUSRQY
Stranded for MEL21. The MicroPoly{ AJPURIST™ Kit { Ambion) was used to enrich for
poly{A) RNA from MEL21E and MEL3R DNAse-treated fotal RNA; MEL2Z1 RNA was ribo-
depleted using the RIBO-ZERO™ Magnetic Gold Kit (EpiCentre, Madison W) following the
manufacturer protocol, The inventors used sither the OVATION™ RNA-Seg System V2

(NuGen, 20 ng of cither total or polyA RNA), or the OVATION® RNA-Seq FFPE System
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{(NuGen, 150 ng of DNase-treated total RNA}Y or the TRUSEQY Stranded Total RNA Sample
Prep kit (IHheming, 20 ng ribosomal RNA-depleted total RNA) for ¢DNA synthesis. All
I ULTRA™ DNA

NuGen cDNA sequencing libraries were generated using NEBNE

e

Library Prep Kit for ILLUMINA® with minor modifications.

AR NaGEN generated ¢DNA was processed as described previously (Cabanski, C.R.
et al, I Mol Diagn., 16, 440-451, 2014). Briefly, 300 ng of ¢cDNA was fragmented, end-
repaired, and adapter-ligated using IDT synthesized “dual same index™ adapiers. The
TRUSEQY stranded cDNA was also end-repaired and adapter-ligated using ID7T syathesized
“dual same index” adapters. These indexed adapters, similar to [Huming TRUESEQY HT
adapters, contain the same 8 bp index on both strands of the adapter. Binning reads requires
0% identity from the forward and reverse indexes to minimize sample crosstalk in peoling
strategies. Each Hibrary ligation reaction was PCR-optimized using the Eppendort Epigradient
S qPCR mstrument, and PCR-amplified for hmited cycle numbers based on the Ct value in

the optimization siep.

Libraries were assessed for concentration using the QUANT-IT™ dsDNA HS Assay
{Life Technologies) and for size using the BioAnalyzer 2100 and the Agilent DNA 10600
Assay (Agilent Techoologies). The ILLUMINAYready libraries were enriched using the
Nimblegen SeqCap EZ Homan Exome Library v3.0 reagent. The tarpeted genomic regions in
this kit cover 63.5 Mb or 2. 1% of the huwman refevence genome, inclading 98.8% of coding
regions, 23.1% of untranslated regrons (LTRx), and 35.5% of miRNA bases (as annotated by
Ensembl version 73 (Flicek, P, et al., Nucleic Acids Res,, 41, D48-535, 2013)). Each
hybridization reaction was incubated at 47° C for 72 hours, and single~stranded capture
libraries were recovered and PCR-amplified per the manufactorer’s protocol. Post-capture
library pools were sized and mixed at a 1:0.6 sample: Ampure XP magnetic bead ratio to
remove residual primer-dimers and to enrich for a ibrary fragment distribution between 300

and 500bp. The pooled capture hibraries were dilated to 2 oM for Humina sequencing,

For cDNA-capture data were aligned with Tophat v2.0.8 {params: ~bowtic-
version=2.1.0 for OVATION®; --library-type fi-firststrand -~ bowtie-version=2.1.0 for

TRUSEQ™). For OVATION® data, prior to alignment, paired 2x 100 bp sequence reads were

trimed with flexbar v 2.21 (params --adapter CTTTGTGTTTGA - -adapiee-trim-end LEFT
~nono~-fength-dist —threads 4 --adapter-min-overlap 7 —maxaumealled 130 ~min-readlength

25) 1o remove single primer isothermal amplification adapier sequences, In seqeap, the
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refative expression of a transcript is proportional to the number of ¢DNA fragments that
originate from it. Therefore, expression levels expressed as fragments per kilobase of exon
por miflion fragments mapped (FPKM)} were caleulated with Cufflinks v2.0.2 (Trapnell et al.
2010, Nature Biotechmology 28, 5115 params-—max-bundie-length=10000000--num-~threads
43, A visual review step of CDNA capture data was performed to evaluate for expression of
MM identified by exome data, Both ¢DNA-capiure and FPKM valoes were considered for
candidate prioritization.

FIG. 27 illustrates distribution of somatic (exomic and missense) mulations identified
in patients MEL21 and MEL3S metachronous tumors (anatomical location and date of
collection indicated) and patient MEL218E tumor ave shown, HLA-A*02:01-binding candidate
peptides were 1dentified among AAS and expression of gene encoding mutated protein
determined from ¢DNA capture data {Tables 2~4) as discussed supra. Venn diagrams show
expression, among metachronous tumors, of mutated genes encoding vaccine aeoantigens.
The identities of the three immunogenic neoantigens identified in each paticnt are depicted in
diagrams; type style identifies naturally oceurring (talics) and vaccine-induced (bold)

necantigens.

Peptide candidates for experimental validation were selected according to the strategy
described in FIG. 28 Tumor-specific missense ouitations (MM) in melanoma samples were
detected using exowe sequencing and identified using the union of three variant calling
algorithms, BRAF allelic frequency {Tables 2-4) was considered the upper Limit variant
atlelic fraction for each tamor and used ax a comparator to assess the clonality of other MM-
encoding genes. Amino acid substitutions (AAS) corresponding to each of the coding MM
were translated into a 21-mer amino scid FASTA sequence and evaluated through the HEA
class I peptide binding algorithm NetMHC 3.4 o predict HLA-A%02:01 nonamer AAS-
encoding peptides with ECso<300nM. Transcriptional status of genes encoding AAS
candidates way determined by ¢cDNA-captore and their expression levels determined using
Cufflinks. Filters were applied fo deprioritize those with low cDNA-capture (AlL_reads <38}
and priovitized those with high murabers of At _reads and/or FPRM> 1. For MEL2T and
MEL38 patients, candidates were priovitized if expressed by more than one metachronous
tunor. For experimental validation, candidates were further priorttized on the basis of
pradicted HEA-A¥02:01 binding affinity andior HLA-AX02:01 affinity differential between

AAS- and WT- peplide {Tables 2-43. Quly those peptides with confirmed HLA-A¥02:01
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binding as determined by T2 assay (FIG. 29) and fluorescence polarization assay {log (1Cse

nM) 4.7, Table 5] were priovitized for vaccine formulation,

HLA-A*D2:01 binding was evaloated asing the T2 assay {(Sce Analysis of T eell
responses) (FIG. 29) (Elvip, 1, etal, J. lmmunol. Methods, 138, 161171, 1993) and
coniirmed in the Huorescence polarization-hased competitive peptide binding assay (Buchh,
R.. ot al., Bicchemistry, 44, 12491-12507, 20053 FIG. 29 illustrates AAS-encoding peptide
binding to HEA-AMZ2:01, T2 cells were imcubated with 100uM of the indicated peptide for
16 b, washed and stained with PHE-conjugated anti-HLA~A*02:01 {clone BR7.2} monocionat
antibody. Melanoma G2R0-9Y and Influenza NP2635 peptides represent positive and negative
controls, respectively. Binding fold are caleulated as MEFI experimental peptide / MFINP26S
peptide. Data are representative of 3 independent experiments, Peptides selected for
mcorporation i the vaceine formulation are indicated with an asierisk. Per patient, 7 AAS
peptide candidates were selected among validated HLA-A*02:01 binders {Table 5) for
mneorporation mto a personalized vaceine formulation along with the melanoma gpl100-
derived peptides G209-2M and G280-9V (as positive controls for vaccination) (Carreno,
BM., etal, J Clin, Invest., 123, 33833394, 201 3). The expression pattern of mutated genes

enceding vaceine candidates is shown i Venn diagrams in FIG, 27,
Exampile 12
This example illustrates the effectiveness of personalized dendritic vaceines.

