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Abstract

Cancer vaccines have long been envisioned as an effective approach to generate, amplify and
diversify T cell responses against tumors. The recent availability of next-generation sequencing
(NGS) has enabled the comprehensive identification of mutations within a patient’s tumor, which
represent an abundant source of tumor-specific potential antigens. Tumor neoantigens, altered
peptides generated from somatic mutations in tumor cells, are promising therapeutic targets due to
their exquisite tumor specificity and exemption from central tolerance mechanisms. Notably,
highly effective antitumor responses have been associated with the presence of neoantigen-specific
T cells. Recently, the Wu lab and others have demonstrated that personalized neoantigen-targeting
vaccines are safe, feasible and highly immunogenic in phase I trial of stage III/IV resected high-
risk melanoma!-?. The Wu lab’s neoantigen vaccine (NeoVax), consisting of up to 20 long peptides
and poly-ICLC, induced strong polyfunctional neoantigen-specific T-cells that recognized patient
tumors in vitro. In addition, two patients who were vaccinated and received anti-PD-1 checkpoint

blockade (CPB) therapy upon relapse had durable complete responses (CRs).

To define the long-term effects of a therapeutic vaccine directed against personal tumor
neoantigens, we evaluated the clinical outcomes and circulating immune responses of eight
patients with high-risk melanoma, at a median of 50.5 and 46 months, respectively, after initiation
of treatment with NeoVax. All patients remain alive, and 6 of 8 are currently without evidence of
disease. In the current study, we report consistent long-term persistence of neoantigen-specific T
cell responses following vaccination, ex vivo detection of neoantigen-specific T cells with a
memory phenotype, expansion and diversification of neoantigen-specific T cell clones over time,

and epitope spreading, indicating on-target vaccine-induced tumor destruction. These data



demonstrate that personalized neoantigen peptide vaccines durably induce T cell responses in
melanoma patients over the course of years, broadening the spectrum of tumor-specific

cytotoxicity and contributing to enduring immunoprotection.
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Introduction

The Cancer-Immunity Cycle

Cancer is characterized by the accumulation of genetic mutations in oncogenes and tumor
suppressors and the loss of normal cellular regulatory processes (Tian et al., 2011). These events
result in the expression of tumor antigens, including tumor-associated antigens and tumor-specific
antigens® which can stimulate an immune response via the presentation of peptides bound to major
histocompatibility class I and I1 (MHCI/IT) molecules on the surface of cancer cells. These cancer-
specific peptide-MHC (pMHC) complexes can then be recognized by T cells produced

spontaneously in cancer patients®.

To generate an effective anticancer immune response, a stepwise series of events must ensue
(Figure 1). First, tumor antigens are released and captured by dendritic cells (DCs) and other
antigen-presenting cells (APCs) for processing, supported by stimulatory immunogenic signals
from proinflammatory cytokines and factors released by dying tumor cells. The antigen-loaded
APCs then travel through the lymphatics to the draining lymph nodes, which are the primary site
of T cell priming. The next critical step involves recognition of tumor-antigens presented on APC
MHCI and MHCII molecules by T cells through the T cell receptor (TCR)—CD3 complex and
the binding of costimulatory molecules such as B7 and CD28, on APCs and T cells respectively
(signal 2). Costimulation is augmented by IL-12 and type I interferons (IFNs) produced by
APCs. This results in the priming and activation of effector T cell responses against the tumor
antigens against which central tolerance has been incomplete. Finally, activated tumor-specific T
cells must traffic to and infiltrate to tumor sites, recognize tumor antigens expressed on the surface

of tumor cells, and mediate tumor cell lysis through cytotoxicity and the production of effector



cytokines, such as IFNy and tumor necrosis factor (TNF). In turn, the lysed cancer cells can release
additional tumor antigens, which can undergo the same process to induce polyclonal T cell
responses, thereby increasing the antigenic breadth and depth of the antitumor immune response

and leading to epitope spreading.’
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Figure 1. The Cancer-Immunity cycle. The generation of antitumor immunity is a cycle that can
be divided into seven major steps, starting with the release of antigens from the cancer cell and
ending with the killing of cancer cells.> Taken from Chen et al. Immunity 2013.

In cancer patients, this cycle is rendered dysfunctional, and T cell responses rarely provide
protective immunity. Deficiencies can include suboptimal or flawed tumor antigen recognition
leading to an imbalance of T cell regulatory and effector cells, persistent antigen exposure leading

to expression of programmed cell death protein 1 (PD-1) and other immune checkpoint molecules®,

T cell homing issues, tumor microenvironment suppressive effects, and tumor immune editing>’.



T cell subsets in cancer immunity

CD8* T lymphocytes play a central role in cancer immunity through their capacity to kill malignant
cells upon T-cell receptor (TCR)-mediated recognition of specific antigenic peptides presented on
the surface of target cells by human leukocyte antigen class I (HLA-I)/beta-2-microglobulin (f2m)
complexes (MHC class 1)8. This leads to the clustering of TCR and associated signaling molecules
at interface of the T cell and tumor cell, triggering cytotoxic T lymphocyte (CTL) effector
functions. These functions are mediated either directly, through synaptic exocytosis of cytotoxic
granules containing perforin and granzymes into the target cell resulting in cancer cell destruction,

or indirectly, through secretion of cytokines, such as IFNy and TNF.8

CD8" T cells are thought to dominate the cellular immune response against tumors, as tumor cells
express little, if any, MHC class I molecules that can bind to CD4.%!° Even when MHC class II
molecules are present, high expression of the invariant chain often results in the generation of class
II-associated invariant chain peptides that prevent the presentation of endogenous peptides by
tumor cells®. Consequently, T cell-based therapies have been primarily conceptualized to stimulate
the CD8* T cell response. In animals, tumor-specific CD8" T cells are highly protective against
tumor!!, and in humans, tumor-specific CD8+T cells have been isolated in the blood of patients
with hematologic and solid malignancies and within the pool of tumor-infiltrating lymphocytes
(TILs)®. However, they have also been found to express high levels of PD-1, indicating suppressed
effector activity'2. Tumor associated antigen (TAA)-specific CD8" T cells have also been detected
in spontaneously regressing tumors.!* Moreover, a correlation between tumor progression control

and the infiltration rate of CD8+ T cells in the tumor has been established'*.
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More recently, studies have suggested a vital role for CD4" T cells in antitumor immunity. For
one, they can influence antibody production and amplify the magnitude of antitumor B cell
responses'>. Furthermore, they can act as helper-T cells to activate tumor-specific cytotoxic CD8"
T cells and establish memory CD8" T cells!>!6. T-cell help occurs when a CD4" T cell and a CD8*
T cell both recognize their respective antigens on the same DC, enabling the DC to deliver specific
cytokine and co-stimulatory signals to the CD8" T cell, thereby inducing clonal expansion and
specifying differentiation (Figure 2). They can also target tumor cells, either directly by
eliminating them through cytoxicity, or indirectly by modulating the tumor microenvironment'%!3
The importance of CD4" T cells has been illustrated in cancer patients: CD4" T cell responses
against self-antigens have been detected in circulation and at tumor sites'”!%1° and CD4" T cells
have also been reported to lyse tumor cells in a MHC class II-restricted manner by perforin- or

granzyme-mediated killing?-2!-22,

IL-15
O DT‘_\-'PE' | interferon
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Figure 2. Receptor-ligand interactions during T cell priming. Antigen presentation by a lymph
node-resident conventional type 1 dendritic cell (¢cDC1) to CD4" T cells increases their expression
of CDA40 ligand (CD40L). Next, CD40L—-CD40 binding leads to increased DC antigen presentation
ability and expression of co-stimulatory ligands and cytokines. Type I interferon, IL-12 and IL-15
produced by DCs act directly on CD8" T cells to influence their differentiation into effector
cytotoxic T lymphocytes (CTLs). CD27 signaling drives differentiation, survival and metabolism
in CTLs, and CD4" T cell-derived IL-2 and IL-21 can also support the CTL response.!> Taken
from Borst et al. Nature Reviews Immunology 2018.

The T cell receptor

The antigen specific of any T cell is dictated by the sequence and structure of the TCR. A TCR
consists of two paired protein chains (TCRa and TCRp), which together recognize a specific
peptide bound to MHC proteins on APCs. Each of the TCRa- and B-chains are made up of V and
C regions. In the V region of each TCR chain, there are three hypervariable, or complementarity-
determining, regions (CDR), each corresponding to a loop in the V domain. Of these, the greatest
variability is in the CDR3, which is located at the junction of the V and C regions, and is the most
important region for antigen recognition. Between the V and C genes are groups of several short
coding sequences called diversity (D) and joining (J) gene segments. During lymphocyte
development, a T cell’s unique TCR is generated through V(D)J recombination, a somatic
rearrangement of the germline TCR loci in T cells?. During V(D)J recombination, various variable
(V), diversity (D), and joining (J) gene segments are recombined (V-J recombination for the TCRa
and V-D-J recombination for TCRp) (Figure 3). Further diversity can be introduced at the
junctions between gene segments, via exonuclease-guided removal of nucleotides, terminal
deoxyribonucleotidyl transferase (TdT)-guided random addition of nucleotides forming “N”
regions, and through DNA break repair forming P-nucleotides. These junctional sequences and the

D and J segments encode the amino acids of the CDR3 loop. In the process of creating junctional

diversity, many genes may be produced with sequences that cannot code for proteins and are
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therefore useless, necessitating checkpoints during lymphocytes maturation at which only cells
with useful receptors are selected to survive. As a result of these mechanisms, the nucleotide
sequence at the site of V(D)J recombination in one T cell clone differs from the sequence at the
V(D)J site generated by every other clone, leading to the generation of a diverse TCR repertoire

that is able to recognize countless foreign or mutant antigens.
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Figure 3. TCR a and P chain gene recombination. Examples of the recombination and gene
expression events are shown for the TCR [ chain (A) and the TCR a chain (B). In A, the variable
(V) region of the rearranged TCR B chain includes the V1 and D1 gene segments and the third
J segment in the JP1 cluster. The constant (C) region in this example is encoded by the exons of
the CP1 gene. At the TCR B chain locus, D-to-J joining is followed by V-to-DJ joining. In B, the
V region of the TCR o chain includes the Val gene and the second J segment in the Ja cluster.>*
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There are three key properties that dictate the functionality of a T cell: affinity, avidity, and
functional avidity. The TCR affinity refers to the physical strength of the monomeric interaction
between the TCR and the pMHC complex, and is measured using the dissociation constant Kq%°,
Previous studies indicate that a lower Kq and thus a stronger interaction lead to a better T-cell
response?®. TCR avidity refers to the strength of multimeric TCR-pMHC interactions, and thus can
be measured by staining live T cells with pMHC-tetramers and measuring fluorescent intensity?’.
Avidity is determined partially by TCR affinity, but also by other factors, such as TCR clustering
and coreceptor interactions®® which stabilize TCR/pMHC interactions and are critical for the
functionality of low-affinity TCRs?*. Finally, functional avidity of a T cell is defined by its ability
to biologically respond to titrated pMHC complexes, as measured by functional readouts such as
cytotoxicity, cytokine release, proliferation, or antitumor responses®>**. In this way, functional
avidity is also influenced not only by the intrinsic TCR affinity, but also by the expression levels
of the TCR and CD4*/CD8" coreceptors and downstream signaling molecules®!-*2. Though these
three parameters typically correlate, they do not have to; for example, the presence of inhibitory
molecules may decrease functional avidity even in the setting of a high affinity TCR.
Characterizing these parameters in T cells is becoming increasingly critical given the recent

advancements in cancer immunotherapy.

Furthermore, it is essential to improve our understanding of the interaction between TCR and
antigen through analysis of antitumor TCR repertoires. Early TCR repertoire analysis
methodologies included complementarity determining region 3 (CDR3) spectratyping, flow
cytometry with monoclonal antibodies directed against different Va and V[ segments, and bulk

sequencing of the TCRP chain®}. More recently, single-cell sequencing technologies such as 10x
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have enabled detailed analysis of the CDR3 region from paired TCRa and TCR chains, enabling
more granular reconstructions of TCR repertoires**3°, Moreover, our lab has honed a high-
throughput and sensitive plate-based method to interrogate TCR repertoires involving single-cell
and bulk sequencing that can be combined with single cell transcriptome data, allowing for

correlation of T cell transcriptional states with TCR identity.

Harnessing T cells to fight cancer: Cancer Immunotherapy

Over the past decade, the treatment of both solid and hematologic cancers has been revolutionized
by methods to harness and strengthen the antitumor immune response, and specifically, the
antitumor T cell response. These strategies include immune checkpoint blockade, chimeric antigen

receptor (CAR-T) therapies, and personalized cancer vaccination.

Immune checkpoint blockade (CPB) therapies are monoclonal antibodies directed against immune
checkpoint molecules, such as cytotoxic T-lymphocyte protein 4 (CTLA-4) and programmed cell
death protein 1 (PD-1). These agents act by reestablishing or augmenting pre-existing antitumor
responses in patients through the inhibition of checkpoint signaling, a suppressive mechanism
which normally dampens immune responses and protects against autoimmunity. These agents have
demonstrated striking clinical efficacy, beginning with ipilimumab (anti-CTLA-4) for advanced
melanoma in 201137, Drugs targeting PD-1 and PD-L1 have also been successful in melanoma,
non-small-cell lung cancer (NSCLC), and renal-cell carcinoma®®*°, as have combinations of the
two classes of checkpoint inhibitors in melanoma***!. However, currently, a minority of tumors
and patients respond to checkpoint blockade, suggesting that a pre-existing tumor-specific immune

response is insufficient or absent in the majority of patients**—#4,
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In adoptive cellular therapy (ACT), patients are treated with autologous T cells derived from
tumor-infiltrating lymphocytes (TILs) or genetically modified to express highly avid and tumor-
specific TCRs. There are currently three types of ACT: T cell receptor-engineered T cells, chimeric
antigen receptor (CAR)-T cells, and TIL-therapy. TILs are generally isolated from surgically
resected tumor, selected for on the basis of in vitro tumor-specificity, and expanded in vitro before
reinfusing into the patient®. T cell receptor-engineered T cells are generated by expressing tumor-
reactive and highly avid TCRs on normal T cells. Together, TIL therapy and T cell receptor-

engineered T cells have shown clinical efficacy in the treatment of various cancers*6—3

, achieving
up to 72% objective response rates (ORR) in metastatic melanoma*—>3, CAR-T cells are
genetically engineered to express a chimeric receptor consisting of the antigen-binding domain of
an antibody fused to the signaling components of a T cell receptor>*. CAR-T cells are theoretically
applicable to a wider range of patients in whom suitable TILs cannot be isolated>®. Notably, they

have shown clinical efficacy in CD19-expressing B cell malignancies such as childhood acute

lymphoblastic leukemia (ALL)¢-®, but efforts in solid tumors have achieved limited success.

