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Genome sequencing has revealed a large number of shared and personal somatic
mutations across human cancers. In principle, any genetic alteration affecting a

e Tumor neoantigens are
a promising class of
immunogens based on
exquisite tumor specificity and
the lack of central tolerance
against them.

¢ Massively parallel DNA
sequencing with class |
prediction enables systematic
identification of tumor
neoepitopes (including from
CLL).

protein-coding region has the potential to generate mutated peptides that are
presented by surface HLA class | proteins that might be recognized by cytotoxic
T cells. To test this possibility, we implemented a streamlined approach for the
prediction and validation of such neoantigens derived from individual tumors and
presented by patient-specific HLA alleles. We applied our computational pipeline to 91
chronic lymphocytic leukemias (CLLs) that underwent whole-exome sequencing (WES).
We predicted ~22 mutated HLA-binding peptides per leukemia (derived from ~16
missense mutations) and experimentally confirmed HLA binding for ~55% of such
peptides. Two CLL patients that achieved long-term remission following allogeneic
hematopoietic stem cell transplantation were monitored for CD8* T-cell responses
against predicted or confirmed HLA-binding peptides. Long-lived cytotoxic T-cell
responses were detected against peptides generated from personal tumor mutations
in ALMS1, C60ORF89, and FNDC3B presented on tumor cells. Finally, we applied our
computational pipeline to WES data (N = 2488 samples) across 13 different cancer types
and estimated dozens to thousands of predicted neoantigens per individual tumor, suggesting that neoantigens are frequent in most
tumors. (Blood. 2014;124(3):453-462)

Introduction

Recent progress in the development of potent vaccine adjuvants,
clinically effective vaccine delivery systems, and agents that
overcome tumor-induced immunosuppression strongly support the
possibility that long-awaited effective therapeutic cancer vaccines
are feasible.'™ Past cancer vaccine efforts have lacked efficacy that
may stem from their focus on overexpressed or selectively expressed
tumor-associated native antigens as vaccine targets that require
overcoming the challenging hurdles of breaking central and periph-
eral tolerance while risking the generation of autoimmunity.*® The
rare examples of successful cancer vaccines in humans have targeted
foreign pathogen-associated antigens’ or a mutated growth factor
receptor® or are idiotype vaccines derived from patient-specific
rearranged immunoglobulins.® These studies point to the importance
of selecting immunogens distinct from self, where central/peripheral
tolerance can be overcome and the risk of autoimmunity is minimal.

A hallmark of tumorigenesis is the accumulation of mutations in
cancer cells. These mutations are found as both driver and passenger
events'®and collectively provide an opportunity to specifically target
tumor cells through the creation of tumor-specific novel immuno-
genic peptides (neoantigens). Neoantigens are generated from pep-
tides encoded by gene alterations that are exclusively present in
tumor but not normal tissue and therefore fulfill criteria as highly
promising vaccine immunogens.'"'> Several seminal studies have
suggested the immunotherapeutic potential of neoantigens: (1) mice
and humans can mount T-cell responses against mutated antigensB‘M;
(2) mice are tumor protected by immunization with a single mutated
peptide'®; and (3) memory cytotoxic T lymphocyte (CTL) responses
to mutated antigens are generated in patients with unexpected
long-term survival or those who have undergone effective
immunotherapy.'®'® Neoantigens, however, have not been used
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for immunotherapy due to technical difficulties in their identification
and preparation.'?

Two recent technologies now overcome this limitation. First,
massively parallel sequencing now readily provides the comprehen-
sive identification of tens to thousands of somatic protein-coding
mutations, which may create epitopes that can be recognized
immunologically in an individual- and tumor-specific fashion.'®!?
Second, refinements in class I HLA prediction algorithms have
enabled the reliable prediction of peptide binding for a broad range of
class T HLA alleles.?*!

Herein, we report that putative neoantigens identified through
sequential application of massively parallel sequencing followed by
HLA-binding prediction are immunogenic in humans and can target
malignant cells in a tumor-specific fashion. We focused on chronic
lymphocytic leukemia (CLL), a common adult B-cell malignancy
that remains largely incurable but is potentially immune responsive
based on reports of its spontaneous regression and susceptibility to
the graft-versus-leukemia effect.>>* We predicted candidate leu-
kemia neoantigens from CLL DNA sequencing data®*?® and then
monitored neoantigen-specific T-cell responses in patients who had
undergone allogeneic-hematopoietic stem cell transplantation (allo-
HSCT).*” Our approach provides a basis for designing truly
personalized immunotherapeutic vaccines in humans.