To examing the kinetics and magnitude of T cell imunily to AAS peptides upon
vaceination, peripheral blood mononuclear cells (PBMC) were collected prior to vaceination
and weekly thereafter. The CD& T cell response (o each peptide was analyzed using a HLA-
A0V AAS-peptide dextramer assay alter a single round of in vitro stimalation. FIG. 304
itlustrates kinetics of immune responses to aeoantigens. Time is recorded in weeks (0
indicates pre-vaccination). Calture conditions and staining details are described inla
Antigensspecific nunthers were calculated based on dextramer percentage and total live cell
vields. mmunologic analysis to evaluate the kinetic and magaitade of T cell response to
AAS-encoding and gplii-derived peptides was performed using PBMC collected weekly,
starling before DO vacemation (Pre~vaccine 1 the figures) as desertbed (Carreno, B.M., ot
al., I Cha. Invest,, 123, 3383-3394, 2013), Briefly, fresh PBMC obiained by Ficoll-Pague
PLUS gradient centrifugation were cultured with 40 ug/mL peptide and 1L-2 (30U/mL). On

day 10 (peak of response, unpubhished data, labeled “Post-Vaceme™ i the figures),
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neoantigen specific T cell frequencies were determined by staining with HEA-

AFI2:0 /peptide dextramers {Immudex), followsed by addition of FITC-CDY, «CD4, (DY
{Invitrogen} and ALE TXAY 4R8-CDS56 {BD Pharmigen), APC-CDS8 (Invitrogen). Cells were
washed, resuspended in FACS buffer containing TAAD. Twenty five thousand events in the
D8+ gate were collected using a hierarchical gating strategy that included FSC/SSC and
exchuded 7AAD-positive (dead cellsy and CD4/ 14/ 19/56-posative celis. PBMC/ CDE&+ T
cells derived from an unrelated HELA-A(2:01 patient were used as negative controls for
assessing specificity of HLA-A®02:01/AAS-peptide dextramers {data not shown). Data were
acquired and analyzed using Flow-Jo software. Immune monitoring demonstrated that in each
patient, T cell immunity to one AAS peptick could be detected in pre-vaccine PBMUC samples
after w vitro stimudation (FIG, 31, MEL21: TMEM4S FI69L; MEL3E: SEC24A P4691L. and
MEL21& EXOCS (636F, type styvle identifies naturally occurring {italics) and vaceine-
induced (bold) ncoantigens) although not directly from the bloed. FIG. 30B illustrates the
frequency of necantigen specific T eells in CDS+ populations isolated directly from PEMUC
samyples and after ex-vivo expansion using autologous DO and artificial antigen presenting
cells, For dominant necantigens TMEM4R FI691, SEC24A P469L. and EXOCR Q636,
resulis are shown for samples obtained before vacomation (Pre-vaceine} and alier 3 vaccine
doses (Post-vaccine). For remutining neoantigens, resulis obtained with post-vaceine FBMC
samples are shown, Percentage of neoantigen-specific CD8&+ T cells is tndicated in the right
upper gquadrant of the plot. A representative experiment of two performed is shown, Pre-
existing irmmunity 1o these three neoantigens was confinmed in ex-vive expanded pre-vaccime
punified CDS+ T cells using dextramer assay (FIG. 30B) and interferon (IFN)-y prodaction.
FIG. 30C dlustrates ex~vive expanded pre-vaccine neoantigen-spectfic T cells (dexiramer %
shown 1 FIG. 30B) were stimulated with artificial antigen presenting cells in the presence
{closed bar) or absence {open bary of AAS-peptide and supernatants were harvested af 24h
IFN-~y production was determined nsing ELISA assay. Mean values /- standard deviation
{SD) of duplicates are shown. Cytokine production by T cells in the absence of any stimuli

was <100 pg/mi..

Vaccination augmented the T coll response to these neoantigens with observed
frequencies of 23% TMEMAS F169L+ CDR+ T cells, 64% SEC24A P469L+ CDEHT cells
and 89% EXOCR Qa36P+ CDE+ T cells detected, upon culture, at the peak of response (FIG.
31). bomuae monitoring slso revealed vaccine-indnced T cell immunity to two additional

necantigens per patient TKT R438W and CDENZA E153K (35% and 12%, respectively) in
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patient MEL21; AKAPIZ Q283K and ORBB3 T1901{47% and 42%, respectively) in patient
MEL3R, and MRPSS PSSL and PABPCT R320Q (58% and 84%, respectively) in patient
MEL2IE (FIG. 31). Two (MEL2T and MEL218) of the three patients had pre-existing
immunity to G209-2M and G2R0-9V peptides, as defermined by the presence of gpl00-
specific T cells in pre-vaceine PBMC samples and their ex-vivo expansion upon antigen
stimulation. FIG. 32 illastrates the frequency of G209-2M- and G280-9V-gpecific T eells in
CD8&+ populations isolated divectly from PBMC samples and after ex-vivo expansion using
autologous DO and artificial antigen presenting cells. Resulis are shown for samples obtained
before vaceination (Pre-vaceing) and at peak post vacciation (Post-vaceine). Percentage of
antipen-specifiec CD&+ T cells is indicated in the right upper quadrant of the plot. A
representative expertment of three performed 18 shown. Upon vaccination, these T call
responses were enhanced in patients MEL2T and MELZ1S and revealed in patient MEL3IR.
FIG, 33 tllustrates the kinetics of imumune responses to G209-2M and G280-9V peptides.
Time is recorded in weeks (U indicates prevaccination), Culture conditions and staining
details are deseribed supra. Antigen specific numbers were caleulated based on dexiramer
percentage and total bve cell vields. No T cell immunity was defected to the remaming 12
AAS peptides. Overall, robust neoantigen T cell tnumunity was dotectable as early as week 2
and peaked at week 8-9 after the initial vaceine dose (FIG. 30A. Necantigen-specific CD8+
T eells are readily identitied by dextramer assay directly in post-vaccine PBMC samples

{F1G. 30R) and memory T cells are detected up to 4 months after the final vaccine dose.

Analysis of T cell reactivity among the three patients indicated no preferential
skewing towards AAS at specific positions in the peptide sequence-- that is towards TCR
conlact residues or pumary anchor residues (Kim, Y., et al, 1 Innmunol. Methods, 374, 62-
69, 2011). Rather, in each patient, T cell immunity appeared to focus on the 3 AAS
candidates exhubiling the highest HLAAY 02:0] binding affinity while the romaining
medivm-high affinity peptides were nonimmunogenic {Fable 3) (Nielsen, M., et al., Protein
Sei, 12, 1007-1017, 2003; Buchli, R., et al., Biochemistry, 44, 1249112507, 20035},
frununogenic AAS peptides (FIG. 27) were not preferentially dertved from genes with high

allelic frequency or expression levels (Tables 2-45.

To charactenze the function of vaccine-induced neoantigen-specific T cells, short-
term expanded CD8 T cell lines were established and antigen speciﬁcity confirmed by
dextramer assay (FIG, 30B) (Carreno, BM., etal, I Cha. Invest., 123, 3383-3394, 2013;

Carreno, B0 et al, L ool 188, 3839-5849, 20112), Nmant:igen—sp&;tciﬁa T eell hines
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were generated using astologons mDC and antigen loaded artificial antigen presenting cells
at aratio of 111 as previously described (Carreno, B.M. et all, 1 Immunol. 188, S839-53849,

2012); antigen-specific frequencies in T cell lines are shown in PIG. 30B. To determine the

[
p

peptide avidity {effective concentration at 30% maximal lysis, ECsp) of neoantigen-specific ]
cells, T2 cells were pulsed with titrated peptide concentrations for 1h, followed by 'Cy
{25uCi) labeling for 1 h, washed twice and tested in a standard 4h M'Cr release assay using
necantigen-specific T cells as effectors. For production of eytokines, nepantigen-specific T
colls were restimulated using artificial antigen presenting cells in the presence or absence of
peptide, sapernatants collected at 24h and cytokine produced determined using MILLIPLEXY

MAP Human Cytokine Pancl 1 {EMD Millipore}.