These strategies illustrate the effectiveness of stimulating T cells to recognize cognate tumor
antigens, but they are not without limitations. By design, CAR-T cell therapy is limited by its
restriction to a single antigen target, which is a feasible approach for tumors that are mostly
uniform and express a common dominant antigen (such as CD19), but is suboptimal for solid
tumors, which typically lack a common surface antigen target. Similarly, the ORR of single-agent
CPB is limited to 30% in most tumor types for which activity has been shown**>%0 and ORRs
have been negligible to minimal in several cancers, including microsatellite-stable colorectal

cancer and pancreatic cancer’®. Notable exceptions include microsatellite-instable tumors®!,
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Merkel cell carcinoma®® and Hodgkin lymphoma®, for which ORRs of CPB are 50-80%.
Biomarkers to predict therapeutic benefit are clearly needed, as are better approaches to achieve
maximal tumor specificity while minimizing toxicity. Combining CPB with a therapy that can pre-

sensitize the host immune system to the tumor may be a rational strategy to achieve this goal.

Cancer Vaccines

Many believe that cancer vaccines could offer a combinatorial solution by steering the immune
response to more specifically target tumor both through the generation of new tumor-specific T
cell responses and the amplification of existing responses (Figure 4). Until recently, however,
cancer vaccine efforts have been limited by a general lack of understanding of how to stimulate
potent cytotoxic T cell responses in human patients. Specifically, uncertainties have abounded
regarding the identities of antigens to use, optimal delivery vehicles, the types of adjuvants

3,64

required, and ideal vaccine formulations™**. Two of these elements, vaccine formulations and

tumor antigens, are discussed below.
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Figure 4. Mechanisms of action by cancer vaccines. a) Cancer vaccines can generate de novo
tumor-specific T cell responses. b) Cancer vaccines can amplify pre-existing tumor-specific T cell
responses. ¢) Finally, cancer vaccines can increase the breadth and diversity of tumor-specific T
cell responses.® Taken from Hu et al. Nature Reviews Immunology 2018.

Vaccine Formulations

Two general classes of vaccine formulations exist: 1) those that broadly target all antigens within
a tumor, and 2) those that target one or multiple specific tumor antigens. The most common vaccine
type within the first class is the whole tumor cell-based vaccine. These vaccines can be generated
from irradiated intact tumor cells or tumor cell lysates, autologous tumor tissues, or established

tumor cell lines®-%, Variations of these have shown clinical efficacy in pancreatic cancer, chronic

lymphocytic leukemia, and in the post-transplant setting following HSCT for acute myeloid
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leukemia (AML)%-%°, In addition, DC—tumor cell hybrid vaccines have been created through the
fusion of DCs with tumor cells, and have shown promising clinical activity in patients with AML
and renal cell carcinoma’®’!. However, the effectiveness of whole tumor cell-based vaccines may
be theoretically compromised by the dilution of the most immunogenic tumor antigens with all

other self-antigens that are also present in normal cells.

By contrast, tumor antigen-specific vaccines only contain the parts of tumor cells that are necessary
to elicit an immune response. Subtypes of this vaccine class include protein vaccines, which are
typically composed of purified peptides, nucleic acid-based vaccines, including DNA and mRNA,
viral vectors, and DC vaccines. Peptide vaccines have shown optimal success when composed of
multiple long peptides (defined as 20-30mers) that require processing by APCs and have the
potential to stimulate both CD4" and CD8" T cells through antigen presentation on MHC class 11
and 1, respectively’>7*, DNA-based vaccines have shown only modest immunogenicity and
clinical success in various cancers, thus few have progressed beyond phase I clinical trials. mRNA-
based vaccines have proven more promising, as demonstrated by the generation of potent
antitumor immunity by a recent personalized mRNA mutanome vaccine for melanoma?. However,
RNA vaccines are hindered by the fact that they cannot be flexibly combined with certain potent
immune adjuvants. A prostate cancer viral vector vaccine containing transgenes encoding PSA
and three costimulatory molecules induced a modest immune response in patients with metastatic
prostate cancer, and is now being evaluated in a phase III clinical trial”>. Finally, clinical trials
assessing ex-vivo-generated DCs loaded with tumor antigens in various forms have been executed

in multiple cancers, including prostate, melanoma, and colon cancer’®.
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Tumor Antigens

Tumor antigens can be broken down into two main categories: 1) tumor-associated antigens
(TAAs) and 2) tumor-specific antigens. TAAs include antigens that are overexpressed, involved
in differentiation, or preferentially expressed by cancer cells. Well-established TAAs include
HER?2 (breast cancer), PSA (prostate cancer), and MART1 (melanoma). Cancer-testis antigens
(CTAs) are a subset of TAAs that are thought to harbor greater tumor specificity, as they are highly
expressed in tumors, and minimally expressed in normal tissues (they are only found in adult
germline and trophoblastic cells). Notable examples of these include MAGE and NY-ESO-177-78,
In general, as TAAs are also expressed in normal tissues, there is often a substantial degree of
central immune tolerance against them, necessitating high levels of expression in tumor cells to
reach the threshold of T cell recognition. Furthermore, even when these antigens are targeted, there

is an inherent and substantial risk of inducing autoimmunity.

Tumor-specific antigens include oncogenic viral antigens and tumor neoantigens. Oncogenic
viral antigens are commonly found in virally-induced cancers such as human papillomavirus
(HPV)-associated cervical cancer, hepatitis B-associated hepatocellular carcinoma, and human
herpesvirus 8-associated Kaposi sarcoma. Tumor neoantigens are altered peptides generated
from somatic mutations in tumor cells. Whether a somatic mutation can form a neoantigen
depends on several factors: 1) the capacity for the mutated sequence to be translated into protein,
2) the ability to process and present the mutated protein as peptides on APCs, 3) the affinity
between the mutated peptide and patient MHC molecules, and 4) affinity of T cell receptor

(TCR) for the mutant pMHC complex”%°. As neoantigens are not only highly tumor specific but
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also highly immunogenic given the lack of pre-existing central tolerance, they are regarded as
ideal cancer vaccine targets (Figure 5).

Tumour specificity of antigen
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Figure 5. The range of tumor antigens. Potential antigens for use in cancer vaccines differ in
terms of tumor specificity and viability for vaccine personalization. Neoantigens are ideal targets
for personalized, highly tumor-specific cancer vaccines.® Taken from Hu et al. Nature Reviews
Immunology 2018.

Recent evidence supports a robust role for neoantigen-specific antitumor immune responses
(Figure 6). For one, neoantigen load has been associated with responses to CPB and improved
survival in cancer patients, especially in tumors with a high mutational burden such as melanoma,
NSCLC, and colorectal cancer®' - (Figure 7), indicating that overall mutational burden is
associated with neoantigen load®®. Second, neoantigen-specific T cell populations are expanded in

T87-90 and after

multiple settings of effective antitumor immunity, including following CPB and AC
HSCT®!. Finally, animal and human studies have confirmed the presence neoantigen-specific

cytotoxic T cell-mediated antitumor activity?>*%. However, personalized discovery of candidate

neoantigens was not feasible until the advent of tools such as whole-exome sequencing (WES) and
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RNAseq, which have enabled the comprehensive identification of mutated, expressed genes within
a patient’s tumor, in addition to novel bioinformatics tools to predict corresponding MHC-binding
neoepitopes. Because of this, the field is now experiencing a paradigm shift, in which it is possible
to envision the generation of on-target effective tumor immunity without collateral damage to other
tissues through the administration of personalized neoantigen vaccines.
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Figure 6. Evidence supporting neoantigens as targets of antitumor immunity.* Taken from
Hu et al. Nature Reviews Immunology 2018.
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Figure 7. Mutational burden by tumor type. Each dot corresponds to a tumor-normal exome
pair, with vertical position indicating the total frequency of somatic mutations in the exome. Tumor
types are ordered by their median somatic mutation frequency, with the lowest frequencies on the
left. A high somatic mutation burden is found in tumors induced by carcinogens such as tobacco
smoke and UV light.”® Taken from Lawrence et al. Nature 2013.
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Personalized Neoantigen Vaccines

Our lab and others have established high-throughput pipelines to identify neoantigens, predict

MHC-binding peptides, and select neoantigen epitopes (neoepitopdes) for the generation of

personalized neoantigen vaccines. Briefly, the pipeline proceeds as follows:

1)

2)

3)

Identification of tumor-specific mutations

Tumor-specific mutations are identified through WES of matched resected tumor and
normal tissue samples, and expression of mutated proteins is confirmed through RNAseq.
Prediction of MHC-binding peptides derived from mutations

Peptide regions encoding non-synonymous expressed mutations (including both missense
mutations and frameshift mutations productive of novel open reading frames (neoORFs)

100,101 and/or mass-

are inputted into neural-network based algorithms such as NetMHCpan
spectrometry-based methods®>!1%? to predict peptide binding affinity to MHC class I or
MHC class II. Given the variability in MHC class II molecules and the complexity of the
peptide-MHC binding process, most algorithms are optimized to predict MHC class I-
binding peptides”. Peptides with high predicted binding affinity (half-maximum inhibitory
concentration (IC50) < 500nM) are selected as candidate neoantigens.

Epitope selection

Predicted neoepitopes are prioritized for inclusion in vaccination based on predicted
immunogenicity. Typically, neoepitopes arising from mutations generating neoORFs are
given highest priority due to high sequence divergence from their normal counterparts.
Neoantigens arising from single nucleotide variants (SNVs) are subsequently ranked on

the basis of predicted HLA binding affinity and location of mutation (anchor residue vs.

non-anchor residue). SNVs and neoORFs in oncogenes are given high priority. Finally,
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peptide synthesizability and solubility factors are also taken into account (e.g.

hydrophobicity, presence of multiple cysteines).!

Several recent studies have demonstrated the safety, feasibility and immunogenicity of
personalized neoantigen vaccines in patients with melanoma, which has a high mutational burden,
and glioblastoma (GBM), which carries a low mutational burden'>!%-195_ The first neoantigen-
based vaccine consisted of dendritic cells pulsed with HLA-A2-restricted neoantigens!®®. The
vaccine targeted 7 neoantigens and was administered intravenously to three patients with
melanoma who were previously treated with the CPB agent ipilimumab, a CTLA-4 inhibitor.
Researchers found that the cellular diversity of the antitumor response was increased after
vaccination, but specific vaccine effects were difficult to parse from those of ipilimumab. In
another study, a neoantigen-based mRNA vaccine was tested in patients with high-risk melanoma
following surgical resection®. Vaccines consisted of mRNA encoding up to 10 neoantigens for
each patient predicted to bind to HLA class I and class 11, and were administered intranodally.
Prior to personalized vaccine administration, patients with NY-ESO-1-positive and/or tyrosinase-
positive melanoma also received a single dose of an mRNA vaccine encoding these TAAs. Out of
the 13 patients, eight who had no detectable disease at the time of vaccination remained tumor-
free throughout a follow-up of 12-23 months. Of the five patients who had metastatic disease at
the time of vaccination, two experienced a vaccine-related objective response, and one had a
complete response in combination with anti-PD-1 therapy. Moreover, the vaccine induced de novo

CD4" and CD8" T cell responses in all vaccinated patients.
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In a third study, fifteen patients with GBMs positive for HLA-A*02:01 or HLA-A*24:02 were
treated with 2 vaccines in series: the first was composed of a premanufactured library of 33
peptides derived from shared unmutated antigens, and the second vaccine was composed of 7
personalized neoepitope peptides derived from neoantigens and predicted to bind strongly to HLA
class I and I1'%. Promisingly, this vaccine strategy elicited continuous CD8" and CD4* T cell
responses in the majority of patients. Furthermore, the median overall survival (OS) was
29.0 months, which compares favorably to the median OS of 20.0 months observed in the ACT IV
trial, which tested rindopepimut with temozolomide for patients with newly diagnosed, EGFRvIII-
expressing GBM, and could cautiously be considered as a reference cohort, acknowledging the

limitations of comparing small early phase trials to phase III trials.

In a fourth study, one patient with methylguanine methyltransferase (MGMT)-unmethylated GBM
was treated with a heterologous personalized vaccine, including an autologous tumor lysate-
dendritic cell vaccine (“DCVax™) followed by a neoantigen-based vaccine (“GBM.PVax”)!0
composed of 8 long peptides encompassing 7 neoantigens. Analysis of post-treatment peripheral
blood demonstrated detectable neoantigen-specific CD8* (1 neoantigen) and CD4* T cell (2
neoantigens) responses after peptide vaccination. A similar patter of reactivity was seen in post-
treatment TILs. Finally, genomic and transcriptomic characterization of the mutational landscape
and tumor microenvironment pre- and post-treatment revealed tumor clonal evolution and

evidence of potential immune evasion.