Materials and methods

Patient samples

Heparinized blood was obtained from patients enrolled on clinical research
protocols at the Dana-Farber Cancer Institute (DFCI). All clinical protocols
were approved by the DFCI Human Subjects Protection Committee. The
study was conducted in accordance with the Declaration of Helsinki. Patient
peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll/
Hypaque density-gradient centrifugation, cryopreserved with 10% dimethyl-
sulfoxide, and stored in vapor-phase liquid nitrogen until time of analysis.
HLA typing was performed by standard methods (supplemental Methods,
available on the Blood Web site).

Whole-exome capture sequencing data for CLL and
other cancers

The somatic mutations detected in CLL have been previously reported,
whereas those for melanoma were obtained from the dbGaP database
(phs000452.v1.pl) and for the 11 other cancers, through The Cancer
Genome Atlas (Sage Bionetworks’ Synapse resource; https://www.
synapse.org/#!Synapse:syn1729383). We genotyped the HLA-A, -B,
and -C loci in 2488 samples across 13 tumor types using a 2-stage likelihood-
based approach (supplemental Methods; supplemental Table 9).

Prediction of peptides derived from gene mutations with
binding to personal HLA alleles

Major histocompatibility complex (MHC)-binding affinity was predicted
across all possible 9- and 10-mer peptides generated from each somatic
mutation and the corresponding wild-type peptides using NetMHCpan
(v2.4). These tiled peptides were analyzed for their binding affinities
(ICs0nM) to each class I allele in the patients’ HLA profile. An ICs value
of <150 nM was considered a predicted strong binder; between 150
and 500 nM, an intermediate to weak binder; and >500 nM, a non-
binder. We empirically confirmed predicted peptides binding to HLA
molecules (ICsy <500 nM) by competitive MHC class I allele-binding
experiments.”5%°
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Figure 1. Schematic representation of a strategy to systematically discover
tumor neoantigens. Tumor-specific mutations in cancer samples are detected
using WES or WGS and identified through the application of mutation calling
algorithms (such as Mutect).®® Next, candidate neoepitopes can be predicted using
well-validated algorithms (NetMHCpan), and their identification can be refined by
experimental validation for peptide-HLA binding and by confirmation of gene
expression at the RNA level. These candidate neoantigens can be subsequently
tested for their ability to stimulate tumor-specific T-cell responses.

Generation and detection of patient antigen-specific T cells

Autologous dendritic cells (DCs) were generated as previously described.?
For some experiments, CD40L-Tri activated and expanded CD19" B cells
were used as antigen-presenting cells (APCs) (supplemental Methods).

To generate peptide-reactive T cells from CLL patients, immunomagneti-
cally selected CD8™ T cells (10 million) from pre- and posttransplant PBMCs
(CD8+ Microbeads; Miltenyi, Auburn, CA) were cultured with autologous
peptide pool-pulsed DCs (at a 40:1 ratio). Subsequently, T cells were
restimulated weekly (starting on day 7) with peptide-pulsed CD40L-Tri-
activated irradiated B cells (at 4:1 ratio) either once more, to detect memory
T-cell responses,27‘30 or thrice more, to detect naive T-cell responses.3' All
stimulations were conducted in complete medium supplemented with 10%
fetal bovine serum and 5 to 10 ng/mL interleukin (IL)-7, IL-12, and IL-15
(R&D Systems, Minneapolis, MN). APCs were pulsed with peptide pools
(10 wM/peptide/pool for 3 hours). T-cell specificity against peptide pools or
autologous tumor was tested by interferon (IFN)-y ELISPOT or a CD107a
degranulation assay (supplemental Methods) 10 days following the last
stimulation.

Statistical considerations

Two-way analysis of variance models were constructed for cytokine secretion
measurements and included concentration and mutational status as fixed
effects along with an interaction term as appropriate. P values for these
models were adjusted for multiple comparisons post hoc (Tukey method). For
other comparisons of continuous measures between groups, a Welch ¢ test was
used. All other P values reported are 2-sided and considered significant at the
.05 level with appropriate adjustment for multiple comparisons. Analyses
were performed in SAS, version 9.2.