FIG, 34 illustrates that neoantigen-specific T cells recognition of AAS {closed circles)
and WT (open circles) peptides was determined in a standard 4h ¥ Cr-release assay using
peptide titrations on T2 (HLAAY02:01) cells. Percent specific fysis of triplicates {mean +
standard deviation) is shown for each peptide concentration; spontaneous lysis was <3%,
Results are shown at 10:1 BT ratios for all T coll Hoes except TMEM4E F169L and
CDEN2A EIS3K T cells which are shown at 6011 BT ratio. A representative expertment of
two independent svaluations is shown, Neoantigen-specific T cells displayed significant
levels of cvtotoxic activity at AAS peptide concentrations of 1 to 10nM, a finding that is
consistent with high avidity T cell recognition of antigen (FH3. 34). ORER3 T190-specific T
cells could not discriminate between AAS and wild-type (WT) peptide when presented on 12
cells, while all of the remaining T cell lines showed clear speeificity for AAS peptide

sequences (FIG, 34).

The cytokine production profile of these T cells was characterized as previously
described (Carreno, B.M, etal., J Clin, Invest., 123, 3383-3394, 2013; Fridman, W.H., et al.,
Nat. Rev. Cancer, 12, 298-306, 2012). This characterization is lustrated in FIG. 35
Necantigen-specific T cells were stimulated with artilicial antigen presenting cells in the
presence {open bar) or absence (close bar} of AAS-peptide and supernatants were harvested
at 24 h. Cytokine production was determined using MILLIPLEX® MAP Huntan Cytokine
Panel L Mean values +/- SD of duplicates are shown. Cytokine production by 1 cells i the
absence of any stimali was <100 pg/mL. A representative experiment of 2 performed is
shown, FIG. 36 illustrates a comparisons of production of Type 1 (IFN-y) and Type 2 (1L-4,
I S, H-13) eviokines smong neoantigen~-specifie T cells, 8 oyvtokine index was derived by

dividing pg/ml. IFN-y by pefml H-13 -8 or B4 Ny AL-13, IEN-y JL-5 and IFN-y
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AL-4 ratios above 1 are indicative of Type 1 phenotvpe. Results are representative of two

experiments. Upon antigen stinudation, most vaccine-induced neoaniigen-specific T cells

produced high amounts of IFN-v relative to [L-4, 11L-5 and 1L-13, a pattemn that ix indicative

of a type | phenotype (Fig. 3536}, However, SEC24A PA6SL specific T cells exhibited a

type 2-skewed phenotype (high {L-4, 1L-5 and HL-13 levels relative to IFN-y), and TMEM4X

F169L specific T cells showed a mixed phenotype with only higher IL-13 {(but not IL-4 or 1L~
3

5} tevels relative to BN~y (Fig. 35-36).

Example 13

This example ilusirates the in vitro detection of neoantigens that are presented

fmmune cells in vives

Tandem mint-gene constrocts {TMO) were used for evaluating processing and
presentation of neoantigens. The structure of a representative TMC (MEL2T AAS sequences)
is shown in FRG. 37A. All constructs were 19-21-mers encoding AAS~ or WT- sequences for
peptides inchuded in vaccine. No spacers arg present between sequences. A ubigquitination
signal and two mim-gene controls {encoding G2RO and WNV SVG9 peptides) were included
to monitor processing and presentation. The amine acid sequence of a 21-mer encoding
TMEMAE F1o9L is shown with mutaied amino acid residue underdined. TMC also encoded
the West Nile Vires (WNV) SVGES (McMurtrey, CLP et al, PNAS, 10§, 2981-2986, 2008)
and melanoma G280 {Cox, AL, et al., Science, 264, 716-719, 1994) antigenic determinants

N

as controls (Table 6).

TMO were cloned nto pMX (GFP+), expressed as retrovirus and used to transfect the
HLA-A*2:01+ melanoma lines DMO (Davrow, T.L., et al,, L Immunol,, 142, 3329-33335,
19RG) or A375 {obtained from ATCC and mycoplasma free). TMC expressing cells were
selected by sorting for GFP+ cells expressing cell surface HLA-ASO2:01/8VEGY peptide

complexes as detected by a T cell recepior mimic {TCRm) monoclonal antibody (Kim S., et
al, L Immunol., 184, 4423-4430, 2010}, AAS- and WTVTMC reactivity with the HLA-
AFQZOLSVEY peptide complex specific TCRm monoclonal antibody validated expression
of the mini-gene constructs. FIG. 378 demonstrates that expression of AAS- and WT- TMC
constructs was defermined using a TCR-amimic monoclonal anttbody that detects
HLAAMIZOUSVGEY (SYGOVFTSV SEQ D NG 31) complexes Kim 8., et al, I nmunol.,
184, 4423-4430, 2010). Results are shown for parental DM6 (shaded histogram) and DM6
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cells expressing AAS- (dashed line) and WT (solid line} TMC constructs. A representative

experiment of four performed is shown.

DM6 cells expressing TMC were labeled with 25uCi ¥1Cr for Th, washed and tested
as targets i a standard 4b assay using neoantigen-specific T cells as effectors {Carreno B.M.
et al. 2012 1 Immunol 188, SR39). DMG cells expressing AAS- {closed rectangles) or W~
{closed gireles) TMOC were co-cultured with necantigen-specific T cells ata 1:1 ratio,

stpernatants harvest gt 16h, and IFN- v production evatuaied by ELISA as described

{Carreno, B.M., et al, J immanol,, 18K, 38395849, 2012; plots in FIG. 38} Open triangles
represent lysis obtatned with parental DMOo cells, Percent speaific Tysis of triplicates (imean +
standard deviation) is shown for each E:T ratio; spontaneous tysis was <5%. A representative

experiment of two independent evaluations is shown,

FIG, 39 ilustrates that neoantigen-speaific CDS T cells were co-cultured with DM6
expressing AAS- or W encoding TMC for 20 k and IFN-y production determined by
ELISA. T cells caltured with parental DM6 cells are mdicated gs media, Mean values +/- 8D
of duplicates are shown. Results are representative of 2 experiments performed. Seven
{TMEM4E F1ooL, TKT R438W, CDKN2A E183K, SEC24A P4ov, AKAPLI Q283K
EXQCR 6356P and PABPCE R320Q) of the nine immunogenic neoantigens are processed
and presented as evidenced by evtotoxic activity {(FIG. 38} and IFN-y production {FIG. 39} by
correspording neoantigen-specific T cells upon co-colture with DM6 expressing AAS-
encoding TMC. In contrast, neither eytotoxic activity (FIG, 38) nor IFN~y production {(FIG.
39 was observed upon co-~culture of ORSB3 T1901 and MRPS3 PS%L-specific T cells with
DM6 expressing AAS~encoding TMC showing that these neoantigens are not processed and
presented from endogenously expressed protein, None of the neoantigen~specifie T cells
recognized WT-encoding TMC (FIG. 38 and 39). Based on these findings and the immune
monttoring results (FIG. 31), the nine necantigens wdentified in this study fall inte three
distinet antigenic determinant eategories (Sercarz, E.E., et al, Annu, Rev. Imunol., 1, 729~
766, 1993; Assarsson, B, et al, . Imomnol,, 178, 7890-7901, 20073 TMEM4S Flevl,
SEC24A P469L, and EXOCSE QO36P represent dominant antigens as T cell immunity was
detected prior to vaccination (naturally oceurring) (FIG. 31) and these neoantigens are
processed and presented from endogenously expressed protein (FIG. 38). TKT R438W,
CDEN2A BIS3K, AKAPIZ Q285K and PABPCT R3200Q are characterized as subdominant
antigens as T cell inumunity regoired peptide vaceination (FIG. 31) and these necantigens are

processed and presented from endogenously expressed protetn (FIG. 38 And finally,
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QRSB T190] and MRPSS P59L constitute cryptic antigens sinee peptide vaccination ehicited
T ecell immunity but these neoantigens ave not processed from endogenously expressed

protein.
Example 14

This example ilustrates the use of proteomic techniques fo determine which

neoaniigens are presented to cells in vivo,

To validate neoantigen processing and presentation, proteomic analysis was
performed on peptides eluted from soluble HLA-A*02:01 molecules isolated from melanoma
cells expressing & TMC encoding AAS candidates from patient MEL218 tumor {Sercare,
EE., et al, Anna. Rev. Imunol., 11, 729-766, 1993; Assarsson, E., et al,, 1 Immunol,, 178,
TEO0-7901, 2007), TMC expressing A373 melanoma cells were transfected with soluble
HEA-AXD0T (sHEA-AM2:01) and single cell sorted for a high 1000 np/ml in static
cultare} sHLAA®2:01 producing clone. The sHLA-ATO2:01 construet includey a Coterminal
VEDLr epitope punification tag (SYVSTDDRDLA SEQ 1D NQO. 32) that is recognized by the
anti-VLEDLr mAb (ATCC CRL-2197). This antibody was also used for quantification of
sHELA production as the capture antibody i a sandwich BLISA, with an anttbody directed
against P2-microglobulin (Dake Cytomation) as the detector antibody. Cells were grown in
roller bottles and sHEA/peptide complexes were purified from supernatants by affinity
chromatography with the anti-VLDLy antibody (Kasbingjadian, 5., et al, P.L.o8. One, §,
c60298, 2013). Bluate fractions containing sHLA/peptide complexes were brought to a final
acetic ackd concentration of 10%, pooled, and heated 1o 78%C in a water bath. Peptides were
purified throogh a 3 KDa molecular weight cutofl cellulose membrane (EMD Milhipore) and

vophilized.