Our lab has recently studied personalized neoantigen vaccines (coined “NeoVax”) in two phase |

clinical trials for 1) patients with previously untreated high-risk (stage IIIB/C and IVMIla/b)
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melanoma after surgical resection with curative intent!, and 2) patients with newly diagnosed
methylguanine methyltransferase (MGMT)-unmethylated glioblastoma after surgical resection

and conventional radiotherapy!'®

. In the melanoma study, immunizing long peptides (IMP; 15-
30mers) targeting up to 20 neoantigens per patient were admixed with the Toll-like receptor 3
(TLR3) and melanoma differentiation-associated protein 5 (MDA-5) agonist poly-ICLC, and
administered subcutaneously in pools to 6 patients in a prime-boost schedule.! Of the six patients,
four with stage III disease at the time of vaccination showed no signs of tumor recurrence for up
to 32 months after vaccination. Two patients with stage IV melanoma at the time of vaccination
experienced disease recurrence shortly after vaccination, but had complete tumor regression after
treatment with anti-PD-1 therapy. Immunological assays on peripheral blood demonstrated that
NeoVax induced robust, polyfunctional T cell responses in all patients. Overall, a T cell response
was generated against 60-70% of predicted immunizing neoantigens, and in most cases,
neoantigen-specific T cells could discriminate between mutant and wild-type antigens. Of note,
more neoantigen-specific CD4" responses were generated than CD8" T cells responses (which was
also true of the aforementioned mRNA vaccine), despite the use of HLA class I binding algorithms
to select immunizing peptides. This phenomenon may be explained by differences in the physical
structure of the HLA class I and HLA class II binding grooves: while HLA class I-binding epitopes

fit precisely within a close-ended binding pocket, HLA class II-binding epitopes are typically

longer and extend out of the core-binding site, allowing for promiscuous binding properties and

! Initially, ten patients were enrolled. However, only eight demonstrated the high mutation rate expected for
melanoma, carried expected melanoma-associated mutations (that is, in BRAF, NRAS, and others) and
predominantly C—T transitions (consistent with ultraviolet exposure), and expressed multiple melanoma markers.
For these 8 patients, 13—20 immunizing long peptides (IMP) per patient (with lengths of 15-30 amino acids) were
synthesized and grouped into 4 separate immunizing pools. Only 6 patients ultimately initiated vaccination.
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thus a larger number of peptides to function as epitopes for multiple HLA class IT molecules!?7-1%8,

Furthermore, the finding may be related to the relative paucity of cross-presenting C-type lectin
domain family 9 member A (CLEC9A)" DCs, a DC subtype that is especially efficient at
processing extracellular antigens and cross-presenting them on major histocompatibility complex
(MHC) class 1'%, Therefore, many more APCs are likely to be available for MHC class
[I-restricted antigen presentation to CD4" T cells!!”. Finally, in mice, DCs that present to CD8" T
cells are mostly found in the deep paracortex of lymph nodes where antigen quantities are reduced,
whereas those that activate CD4" T cells typically reside in the periphery of the lymph node,

resulting in greater activation of CD4" T cells!!!.

In the glioblastoma NeoVax trial, a median of 12 (range 7-20) IMPs per patient were admixed with
poly-ICLC and administered subcutaneously in pools to 8 patients in a prime-boost schedule.
Patients who did not receive dexamethasone for cerebral edema generated circulating
polyfunctional neoantigen-specific CD4* and CD8" T cell responses that were primarily of a
memory phenotype, and exhibited an increase in the number of tumor-infiltrating T cells. Single-
cell T cell receptor analysis also revealed evidence of trafficking of neoantigen-specific T cells
from the peripheral blood into an intracranial tumor. Despite these immune responses, all patients
ultimately experienced tumor recurrence and died of progressive disease (median OS 16.8
months), indicating that the induced T cell responses were not robust enough to produce clinically
relevant antitumor activity. This could be in part due to the expression of multiple co-inhibitory

receptors in neoantigen-specific T cells, consistent with a profound exhaustion phenotype!!2.
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Collectively, these initial clinical trials testing personal neoantigen vaccines are encouraging.
However, only relatively short-term immune responses have been reported to date. Furthermore,
recent studies have demonstrated that proper T-cell priming is critical for the clinical efficacy of
PD-1 blockade, and that PD-1 blockade can induce exhaustion of tumor-directed T cell
responses!!'?, emphasizing the importance of elucidating the functionality of tumor-specific T cell

responses in the context of immune checkpoint inhibition.

Thesis Aims

This thesis aims to delineate the clinical courses and vaccine-induced neoantigen-specific T cell
responses, including their phenotype and functionality, of the 6 patients with high-risk melanoma
who received NeoVax!, and of 2 additional high-risk melanoma patients who received NeoVax
after the original report was published. First, we set out to characterize the neoantigen-reactive T
cell response in the 2 new patients (Pts. 11 and 12) following vaccination (at 16 weeks) and in all
patients several years (median 46 months) following vaccination. In 5 patients who experienced a
cancer recurrence during long-term follow-up, we investigated genomic and transcriptomic
differences between the original resected tumors and relapsed tumors, and assessed for loss of
neoantigens targeted by the vaccines. We next explored phenotypic trajectories and TCR
repertoires of neoantigen-specific CD4" T cells in a subset of patients to determine the clonal
evolution of neoantigen-specific T cell populations over time. Finally, to determine if vaccination
in combination with anti-PD-1 therapy elicited the expansion of T cell responses to new antigens

not included in the vaccine, an indication of direct tumor killing, we evaluated epitope spreading.
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Methods

Study design

Patients with high-risk melanoma were consented and enrolled between April 2014 and October
2015 to a single center, phase I clinical trial approved by the Dana-Farber/Harvard Cancer Center
Institutional Review Board (IRB) (NCT01970358). This study was conducted in accordance with
the Declaration of Helsinki. Key eligibility criteria were clinically or radiographically evident,
pathologically confirmed stage IIIB/C or IVMla/b melanoma deemed amenable to complete
surgical resection and an ECOG performance status of 0 or 1. More details about eligibility criteria
have been described previously'. The primary endpoints of the study were safety and feasibility;
secondary endpoints were induction of tumor- and neoantigen-specific cellular immune responses

and the number of patients alive at 2 years after melanoma resection.

Each personalized neoantigen-targeting vaccine was generated as previously described!. In brief,
each vaccine consisted of long peptides combined into 4 distinct immunizing peptide pools with
0.3 mg of each peptide admixed with 0.5 mg poly-ICLC per pool in a volume of 1 ml; these were
administered subcutaneously (SC) on days 1, 4, 8, 15 and 22 (priming phase) and weeks 12 and
20 (booster phase). Each of the 4 neoantigen vaccine pools per patient was assigned to one of four
“non-rotating” extremities (or the left or right midriff as an alternate anatomical location) for each

injection.

The safety of study treatment was assessed based on the occurrence of adverse events, which were
categorized and graded according to National Cancer Institute Common Terminology Criteria for

Adverse Events (CTCAE, version 4.0). During the treatment phase, safety assessments were

29



performed on the day of vaccination and one week after each vaccination. During the initial follow
up phase, safety assessments were conducted every 3 months. Surveillance scans (computer
tomography or combined position emission tomography/computer tomography) were performed

every 6 months; standard RECIST 1.1 criteria were used for assessment of disease recurrence.

Patient samples

Heparinized blood samples were obtained from study subjects on IRB-approved protocols at the
DFCI. Patient peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll/Hypaque
density-gradient centrifugation (GE healthcare) and cryopreserved with 10% dimethylsulfoxide in
FBS (Sigma-Aldrich). Cells from patients were stored in vapor-phase liquid nitrogen until the time
of analysis. HLA class I and class II molecular typings were determined by PCR-rSSO (reverse
sequence specific oligonucleotide probe), with ambiguities resolved by PCR-SSP (sequence

specific primer) techniques (One Lambda Inc., BWH Tissue Typing Laboratory).

Patient tumor samples were obtained immediately following surgery. A portion of the sample was
removed for formalin fixation and paraffin embedding (FFPE). The remainder of the tissue was
carefully minced manually, suspended in a solution of collagenase D (200 unit/mL) and DNAse |
(20 unit/ml) (Roche Life Sciences), transferred to a sealable plastic bag and incubated with regular
agitation in a Seward Stomacher Lab Blender for 30-60 min. After digestion, any remaining
clumps were removed and the single cell suspension was recovered, washed and immediately
frozen in aliquots and stored in vapor-phase liquid nitrogen. For patients 1, 2, 3, 5, 7, 11, and 12,
the frozen tumor cell suspensions were used for WES and RNA-seq. For patients 4 and 6, WES

and RNA-seq were performed on scrolls from the FFPE tissue. (Supplementary Table 1).
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Whole-Exome Sequencing (WES)

CLIA-certified WES was conducted by the Clinical Research Sequencing Platform, Broad
Institute (CLIA #:22D2055652). Library construction from surgical melanoma specimens and
matched germline DNA of all 8 patients was performed as previously described!!*. Pts. 1-6 have
been previously described! and Pts. 11 and 12 in addition to the relapsed tumors of Pts. 1, 2, 3, 5
and 6 were processed in the same way. Briefly, cell suspensions were used for WES, and whole-
exome capture was performed using the Illumina Nextera Rapid Capture Exome v1.2 bait set.
Resulting libraries were then qPCR quantified, pooled, and sequenced with 76 base paired-end
reads using HiSeq 2500 sequencers (Illumina). Data were analyzed using the Broad Picard

Pipeline which includes de-multiplexing, duplicate marking, and data aggregation.

RNA sequencing (RNA-Seq)

RNA was extracted from fresh frozen sections (Patient 1 relapsed tumor), or FFPE samples
(patients 2, 3, 5, 6 relapsed tumors) using the Qiagen AllPrep DNA/RNA/miRNA Universal Kit
or the Qiagen AllPrep DNA/RNA FFPE Kit, respectively. RNA-seq libraries were prepared using
[llumina TruSeq Stranded mRNA Library Prep Kit (for cell suspensions) or Illumina’s TruSeq
RNA Access Library Prep Kit (for FFPE samples). Flowcell cluster amplification and sequencing
were performed according to the manufacturer’s protocols using the HiSeq 2500. Each run was a
101 bp paired-end with an eight-base index barcode read. Data was analyzed using the Broad

Picard Pipeline which includes de-multiplexing and data aggregation.
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DNA quality control

Standard Broad Institute protocols as previously described!!>!'® were used for DNA quality
control. The identities of all tumor and normal DNA samples were confirmed by mass
spectrometric fingerprint genotyping of 95 common SNPs by Fluidigm Genotyping (Fluidigm).
Sample contamination from foreign DNA was assessed using ContEst!!7 (Supplementary Table

2).

RNA quality control

All RNA was quantified using the Quant-It RiboGreen RNA reagent, an ultrasensitive fluorescent
nucleic acid stain used for quantitating RNA in solution, and a dual standard curve. The assay
generates a quantity metric which can be 2-1000ng/uL.. The dilution plate generated with 3uL. of
sample was used for entire QC process. The RNA was then qualified using the LabChip GX Touch.
The assay generated a quality metric — the RNA Quality Score — which was used to establish
acceptance criteria for further analysis of the samples. The RQS ranges from 0 to 10, with 10
representing the highest quality. This metric correlates closely with Agilent’s RIN score. The
LabChip GX instrument primed the chip and automatically initiated the electrophoretic analysis
of the samples. The samples were aspirated one-by-one into the chip through the sipper capillary.
Once samples were in the chip, it was stained, separated, and detected in microfluidic channels.
For poor quality samples, such as FFPE, a DV200 score was used which was originally
developed by Illumina. A score of 35% or greater was considered likely to perform well in

sequencing.
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Modified explanation of RQS from the LabChip GX user guide: RQS stands for Relative Quality
Score. The software determines the quality of the RNA sample by measuring the amounts of
known RNA fragments relative to the total RNA present in the sample. The raw data was filtered
and the resulting electropherograms of all wells were plotted. A curve spline fit to the data was
performed to generate a baseline above which RNA fragment peaks are detected. This baseline
was displayed as a blue line on the electropherogram and was adjusted as needed. A sizing ladder,
which is a mixture of RNA fragments of different known sizes, was run first from the ladder vial.
The ladder was analyzed and a standard curve of migration time versus RNA size was plotted from
the RNA ladder by interpolation between individual RNA fragment size/migration points. A dye
matching the lowest peak in the ladder was run with each of the samples. This is called the lower
marker (LM), which is used to align the ladder data with data from the sample wells. The standard
curve and the markers were used to calculate RNA fragment sizes for each well from the migration
times measured. The Total RNA present was computed by finding the area under the
electropherogram trace. The baseline for this integration is a straight line starting at the end of the
lower marker and ending at the baseline end time. The height of the baseline endpoints was
computed from an average of a five second window around the baseline Start Time and End Time.
These values were used to create a Relative Quality Score which allowed us to evaluate the quality

of RNA before it moves forward for sequencing (Supplementary Table 2).

Somatic mutation calling
Mutation analysis
Analyses of whole-exome sequencing data of tumor and matched PBMCs (as source of normal

germline DNA) from the patients were used to identify coding-sequence specific mutations and
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small insertions/deletions. We utilized GAT4 pipelines in Terra for somatic mutation detection

(https://terra.bio/). Paired-end Illumina reads were aligned to the hg19 human genome reference

using the Picard pipeline to yield BAM files containing aligned reads (bwa version 0.5.9) with
well-calibrated quality scores. Cross-sample contamination was assessed with the GATK’s
CalculateContamination tool with a 5% threshold. Point mutations and indels were identified
using the M2 tool (v2.7.0). Possible artifacts due to orientation bias and alignment errors were

removed through a series of filters (github.com/gatk-workflows/gatk4-somatic-snvs-

indels/Mutect2). A random subset of alterations were manually reviewed in integrated genome
viewer (IGV)!8, The final list of filtered mutations, insertions and deletions were annotated using

Funcotator. (Supplementary Table 3).

Copy number analysis
Copy number events were called and filtered using GATK4 ModelSegments!!

[https://gatkforums.broadinstitute.org/dsde/discussion/11682/;

https://gatkforums.broadinstitute.org/dsde/discussion/11683]. In order to minimize false positives,

we utilized a copy number panel-of-normals created based on germline samples processed using
the same platform. We applied a custom conversion script to format the outputs of ModelSegments
(both copy ratio and allelic fraction) to be compatible with ABSOLUTE!?, the tool used to
estimate sample purity and ploidy as well as cancer cell fractions (CCFs). ABSOLUTE solutions
were picked by manual inspection. The final chosen purity and ploidy solutions were used to
estimate CCFs for detected somatic alterations in each sample. Mutations were considered clonal
if the expected CCF of the mutation as estimated by ABSOLUTE was 1, or if the estimated

probability of the mutation being clonal was greater than 0.5.
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Transcriptomic analysis

RNA-seq data from the CheckMate 010 and 025 cohorts were aligned using STAR!?!, quantified
using RSEM'?2, and evaluated for quality using RNA-seqQC2!?*. Samples were excluded if they
had an interquartile range of log2(TPM+1) < 0.5 (indicating low dynamic range), had less than
15,000 genes detected (indicating low library complexity), had an End 2 Sense Rate<0.90, or

End 1 Sense Rate>0.10 (as defined by RNA-seqQC?2, indicating strand bias).