Results
Pipeline for the systematic identification of tumor neoantigens

We leveraged recent advances in sequencing technologies and
peptide epitope prediction to establish a 2-step process for systematic
discovery of candidate tumor-specific HLA-bound neoantigens. As
depicted in Figure 1, we comprehensively identified tumor-specific
nonsynonymous somatic mutations from DNA sequencing data of
tumors (by whole-exome sequencing [WES] or whole-genome se-
quencing [WGS]) with matched sequencing of germ-line DNA >33
Next, we used NetMHCpan, the well-validated prediction algorithm,
to predict candidate tumor-specific mutated peptides with the po-
tential to bind personal class I HLA proteins and hence for pre-
sentation to CD8™ T cells.>"** Finally, to identify a smaller number
of epitopes for deeper investigation, we selected a subset of candidate
peptide antigens based on experimental validation of their binding
to HLA and expression of cognate mRNAs in autologous leukemia
cells.
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Figure 2. Frequency of classes of point mutations that have the potential to generate neoantigens in CLL. Analysis of WES and WGS data generated from 91 CLL
cases®® reveals that (A) missense mutations are the most frequent class of the somatic alterations with the potential to generate neoepitopes, whereas (B) frameshifts and

(C) splice-site mutations constitute rare events.

Frequency of classes of somatic mutations in CLL

We applied this pipeline to a large dataset of 91 CLL samples,*®
previously characterized by WES or WGS. From a total of 1838
nonsynonymous mutations previously discovered in protein-coding
regions of these samples, we identified 3 general classes of mutations
that could generate tumor-specific neoantigens. The most abundant
class consisted of missense mutations that cause single amino acid
changes and comprised 90% of somatic mutations per CLL, with
69% of 91 cases having between 10 and 25 missense mutations per
sample (Figure 2A). The other 2 classes of mutations, frameshifts and
splice-site mutations, have the potential to generate longer stretches
of novel amino acid sequences entirely specific to the tumor
(neo-open reading frames [neoORFs]), with a higher number
of neoantigen peptides per alteration (compared with missense
mutations). However, neoORF-generating mutations were ~10-fold
less abundant than missense mutations in CLL (Figure 2A-C).
Given the prevalence of missense mutations, we focused our initial
studies on the analysis of neoantigens generated from this mutation
class.

Predicted neopeptides that bind personal HLA class | alleles
arising from somatic missense mutations

T-cell receptor (TCR) recognition of peptide epitopes requires the
presentation of peptides by HLA molecules on the surface of APCs.
We applied NetMHCpan prospectively to 31 of 91 CLL cases for
which HLA typing information was available®® to predict the
binding affinities of peptides generated by somatic mutation to
each patient’s MHC class I alleles, because this algorithm con-
sistently performs with high sensitivity and specificity across
HLA alleles.”*>3° Based on standard criteria in the field, we con-
sidered peptides with ICso < 150 nM as strong binders, IC5 of 150 to
500 nM as intermediate to weak binders, and ICsy >500 nM as
nonbinders.?® For the 31 cases, we found a median of 10 strong (range,
2-40) and 12 intermediate to weak binding peptides (range, 2-41) per

case. In total, a median of 22 (range, 6-81) peptides per case was
predicted with ICsy < 500 nM (Figure 3A; supplemental Table 1).

Maijority of predicted HLA-binding neopeptides directly bind
HLA proteins in vitro

To experimentally validate the predicted ICsy nanomolar scores, we
performed a competitive MHC I allele binding assay (supplemental
Table 2)28 and focused on class I HLA-A and -B alleles. To this end,
we synthesized 102 unique mutated 9- or 10-mer peptides with
predicted ICsy < 500 nM (representing a total of 112 epitopes, as 10
peptides were predicted to bind to multiple alleles within the same
patient), identified from 4 CLL cases (patients 1-4). Experimental
binding (defined as ICsy <500 nM) was confirmed in 76.5% and
36% of'the 112 peptides predicted with ICsq of < 150 or 150 to 500 nM,
respectively (Figure 3B). In total, ~55% (61 of 112) of predicted
peptides were experimentally validated as binders to personal HLA
alleles. Eighty percent of the 347 mutated genes (or 79% of the 180
mutations with predicted HLA binding) were expressed at medium
or high expression levels (Figure 3C).

Detection of immunogenic neoepitopes personal to
CLL patients

As proof of concept that an immune response against the predicted
mutated peptides can develop in humans, we studied 2 patients who
underwent reduced-intensity allogeneic HSCT in CLL and had
achieved continuous remission for >4 years (supplemental Table 3).
We reasoned that reconstitution of T cells from a healthy donor
following HSCT would overcome endogenous immune defects of
the host and allow priming against leukemia cells in the host in
vivo. Posttransplant T cells were collected 7 (patient 1) and 4 years
(patient 2) from the time of transplant.