Synthetic peptides corresponding to the mutant sequences were resuspended in Hi%
acetic acid i water at 1uM, and fractionsted by RP-HPLC with an acetonitrile gradient in 10
mM ammonium formate at pH 10, Peptide-containing fractions were dried and resuspended
1 23 vl of 10% acetic acid and subjected to nanoscale RP-HPLC at pH 2.5 wtilizing an
Eksigent nanol.C coupled to a Triple TOF 3600 (AB Sciex) quadrupole time-of-flight mass
spectrometer {LC/MS ). Information dependent acquisition {(IDA) was used 1o obtain MRS and
MS/MS fragment spectra for peptide ions. The sequence of cach peptide was determined by
observed mass and fragment tons, and the Ist dimension fraction number and LO/MS

reteniion times were recorded.
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Next, peptides purified from TMC expressing A373 melanoma cells were
resuspended in 10% acetic acid and HPLC fractionated under the same conditions and
gradient methed. Reverse phase HPLU was used to reduce the complexity and determine the
elution profile of the pool of soluble HLA-A®02:01 restricted peptides presented by
melanoma cells, as well as, the svathetic AAS peptide mixture. FIG. 40A and 40E tastrate
RP-HPLC fractionation of HLA-A¥02:01 peptides eluted from the AAS-TMC expressing
mudanoma cell line (solid trace) and the synthetic peptide mixture containing MEL21S
neoantigen candidates {dashed trace), with fraction 50 (FIG. 40A) and fraction 44 (FIG. 40E)
indicated. The HPLC fractions corresponding to those containing the synthetic peptides were
then subjected to the same LO/MS conditions, Resulting spectra were found positive for the
presence of the mutant peptides i the following eriteria were met: 1.The observed fragment
jons were i the same RP-HPLC fraction as the synthetie, 2. LO/MS elution time was within
2 minutes of the syathetie, and 3. Fragment fon masses matched those of the synthetic with an
accuracy of 23 ppm. PEAKVIEW™ Software version: 1.2.0.3 was used for exploring and

mterpreting of the LO/MS data.

Separation and sequencing of peptides were carvied out by two-dimensional Liquid
chromatography, followed by information dependent scquisition (IDA) generated tandem MS
{MS/MR). Feor the first dimension, the peptide sample was loaded on g reverse-phase €'
column (pore size, 110 Ag particle size, 5 e 2 mm Ld. by 150 mim long Gemint column;
Phenomenex ) with 8 Michrom BioResources Paradigm MG4 high performance liguid
chromatograph {(HPLC) with UV detection at 215 nm wavelength. Elutton was at pH 10
using 10 mM smmonium formate in 2% acetonitrile/O8% water as solvent A and 10 mM
ammoeniun formate in 95% acetonnirie/3% water for solvent B, The st dimension HPLC
column was preequilibrated at 2% solvent B, then the peptide sample, dissolved in 10%
acetic acidiwater, was loaded ata flow rate of ~120 plioin over an 18 minute period. Then g
two segment gradient was performed at 160 glinain; the st segment was a 40 minute linear

gradient from 4% B o 40% B, followed by an eighl minute inear gradient from 40% B o

8% B. Forty peptide-rich fractivns were collected and dried by vacuam centrifugation.

For the second dimension chromatography, sach dried fraction was resuspended in
10% acetic acid and subjected to nano-scale RP-HPLC (Bksigent nanol C415, AB Sciex).
The second dimension nano-HPLC setup included a C' trap column (350 wn i.d. by 0.5 mim
long: ChromXP (Eksigent) with Jnm particles and 1204 pores and a ClromXP, CF

separation column with dimensions of 75 pmoid. by 135 o long packed with the same

50

SUBSTITUTE SHEET (RULE 26)



WO 2016/040900 PCT/US2015/049836

medinm. A two-solvent svstem was utilized, where solvent A is 0.1% formic acid in water
and solvent B contains 0.1% forniie acid in 95% acetoniirile/S% water. Samples were loaded
at 3 pl/min flow rate on the trap column and at 300 nl/min flow rate on the separation
column that was equifibrated in 2% solvent B. The separation was performed by a program
with twe linear gradients: 10% to 409% solvent B for 70 min and then 40% to 80% selvent B
for 7 min. The column effluent was connected to the nanospray H ion source of an AB Sciex
Triple TOF 3600 quadrupole-time of {light mass spectrometer with the source voltage set fo

2400 v.

Extracted ion chromatograms revealed the presence of an eluted peptide with a
retention time within 2 minutes of svathetic EXOCE Q836 peptide in fraction 54 FIG. 408
ilustrates an extracted ion chromatogram of the parent ion with the theoretical mfz of
4808156 (+2) in HPLC fraction 30 from the HLA-AFG2:01 eluted peptides {sohid Hne)
overlaid with the EXOCS Q636 synthetic peptide (dashed line). MS/MS fragmentation
pattern comparison of the eluted and the synthetic peptides ensured EXOQCE Q656P sequence
identity and confirmed HLA-AY02:01 presentation of this dominant neosntigen, The eluted
EXQCR Q636P peptide MS/MS fragmentation pattern i3 ilostrated in FIG. 400 and that of
the corresponding syathetic peptide s illustrated in FIG. 40D, A similar analysis of fraction
44 demonstrated the HLAA*02:01 presentation of subdominant neoantigen PABPCH
RA20Q. FIG. 40F illustrates the extracted lon chromatogram of the parent ion (depicted in
FIG. 40E, supra) with the theoretical mdz 5242808 (+2) in HPLC fraction 44 from the HLA-
AF02:01 eluted peptides {solid ine) overlaid with the PABPCT RS20} synthetic peptide
{dashed line), The MSMS fragmentation pattern of the eluted peptide is shown in FIG. 406G
and that of the corresponding syathelic peptide 13 shown wr 3H. Altogether, these resulis show
that two of the 7 neoantigens included in patient MEL218 vaccine, along with antigen
coatrols WNV SVGY and G280, are processed and presented in the context of HLA-A*02:01

molecules. MS/MS fragmentation pattern of the peptide eluted from HLA-AF02:01 identified

peptide. MS/MS fragmentation pattern (FIG. 41C) of the peptide eluted from HLA-A®02:01
wdentified as SVOGGVETEV (SEQ 1D No, 333 (FIG. 41B), and the corresponding WNV SVGY

synthetic peptide (FHG. 4110,

Example 13

L]
Peand
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This example ilostrates characterization of the composition and diversity of

neoantigen-specific T cells and the effect vaccination can have on these repertoires.