Identification of target epitopes for peptide design

For Pt. 11, NetMHCpan v2.4'% was used to identify mutation-containing epitopes that are
predicted to bind to the individual patients’ MHC class I molecules, as previously described!. For
Pt. 12, 30 peptides were initially designed using netMHCpan v2.4 as above. The bottom 6 were
then replaced with distinct epitopes based on binding predictions from a preliminary version of
HLAthena'?*, a machine-learning algorithm trained on mass spectrometry-identified peptides'®?,
using all other criteria as previously described'. Thirty peptides of 17-26 amino acids length (“long
peptides”) from up to 30 independent mutations were selected and prioritized for each patient

(Supplementary Table 4, 5, 6).

Identification of target epitopes for epitope spreading peptide design:

For Pts. 2 and 6, NetMHCpan v2.4 was used to identify non-vaccine mutation-containing epitopes
(neoepitopes) predicted to bind to the individual patients” MHC class I molecules. Non-vaccine
neoepitope assay peptides (including EPT and ASP) were then selected and prioritized for peptide
preparation. NetMHCpan-predicted neoepitopes not included in the original vaccines were chosen

for epitope spreading experiments on the basis of a pre-defined set of criteria in the following rank
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order: (1) neoORFs which included predicted binding epitopes; (2) high predicted affinity
(<150 nM) somatic single nucleotide variations due to anchor residue changes; (3) high-affinity
(<150 nM) somatic single nucleotide variations due to mutations in positions other than anchor
residues; (4) neoORFs with no predicted binding epitopes; (5) lower affinity (<150-500 nM)

versions of (2) and (3) (Supplementary Table 7a).

For Pt. 3, ASP peptides were selected based on NetMHCpan v2.4-predicted binding affinities of
non-vaccine neoepitopes using the same criteria as above. For Pt. 3 EPT peptides, we selected
peptides based on NetMHCpan v4.0 and a preliminary version of HLAthena. We used the
following criteria for initial peptide selection: (1) TPM>1; (2) T alt count>5; (3) No cysteine.
From the peptides that met the above criteria, for NetMHCpan prediction, we ordered peptides
from the lowest ell rank m that had Ell rank mut <0.5. For HLAthena-based prediction, we
ordered peptides from the highest MSEC (a binding affinity metric that is calculated based on
sequencing of HLA-bound peptides by mass spectrometry, expression (TPM), and cleavability)
that had a MSEC>0.85. For HLA-C*06:02, we selected 9-mers only, as this HLA mostly presents
9-mers!®. After we listed the peptides predicted by NetMHCpan and HLAthena by the above
criteria, we selected peptides in the following manner: (4) selected the top 38 overlapping peptides
among NetMHCpan and HLAthena predicted peptides; (5) selected 10 additional peptides that had
the lowest Ell_rank mut by netMHCpan prediction; (6) selected 10 additional peptides that had

highest MSEC by MS-based prediction (Supplementary Table 7a).

For Pt. 2 and 5, TAA EPT peptides originating from a chosen set of common melanoma TAAs

(Supplementary Table 7b) expressed in patient tumors and predicted by a preliminary version of
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HLAthena were chosen. The 20 peptides with the highest MSEC score were chosen for inclusion

(Supplementary Table 7¢). The MAGEEF1 and MAGED?2 peptides were selected by accident.

For Pt. 3, TAA EPT peptides were predicted by a preliminary version of HLAthena and chosen
for inclusion on the basis of a pre-defined set of criteria in the following rank order: (1) high
predicted binding affinity peptides MSEC > 0.9; (2) high expression in the patient’s tumor (TPM
>100); (3) T alt count>5; (4) peptides not containing cysteine residues; (5) only 9- and 10-mer
peptides; (6) for HLA-C*06:02-binding peptides, only 9-mers. For those peptides that met these
criteria, we listed the peptides from the highest MSEC. We then selected the top 5 peptides for

each gene. (Supplementary Information Table 7c).

Synthesis of long peptides, pooling and final vaccine preparation:

As previously described!, GMP peptides for all 8 subjects were synthesized and purified (CS Bio)
using standard solid-phase synthetic peptide chemistry and Reverse Phase High Performance
Liquid Chromatography (RP-HPLC). Up to twenty peptides were formulated in an aqueous
solution containing <4% DMSO in isotonic dextrose and mixed into up to 4 pools (for Pts. 11 and
12, 3-4 peptides per pool), with a final dose of 0.3 mg of each peptide per vaccine. On the day of
vaccine administration, each peptide pool was admixed with 0.5 mg poly-ICLC (Hiltonol®;

Oncovir Inc.) by syringe-to-syringe transfer at the DFCI Clinical Pharmacy.

Immunohistochemical evaluation of primary melanoma cells:

Dual immunohistochemical staining of the antigen presentation components: HLA class I (Abcam,

EMRS-5, 1:6000) and HLA class II (Dako, CR3/43 M0775, 1:750) with the melanoma marker
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SOX10 (EP 268, Cell Marque, 1:1500) was performed using an automated staining system (Bond
III, Leica Biosystems) according to the manufacturer's protocol, as previously described!?®. Semi-
quantitative scoring was performed for the intensity of positive staining of melanoma cell
membranes for the marker of interest (0, negative; 1, weak; 2, moderate; 3, strong) and for the
percentage of positive staining malignant cells (0-100%). A cumulative “H score” was obtained
by multiplying intensity score (0-3) by the percentage of malignant cells with positive staining
(0%-100%; with any intensity of positive staining). Stained slides were first reviewed and scored
independently by two individuals and subsequently reviewed together with a final, consensus score

tabulated as previously described!?¢.

Generation and detection of patient neoantigen-specific T cells

PBMCs were cultured in RPMI-1640 medium supplemented with L-glutamine, nonessential
amino acids, HEPES, B-mercaptoethanol, sodium pyruvate, penicillin/streptomycin (Gibco), and
10% AB-positive heat-inactivated human serum (Gemini Bioproduct). For in vitro expansion
(‘pre-stimulation’) of antigen-specific T cells, PBMCs were stimulated in 24-well cell culture
plates at 5x10° cells per well with individual (1.5-2 ug/ml) or pooled peptides (each at 1.5-2 ug/ml)
in the presence of IL-7 (20 ng/ml; R&D Systems). On day 3, low-dose IL-2 (20 U/ml; Amgen)
was added. Half-medium change and supplementation of cytokines were performed every 3 days,
as described previously'?’. After 10-21 days, T cell (referred to as ‘T cell lines’) specificity was
tested against peptide by interferon (IFN)-y ELISPOT in RPMI-1640 medium supplemented with
penicillin/streptomycin and 10% FBS (complete RPMI). For deconvolution of CD4" and CD8* T
cell responses, T cells were enriched with CD4* or CD8" T cell Isolation Kit beads (Miltenyi

Biotec) prior to plating for ELISPOT.
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Antigen formats for immune monitoring

Assay (ASP) and predicted class I epitope peptides (EPT) were synthesized and lyophilized (from
either JPT Peptide Technologies or RS Synthesis or Automated Flow Synthesis!?® (>80% purity).
ASP were 15-16 aa and overlapped by at least 11 aa, covering the IMP sequence. EPT were 9-10
aa. Peptides for generation of class II tetramers were synthesized to >90% purity (21%* Century

Biochemicals).

IFN-y enzyme-linked immunospot (ELISPOT) assay

IFN-y ELISPOT assays were performed as described previously!. Briefly, for pre-stimulated T
cells, 5x10° T cells and 1-3x10* CD8" T cells for detection of CD4* and CD8" T cell responses,
respectively, were co-cultured with 1x10* autologous CD4* and CD8" T cell-depleted PBMC
(APCs). Peptides (10 pg/ml) were directly added to the ELISPOT wells with APCs and incubated
with T cells overnight in complete RPMI at 37°C. For ex vivo ELISPOT, 2x10° PBMC were plated
with 5 pg/ml peptide and incubated overnight. For the experiments in Extended Data Fig. 4a,
non-nucleofected B cells or B cells nucleofected with minigenes encoding mutated or WT peptides
were used as APCs, and APCs were cultured on the ELISPOT plate with HLA blocking antibodies
(10 pg/ml, pan anti-DR [clone: 1.243]) as previously described'. Responses were scored positive
if spot forming cells (SFC) were at least 2.5 standard deviations (SD) over the DMSO control. For
Extended Data Fig. 1b, for each patient, the numbers of SFC were regressed on assay, time, and
the interaction of assay and time using repeated measures models with an unstructured covariance.
P-values (t-test) for the comparisons of each pool against the mock were adjusted using the

Benjamini-Hochberg procedure to maintain an overall alpha of 0.05 at each time within patient.
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Flow cytometry staining

Patient PBMCs were rested in RPMI containing 10% FBS and 50 U/ml Pen/Strep in 50 ml conical
tube overnight. The next day, intracellular cytokine staining (ICS) was performed. ICS assays were
performed as described previously!?’ with 1-5 x 10 PBMC that were incubated for 9 hours at 37°C
with media, 10 pg/ml phorbol myristate acetate (PMA) and 1 pg/ml ionomycin, or pooled ASP
peptides (5 or 10 pg/ml each) that elicited ex vivo CD4" T cell responses at week 16 post-
vaccination. Cultures contained monensin, brefeldin A. BD Cytofix/Cytoperm Kit was used. Cells
were then stained with predetermined titers of mAbs against Aqua L/D, CD3 (clone UCHT; APC-
R700), CD4 (clone L200; BV711), CD8 (clone RPA-T8; BV570), PD-1 (clone EH12.1; BB700),
CD27 (clone 0323; BV786), CD45RA (clone 5SH9; APC-H7), CD69 (clone TP1.55.3, ECD), IFN-
v (clone B27; BUV395), IL-2 (clone MQ1-17H12; BUV737), TNF-a (clone Mabl1; BV650)

(Supplementary Table 8).

Generation of HLA-DR tetramers loaded with defined neoantigen peptides

DRI1/CLIP or and DR4/CLIP were expressed in stably transfected CHO cells as previously
described'*?. The DRa and B chain extracellular domains carried Jun and Fos dimerization
domains; a C-terminal BirA site was attached to the DRa chain to enable site-specific biotinylation.
The peptide binding site was occupied by a CLIP peptide that was linked through a thrombin-
cleavable linker to the N-terminus of the mature DR} chain. DR/CLIP complexes were purified
from CHO cell supernatants by affinity chromatography using mAb L243 (American Type Culture
Collection). Purified DR molecules were biotinylated with a 1:20 molar ratio of BirA:DR as
described!°. Prior to peptide loading, DR complexes were treated with thrombin for 2 h to release

the CLIP peptide. Peptide-exchange reactions were carried out with a 15-fold molar excess of
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dansyl-labeled peptides (21% Century Biochemicals) in a buffer containing 50 mM sodium citrate,
1% octylglucoside, 100 mM NaCl, and 1x protease inhibitor cocktail overnight at 30 °C.
DR/peptide complexes were separated from unbound peptide using a Superose 12 HPLC gel
filtration column (Amersham). DR molecules loaded with defined neoantigen peptides (Table 1)
were then isolated using an anti-dansyl affinity column. Complexes were eluted from the column
using 50 mM CAPS, pH 11.5 and neutralized with 1 M phosphate, pH 6.0. Biotinylated
DR/peptide monomers were buffer exchanged with PBS, concentrated to >1 mg/mL, and frozen
in aliquots at -80°C. Fluorophore-labeled streptavidin (either PE or APC) was added to
biotinylated DR/peptide monomers at a 1:4 molar ratio in four separate additions over 40 min at

room temperature.

DR3/CLIP and DR7/CLIP complexes were expressed in Sf9 insect cells as previously described!?!.
DRa and B chain constructs were cloned into the pAcDB3 vector for dual p10 promotor-driven
expression. Recombinant Baculoviruses was prepared, amplified, and used for protein expression
in S9 cells cultured in SF900 II medium (Life Technologies). Cells were harvested 72 hours after
infection and DR/CLIP complexes were purified from concentrated supernatants by affinity
chromatography using mAb L.243. Subsequent purification and peptide loading was performed as

described above for DR1 and DR4 molecules.

Tetramer Reagents

Streptavidin-R-Phycoerythrin (PE), Prozyme

Streptavidin-Allophycocyanin (APC), Invitrogen
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Peptides (21 Century Biochemicals)

Name Sequence

P1-RUSC2 SVGDFSQEFSPIQEAQQD(K-dansyl)-amide
P4-ARHGAP29 PGKIHLFEAEFTQVAKKE(K-dansyl)-amide
P2-ADM2 RTQLLWTPAAPTAMAE(K-dansyl)-amide
P3-FAM190A SSHYKFSKPALQSQS(K-dansyl)-amide
P3-GTF3C2 HHYLLFQNTDLGSFHDLLR(K-dansyl)-amide
P3-ADAMTS7 RGRELRFNLIANQHLLAPGF(K-dansyl)-amide
P4-PATLI SPSQFARVPGY VGSPLA(K-dansyl)-amide
P5-ZNF281 SQRTSWEFLQSLVSIKQEK(K-dansyl)-amide
P5-MAP4K4 LASLKNNVSPVLRSHSF(K-dansyl)-amide
P6-MLL SRLQTRKNKKLALSSTPSN(K-dansyl)-amide

Table 1. Neoantigen Peptides

Tetramer labeling of CD4* T cells

Patient PBMCs that were CD4-enriched using CD4" T cell Isolation Kit (Miltenyi Biotec) were
stained with both APC- and PE-labeled tetramers (Supplementary Table 13) at 20 pug/mL in
RPMI containing 10% FBS, 10 mM HEPES, 2mM glutamine and 50 U/mL Pen/Strep for 1 h at
room temperature. DR/CLIP tetramers were used as negative controls. The cell density during
staining was 10-20x10° cells/mL. Unbound tetramer was removed using two washes with flow
staining buffer (PBS "2%FBS). Cells were then stained with Live/Dead Aqua (Invitrogen) for 15

min at room temperature, following by staining with anti-CD4 (Alexa Fluor700, OKT4,
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Biolegend), anti-CD3 (BV421, UCHT1, Biolegend), and anti-CD14/CD19 (BV510) for 20 min at

4°C (Table 2). Cells were washed once with PBS and analyzed on a BD Aria cell sorter.