For patient 1, we identified 25 missense mutations by WES. In
total, 30 candidate epitopes (from 25 unique peptides, with 5 peptides
predicted to bind to multiple HLA alleles) from 13 mutations were
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predicted to bind to personal HLA (13 peptides with ICso < 150; 17
peptides with ICsq of 150-500 nM), with empirical confirmation of
HLA binding for 13 candidate epitopes (10 unique peptides) derived
from 8 mutations (Figure 4A). We organized all 30 predicted HLA
binding peptides into 5 pools (6 peptides/pool) for T-cell priming
studies (supplemental Table 4). To test T cells for neoantigen
reactivity, we first expanded them using autologous APCs pulsed
with candidate neoantigen peptide pools (once per week X 4). As
shown in Figure 4B, reactivity was detected against pool 2 by
IFN-y ELISPOT, but not against an irrelevant HTLV1-Tax
peptide. Deconvolution of the pool revealed that the mutated (mut)
ALMSI and C60ORF89 peptides within pool 2 were immunogenic
(Figure 4C). ALMSI plays a role in ciliary function, cellular
quiescence, and intracellular transport,37’38 whereas C60ORF89
encodes a protein that interacts with bombesin receptor subtype 3
(involved in cell cycle progression and wound repair of bronchial
epithelial cells).>**°

Detection of neoantigen-specific memory T-cell responses in
patient 2

In patient 2, we tested whether personal neoantigens could contribute
to memory T-cell responses in the setting of long-lived remission.
From this individual, we identified 26 missense mutations. In total,
37 candidate epitopes (from 36 unique peptides; 1 peptide was
predicted to bind to 2 different HLA alleles) from 16 mutations were
predicted to bind to personal HLA alleles, of which 18 peptides
(17 unique) from 12 mutations could be experimentally validated
(15 with IC5¢ < 150; 3 with ICsy of 150-500 nM; Figure 5SA). We
studied all 18 experimentally validated HLA-binding peptides, and
T-cell stimulations were performed using 3 pools of 6 peptides/pool
(supplemental Methods; supplemental Table 5). We assessed memory
responses by undertaking short-term stimulations of T cells in vitro
(ie, 2 rounds of weekly stimulations of T cells against mutated peptide
pool-pulsed autologous APCs),””** and identified T cells reactive
against pool 1 (Figure 5B). Deconvolution of the pool revealed mut-
FNDC3B as the dominant immunogenic peptide within this pool
(experimental ICsg of mut- and wt-FNDC3B: 6.2 and 2.7 nM,

respectively; Figure 5C). Presence of this population of neoepitope-
reactive T cells was specific to patient 2 because a similar stimu-
lation procedure applied to 3 unrelated HLA-A*02:01 healthy adult
volunteers failed to generate detectable mut-FNDC3B peptide-
specific T cells despite 4 rounds of weekly stimulations, although
T-cell responses could be generated against the M/ (Flu peptide-
GILGFVFTL) peptide (positive control) (supplemental Figure 1).
The function of FNDC3B in blood malignancies is unclear, although
down-regulation of its expression is known to up-regulate miR-143
expression, which differentiates prostate cancer stem cells and
promotes prostate cancer metastasis. ***!

T-cell reactivity against mut-FNDC3B in patient 2 was polyfunc-
tional (secreting IFN-y, granulocyte macrophage—colony-stimulating
factor [GM-CSF], and IL-2), highly avid, and specific to the mut-
FNDC3B peptide but not its wild-type counterpart (Figure 5SD). T-cell
reactivity was abrogated by the presence of class I blocking antibody
(W6/32), indicating that T-cell reactivity was class I restricted
(Figure SE, left). Moreover, the mut-FNDC3B peptide appeared to be
naturally processed and presented because T-cell reactivity was detected
against HLA-A2-expressing APCs that were transfected with a 300-bp
minigene encompassing the region of gene mutation, but not the
wild-type minigene or untransfected HLA-A2-expressing APCs
(Figure SE, right). Furthermore, mut-FNDC3B peptide-recognizing
T cells from patient 2 were also reactive against autologous tumor cells,
generating IFN-y secretion at levels comparable to mutated peptide-
pulsed targets (Figure SF).

Long-lived neoantigen-specific antitumor T cells can be
temporally tracked in CLL patient 2