Shori-ferm ex~vivo expanded neoantigen-specific T cells were purified {o 97-99%
purity by cell sorting v a Sony SY3200 BSC (Sony Bictechnology) fitted with a 100 am
nozzle, at 30 psi, vsing 561nm (385/40) and 642nm (665730} lasers and cell pellets were
prepared, DNA solation and TCRP sequencing was performed by Adaptive Bistechnologies
and The Genome Institnie st Washington Umiversity. Sequencing was performed at either
survey (for neoantigen~-specific TCRP reference Hbraries) or deep {for pre~ and post-vaccine
CDE&+ T cell populations) level (Robins, H., et al,, I, Iimmunol. Methods, 375, 1419, 20012:
Carlson, C.8., et al, Nat. Comman,, 4, 2680, 20133, TCRE V-, I+, §- genes of each CDR3
regrons were defined using IMGT (mMunoGeneTics )y Tunctional algorithms and data
uploaded into the humunoSeq Analyrzer (Adaptive Biotechnologies) for analysis. Complete
amine acid identity between the reference library and pre- and post-vaccine CDS samples
was required for assigning a TCRP mateh. In the reference library, TCR] clonotypes with
frequencies above (.1% (100-fold sequencing depth) were set as a threshold for
dentification of neoantigen-specific TCRR CDR3 sequences within pre- and post-vaceine

CD8&+ T cell populations.

Reference T cell recoptor-p {TCRB) complementarity-determining region 3 (CDR3)
sequence libraries (shown schematically in FIGL 42, Tables 7-11) were generated from short-
term expanded sorted necantigen-specific T cells (97-99% dextramer-positive), In Tables 7~
H, TCRBV, TCRBD and TCRBIJ are shown according to consensus nomenclature and
CDR3 sequence for each clonotype indicated. Read counts indicates the number of times a
given CDR3 sequence was foand in the short term ex-vive expanded necantigen population.
TCRE clonotypes with froquencies above (1% C>100-fold sequencing depth), in reference
fibrary, were set as a threshold for identification of necantigenspeeific TCRB CDR3
sequences within CDR+ T cell populations isolated from PBMOC obtained pre- and post-
vaccination, FIG. 43A Hlustrates profiles of puriticd neoantigen-specific CD8+ T cells used
for the generation of TORE CDR3 reference libvavies. In FIG, 43 A, purified CD8+ T cells
isolated from PBMC obtained after vaccination were stimulated in an antigen-specitic
manner as described supra. Cells were staned using HLA-A*02:01/AAS-peptide dextramers
ard anti-CD8 moneclonal antibody; necantigen-specific CDE+ T cells were sorted in a Sony
SY 3200 BSC Cell Sorter. Purity of post-sort popudations 1s shown in dot plots {upper right

quadrants, 97-99% parity}). FIG. 438 iHlustrates the comparison of clonotype distribetion in

2
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sorted/expanded dominant and subdommant necantipen-specific CD8 T cells obtained from
each of the indicated patients. These clonotypes represent the TCRP CDR3 reference hibraries
used for probing pre- and post-vaccine CDB+ T cell populations. Frequencies are shown as
percent of total reads. Reference library comprised clonotypes with frequencies of 0.1 or
above (Losstus, A, et al., Bur. I Immunol. 44, 3439-3452, 2014). The total number of
clonotypes in cach antigen population is indicated in the x- and y- axis and CDR3 sequences
ave histed in Tables 7-11 The one clonotype that overlapped botween EXQCR Q636P and
PABPCT R520Q {indicated by circle) was excluded from analysis, These sequence Hbraries
swere used to characterize neoantigen TCRE clonotypes in purified CDR+ T cells 1solated
froms pre- and post-vaccine PBMC samples (Robins, et al., J. Immunol Metheds, 375, 14-19,
2012: Lossiug, A, etal,, Bor J Immamol. 44, 3439-3482, 2014; Robins, HL.S., of al., Su

Transh Med., 5, 214ral69, 2013}, In pre-vaccination CD8+ T cell populations, as few a

{I}

ong
and as many as 10 wique TCRP clonotypes per neoantigen were identified. FIG. 44A
stmmarizes the TCRP clonotypes identitied, using necantigen-specific TCRP CDR3
reforence libraries (see Tables 7-11), tn CD8+ T cell populations isolated from PBMC
obtained before and after vaccination. Each symbel represents a vmigue TCRB sequence and
its frequency (%0} in pre- and post-vacaine samples, Wilcoxon-signed rank test was performed
and p values indicated in figure. Thus, vaceination nereased the frequency of most existing
pre-vaccine TCRP clonotypes and revealed new clonotypes for all 6 neoantigens (FIG. 4440
For both dominant and subdominant necantigens, the TORP repertoire was inereased
significantly afior vacoination. FIG. 448 illustrates TORP CDR3 sequence of clonotypes
{Tables 7-11) 1dentificd in pre- (black bars) and post- {(white bars) vaccine CDR+ T cell
populations for neoantigens TKT R43&W (pre=3, post=84 clonotypes) SEC24A P469L
{pre=9, post=61) and EXOCS Q636P (pre=2, post =12). Frequency of cach pnigue clonotype
is reported as percentage of total read counts. 84 clonotypes representing TCRP families are
detected for TKT R438W, 61 clonotypes representing 12 TORP families are detected for
SEC24A P469L and 12 clonotypes representing 8 TCRP famihies ave detected for EXOCSE
(2636 (FIG. 44B), Thus, peptide vaccination with functionally matare DC can promote the

expansion of a highly diverse necantigen TCR repertoire.
Example 16

This example ilustrates vaccination of patients using multiple HLA cell types.
Distribution of somatic (exomic and nissense) molations was dentified in

metachronous tanors of patients MEL66 s illustrated 1w FIGL 45 {anatomcal location and
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date of collection indicated), HLA-A*02:01- and HLA-B*08:01-binding candidate peptides
were idenjified i silico according to the methods of the present teachings among amino scid
substitutions present i the patient’s tumor; expression of genes encoding nutated protems
was determined from ¢DNA capture data, Veon diagrams show expression, among

metachronons tumors, of mutated genes encoding vaceine neoantigens. The identities of the &

inmuenogenic neoantigens identitied among the 10 included in vaceine are indicated; type

style identifies natwrally ocourring {italics) and vaccine-induced (bold) nevantigen

Distribution of somatic (exomic and missense) mutations identified in metachronous
fumors of patients MELAY s ilustrated in FIG, 46 (anatomical location and date of collection
indicated). HLA~A02:01~ and HLA-A*1:01-binding candidate peptides were identified in
sifico wmong amine acid substitutions in the patient’s tumor according to a method of the
present teachings: expression of genes encoding mutated proteins was determined from
cDNA capture data (Table 12). Venn diagrams show expression, among metachronous
tumors, of mutated genes encoding vaceine neoantigens. The identities of the § immunogenic
neoantigens identified among the 10 included in vaceine are indicated: type style identifies

naturally oceorring (italies) and vaccine~-induced (bold}) neoantigens,

The vaceine for patient MELGS meluded neoantigens that bound to HLA-A™IZ:(
and HLA-B*8:01 molecules. The vaceine for MELOY included neoantigens that bound o
HEA-ATRDI O and HLA-A¥ 01 molecules. Both vaccines were prepared by contacting the
necantigens with the patient’s own dendritic cells and maturing them prior o administration
i accordance with the present teachings. Representative results (dextramer assay) to
neoantigens restricted to these alleles are shown (FIG. 473 before DO vaceination (pre-
vaceine) and at peak of immune response {post-vaceine). Numbers within dot plots represent
percentage neoantigen-specific T cells within the Iymph+/CD8&+ gated cells. A naturally
occurring response (o HEA-A¥11:01 -restricted neoantigen ERCC6L V4761 was observed in

patient MELGY.