Specificity Clone Fluorophore Supplier

aCD4 OKT4 Alexa Fluor700 Biolegend
aCD3 UCHTI1 BV421 Biolegend
aCD14 MSE2 BV510 Biolegend
aCD19 6D5 BV510 Biolegend

Table 2. Tetramer staining antibodies

Single cell RNAseq data generation and analysis

Tetramer-specific CD4" T cells were dry sorted into 96 well plates for Patients 3, 4 and 5 for whole
transcriptome sequencing and TCR sequencing. Whole transcriptome sequencing in plates was
performed by Smart-seq2 based on the protocols previously described!?2. The FASTQ files were
initially trimmed and adaptors were removed using Flexbar!*? before aligned to NCBI Human
Reference Genome Build GRCh38 (hg38) using the STAR aligner!?!. The Transcript Per Million
(TPM) counts were quantified from the alignment using RSEM!?2, Further QC was performed
excluding cells from the analysis based on four criteria. (1) cells with no CD45 and CD3 expression
(either as CD3D, CD3E or CD3G), (2) cells with less than 500 genes expressed, (3) cells
expressing housekeeping genes (Table 3) with log2(TPM*1) < 2.5 and (4) percent mitochondrial
genes < 10%. For the downstream analysis we only used genes expressed with log2(TPM*1) > 1
in at least 5 cells or log2(TPM*1) > 8 in at least one cell. For each patient cells from all time points

passing the QC were combined before clustering cells from all patients using the integration
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method in Seurat v3'**, The clustering was performed using the standard workflow with a
resolution of 0,6 and a lower number of principal components (15) in the principal component
analysis (PCA) to account for the low variance between the T cells. To account for unwanted
variation caused by differences in ribosomal gene content between samples we excluded ribosomal
genes from the variable gene set used in the PCA. Differential expressed genes were identified

both between time-points, patients and clusters as wells as combinations of these using the default

Wilcoxon Rank Sum test implementation in Seurat (Supplementary Table 9).

ACTB RPL13 RPL27A | RPL39L | RPSI2 RPS27 RPS6KBI1
RPL13A-

B2M PS1 RPL28 RPL3L | RPSI3 RPS27A | RPS6KB2

HNRPLL | RPL14 RPL29 RPL4 RPS14 RPS27L | RPS6KCI

HPRT RPL15 RPL3 RPLA41 RPSI15 RPS28 RPS6KLI

PPIA RPL17 RPL30 RPL5 RPS15A RPS29 RPS7

PRPSI RPL18 RPL32 RPL6 RPS16 RPS3 RPS8

PRPSIL1 | RPL18A | RPL34 RPL7 RPS17 RPS3A RPS9

PRPSIL3 | RPL19 RPL35 RPL7A | RPS18 RPS4X RPSA

PRPS2 RPL21 RPL35A | RPL7L1 | RPS19 RPS5 TRPS1

RPS19-

PRPSAPI1 | RPL22 RPL36 RPLS8 PS3 RPS6 UBB

PRPSAP2 | RPL22L1 | RPL36A | RPL9 RPS19BP1 | RPS6KA1

RPL10 RPL23 RPL36AL | RPLPO RPS20 RPS6KA2

RPL10A | RPL23A | RPL37 RPLP1 RPS21 RPS6KA3




RPLIOL | RPL24 RPL37A | RPLP2 RPS24 RPS6KA4

RPL11 RPL26 RPL38 RPS10 RPS25 RPS6KAS

RPL12 RPL27 RPL39 RPS11 RPS26 RPS6KA6

Table 3. Housekeeping genes

Targeted TCR Sequencing and Analysis

For single-cell TCR sequencing for Pt. 2, FACS-sorted tetramer-stained cells were loaded onto a
10X Genomics Chromium Chip A and completed single-cell 5° barcoding (V1) according to the
manufacturer’s protocol. TCR sequences were directly amplified from the cDNA and prepared
[llumina-compatible libraries, also according to manufacturer’s protocol. Library quality was
assessed using a BioAnalyzer and traces were as expected. Paired end sequencing was performed
using the manufacturer’s recommended parameters for Chromium Single Cell 5° chemistry for

TCR sequencing, generating >3000 read pairs per cell (Supplementary Table 12).

For single-cell TCR sequencing for Pts. 3, 4, and 5, targeted TCR amplification (Step 1 A(xxix—
xxxv)) was performed by first transferring an aliquot of each normalized single-cell cDNA library
to a 96- or 384-well plate. Then, a pair of barcode rhPCR primers with the structures
P5.IDTxxx.Rd1x.x1 and P7.IDTyyy.Rd2x.x1 were added to each well (Supplementary Table
10). PS5 and P7 refer to the Illumina sequences required for attachment to the flow cell; IDTxxx
and IDTyyy refer to 8-nt index sequences; and Rd1x and Rd2x refer to the 5’ portions of the
[llumina TruSeq Readl and Read 2 primers, respectively. The designations IDTxxx and IDTyyy
indicate that the two index sequences added to any particular well are not the same sequence. Using

the pipetting scheme outlined in Table 4 enabled transferring of barcode primers stored in 96-well

45



plates to a 384 well plate such that each well was assigned a unique dual index. Next, a PCR mix
containing thPCR primers specific for TCR was added to each well. The structures of these primers
are Rd1.AVxx, Rd1.BVxx, Rd2. AC, and Rd2.BC. Rdl and Rd2 refer to the sequences
corresponding to the Illumina TruSeq Readl and Read 2 primers, respectively; AVxx refers to
sequences specific for all functional TRAV genes; BVxx refers to sequences specific for all
functional TRBV genes; and AC and BC refer to TRAC- and TRBC-specific sequences,
respectively. In the PCR, the concentrations of the TCR-specific primers were low (50 nM) and
those of the barcode primers are high (2 pM). This was done to favor the formation of full-length
P5/P7-containing amplicons, but this strategy is not 100% effective. Therefore, after pooling and
purification (Steps 2—16) of the 96 or 384 reactions from the TCR-specific amplification, a second
PCR was performed using the generic primers P5 and P7 (Steps 17-18). The products of this
second PCR were purified and qualified for sequencing by Bioanalyzer analysis (Steps 19-29).
Standard paired-end MiSeq sequencing was performed using the 300-cycle kit and reads of 248-

nt read 1, 48-nt read 2, 8-nt index 1, and 8-nt index 2 (Steps 30-35) (Supplementary Table 11).
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1 2 3 4 5 6 7 8B 9 0N 1213 14 15 16 7 18 19 20 21 22 3 24
A A B A B A B A B A B A B A B A B A B A B A B A B
B CDCDCDCDCD CDCDOCTDTCTDTCTDTCTDTCD
C A B A B A B A B A B A B A B A EBE A B A B A B A B
p cODCDCDCDCD CDOCODTCTDTCODTCTGDTCTUD C D
E A B A B AB A B A B A B A B A B A B A B A B A B
F CcCbDCDCDCDCD CDCDTCDTCTDTCTDTCTUDTCD
G A B A B A B A B A B A B A B A EBE A B A B A B A B
HCDCDCDCDCD CDOCDOCODTCDTCUD CD C D
Il A B A B AB A B A B A B A B A B A B A B A B A B
J ¢cbCDCDCDCDOCDTCDTCTDTCTDTCTDCTDOCD
K A B A B AB A B A B A B A B A B A B A B A B A B
L CcCODCDCDCDCD CDOCDOCTDTCDTCUD CD C D
M A B A B A B A B A B A B A B A B A B A B A B A B
N CDCDCDCDCDCDTCODTCOGDTCODTCDGDTCUD C D
O A B A B A B A B A B A B A B A B A B A B A B A B
P CDCDCDCDCD CDCDOCTDTCTDTCTDTCTDTCTD

The nurmibers in the cokemn headings and the leters in the lefimeast coumn indicste the coordinstes of 3 384-well plate. The remaining lebiers A B, C,
and D reter to fur D6-well pates. Usng an B-chamel pipelle, primers in esch column of the 96-well plate & are pipetied into 3 coumn with wells
marked Ain this dagram of 2 384-well plate_ This requires 12 transfers. The process is repested e 96-well plstes B, C, and D The averall aperation
recuires 4B trarlers, with sighl wells being pipetled per barie

Table 4. Scheme for pipetting from 4 96-well plates into one 384-well plate. Taken from Li et
al. Nature Protocols 2019'%.

TCR Clonotype Analysis

To define the rank order of tetramer-specific TCR clonotypes for each patient, we applied this set
of criteria in the following rank order: (1) the highest number of timepoints the clonotype appeared
in, (2) the highest rank (ordered by number of cells per clonotype) of the clonotype in any

timepoint, and (3) the average rank of the clonotype across all observed timepoints.
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Results

Personal neoantigen vaccines yield promising long-term clinical and immunologic

outcomes in high-risk melanoma patients

On NCTO01970358, a total of 8 patients received vaccines, 6 of whom were previously reported'.
In total, the enrolled patients had either stage IIIB/C disease (n=6), or stage [IVM1b (n=2) disease
by AJCC v.8 (Supplementary Table 1). At a median follow-up of 55 months (range 38-64) after
surgery, all patients are alive, and 6 of 8 remain without evidence of active disease (Fig. 1a). In
our extended analysis, no further vaccine-related toxicities were detected beyond the transient,
mild flu-like symptoms, injection site reactions, rash and fatigue previously reported. Three of 6
patients with initial stage IIIB/C disease remain without disease recurrence. The other three have
since experienced disease recurrences: Patient 3 had local recurrence of a soft tissue metastasis at
26 months after study surgery, which was treated with surgical resection followed by adjuvant
radiation, and has subsequently remained without evidence of disease to 57 months. Patient 5
experienced a recurrence of an isolated lung metastasis at 40 months, which was treated with
surgical resection and adjuvant anti-PD-1 blockade therapy (nivolumab); at 53 months, several
new metastases in both lungs were evident on surveillance scans, and the patient is planned to
receive therapy with nivolumab in combination with ipilimumab. Patient 1 developed multiple
brain metastases at 40 months and underwent surgical resection of the dominant lesion. This was
followed by multiple lines of therapy including radiation, dabrafenib and trametinib, ipilimumab
plus nivolumab, and nivolumab alone, ultimately resulting in clinical stability of the multiple brain
metastases and a continued lack of extracranial disease progression at 64 months. As previously
reported, the two patients who entered the study with stage IVM1b disease (resected lung

metastases, patients 2 and 6) experienced disease recurrence shortly following vaccination.
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Treatment with the anti-PD-1 antibody pembrolizumab resulted in complete radiographic
responses after 4 doses in both patients. After being treated with pembrolizumab for 11 and 24
months, respectively, disease responses in patients 2 and 6 are ongoing to 47 and 38 months after

the start of PD-1 inhibition.

To assess for neoantigen-specific T cell responses in Pts. 11 and 12, overlapping 15- to 16-mer
assay peptides (ASP) spanning the entirety of each IMP and 9- to 10-mer peptides corresponding
to each predicted class I epitope (EPT) were prepared and pooled to match the corresponding
IMP pool (Extended Data Fig. 1a). Robust neoantigen-specific ex vivo CD4" responses against
ASP pools were detected immediately following vaccination in patients 11 and 12, similar to the
previously reported 6 patients (Extended Data Fig. 1b-c). The vaccines for these 2 additional
patients consisted of 16 and 11 long peptides (lengths 17-26 aa), encompassing 15 and 11
mutated epitopes (Supplementary Table 3, 4, 6). By ex vivo ELISPOT (Methods), peripheral
blood monocytes (PBMC) obtained at week 16 exhibited reactivity against ASP pool A and ASP

pools A/C in Pts. 11 and 12, respectively (Extended Data Fig. 1b).

Deconvolution of the reactive pools (Methods) after one round of in vitro stimulation revealed
CD4" T cell reactivity against 16 of 71 ASP peptides (corresponding to 11 of 27 immunizing
peptides) tested across these 2 patients (Extended Data Fig. 1c-d, Extended Data Fig. 2). No
CD8" responses were detected following both ex vivo and in vitro stimulation against 42 EPT
peptides (corresponding to 27 immunizing peptides). Altogether, we detected ex vivo or in vitro
stimulated CD8" T cell responses against 14% and CD4" T cell responses against 56%,

respectively, of the immunizing peptides that were tested across the 8 patients. Ex vivo responses
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to pooled peptides for patients 11 and 12 were only detectable for CD4" T cells, consistent with
our previous observations'. Of note, immunohistochemical evaluation of HLA class I and 11
expression of the originally surgically resected metastatic tumors demonstrated detectable class |

expression in Pt. 12 but not in Pt. 11 tumors (Extended Data Fig. 1e-f).

Personalized neoantigen vaccines generate memory T cell responses that persist for years

To test the persistence of vaccine-induced, neoantigen-specific memory T cells, we measured T
cell responses using PBMC samples collected 28 to 55 months following initiation of vaccination.
For each of 8 patients, we stimulated PBMC in vitro for one round using pools of ASP and EPT
peptides that had previously induced IFN-y responses 16 weeks after vaccine initiation, and in the
cases of Pt. 2 and 6, several weeks after pembrolizumab initiation as well. Remarkably, the
magnitude of responses measured by IFN-y ELISPOT assay was largely sustained across the
majority of immunizing peptides. In the example of Pt. 3 (Fig. 1b), we observed strong T cell
responses both at week 16 (frozen PBMC) and 3 years (46 months) post-vaccination (fresh PBMC)
to ASP peptides, recognizing potential differences between the testing of frozen versus fresh
PBMC. In Patients 3 and 6, all peptides which had previously generated CD4" and CD8" T cell
responses at week 16 still generated detectable responses several years later (47 and 44 months,
respectively). For the other 6 patients, between 13 and 85% of peptides stimulating CD4"* and 0-
100 % of peptides stimulating CD8" T cell responses observed at week 16 remained detectable 28
to 56 months post-vaccination initiation (Fig. 1¢). In Pt. 2, who received anti-PD-1 therapy after
vaccination, none of the peptides stimulating CD4" T cell responses observed after anti-PD-1
therapy remained detectable 54 after vaccination. In Pt. 6, who also received anti-PD-1 therapy, 2

out of 2 peptides stimulating CD4" responses and 1 out of 2 peptides stimulating CD8" responses
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observed after anti-PD-1 therapy remained detectable 44 months after vaccination. In Pts. 3 and 5,
we could also detect persistent CD4" T cell responses directly ex vivo against 53% and 5% of the
tested ASP peptides, respectively. Overall, we detected memory CD4" and CD8" T cell responses
to an average of 61.5% and 44.4%, respectively, of vaccine-targeted neoantigen responses found

at 16 weeks and after pembrolizumab.