Using a mut-FNDC3B/A2 ™" -specific tetramer, we detected a discrete
population of mut-FNDC3B-reactive CD8* T cells within pool
1-stimulated T cells (2.42% of the population) compared with control
PBMCs from a healthy adult HLA-A2" volunteer (0.38%)
(Figure 5G). Gene expression analysis and quantitative polymerase
chain reaction (QPCR) of FNDC3B in CLL cases (including patient
2) and resting and CD40L-activated CD19" B cells from healthy
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Figure 4. Mutations in ALMS1 and C60RF89 in patient 1 generate immunogenic peptides. (A) Twenty-five missense mutations were identified in patient 1 CLL cells,
from which 30 putative epitopes (from 25 unique peptides; 5 peptides were predicted to bind to >1 HLA allele) from 13 mutations were predicted to bind to patient 1’s MHC
class | alleles. A total of 13 peptides from 8 mutations were experimentally confirmed as HLA binding. Posttransplant T cells (7 years) from patient 1 were stimulated weekly ex
vivo for 4 weeks with 5 pools of 6 mutated peptides per pool (supplemental Table 4), and subsequently tested by the IFN-y ELISPOT assay. (B) Increased IFN-y secretion by
T cells was detected against pool 2 peptides. Negative control, irrelevant tax peptide; positive control, PHA. (C) Of pool 2 peptides, patient 1 T cells were reactive to mutated
ALMS1 and C60RF89 peptides (right, averaged results from duplicate wells are displayed). (Left) The predicted and experimental ICs, scores (nM) of mutated and wild-type

ALMS1 and C60RF89 peptides.

adult volunteers revealed this gene to be relatively overexpressed in
patient 2 (supplemental Figure 2).

To define the relative kinetics of mut-FNDC3B-specific T cells in
relationship to post-HSCT course, patient 2 T cells isolated from
different time points before and after HSCT were stimulated in the
same experiment for only 2 weeks and then tested for IFN-vy
reactivity on ELISPOT. As shown in Figure 6A (top and middle
panels), mut-FNDC3B T cell responses were not detected before or
up to 3 months following HSCT. Molecular remission was first
achieved 4 months following HSCT, and mut-FNDC3B-specific
T cells were then first detected 6 months following HSCT, coinciding
the molecular remission. Antigen-specific reactivity subsequently
waned (between 12 and 20 months after HSCT) but was again
strongly detected at 32 months after HSCT. Based on molecular
analysis of the TCR of the mut-FNDC3B-specific T cells, we
identified V@11 as the predominant CDR3 V3 subfamily used by the
reactive T cells (supplemental Figure 3; supplemental Table 6).
Using this molecular information, we developed a clone-specific
nested PCR and observed that T cells with the same specificity for
mut-FNDC3B were not detected in PBMCs (n = 3) and CD8 ™" T cells
of normal healthy volunteers (supplemental Table 7), but could be
detected with similar kinetics as detection of IFN-y secretion
following HSCT in the patient (Figure 6A, bottom panel).

Mut-FNDC3B T cells are cytolytic against autologous CLL

Consistent with a phenotype of degranulation, we observed higher
levels of surface CD107a expression on mut-FNDC3B tetramer-

positive T cells at 6 (by 32%) and 32 months (by 16%) after transplant
following exposure to autologous leukemia cells compared with
exposure to donor-engrafted normal B cells (Figure 6B). By contrast,
we noted the absence of CD107a expression in the tetramer-negative
CD8™ T cells (supplemental Figure 4). These results confirm that
CD107a-mediated degranulation was directed against a tumor neo-
epitope (mut-FNDC3B) and not an alloantigen. The total percentage of
CD8"* T cells expressing CD107a was ~5% higher following
stimulation with patient 2 tumor cells than with donor-engrafted
normal B cells (representing background reactivity) or with 3 other
HLA-A*02:01-positive CLL cells (supplemental Figure 5). These
data demonstrate that the cytolytic capacity of mut-FNDC3B T cells
against autologous CLL was personal and preserved over time.

Large numbers of candidate neoantigens were predicted across
diverse cancers

To examine how tumor type and mutation rate could impact the
overall estimate of abundance of candidate neoantigens, we applied
our pipeline to publicly available WES data from 13 malignancies,
whose overall somatic mutation rates have been previously
reported.>? To do so, we further implemented a recently developed
algorithm that enables accurate inference of HLA typing from WES
data (supplemental Methods).*?