All cited publications are hevebry incorporated by reference, each in its entirety,
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rable 8- Reference TCRB CUR3 library from subdominant TKT R4ISW expanded CDS+ T cells (MEL21)

CDR3 amino acid sequence
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Tablo 9 - Roforenco TCRB CDR3 library from dominant SEC24A P469L expanded CD8+ T cells (MEL2S)

CDR3 amino acid saequence SEQ ID No. TCRBV TCRBD TCRBJ Prequency | Read Counto
CASSQOAGGITYNEQFF SEQ 1D NO: 285 TCRBVO3 | TCRBDO1 | TCRBJ02-01 13.04 142392
CASS YSTAGQPOHF SEQ ID NO: 286 TCREVO06-05| TCRBDO1 | TCRBJO1-05 6.2 6824
CASSPTGAGYEQYF SEQ 1D NO: 287 TCRBVO6-05 | TCRBDO1 | TCRBJ02-07 3.96 43243
CASSLLSGSTEAFF SEQ ID NO: 288 TCRBV28-01] TCRBDO2 | TCRBJO1-01 3.83 4183
CASSYGTSTNEQFF SEQ ID RO: 289 TCRBV06-05 | TCRBDO2 | TCRBJ02-0 3.26 35641
CASSOGDSGTDTOYF SEQ ID MO: 290 TCRBVO3 | TCRBDO1] TCRBJO02- 03 57 17192
CASSFSHQPQHF SEQ ID NO: 291 TCRBV28-01 TCRBJO1-0 57 17171
CASSGCQCTOPOHE. EQ ID NO: 292 TCRBV28-01 TCREJO1-05 .49 16310
CASS YSGAGQPQHF EQ 1D NO: 293 TCRBVO06-05] TCRBDO1 | TCRBJO1 - 05 .42 15495
CASSLLOGAESPLHF SEQ 1D MO: 294 TCREV13-01§ TCREDO1] TCRBJO1-06 .39 15226
CASSPODRGPNYGY'TE SEQ 1D NO: 295 TCRBV28-01 | TCRBDO1 | TCRBJO1-02 1.21 13219
CASSFDYSYEQYF SEQ 1D NO: 296 TCRBV05-04 ] TCRBD02 ] TCRBJO2-07 0.88 9558
CAAGGVNQPOHFP SEQ 1D NO: 287 TCRBVZ28-01 TCRBJO1 - 06 0.84 9144
CASSLLAGELFF SEQ 1D NO: 298 TCRBV06-05] TCRBDO2 | TCRBJ02-02 0.76 3282
CASSPSSPYEQYF SEQ ID NO: 299 TCRVE12 | TCRBDOZ]| TCRBJOZ2-07 0.72 7894
CASSEGTDTQYF SEQ _ID NO: 300 TCRBV10-02 TCRBJO02-03 0.67 7299
CASGISHOPQHF SEQ 1D NO: 301 TCRBV28-01 TCRBJO1-05 0.66 7225
CASSLDPPFDRONYGYTF 3EQ 1D HO: 302 TCRBV28-01§ TCRBDOL | TCRBJO1-02 0.59 6456
CASSYGDMAYNEQFF SEQ 1D NO: 30 TCRBV06-0 TCRBJO2-01 0.59 6440
CATMGTGGSLYYGYTE SEQ 1D NO: 30 TCRBVZE-01{ TCREDO1 | TCRBJO1-02 0.59 6433
CASSVSROPOHF SEQ ID NO: 30 'CRBV28-0 TCREJO1-05 0.58 630
CASSFTSGGYNEQFF SEQ ID NO: 306 TCRBV28-01 | TCRBDO2 | TCRBJO2-01 0.55 605
CASSLYRANTGELFF SEQ ID NO: 307 TCRBV28-01 | TCRBLO} | TCRBJ02-02 0.53 5747
CASSLTSLTDIQYF SEQ ID NO: 308 TCRBVO06-05 | TCREDO2 | TCRBJ02-03 0.51 5617
CRSSKSKGSPLHF SEQ 1D MO: 309 TCRBV21-01 TCRBJO1 - 06 0.42 4580
CASSLAGQOGPNSPLHF 3EQ 1D NO: [¢) TCREV0S5-06] TCRBDO1 | TCRBJO1 - 06 0.41 4470
CASSPTGAGQPQHF SEQ ID NO: 311 TCRBV0OE-05] TCRBDO1 § TCRBJO1-05 0.40 4417
CASSSGTSGSDTOYF EQ. ID NO: 2 TCREV28-01] TCRBDO2 | TCRBJ02-03 0.3 3791
CASSFSGPRSPOHF EQ 1D NO: 313 TCREV12 TCRBJO1-05 0.3 3592
CASNLOGLDYEQYF Q ID NO: 314 TCREV12 | TCRBDO1] TCRBJO2-07 0.32 3519
CASSLGOCNODPOHF Q ID NO: 31 TCRBV28-011 TCREDO1 | TCREJO1-05 0.32 3486
CASSEFWGANEKLFF Q ID NO: 316 TCREBV28-01] TCREDO2 | TCRBJO1-04 0.32 474
CASSYSVGVNTEAFF SEQ ID NO: 317 TCRBV06-05 ] TCRBDO2 | TCRBJO1-01 0.31 3419
CASRYRAAPNQPQHF SEQ ID NO: 318 TCRBV28-01 ] TCREBDO1 | TCREJO1-05 0.30 3235
CASSQDAGGVFGNTIYE SEQ ID NO: 319 TCRVBO3 | TCRBDO2| TCRBJO1-03 0.27 2894
CASSLYSNOPQOHF SEQ ID NO: 320 TCRBV28-01 — TCRBJO1-05 0.25 2744
CATAPINSPLHF SEQ ID NO: 321 TCRBV28-01 | TCRBDO2 | TCRBJO1-06 0.24 2636
CASSPPNQPOHF SEQ ID NO: 322 TCRBVZ28-0 TCREJO1-0 0.21 2262
CASSFNNOPQHFE SEQ ID NO: 323 TCRBV28-01} TCRBD0O2 | TCRBJO1-0 0.21 2255
CASGVSHQPQHF SEQ ID NO: 324 TCRBV28-01 ] TCRBDO1 | TCRBJO1-0 0.20 2180
CASSYESNYGYTF SEQ ID NO: 325 TCRVBO6 ]| TCRBDO2] TCRBJ0O1-02 0.19 2093
CASSLDVATNEKLFF Q ID NO: 326 TCRBV06-05 TCRBJO1-04 0.18 201
CSDSSTCOGAGFTF Q ID NO: 327 TCRRV29-01] TCRBDO1 | TCREJO1-02 0.17 26
CASSESGGGYRWTEAFF X D NO: 328 TCRBV10-01 | TCRERDO2 | TCRBJO1-0 0.17 839
CASSEGPSGYTF E P NO: 329 TCRBVO3-0 TCRBJO1-02 0,17 838
CASSPGLGEQYF EQ ID NO: 330 TCREV28-01 | TCRBDO2 | TCRBJ02-07 0.16 777
CASSLEGVYGYTF SEQ 1D NO: 331 TCRVBO6 TCRBJO1-02 0.16 1758
CASTIGPGI'TDTQYF SEQ 1D NO: 332 TCRBVO5-06 TCRBJ02-03 0.16 1718
CASS PRDRGPRSPQHF SEQ ID NO: 333 TCRBV28-01] TCRBDO1 ] TCRBJO1-05 0.16 1714
CASSRTGAGEKLFF SEQ 1D RO: 334 TCRBV06-05] TCRBDO1] TCRBJO1-04 0.16 1705
CASSLGIAGPYNEQFF SEQ ID RO: 335 TCRBV07-06] TCRBD02 | TCRBJ02-01 0.15 1634
CAGGLLNQPQHF SEQ ID RO: 336 TCRBV28-01] TCRBDO2 | TCRBJ01-05 0.14 1520
CASSLGQGAQPOHF SEQ ID RO: 337 TCRBV28-01 | TCRBDO1 | TCRBJO1-05 0.14 1497
CASSPMNTEAFF SEQ ID NO: 338 TCRBV28-01 | TCREDO2 | TCRBJO1-01 0.14 1493
CASSLSSHGYTF SEQ ID HO: 339 TCREV2E-01 ] TCRBDO2 | TCRBJO1-02 0.13 397
CASSFATVGEKLFF SEQ ID NO: 340 TCRBV06- 05 | TCREDO1 | TCRBJO1-04 0.12 64
CASTLYTGDNEQFF SEQ ID NO: 341 TCRBV06-05] TCRBDO2 | TCRBJ02-01 0.12 358
CASSYSAGGYYCGYTF SEQ 1D RO: 342 TCRBV06-05 | TCRBDO1 | TCRBJO1-02 0.12 1310
CASS YOOOSQPQHF SEQ 1D RO: 343 TCREBV28-01] TCRBDO1 | TCRBJO1-0S 0.11 1212
CASSPLNTEAFF SEQ ID NO: 344 TCRBV18-0 TCRBJO1-01 0.11 1198
CASSWSHOPOHF SEQ 1D NO: 345 TCRBV28-01 TCRBJO1-05 0.10 1072
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What is claimed is:
1. A method of treating a cancer in a subject in need thercof, comprising:

providing 8 neoantigen peptide encoded i DNA of a tumor of the subject, wherein
the necantigen peptide consists of from 8 to 13 amine acids, binds in silico to an HLA class |
molecule with an affinity of < 500 nM and 2 stability > 2 h and binds in vitro to an HLA class

Pmolecale with an affinity of << 4.7 fog (ICH, nM},

transfecting at least one HLA class T positive cell with at least one tandem minigene

construct comprising at least ong sequence encoding the at least one neoantigen;

wentifying a complex comprising the at Ieast one HLA molecule and the at least one

necantigen peptide produced by the at least one HLA class posiive cell;
forming a vaceine comprising the at least one neoantigen; and

administering the vacane to the subject, wherein at least one tumor cell of the cancer

comprises at least one polypeptide comprising at feast one amino acid substitution.