To determine the functional status of circulating T cells early (week 16) and later (3 years)
following vaccination, we performed multi-parameter flow cytometry on Patient 3 PBMC samples
stimulated ex vivo with pooled ASP peptides that had previously generated ex vivo CD4" responses
against a panel of 11 markers (Methods, Extended Data Fig. 3a, Supplementary Table 8). These
markers were selected to evaluate cytokine secretion, activation (PD-1), and naive
(CD27°/CD45RA"), effector (CD27/CD45RA"), central memory (CD27"/CD45RA), and
effector memory (CD27/CD45RA") T cell phenotypes (Fig. 1d). Consistent with the ELISPOT
results, we detected evidence of cytokine production after stimulation with the immunogenic
peptides (Extended Data Fig. 3b). We detected IFN-y, TNF-q, and IL-2 production by CD4* T
cells at week 16 post-vaccination, and these cells were primarily PD-1-expressing central memory
T cells, in contrast to the total peptide-responsive CD4" T cell population (Extended Data Fig.
3c-d). At 3 years post-vaccination, we detected a persistence of IFN-y, TNF-a, and IL-2
production and polyfunctional cytokine-producing cells. The majority of cytokine-producing T
cells remained of central memory phenotype, but there was a 39% average decrease in the
expression of PD-1, suggesting a correlation between active vaccination and T cell activation. At
both timepoints, the majority of CD4" T cells were TNF-a-producing, with polyfunctional TNF-

o/IL-2-coexpressing cells representing the next most dominant subpopulation.
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Relapsed tumors exhibit shifts in immunizing neoantigen expression

Five of 8 patients experienced tumor relapse at a median of 26 months after surgery (range: 8 to
40 months). For these patients, we performed whole-exome sequencing of relapsed tumors. This
analysis revealed that the majority (median 89.7%, range 69.2% to 93.7%) of somatic mutations
persisted in the relapsed tumors. Only a fraction of the mutations were lost over time (median
10.3%, range 6.2% to 30.8%); in all cases, new somatic mutations (median 93, range 52 to 260)
were also gained in the relapsed tumors (Fig. 2a). WES revealed that in 3 of 5 patients, the relapsed
tumors no longer harbored at least one somatic mutation (median: 2 mutations, range 1-4) that had
been targeted by neoantigen peptide vaccination (Fig. 2b). Of the 7 total lost mutations,
neoantigen-specific CD4" or CD8" T cell responses had been detected against 4 of them at 16
weeks and/or 3-4 years (Fig. 2¢). In Pt. 3, since the pretreatment and relapsed tumors originated
from the same site (left posterior calf), our data point to the possibility of vaccine-induced selection
pressure given the presence of a detectable persistent T cell response against one of the lost

neoantigens.

Neoantigen-specific CD4" T cells following vaccination exhibit memory and cytotoxic
signatures

To determine whether the fraction and functional state of circulating vaccine-induced neoantigen-
specific T cells evolve over time, we evaluated neoantigen-reactive T cells identifiable by tetramer
staining across serial timepoints. We focused on the isolation and characterization of neoantigen-
reactive CD4" T cells, since our previous studies had revealed their robust ex vivo detection by
week 16 after vaccination. Furthermore, we focused on HLA-DR restricted responses, as class II

tetramers against peptide-HLA-DR complexes could be reliably generated (Methods, Extended

52



Data Fig. 4a, Supplementary Table 13). In total, we generated tetramers for 6 patients: mut-
RUSC2 (Pt 1), mut-ADM?2 (Pt 2), mut-ADAMT27 (Pt 3), mut-ARHGAP29 (Pt 4), mut-ZNF 281 (Pt.
5), and mut-MLL (Pt 6), all neoantigens which remained present in the relapsed tumors of Pts 1,
2,3, 5 and 6 (Supplementary Table 3). We could detect tetramer-specific CD4" T cells in serially
collected PBMC from 4 of 6 patients (Pts 1, 3, 4, and 5) directly ex vivo following vaccination,

and persisting over the course of treatment (Fig. 3a-b, Extended Data Fig. 4b).

For 3 of these 4 patients, we utilized a plate-based approach to isolate the small subpopulations of
tetramer-reactive circulating CD4" T-cells, and characterized the transcriptional states of the
individual neoantigen-specific CD4" T cells from these patients over time (Methods). Across the
3 patients, neoantigen-specific CD4" T cells from a median of 6 post-vaccination timepoints (range
5-6) were collected, totaling a median of 310 cells (range 297 to 378) per patient, with a median
of 189 cells per timepoint (range 80 to 228) (Fig. 3¢). For comparison, we also collected 91 and
73 non-tetramer specific CD4" T cells from Pts. 4 and 5 from prior to vaccination, respectively.

On average, we collected a total of 1,149 CD4" T cells.

Cumulatively, for all 3 patients, we observed an increase in cytotoxicity markers following
priming, primarily GZMA and GNLY (Extended Data Fig. Sa). Furthermore, while there was a
paucity of exhausted cells before vaccination, various exhaustion genes were upregulated
following vaccination, including PD-1, TOX, and TIGIT. Finally, there was a generalized
upregulation of naive/memory markers such as CD62L, CCR7, and IL7R in all patients and

timepoints; these are notably enriched in the specific clusters and timepoints described below.
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By pooling all cells and performing tSNE joint-clustering and integration using Seurat v3, we
observed five distinct clusters, each composed of cells from all three patients (Methods, Fig. 3d,
Extended Data Fig. Sb, Supplementary Table 9). Evaluation of the differentially expressed
genes per cluster (average log fold change >0.4 or <-0.4) revealed each to represent distinct T cell
states defined by specific gene signatures (Fig. 3e). Cluster 0 (‘memory-like’) was characterized
by CD62L upregulation and HOPX downregulation, indicative of a memory/naive phenotype.
Cluster 1 (‘cytotoxic-like’) was distinctly defined by cytotoxicity markers (i.e. GZMA, GNLY,
GZMK). This cluster was also characterized by markers of exhaustion and a non-naive effector
state (i.e. presence of HOPX, CCL4, CCLS5, and downregulation of CCR7 and CD62L). We
observed a clear shift in the transcriptional profile of the cells that dominated Cluster 2 (‘AICD-
like’) to a state consistent with activation-induced cell death (AICD) and the contraction phase of
an immune response. This cluster was characterized by a pan-downregulation of numerous genes,
including markers of naive T cells (LEF-1), memory/naive T cells (CD62L), T cell activation
(CD69), TNF-a induced apoptosis (TNFAIPS8)', and cytotoxicity (GZMB). Cluster 3 (‘naive-
like’) was characterized by differential upregulation of a set of naive T cell markers (i.e. CCR7,
LEFI), in addition to markers of Thl subtypes (7XK) and repression of exhaustion (SATBI). A
small cluster of cells (Cluster 4) had high expression of housekeeping genes such as ACTB, few
immune-related genes, and had the highest gene count despite being the smallest cluster,
suggesting the presence of doublets (Extended Data Fig. 5b). Furthermore, we observed
significant MALAT downregulation, which has been previously associated with poor quality cells

137

in previous studies'~’. For these reason, we chose not to further evaluate Cluster 4.
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To determine if particular transcriptional states were associated with distinct phases of vaccination,
we evaluated cluster membership by timepoint (Fig. 3f). Non-tetramer sorted CD4" T cells isolated
before vaccination are primarily found in Cluster 3, consistent with its “naive-like” T cell
phenotype. Neoantigen-specific T cells from post-priming and early post-boosting timepoints
(weeks 8 — 20) compose the majority of Clusters 1 and 2, indicating a transition in the state of the
cells towards cytotoxicity and AICD with continued vaccination. Finally, neoantigen-specific T
cells from the last timepoint, during the boosting phase of vaccination, make up most of Cluster 0,
aligning with its “memory-like” phenotype. Overall, from pre-vaccination to priming to boosting,
there is an overall trajectory from naive cells, to effector and apoptosing cells, and finally, to

memory CD4" T cells.

Neoantigen-specific TCR clonotypes persist and diversify following vaccination

For Pts. 3, 4 and 5, we also assessed the TCR repertoires of the tetramer-isolated CD4" T cells.
Across a median of 6 timepoints (range 5-6), there were 183, 89 and 107 distinct clonotypes
identified from 266, 329 and 210 single cells, respectively (Extended Data Fig. 6a-b,
Supplementary Table 11, Methods). We also performed reference single-cell TCR sequencing
of 73 and 66 non-tetramer-isolated CD4" T cells from a pre-vaccination timepoint for Pts. 4 and
5, respectively. Across the 3 patients, none of the pre-vaccination TCRs were observed at post-
vaccination timepoints, suggesting a substantial shift in the composition of TCR repertoires after
vaccination (Fig. 4a). Conversely, with vaccination, we observed persistence of numerous
tetramer-specific clones from priming through boosting, as well as the emergence of new tetramer-

specific clones with both priming and boosting, indicating diversification.
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For each patient, we ranked distinct tetramer-specific TCR clonotypes based on (from highest to
lowest priority): the number of post-vaccination timepoints the clonotype appeared in, the highest
rank of the clonotype in any timepoint (as determined by numbers of T cells per clonotype), and
the average rank of the clonotype across all observed timepoints. Based on these criteria, we
identified the top ten dominant TCR clones from each patient, and evaluated if there were common
trajectories through vaccination among the clones. Acknowledging the existence of potential
sampling bias and the limitations associated with small numbers of neoantigen-specific cells, we
observed 3 primary patterns of clonal dynamics: (i) Pattern A: relative persistence of the clonotype
from priming through boosting (14 paired TCRs across 3 patients); (ii) Pattern B: emergence of
the clonotype with priming followed by gradual extinction, even with boosting (8 TCRs across 3
patients), and (iii) Pattern C: emergence of the clonotype with boosting (4 TCRs across 2 patients)

(Fig. 4b, Extended Data Fig. 6¢c-d).

Neoantigen-specific TCR clonotypes shift following vaccination and anti-PD-1 therapy

For Patients 2 and 6, we further had the opportunity to evaluate the TCR clonotypic shifts
following exposure to not only vaccine but also subsequent anti-PD-1 therapy (pembrolizumab).
For both of these patients, tetramer-positive populations could be detected following one round of
in vitro stimulation (Methods). For Patient 2, we observed a robust population of tetramer-specific
T cells 16 weeks (4 months) after vaccination initiation, and a subsequent contraction of tetramer-
specific T cells to a much smaller population after pembrolizumab at 20 months (89 weeks) (Fig.
5a). In contrast, for Patient 6, we observed a four-fold increase in tetramer-specific T cells (from
0.88 at week 16 to 0.398% at 16 months (71 weeks) following pembrolizumab (Fig. 5a). However,

these shifts are difficult to interpret in the setting of in vitro stimulation. Tetramer-specific TCR
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sequencing for Pt. 2 revealed that the majority of TCR clonotypes present at week 16 were absent
after pembrolizumab (Fig. Sb-¢, Supplementary Table 12). There was, however, a small
proportion of novel clones after pembrolizumab. Of the 25 clones that persisted from week 16 to
after pembrolizumab, most clonotypes expanded between week 16 and after PD-1 blockade, and
several clones that were infrequent at week 16 became dominant, illustrating increased clonality
of the TCR repertoire. All together, these population dynamics indicate a shift in the TCR

repertoire and selection for certain TCR clones following anti-PD-1 therapy.

Personalized neoantigen vaccines induce epitope spreading of T cell responses, indicative of
tumor cytolysis

As patients in this study did not have measurable disease at the time of vaccine initiation, we were
unable to directly detect in situ vaccine-mediated anti-tumor activity. Therefore, as an indication
of on-target tumor killing in vivo, we tested for epitope spreading against additional antigens, as
tumor destruction would be expected to result in the release of new tumor neoantigens or tumor-
associated antigens (TAAs) into the immune microenvironment, and subsequently, trigger
additional tumor-directed immune responses. To this end, we assessed T cell reactivity via [FN-y
ELISPOT assays in Patients 2, 3, and 6 to neoantigens and TAAs that were not targeted by the
vaccines. To this end, we selected and synthesized EPT (9-10mer) and overlapping ASP (15-
l6mer) peptides corresponding to a selected neoantigens that had the highest rank of predicted
binding affinity (IC50 of <500 nM using NetMHCpan)to autologous HLA alleles with confirmed
transcript expression in the tumor, but were not included in the vaccines (“non-vaccine
neoantigens”) (Fig. 6a, Methods, Extended Data Fig. 7a, Supplementary Table 7). We also

synthesized EPT and overlapping ASP peptides corresponding to common melanoma TAAs that
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had the highest rank of predicted binding affinity (MSEC>0.85 using a preliminary version of
HLAthena!?%), were found to be highly expressed in the patient tumors (TPM>100), and met an

additional set of criteria detailed in Methods (Extended Data Fig. 7b, Supplementary Table 7).

We first evaluated Patient 3, one of the patients who did not receive subsequent anti-PD-1 therapy.
For Pt 3, week 16 (post-vaccination) PBMC were stimulated with pools of peptides encompassing
58 an 38 non-vaccine EPT and ASP neoantigen peptides, respectively and 39 TAA peptides for a
single round of in vitro expansion, then tested for T cell reactivity. Upon peptide deconvolution,
we observed CD4" T cell responses against 3 of 38 ASP peptides corresponding to 2 non-vaccine
neoantigens (mut-£YA3¢ and mut-EYA3?, mut-P2RY4) following vaccination, which were not
detected prior to vaccination (Fig. 6b, Extended Data Fig. 8). These results indicate the presence

of epitope spreading following vaccination against the limited set of targets that we interrogated.