We predicted neoantigen loads from missense and frameshift
mutations across tumors, setting an ICsq threshold of <500 nM.
Commensurate with the high mutation rate of melanoma, we
observed an ~20-fold higher number of predicted neoantigens
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Figure 5. Mutated FNDC3B generates a naturally inmunogenic neoepitope in patient 2. (A) Twenty-six missense mutations were identified in patient 2 CLL cells, from
which 37 epitopes (from 36 unique peptides; 1 peptide was predicted to bind to 2 HLA alleles) from 16 mutations were predicted to bind to patient 2's MHC class | alleles. A
total of 18 peptides from 12 mutations were experimentally confirmed to bind. Posttransplant T cells (~4 years) from patient 2 were stimulated with autologous DCs or B cells
pulsed with 3 pools of experimentally validated binding mutated peptides (18 peptides total) for 2 weeks ex vivo (supplemental Table 5). (B) Increased IFN-y secretion was
detected by ELISPOT assay in T cells stimulated with pool 1 peptides. (C) Of pool 1 peptides, increased IFN-y secretion was detected against the mut-FNDC3B peptide
(lower, averaged results from duplicate wells are displayed). (Upper) Predicted and experimental ICso scores of mut- and wt-FNDC3B peptides. (D) T cells reactive to mut-
FNDC3B demonstrate specificity to the mutated epitope but not the corresponding wild-type peptide (concentrations: 0.1-10 wg/mL) and are polyfunctional, secreting IFN-v,
GM-CSF, and IL-2 (Tukey post-hoc tests from 2-way analysis of variance modeling; mut vs wt). (E) (Left) Mut-FNDC3B-specific T cells are reactive in a class I-restricted
manner and (right) recognize an endogenously processed and presented form of mutated FNDC3B, because they recognized HLA-A2 APCs transfected with a plasmid
encoding a minigene of 300 bp encompassing the FNDC3B mutation (2-sided Welch t test) but not wild-type sequences beyond the background of nontransfected APCs
alone. (Top right) Western blot analysis confirming expression of minigenes encoding mut- and wt-FNDC3B. (F) Patient 2 CD8" T cells specifically recognizing mut-FNDC38
(5 ng/mL) demonstrate antitumor responses in an IFN-y ELISPOT assay (2-sided Welch t test). (G) Specificity of T cells recognizing the mut-FNDC3B epitope detected by
HLA-A2*/mut™ FNDC3B tetramer-positive T cells in patient 2.

per melanoma case (488; range, 18-5811), compared with CLL
(24; range, 2-124) (Figure 7; supplemental Table 8). Our analysis
supports the idea that the median number of predicted neopeptides
generated from missense and frameshift events per sample is
proportional to the mutation rate.

Discussion

Each individual tumor harbors a broad spectrum of shared and
personal genetic alterations that continue to evolve in response to

the environment and often lead to therapeutic resistance.'® Given
the uniqueness and plasticity of tumors, an optimal therapy may
need to be customized based on the exact mutations present in
each tumor and may need to target multiple nodes to avoid
resistance.*>**® The immune system of each individual, with its
vast repertoire of CTLs, possesses this potential to simultaneously
target multiple, personalized mutations (neoantigens). In a seminal
and elegant study of a long-term melanoma survivor, Lennerz et al
found that CTLs targeting neoantigens are significantly more
abundant and sustained than those against nonmutated overexpressed
tumor antigens.'® Since then, many studies in human'®*¢4">% and
murine®'* solid tumors support the critical role of protective
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Figure 6. Kinetics of the mut-FNDC3B-specific T-cell response in relation to posttransplant course and CD107a degranulation in the presence of tumor cells.
(A) (Top) Molecular tumor burden was measured in patient 2 using a patient tumor-specific Tagman PCR assay based on the clonotypic IgH sequence at serial time points
before and after HSCT (supplemental Methods). (Middle) Detection of mut-FNDC3B-reactive T cells in comparison with wt-FNDC3B or irrelevant peptides from peripheral
blood before and after allo-HSCT by IFN-y ELISPOT following stimulation with peptide-pulsed autologous B cells. The number of IFN-y-secreting spots per cells at each time
point was measured in triplicate (Welch t test; mut vs wt). (Bottom) Detection of mut-FNDC3B-specific TCR VB11 cells by nested clone-specific CDR3 PCR before and after
HSCT in peripheral blood of patient 2 (supplemental Methods; supplemental Figure 3). Triangles, time points at which a sample was tested; black, amplification detected,
where + indicates detectable amplification up to twofold and ++ indicates more than twofold greater amplification than the median level of all samples with detectable
expression of the clone-specific VB11 sequence. (B) Evaluation of CD107a expression on 6m/32m mut-FNDC3B-reactive posttransplant CD8" T cells (effectors) in the
presence of patient 2 CLL cells or control donor-engrafted normal B cells in patient 2. The numbers indicate the percentage of mut-FNDC3B tetramer-positive cells that are
also CD107a positive. For controls (tetramer negative T cells and nonrelated HLA-A*02:01 tumors), please see supplemental Figures 4 and 5.

immunity targeting neoantigens specifically expressed on the surface
of tumor cells. Leveraging massively parallel sequencing and
algorithms that effectively predict HLA-binding peptides, we report
herein a comprehensive strategy to systematically identify potential
immunogenic neoantigens across cancers.