2. A method in accovdance with claim 1, wherein the at least one nevantigen peptide consists

of from 9 to 11 amino acids.

3. A method in accordance with elaim |, wherein the at legst one neoaniigen peplide consists

of 9 anuno acids,

4. A method in sccordance with claim 1, wherein the at least one neoantigen binds in silico

tor an HLA class I molecale with an affinity of < 280aM.

3. A method 10 gecordance with claim 1, wherein the st least one necantigen binds o vitro to

an HEA class T molecule with an affinity of <0 3.8 log (JC350, nM).

6. A method m accordance with clamm 1, wherein the at least one neoantigen binds 1w vitro to

an HLA class I molecnle with an affinity of < 3.7 Tog (HC30, nM).

7. A method in accordance with claim 1, wherein the at least one neoantigen binds in vitro o

an HLA class T moleenle with an affinity of < 3.2 log (IC50, nM).

8. A method 1n sccordance with claim 1, wherein the vaccine comprises at least seven

neoantigen peptides.
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A method in accordance with claim 1, wherein the HEA class 1 molecule is selected from
the group consisting of HLA-A®01:01, HLA-B*07:02, HLA-A*02:01, HLA-B*07:03, HLA-
A*I2:02, HLA-B¥OK:01, HLA-ARO2:03, HLA-B*15:01, HLA-AT02.05, HLA-B¥15:82,
HEA-A2:06, HLAB® 1503, HEA-ASG2:07, HLA-BYISOR, HLA-AYD3:01, HLA-
B¥IS12, HLA-AFLLAOL, HLASBY1IS16, HLA-AMT RO, HLA-BRIS 18, HLA-A¥24:02,
HLA-B*27:03, HLA-A¥29:01, HLA-B*27:05, HLA-A™29:02, HLA-B*27:08, HLA-
AF34:02, HLA-B*35:01, HLA-A*36:01, HLA-B¥35:08, HLA-B*42:01, HLA -B*33:.01,
HEA-B¥34:01, HLA -B¥56:01, HLA-B*56:02, HLA -B*37:01, HLA-B*S7:02, HLA -
B¥37:03, HLA-B#*38:01, HLA -B*67:01 and HLA-B*R1:01.

10, A method in accordance with claim 1, wherein the HEA class I molecule 15 an HLA-

AX02:01 molecule.

11 A method s accordance with olaim |, wherein the HLA ¢lass Emolecule 15 an HLA-

AF AT molecule.

12. A method in accordance with claim 1, wherein the HEA class { molecule is an HLA-

B¥8:01 molecule.

13, A wethod i accordance with clann 1, wherein the at least one HLA class [ positive cell is

at least one HLA class I positive melanoma cell.

4. A method i accordance with claim 13, wherein the at least one HLA class 1 positive

melanoma cell 1s selected from the group consisting of a DM6 cell and an A375 cell.

15, A method in accordance with claim 1, wherein the tandem minigene further comprises a

ubiquitination signal and two mini-geng controls.

16, A method in aecordance with claim 10, wherein the tandem minigene further comprises a
abiquiltination signal and two ytm-gene controls that encode HLA-A®02:01 peptides (G2R0

and WNV SV,

17. A method in accordance with claim 1, wherein the cancer is sclected from the group
consisting of skin cancer, lung cancer, bladder cancer, colorectal cancer, gastrointestimal
cancer, esophageal cancer, gastric cancér, intestinal cancer, breast cancer, and a mismatch

repan deficiency cancer,

&2
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18, A method in accordance with claim 17, wherein the skin cancer 18 selected from the group

consisting of basal cell carcinoma, squamous cell carcinoma, merkel cell carcinoma, and

melanoma.

19, A method i accordance with claim 1, wherein the cancer is 8 melanoma,

20. A method in accordance with claim 1, wherein the forming & vacoine comprises:
providing a culture conprising dendritic cells obtained from the subject; and

contacting the dendritic cells with the at loast one neoantigen peptide, thereby forming
dendritic cells comprising the at least one necantigen peptide.
210 A method in accordance with colaim 20, further comprising:

admindstering to the subject the dendritic cells comprising the at least one necantipen
peptide;

obtaining a population of CII8+ T cells from a peripheral blood sample from the

subjeet, wherein the CD8+ cells recognize the at least one neoantigen; and
expanding the population of CD8+ T cells that recognizes the neoantigen.

22, A method i accordance with clanm 21, comprising adnuinistering to the subject the

expanded population of CD8&+ T cells.

23 A maethod in accordance with claim 1, wherein the forming a vaccine comprises

combining the neoantigen pepiide with a pharmaceutically acceptable adjnvant.
24. A method i accordance with claimg 1, wherem the identifving a complex comprises a
LOAMS assav.
25, A method in accordance with ¢laim |, wherein the dentifying a complex comprises 8
reverse phase HPLC assay.
260 A method of treating a cancer in a subject in need thereof, comprising:

a) providing a sample of a tumor from a subject;

b)Y performing exome sequencing on the sample to identify one or more amine acid

pox

substitutions comprised by the tamor exome;
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¢} performing transcriptome sequencing on the sample to venfy expression of the
amine acd substitutions identified in b); and

dy selecting at least one candidate neoantigen peplide sequence from amongst the

amine acid substitutions identified o ¢} according to the following criteria
1) Exome VAF > [0%:
i) Transcription VAF > 10%,;
ity Alternate reads » §;
) FPKM > 1.

v} binds in sibico fo an HLA class olecule with an alfinity of < 500 nM and

a stability > 2 h;
¢} performing an in vitro HLA class | binding assay;

) selecting at least one candidate neoantigen peptide sequence from ammongst the
amino acid substitutions wdentified in d) that bind HEA class one molecules with an affimity

of < 4.7 log (1C30, oM} in the assay performed in e)

¢) transfecting at least one HLA class | positive cell with at least one tandem

minigene construet comprising at least one sequence encoding the at least one neoantigen;

hy identifving a complex comprising the at least one HLA molecule and the at feaxt one

necantigen peptide produced by the at least one HLA class T posiiive cell;
1) forming a vaccine comprising the at least one neoantigen; and
1) administering the vaccine to the subject,

wherein af least one tumor cell of the cancer comprises at least one polypeptide comprising

the one or more gnimo acid substitutions.

27. A method in accordance with claim 26, wheremn the Exome VAF 18 > 30%
28. A method in accordance with claim 26, wherein the Exome VAF s & 40%.
29, A method i secordance with claim 26, wherein the Exome VAF s > 50%.

30. A method in accordance with claim 26, wherein the in vitro HLA class T binding assay is

selected from the group consisting of a T2 assay and a fluorescence polarization assay.