For Pts. 2 and 6, we could evaluate the impact of vaccination and subsequent anti-PD-1 therapy
(pembrolizumab). For Pt. 2, week 16 (post-vaccination) PBMCs and post-pembrolizumab PBMCs
were stimulated with pools of peptides encompassing 13 and 24 non-vaccine EPT and ASP
neoantigen peptides respectively, and 22 non-vaccine TAA EPT peptides, for a single round of in
vitro expansion. For Pt. 2, both following vaccination and after pembrolizumab, we detected a
CD4" T cell response against 1 of 24 non-vaccine neoantigen ASP peptides (mut-4GAP3) and a
CD8" T cell response against 1 of 30 non-vaccine TAA EPT peptides (MAGEF) (Fig. 6c,
Extended Data Fig. 8). Moreover, after pembrolizumab (89 weeks), we detected an additional
CD4" T cell response against a non-vaccine neoantigen 15-mer peptide (mut-4GAP3%), and an

additional CD8" T cell response against a TAA 10-mer peptide (MAGED). No CD8" T cell
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responses were observed against any of the 13 and 58 non-vaccine neoantigen peptides in Pt. 2
and 3, respectively, and no post-vaccination CD4" or CD8" T cell responses were observed against

non-vaccine neoantigen nor non-vaccine TAA peptides in Pt. 6.

We also tested functional avidity of non-vaccine neoantigen-specific CD4* T cells and TAA-
specific CD8" T cells by stimulating with APCs pulsed with mutated and wildtype (WT) non-
vaccine neoantigen peptides across a range of concentrations (from 10pM to 10uM; (Fig. 6b and
c inset). T cells demonstrated similar avidities for all mutant neoantigen and TAA epitopes. All of
the non-vaccine neoantigen-specific CD4" T cell lines were able to discriminate between mutated
from wildtype antigens (Fig. 6b and c inset). Finally, we observed a persistence and amplification
of CD4" T cell responses to the identified non-vaccine neoantigens, but not to TAA peptides, out

to 4 and 3 years after vaccination in Pts. 2 and 3, respectively (Fig. 6d).
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Discussion

Specificity, memory, functionality, and adaptability are key attributes that render the immune
system uniquely able to mediate long-term control of tumor growth and evolution. We report here
a long-term update on the clinical course of 8 patients treated with NeoVax, a personal neoantigen
vaccine, at a median follow-up of 4 years, and investigate important questions including long-term
persistence of vaccine-induced neoantigen-specific T cell responses, phenotypes and T cell
receptor repertoire evolution of single neoantigen-specific T cells over time, and the on-target

tumor cell killing ability of neoantigen-specific T cells as measured through epitope spreading.

Clinically, at a median follow-up time of 48.5 months (range 27 — 59 months), all 8 patients on
trial (who had stage IIIB or higher disease) remained alive. The combined rate of relapse (for stage
3 patients and progression (for stage 4 patients) was 37.5%. It is difficult to interpret these clinical
outcomes given the small sample size and the fact that several patients received other cancer
therapies after neoantigen vaccination. However, for reference, it is worth reviewing survival
outcomes of stage Il and IV melanoma patients treated with immunotherapies and targeted agents,
as PD-1 inhibition with either nivolumab or pembrolizumab, or BRAF/MEK inhibition with
dabrafenib and trametinib for BRAF mutant melanoma have become standard adjuvant therapy
for high risk melanoma patients since the initiation of this trial in 2014. In the KEYNOTE-001
trial, patients with stage IV melanoma were treated with pembrolizumab, and at 5 years (55
months), median OS was 23.8 months, and PFS was 8.3 months'3®¥. In the KEYNOTE-006 trial,
patients with stage IV melanoma were treated with pembrolizumab or ipilimumab. The 5-year
(57.7 months) median OS for pembrolizumab was 32.7 months, and that of ipilimumab was 15.9

months'*. Median PFS was 8.4 months for pembrolizumab, and 3.4 months in the ipilimumab
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group. While the PFS for the two stage IV NeoVax patients was only 2.5 months, both patients
have remained disease-free for a median of 41.5 months since initiation of pembrolizumab
following disease recurrence, suggesting that combining NeoVax with pembrolizumab may lead
to favorable survival outcomes. In regards to targeted therapies, dabrafenib plus trametinib was
found to have a 4-year (48 months) PFS rate of 21% and OS rate of 37%'4? in a trial of patients

with stage IV melanoma.

Several of these treatment strategies have also been investigated in patients with stage III
melanoma in the adjuvant setting (following surgical resection). In a clinical trial of adjuvant
pembrolizumab, the 1-year RFS rate was 75.4%!'#!, and in a trial of adjuvant nivolumab versus
ipilimumab, the 1-year RFS rate was 70.5% for nivolumab and 60.8% for ipilimumab!42,
Dabrafenib plus trametinib was found to have a 3-year RFS rate of 58% and OS rate of 86%!**. In
the NeoVax trial, 3 of 6 stage III patients were treated with checkpoint blockade (anti-PD-1) and/or
dabrafenib plus trametinib following tumor recurrence. These recurrences indicate that neoantigen
vaccination alone was not have been sufficient to generate lasting clinically relevant antitumor

immunity in these patients.

Given that a hallmark of productive vaccination is the generation of durable immunity, we are
encouraged by the long-term persistence of the majority of CD4" and CD8" T cell responses
against the majority of immunizing epitopes in all 8 patients. It is important to note that in a
minority of cases, positive T cell responses from week 16 post-vaccination reported originally in
2017 were not detected when we measured the response again, side-by-side with year 3-4 post-

vaccination PBMC, as positive controls. Therefore, we cannot conclusively interpret negative 3
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year responses in those cases. The fact that we were not able to reproduce some week 16 responses

could be due cryopreservation-related T cell defects!'#

and peptide degradation secondary to
sequence-dictated instability or suboptimal storage conditions!#’, as it has been over 4 years since
we measured them for the original 2017 report. In addition, the pools of peptides used for our
original report contained positive and negative peptides, whereas for this recent experiment, we
pooled all the positive peptides in one pool due to limited PBMC availability. Therefore,
competition effects of the positive peptides may have prohibited the generation of some previously
observed T cell responses. Despite these experimental limitations, the ability to induce neoantigen-
specific T cell responses lasting several years at largely sustained frequencies underscores the
ability of cancer vaccines to induce long-term immunity similar to vaccination against infectious
organisms, that is, by utilizing targets that are “foreign” to the immune system and therefore not
subject to central tolerance mechanisms in the thymus. Our flow cytometry-based phenotypic
characterization of neoantigen-specific T cells 3-4 years after vaccination underlines that, as might

be expected, these cells mostly likely harbor mostly a central memory phenotype, as evidenced by

CD27" CD45RA" neoantigen-specific CD4" T cells.

Nevertheless, despite the persistent presence of neoantigen-reactive T cells in the circulation out
to 4 years after vaccination, five patients did have recurrences of their melanoma. This disconnect
could theoretically be attributable to factors such as poor tumor infiltration or low frequencies of
neoantigen-specific T cells, limited presentation of immunogenic neoantigens by the tumor, tumor
microenvironment immunosuppressive effects, insufficient tumor-directed cytolytic activity, and
tumor immune editing. Our whole exome sequencing analysis of the five relapsed tumors revealed

that the majority of mutations were persistent over time and across tumor sites, including the brain,
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suggesting that tumor immune editing may not contribute substantially to the tumor recurrences.
This finding also supports the notion that a single-site tumor biopsy may be sufficient to detect
driver mutations that can be targeted by personalized therapy. Importantly, previous studies in
other solid tumors have suggested that despite high levels of tumor heterogeneity, recurrent driver
mutations are present in every tumor clone and tumor region!#%, and thus represent potentially
robust and relevant therapeutic targets'*’-148, It is possible that the accumulation of small numbers
of new mutations and the loss of others in the relapsed tumors may be a reflection of immune
escape; however, the small sample size and the lack of a control cohort precludes meaningful

assessment of this hypothesis in our study.

Notably, to our knowledge, we have successfully performed the first single-cell transcriptome
analysis of human neoantigen-reactive CD4" T cells through the course of cancer vaccination.
Although our clustering analysis yielded one cluster with low-quality cells, we were able to
identify a sequential progression of gene signatures through vaccination, from naive T cells, to
effector T cells, to memory T cells, consistent with the canonical progression of a T cell in response
to infection'*®. Single cell RNA sequencing of virus vaccine-specific T cells post-vaccination!>°
has previously been performed in mice and humans. Transcriptional analysis in a single patient
vaccinated against dengue virus revealed that following vaccination, acutely activated CD8" T
cells assume distinct transcriptional profiles, including effector, naive, and proliferative
phenotypes. Furthermore, dengue virus-reactive TCR clonotypes isolated from virus-specific
CD8" memory T cells were identified within the population of activated CDS8* T cells. Finally,
clonally expanded virus-specific TCRs (defined as TCRs expressed in >2 cells) were preferentially

enriched in the effector/cytotoxic cluster. Similarly, a portion of neoantigen-reactive CD4" T cells
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in our study were found to exhibit a transcriptional signature associated with cytotoxicity (GZMA,
GZMB, GNLY) that was most pronounced during the boosting phase, suggesting that these vaccine
specific CD4" T cells may be able to kill tumor targets directly. We also identified memory and
naive populations, underlining the phenotypic diversity of cancer and viral antigen-specific T cells
induced by vaccination. Another study of B cells from 6 patients collected seven days after
influenza vaccination found that vaccine-induced plasmabasts were transcriptionally distinct from
the vaccine-negative population'>!. Finally, in a study of 14 patients with non-small cell lung
cancer (NSCLC) after checkpoint blockade therapy with the anti-PD-L1 antibody atezolizumab,
neoantigen-specific CD8" T cells in were more often detected in responding patients, and
phenotypic analysis revealed that they were primarily differentiated effector cells similar to CMV-
specific T cells, whereas more memory-like profiles were observed for patients with progressive
disease!>2. Both these studies and ours demonstrate the ability to identify correlates of antitumor
and antiviral T cell-mediated immunity by longitudinally tracking single T cell clones; efforts
which will inevitably be improved through further innovations in single cell sequencing

technologies and access to larger cell populations in the future.

T cell receptor repertoire diversity is believed to be critical to immune protection, as epitope-
specific cells exhibiting greater clonotypic diversity have been found to be more enriched for high-

153 provide heterologous immune protection'**, and limit immune escape'®>. To

avidity T cells
study TCR repertoire diversity, we successfully identified and tracked the dynamics of unique
paired TCRa/3 sequences specific to a single tumor neoantigen in four patients at serial timepoints

spaced weeks to months apart throughout vaccination. In spite of the relatively small numbers of

T cells isolated at each timepoint, we uncovered several notable features of the neoantigen-specific
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TCR repertoire. First, we observed persistence of several individual TCR clonotypes throughout
vaccination, suggesting that these clones may be most relevant for the vaccine-induced antitumor

156 'We also observed an

immune response, perhaps due to increased TCR affinity or avidity
apparent diversification of the TCR repertoire with vaccination as illustrated through the continual
addition of novel TCR clonotypes through time in combination with the aforementioned
persistence of certain clones. Biologically, these kinetics could reflect the coexistence of naive and
memory neoantigen-specific T cells at later timepoints. Interestingly, we did not observe a clear
pattern of increasing numbers of TCR clonotypes present at each timepoint through vaccination,
nor did we note a clear time-related change in the clonality, or evenness, of the TCR repertoire.
However, in a study in mice comparing TCR repertoires after primary and secondary
immunization, a narrowing of the TCR repertoire was observed with secondary immunization, so

perhaps an increase in the number of circulation TCR clonotypes with time would not be

biologically expected!>®.

The TCR repertoire analysis in Patient 2 revealed fewer unique neoantigen-specific TCRs
identified after pembrolizumab administration compared to the 16-week post-vaccination
timepoint. This is likely a reflection of the smaller number of neoantigen-specific T cells isolated
after pembrolizumab. As these cells were stimulated in vitro for several weeks prior to tetramer
staining and thus likely underwent significant expansion in culture, we cannot interpret or compare
the absolute percentages of tetramer-positive T cells at the two timepoints. However, if ex vivo
experiments were to replicate this contraction in tetramer-positive T cells, this may be indicative
of selection for and proliferation of T cells harboring higher affinity TCRs!®’; alternatively, it could

simply be a manifestation of the fact that the chosen neoepitope for the Patient 2 tetramer-staining
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experiment was not highly processed and presented by MHC molecular on tumor cells, and thus
could indicate that the abundance of neoantigen-specific T cells identified at week 16 of
vaccination was primarily stimulated by the wvaccine itself, whereas those seen after
pembrolizumab were actually stimulated by tumor cells. Perhaps more interestingly, Pt. 6
neoantigen-specific CD4" T cells from after pembrolizumab exhibited an increased intensity of
tetramer staining, perhaps a more reliable indicator of selection for T cells with increased

functional avidity after anti-PD-1 therapy.

Building on our previously reported observations' that NeoVax-induced T cells can recognize
autologous melanoma cells in a subset of patients, we demonstrated that T-cells may be able to
recognize and kill tumor targets in vivo, leading to tumor cytolysis and release of novel antigens
into the tumor microenvironment. We provide evidence of NeoVax-induced in vivo tumor
cytolysis by demonstrating T cell recognition of tumor associated antigens and neoantigen targets
that were expressed by the tumors, but not contained in vaccines, of 2 of 3 patients with available
PBMC samples. Patient 2 developed recurrent melanoma metastases during vaccination and
therefore may have had radiographically evident tumors at the time of vaccine priming, whereas
patient 3 remained without evidence of disease while CD4" T cell responses against 3 non-vaccine
neoepitopes emerged, suggesting that determinant spreading can occur in patients with clinical
evident metastases, but also in the presence of only micrometastatic disease. In both patients, non-
vaccine antigen directed responses (against neoepitopes in both patients, in addition to a TAA
peptide in Patient 2) were detected after treatment with NeoVax alone, and patient 2 subsequently

developed two additional responses against a neoepitope and a TAA after anti-PD-1 therapy.
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Notably, these responses were not observed before vaccination, suggesting that at least some

degree of tumor cytolysis can be attributed to NeoVax.