We applied our strategy to a unique group of CLL patients who
developed clinically evident durable remission associated with
antitumor immune responses following allo-HSCT. These graft-
versus-leukemia responses have typically been attributed to allo-
reactive immune responses targeting hematopoietic cells,”* but
recent studies by our group and others have demonstrated the
existence of graft-versus-leukemia-associated CTLs with specificity
for tumor rather than allo-antigens.>”>>° In 2 patients in clinical
remission for >4 years, we now show that peripheral blood-derived
T cells recognizing 3 predicted neoantigen peptides can be
stimulated and observed. For 1 of these neoepitopes (mutated
FNDC3B), identified following only 2 weeks of in vitro stimulation,
these T cells are (1) stimulated by the mutated but not by the cognate
native peptide (Figure 5D), (2) recognize autologous APCs trans-
fected with a minigene encoding a portion of the FNDC3B gene
including the mutation (Figure 5E), and (3) recognize autologous
tumor cells and peptide-pulsed autologous B cells (Figure SF).
Clinically, the level of this T-cell population correlated with disease
remission as measured both by ELISPOT analysis and qPCR of the
TCR associated with this target (Figure 6A), and these T cells were
induced to express CD107a, a marker of cytotoxic potential,
following exposure to patient CLL cells (Figure 6B). All these
features are consistent with the role of neoantigens in protective

immunity in solid tumors as discussed above, but now are extended
to a hematological malignancy with a low mutation rate. Our results
and the results of others, together with our pipeline, provide a method
for selecting neoantigens for future personalized vaccines broadly
applicable across tumors.

More generally, we estimated the abundance of neoantigens
across many tumors (and a broad array of HLA alleles) and found
~1.5 HLA-binding peptides with ICs5q < 500 nM per point mutation
and ~4 binding peptides per frameshift mutation. As expected, the
estimated rate of predicted HLA binding peptides mirrored the
somatic mutation rate per tumor type (Figure 7), wherein melanoma
has the potential to generate the highest number of neoantigens and
hematological malignancies including CLL generate less abundant
neoantigens.

We recently reported the retrospective application of our pipeline
to published immunogenic tumor neoantigens (ie, in which CTLs
reactive to the mutated peptide were observed in patients)
demonstrating that the vast majority (97%) of functional neoantigens
are predicted to bind HLA with ICsy <500 nM (with ~70% of
wild-type counterpart epitopes predicted to bind at a similar
affinity).® This test using a gold standard set of neoantigens
confirms that our pipeline largely classifies true positives correctly. A
prospective prediction of neoepitopes followed by functional
validation showed that 6% (3/48) of our predicted epitopes were
associated with neoantigen-specific T-cell responses in patients—
comparable to the rate of 4.8% found recently for melanoma.*’” The
low proportion does not necessarily imply low prediction accuracy
for the algorithm. Rather, number of true neoantigens is greatly

20z dunr g uo jsenb Aq ypd €G1/957591 L/ESY/E/¥Z L /iPd-ajoe/poojqpausuoneoligndyse//:djy woly papeojumog



460 RAJASAGI et al

BLOOD, 17 JULY 2014 - VOLUME 124, NUMBER 3

A B Missense Frameshift Splice site
3 Melanoma { — ~— —g——
Melanoma 121 LUSCd —m8 i — - — -
Lusc 178 LUAD { ——————ii———— —— . ——
LUAD 228 Bladder - —a— —— —E—
Bladder 96 Headandneck{ +———I—— —g— —HE—
Stomach e 88 Colon 4 I —— r—
O AD 76 Rectum 1 — —— —
Head and neck 304 GBM { —————— — - .
olon 49 Ovarian —i— EE— [Tl
DLBCL 49 Clear cell RCC 4 —{— —— EE—
Breast{ ————{I+H—— T LLH—
Cervical 20 CLL {—#— - [ ol
Rectum 30 AML | — [ = —
GBM 1 - l- 267 p et e s i R mas o s il By et ey et
Papillary RCC HiH 11 0710 10" 10?2 10° 10* 0710° 10" 102 10 10* 0%10° 10" 107 10° 10*
Ovarian 1 L ] 88 5
Clear cell RCC -4 286 No. mutations / sample
Multiple myeloma | r— - 63
Pancreas = +------- 13
Low-grade-glioma - F-{--4 57 C D 1C50 < 150 nM E 1C50 < 500 nM
Breast 1 te--- [l ----4 729
Melanoma { ————II— Melanoma - [ I | | m
Prostate 1 [ | Rl 227 LUSC LUSC{ ——— gi—— —_—
Neuroblastoma L 1 ] 81 LUAD { —————F—— LUAD { [T} {1}
CLL r-- Al 91 Bladder { —————— 1} Bladder { —L ——
Carcinoid 1 -4 23 Head and neck { ——— [ }—— Head and neck {  ——[}—— e B
Medulloblastoma +-— {4 26 Colon L I I — Colon 4 — ——
Thyroid 1 +--[}--4 52 Rectum | ————— ——— Rectum 4 — ——
Ewing Sarcoma | +-—- -4 20 GBM { ————i—— GBM { ———i— —
AML - ] +-- .-+ 21 Ovarian | I H—— Ovarian { —m— ——
Rhabdoid tumor - H-lEH 22 Clear cell RCC { ————— Clearcell RCC{ +———I+— ——
T T T r T Breast{——{_ T — Breast{ ——— T ——— —_—TT
102 107 100 1! 102 CLL | I CLL{——— ———
Somatic mutation frequency (/Mb) AML AML{—EE+ — -
oh® 10! 102 10° 10t o 10! 102 100 10t 01® 10! 102 10° 100