&4
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3. A method in accordance with olaim 26, wherein the forming a vaccine comprises:
providing a culture comprising dendritic cells obtamed from the subject; and

contacting the dendritic cells with the at least one necantigen peptide, thereby torming

dendritic cells comprising the at least one nepantigen peptide.
32. A method in accordance with claim 31, further comprising:

administering to the subject the dendritic cells comprising the at least one neoantigen

peptide;

oblaining a population of CDS+ T cells from a peripheral blood sample from the

subject, wherein the CID8+ cells recognize the at least one necantigen; and
expanding the population of CDS+ T cells that recognizes the neoutigen,

33, A method in accordance with claim 32, comprising administering to the subject cells of

the expanded population of CD&+ T cells,

34, A method in accordance with claim 26, wherein the forming a vaccine comprises

combining the neocantigen peptide with g pharmaceutically acceplable adjuvant.

35, A method in accordance with claim 26, wherem the identifying & complex comprising the

at least one HLA melecule and the at least one neoantigen peptide comprises a LOMS a

A method iy accordance with claim 26, wherein the identifving a complex comprising
the at least one HLA molecule and the at least one necantigen peptide comprises a reverse

phase HPLL assay.

I"f

37. A muthed of treating a cancer in a subject in need thereof, comprising:

providing a neoantigen peptide encoded in PNA of a tumer of the subject, wherein
ihe neoantigen peptide consists of from § to 13 anuno acids, binds in sihico to an HLA class |

melecule with an affinity of < 300 oM and & stability > 2 b

performing an in vitro HLA class [ molecule binding assay to identify at least one
necantigen peptide which binds in vitro to an HLA class P molecule with an affinity of << 4.7

fou (1050, nM);

transfecting at feast one HLA class | positive cell with at feast one tandenm minigene

construct comprising at feast one sequence encoding the at least one neoantigen;

-
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wdentifying a complex comprising the at least one HLA molecule and the at least one
necantigen peptide prodoced by the af least ong HLA class I positive cell;
formung a vaceine comprising the at least one necantigen; and

administering the vaceine to the subject, wherein at least one tumor cell of the cancer

comprises at least one polypeptide comprising at fegst one amino acid substitution,

g
I

38, A method i accordance with claim 37, wheremn the in vitro HLA class I binding assay s

setected from the group consisting of a T2 assay and a Huorescence polarization assay.

39, A method in accordance with claim 37, wherein the wdentifyving 8 complex comprising the

at least one HLA molecule and the at least one neoantigen peptide comprises a LO/MS assay.

40, A method in accordance with claim 37, wherein the wdentifying a complex comprising the
at least one HLA molecule and the at least one neoantigen peptide comprises a reverse phase

HPLC assay.

41. A wethod 1 accordance with clann 37, wherein the forming & vacoine comprises:

41. A method m accordance with claim 37, wherers the forming a vaccine comypri
providing & culture comprising dendritic cells obtained from the subject; and

contacting the dendritic cells with the at least one neoantigen peptide, thereby forming

dendritic cells comprising the at least one neeantigen peptide.
42. A method in accordance with claim 41, further comprising:

admimisiering to the subject the dendritic cells comprising the at least one necantigen

peptide;

obtaining & population of CIX8+ T cells from a peripheral blood sample from the

subject, wherein the CD8+ cells recognize the at least one neoantigen; and
expanding the population of CDE+ T cells that recognizes the necantigen.

43, A method m accordance with clamm 42, comprising adnmunistering fo the subject the

expanded population of CD&+ T cells,

44. A neoantigen peplide encoded in DNA of a tumor of the subject for use in the treatment
of a cancer, wherein the neoantigen peptide consists of from R to 13 amino acids, binds in

sthico o an HEA class D melecule with an affinity of < 500 aM and a stability > 2 h and binds
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m vitre to an HLA class T molecule with an affinity of < 4.7 log (IC50, aM), wherein the

treatment ComMprises:

transfecting af feast one HLA class I positive cell with al feast one {andem miunigene

construct comprising at least one sequence cncoding the ot least one necantizen;

identifving a complex comprising the at feast one HLA molecule and the at least one

neoantigen peptide produced by the at least one HLA class | positive cell;
forming a vaceine comprising the at least one neoantigen; and

administering the vaccine to the subject, wherein at least one tumor cell of the cancer

comprises af least one polypeptide comprising at least one amino acid substitation.

45, A neoantigen peptide in accordance with claim 44, wherem the forming & vaccme

COMPrises:
providing a culture comprising dendritic cells obtained from the subject; and

contacting the dendritic cells with the at least one neosntigen peplide, therehy forming

dendreitic cells comprising the &t least one nooantigen peptide.

46. A neoantigen peptide in accordance with claim 43, wheredn the treatment of a cancer

further comprises

administering to the subject the dendritic cells comprising the at least one neoantigen

peptide;

obtaining a population of CII8+ T cells from a peripheral blood sample from the

subject, wherein the CDE&+ cells recognize the at least one neoantigen;
expanding the population of CD8+ T cells that recognizes the necantigen; and

administering the expanded popualation of CDE+ cells to the subject.
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FIG. 42
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Box No. & Nucleotide and/or amino acid sequence(s) (Continuation of item 1.¢ of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was
carried out on the basis of a sequence listing:
forming part of the international application as filed:

in the form of an Annex C/8T.25 text file.

E on paper or in the form of an image file.

b. E fumnished together with the international application under PCT Rule {37er 1(a) for the purposes of iniernational search
only in the form of an Annex {/5T.25 ext file.

c. [j furnished subsequent o the international filing date for the purposes of infernational search only:
E in the form of an Annex C/5T.25 text file (Rule 13727 1(a)).

E on paper or in the form of an image file (Rule 13rer. 1(b) and Administraiive Instructions, Section 713).

v

D In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required
statements that the information in the subseguent or additional copies is identical to that forming part of the application as
filed or docs not go beyond the application as filed, as appropriate, were furmdshed,
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B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC (2016.01) AGIK, A61P, GO6F

Documentation searched other than minimum documentation to the extent that such docmments are included in the fields searched

Electronic data base consulted during the iniernational search (name of data base and, where practicable, search terms used)
See extra sheet.

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2011293637 Al HACOHEN NIR[US]; WU CATHERINE JU-YING[US]; GEN 1-46
HOSPITAL CORP[US]; DANA FARBER CANCER INST INC[US]
01 Dec 2011 (2011/12/01)

whole document, Figs. 2.3,8,12; paras. 0044, 0092, 0185, 0154, 0182

Y Jrgensen, Kasper W, et al. "NetMHCstab—predicting stability of peptide-MHCI complexes; |1-46
impacts for cytotoxic T lymphocyte epitope discovery."Immunology 141.1 (2014); 18-26.
Retrieved from the internet on: 10.01.2016; URL: http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3893846/pdf/imm0141-0018 pdf

26 Jan 2014 (2014/01/26)

whole document, page 24 right-hand col. 1st para.

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited docurnents: “T" later document published after the internationa filing date or priority

“A” document defintug the general state of the art which is not considered date and not in conflict with the application but cited to understand
10 be of particular relevance the principie or theory underlying the invention

“E"  catlier application ot patent but published on or after the “X* document of particular relevance; the claimed invention cannot be

internationat filing date considered novel or cannet be considered to invelve an inventive
“L”  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
;S:g ,}0 rifg‘gibals‘}:; }’C‘;Egé?mn date of another citation or other “Y” document of particular relevance; the claimed invention cannot be
gy R SRR Y considered {o involve an inventive siep when the document is
O document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious © a person skilled in the art

“p~  document published prior to the international filing date but later

: c ; “&” decurnert member of the same patent family
than the priority date claumed

Date of the actual completion of the international search Date of mailing of the intemational search report
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publication/7605581_ Development_and validation_of a fluorescence polarization-
based_competitive_peptide-binding assay for HLLA-A%2A0201--
a_new_tool for epitope_discovery/links/02e7e525¢966b8aad6000000.pdf. Cited in the
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20 Sep 2005 (2005/09/20)

whole document

1-46

Rajasagi, Mohini, et al. "Systematic identification of personal tumor-specific neoantigens in
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11.01.2016; URL: http://wulab dfci. harvard.edw/sites/default/files/24891321.pdf
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whole document
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publication/274458429 A dendritic_cell vaccine_increases_the breadth_and diversity_of m
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whole document
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