Summed neoORF length/sample

No. predicted binders / sample

Figure 7. Estimation of tumor neoantigen load across cancers. (A) Box plots comparing overall somatic mutation rates detected across cancers by massively parallel
sequencing. AML, acute myeloid leukemia; DLBCL, diffused large B-cell lymphoma; ESO AD, esophageal adenocarcinoma; GBM, glioblastoma; LUAD, lung
adenocarcinoma; LUSC, lung squamous cell carcinoma; clear cell RCC, clear cell renal carcinoma; papillary RCC, papillary renal cell carcinoma. The distributions (shown
by box plot) of (B) the number of missense, frameshift, and splice-site mutations per case across 13 cancers, (C) the summed neoORF length generated per sample and of
the predicted neopeptides with (D) ICso <150 and (E) <500 nM generated from missense and frameshift mutations. For all panels, the left and right ends of the boxes
represent the 25th and 75th percentile values, respectively, and the segment in the middle is the median. The left and right extremes of the bars extend to the minimum and

maximum values.

underestimated by our experiments because (1) allo-HSCT is
a general cellular therapy likely to induce only a small number of
neoantigen-specific T-cell memory clones; and (2) our T-cell
expansion methods are not sensitive enough to detect naive T cells
that represent a much larger part of the repertoire but with much
lower precursor frequencies. Beyond the issue of prediction accuracy,
we have also not yet measured the frequency of CTLs that target
neoORFs—a class of neoantigens that we expect to be more specific
(for lack of a wild-type counterpart) and immunogenic (as a result of
bypassing thymic tolerance). Future improvements in predictive
algorithms, and eventually, development of direct physical methods
for detecting HLA-binding peptides using mass spectrometry,®” > will
make it possible to more effectively select neoantigens presented by
tumor HLA proteins. Considering the limitations described here, we
conclude that there will be many more neoantigens per tumor.

Given the large number of candidate neoantigens, are there
additional considerations that could help select the most useful
antigens for targeting tumors? First, is it important to have high RNA
or protein expression for CTLs to detect HLA-peptide complexes?
Although no empirical studies have tested this question in human
trials, it appears that very low levels (ie, even a single peptide-HLA
protein) may be sufficient for a cell to be targeted by a CTL,*
suggesting that high expression may not be required for inclusion of
a neoantigen in a vaccine. Second, although theory suggests that
essential cancer genes (drivers) are less likely to develop resistance
under immune pressure, the 3 neoantigens (mutated FND3CB,
ALMSI1, and C60RF89) found in our study exhibit attributes of
passenger mutations as they are not evolutionarily conserved among
species, and the mutation site has not been previously reported in other
cancers (supplemental Figures 6 and 7). We found that the 3 CLL
neoantigens were clonal or near-clonal (data not shown).25 1 We thus
suggest that CTLs associated with clinical responses can target tumor-
specific mutations that are present in the bulk of the cancer mass
(whether recurrent or not).

It is becoming increasingly evident that targeting multiple
personal tumor epitopes is likely a useful therapeutic approach. In

arecent study of the B16 murine melanoma model, HLA-binding
neoantigens were predicted based on tumor mutations. Mice that
were immunized with the corresponding mutated peptides
developed CTLs specific to the mutated but not wild-type peptide
and controlled disease therapeutically and prophylactically.’' In
addition, recent studies in mice showing immune editing and
escape to dominant CTL responses support the notion of targeting
multiple epitopes to avoid resistance.*>*® Focused prospective trials
on small patient cohorts should now be possible to design based on
our pipeline for selecting neoantigens to directly test the hypothesis
that neoantigens are true targets of rejection responses and, due to
their specificity, can be targeted both efficiently and safely by
personalized immunotherapy.
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