Evidence of epitope spreading following cancer therapy has previously been demonstrated in both
mouse models and in humans. In mice, T-cell mediated epitope spreading was observed following
PD-1 blockade in the form of an increased number of functional subdominant CD8" T cell
clones!'®®, and another study of mice bearing carcinoembryonic antigen (CEA)-expressing tumors
vaccinated with a CEA-based vaccine showed effective antitumor CD8" T cell responses to both
CEA and other TAAs not included in the vaccine!*®. In humans, epitope spreading has been
observed after trastuzumab plus a HER2/neu-based vaccine for breast cancer (both intra and
intermolecular epitope spreading)!®°, after a MAGE-based vaccine for melanoma, and after CTLA-
4 blockade for melanoma'®!. In the case of the MAGE-based vaccine for melanoma, epitope
spreading was associated with tumor regression'®2. A clinical trial for the combination of anti-PD-
1 therapy (nivolumab) plus another personal neoantigen vaccine, NEO-PV-01, for patients with
unresectable or metastatic melanoma, lung cancer, and bladder cancer, is ongoing. Results thus far
suggest that the combination induces both neoantigen-specific immune responses similar to
NeoVax and epitope spreading, which in turn appears to be associated with a longer PFS!6,
Although sample size does not allow for this type of analysis in our study, we anticipate that future

studies with more patients will yield similar results.
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Suggestions for Future Work

We have established the persistence of persistent neoantigen-specific T cell responses out to 4
years following vaccination with a personalized neoantigen vaccine. In ongoing analyses, we
intend to characterize the transcriptional profiles of the neoantigen-reactive T cells at 3-4 years to
determine whether or not they represent memory T cells. It will also be important to characterize
the TCR repertoires of these cells and compare the diversity and composition of the repertoires to
the earlier timepoints. Ideally, we would also isolate larger numbers of neoantigen-specific T cells
in order to enhance our ability to make more definitive conclusions about patterns or trends we

observe.

By performing whole-exome sequencing on the relapsed tumors of several patients, we showed
that most mutations persisted, and the majority of neoantigens targeted by the vaccines were not
lost. Future studies will further examine the genomics and transcriptional profiles of these relapsed
tumor samples. Using computation tools such as PhylogicNDT, we hope to infer the order of clonal
driver events, subclonal populations of cells and their phylogenetic relationships, and overall
clonal dynamics of the melanomas of the patients who relapsed after NeoVax. Additionally, future
NeoVax studies will be performed in patients with metastatic disease and incorporate prospective
tumor sampling to allow for optimal tracking of clonal trajectories. Furthermore, RNA sequencing
will be performed on the relapsed tumors to identify changes in expression of antigen presentation
machinery, checkpoint inhibitory receptors, and other gene-sets. Findings will be confirmed by
immunohistochemistry and immunofluorescence. Finally, it would be informative to isolate
tumor-infiltrating lymphocytes from the relapsed tumor samples and compare their phenotypic and

TCR identities to those isolated from the peripheral circulation described in this thesis.
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We also plan to optimize the joint-clustering analysis of our existing single cell RNAseq data from
the neoantigen-specific CD4"* T cells of Pts. 3, 4, and 5. As described in Results, one of the clusters
(Cluster 4) had a high average gene count per cell and was characterized by upregulation of various
housekeeping genes, overall suspicious for a cluster of unhealthy cells. Therefore, I chose not to
analyze it further in this thesis. To address this cluster, we plan to perform re-clustering after setting
a gene count threshold, thereby eliminating cells with high gene counts which may represent
doublets. We will also try re-clustering after removal of cells collected from week 3, which
comprises the majority of Cluster 4, as these cells may be low-quality. We would also like to
further investigate Cluster 2, the ‘AICD-like’ cluster, as the expression pattern of its top three
differentially expressed genes (CH507.513H4.3, CH507.513H4.6, and CH507.513H4.4) is very
distinctive across all clusters (Fig. 3e): these genes are very upregulated in some cells, and very
downregulated in others. It is possible that cells from a single patient or timepoint are driving this
result, a question which warrants further investigation. Beyond these technical inquiries, future
studies could also focus on refining and providing more robust evidence to support our
interpretations of the phenotypes represented in each cluster. Gene-set enrichment analysis tools

could be applied in this vein.

Using tetramer-staining, we successfully elucidated TCR repertoires of neoantigen-specific CD4*
T cells, and qualitatively showed increases in TCR clonotype diversity and patterns of expansion
and contraction with vaccination. We also highlighted differing proportions of neoantigen-specific
T cells before and after anti-PD-1 therapy. Our analysis was certainly limited by small numbers of

neoantigen-specific T cells and thus an inherent inability to capture all circulating neoantigen-
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specific TCRs. Our sample sizes restricted our ability to calculate reliable indices of species
diversity. Various ecological indices and tools have previously been utilized to measure TCR
repertoire diversity, ranging from simply the number of unique TCR species in the population!>*
to the Shannon-Weaver and Simpson indices!®4, to a Poisson-based parametric computational
estimator of unseen species!®®. Studying these metrics in future studies will enable quantitative
analysis of TCR repertoire diversity. Comparing bulk TCR sequencing data to the neoantigen-
specific TCR data could also enable us to confirm the evolutionary patterns we observed, although
such an analysis would be limited by the ability to detect low-frequency TCRs. Future studies
could also confirm antigen specificity and examine functional avidity of individual TCRs through
cloning and expression in T cell lines followed by in vitro functional analyses as in other
studies!'**1%, Moreover, we are actively working to sequence the neoantigen-specific TCRs of
Patient 6, and because the neoantigen-specific T cells were index sorted, we will be able to link
each TCR identity with its intensity of tetramer staining, a measure of functional avidity. Linking
TCR specificity with information about T-cell function in this way will serve to further our
understanding of how neoantigen vaccines drive an effective anti-tumor immune response, and
will provide insight into how to amplify the strongest and most relevant neoantigen-specific T cell

responscs.

Finally, the favorable long-term outcomes of the two stage IV patients who received
pembrolizumab following relapse suggests that combining personal neoantigen vaccination with
checkpoint blockade may prove to be a more effective clinical therapy than either therapy alone.
Subsequent trials of personal neoantigen vaccines are planned to include combination with

immune checkpoint blockade. It will be critical to determine the optimal timing of administration
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of these complementary agents by using experimental models to assess how the timing of
administration of checkpoint blockade prior, concurrently, or following neoantigen vaccine affects
priming of de novo immune responses, and establishment of T cell memory. Future studies of
personal neoantigen vaccines in other non-adjuvant settings are planned, and immunologic
analyses of patient T cells and tumors from these trials will further our understanding of the roles
of various tumor cell-intrinsic (i.e., degree of MHC expression, peptide processing and
presentation, PD-1 expression) and T-cell intrinsic factors (i.e., TCR repertoire diversity, TCR
binding avidity, specificity, phenotype, tumor infiltration) in influencing the effectiveness of a

vaccine-induced T cell response.
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Conclusions

e Multi-epitope personalized neoantigen vaccines can induce lasting favorable clinical
responses in high-risk melanoma patients.

e Personalized neoantigen vaccines generate functional neoantigen-specific effector and
memory CD4" and CD8" T cell responses that persist for years after vaccination.

e Most neoantigens targeted by the vaccines are present in relapsed tumors, underscoring the
biological significance of long-lasting circulating neoantigen-specific T cells, and
suggesting that designing personalized therapies based on information provided from
single tumor biopsies is rational.

e Neoantigen-specific CD4" T cells appear only after vaccination and exhibit cytotoxic,
naive, and memory phenotypic signatures.

e The neoantigen-specific TCR repertoire expands and shifts throughout vaccination and
after anti-PD-1 therapy.

e Neoantigen vaccines provoke spreading of novel T cell responses to tumor epitopes not-

targeted by vaccines, indicative of vaccine-induced tumor cytolysis.
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Lay Summary

Over the past decade, the treatment of both solid and hematologic cancers has been revolutionized
by methods to harness and strengthen the anti-tumor immune response, such as immune
checkpoint blockade, chimeric antigen receptor (CAR-T) therapies, and personalized cancer
vaccination. Especially important to the generation of an effective anti-tumor response is the
activation of T cells directed against tumor antigens. The recent availability of next-generation
sequencing (NGS) has enabled the comprehensive identification of mutations within a patient’s
tumor, which represent an abundant source of tumor-specific potential antigens. Termed
neoantigens, these antigens are promising therapeutic targets due to their exquisite tumor
specificity. Notably, highly effective antitumor responses have been associated with the presence
of neoantigen-specific T cells. Recently, the Wu lab harnessed NGS and computational MHC class
I epitope prediction algorithms to develop NeoVax, a personalized neoantigen-based cancer
vaccine. In the Phase I NeoVax trial in Stage IIIB/C melanoma patients after surgical resection
(and hence patients lacking clinically evident tumor burden), vaccines were found to generate
potent circulating anti-tumor immune responses. Here, we show that these neoantigen-specific T
cells persist out to 4 years after vaccination. We also show that during vaccination, these T cells
transition from naive, to effector, to memory cells, and harbor diverse T-cell receptor repertoires
that change and expand through vaccination and after checkpoint blockade therapy. We also
investigate the somatic mutation burden within relapsed tumors of five patients who experienced
disease recurrence following vaccination, and show that most of the neoantigens targeted by
vaccines remain. Finally, we reveal that personalized neoantigen vaccines induce T-cell responses
to tumor antigens that were not originally targeted by vaccines, suggesting that these vaccines can

cause release of new tumor antigens into the environment through T cell-mediated tumor killing.
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These results underline that neoantigen-based vaccines can mount long-lasting and functional
immune response against tumors, and provides a foundation for further exploration into using
neoantigen-based personalized approaches alone and in combination with other immunotherapies

in future studies.
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Figure 1. Vaccine-induced neoantigen specific T cells persist over several years. A. Clinical
course of 8 patients (Pts) who received personalized neoantigen vaccines starting at the time of
melanoma resection until data cutoff (24-59 months from study initiation). B. Representative IFN-
v ELISPOT response of Pt. 3 neoantigen-specific CD4" T cell lines specific for 4 ASP peptides at
16 weeks and 3 years post-vaccination, respectively. C. Frequencies of neoantigen-specific T cell
responses at 2 to 4 years post-vaccination as a percentage of neoantigen-specific T cells observed
at 16 weeks post-vaccination (previously reported!) and after anti-PD-1 therapy (Pts. 2 and 6).
Proportion of neoepitopes stimulating T cell reactivity that have persisted to 2-4 years (shaded
blue and red) out of the responses detected at 16 weeks (blue outline), and after anti-PD-1 therapy
in Pts. 2 and 6 (red outline). D. Percentages of Pt. 3 CD4" T cells secreting cytokines in response
to pools of ASP peptides that had previously generated ex vivo CD4" responses as measured by
intracellular cytokine staining after ex vivo stimulation with ASP pools, 16 weeks and 3-4 years
after vaccination. Negative controls (unstimulated CD4+ T cells) have been subtracted. Pie charts
depict T cell phenotypes, PD-1 expression, and cytokine polyfunctionality among the cytokine-
producing CD4* T cells.
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Figure 2. Mutational landscape of relapsed tumors compared to originally resected tumors.
A. Quantification of somatic mutations in the relapsed tumors of Pts. 1, 2, 3, 5 and 6 in comparison
to their original tumors. B. Presence of vaccine-targeted neoantigens in relapsed tumors. C. CD4*
and CD8" T cell reactivity of lost neoantigens 16 weeks (blue) and 3-4 years after vaccination (pie
charts, teal: T cell responses detected at 16 weeks; purple: T cell responses detected at both 16
weeks and 3-4 years; red: no T cell response detected at either timepoint). See Supplementary
Table 3 for somatic mutations identified in relapsed tumors. Original tumor somatic mutations
were reported previously.!
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Figure 3. Transcriptional profile of neoantigen-specific T cells in relation to vaccination.

A. Representative plots of ex vivo MHC class II tetramer staining of Pt. 4 (mut-ARHGAP29) CD4*
T cells at a series of timepoints (pre-vaccination, weeks 3-24) following vaccination. Flow plots
were pre-gated on CD4" T cells. B. Kinetics of ex vivo tetramer-specific CD4" T cell frequencies
(mut-RUSC2, -ADAMT?27,-ARHGAP29 and -ZNF 281 tetramers for Pts. 1, 3, 4 and 5, respectively)
following vaccination. C. Quantification of tetramer-specific or non-tetramer specific (Pre-
Vaccination) CD4" T cells isolated at each timepoint. D. Clustering of tetramer-specific CD4" T
cells for Pts. 3, 4 and 5, depicted by timepoint, cluster, and patient, respectively. E. Heatmap of
top 10 differentially expressed genes per cluster. F. Timepoint membership by cluster. See
Supplementary Table 9 for differentially expressed genes.
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Figure 4. Kinetics of TCR repertoire of neoantigen-specific T cells in relation to vaccination.
A. Paired TCRa and  sequences of mut-ADAMT27 CD4" T cells, mut-ARHGAP29-specific CD4"
T cells, and mut-ZNF281-specific CD4" T cells for Pts. 3, 4 and 5, respectively, from pre-
vaccination and different time points post-vaccination. Colors indicate the first appearance of the
TCR clone for that time point. Pie charts indicate the proportions of TCR clones originating from
each time point. B. Patterns of clonal expansion and contraction among the dominant CD4* T cell
TCR clonotypes for each patient. The size of the bubble indicates the relative dominance of the
clonotype. See Supplementary Table 11 for TCR clonotypes and Methods for TCR dominance
criteria.
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Figure 5. Neoantigen-specific T cells dynamics following vaccination and checkpoint
blockade. A. Plots of MHC class II tetramer staining of Pt. 2 (mut-4ADM?2) and Pt. 6 (mut-MLL)
CD4" T cells from peripheral blood following in vitro stimulation isolated at 16 weeks after
vaccination and following anti-PD-1 therapy (pembrolizumab). Flow plots were pre-gated on
CD4"' T cells. B. Single-cell TCR sequencing analysis of Pt. 2 neoantigen-specific CD4" T cells
shows enrichment of particular clonotypes. Red bars indicate clonotypes that appeared at both
week 16 and following pembrolizumab. C. Kinetics of Pt. 2 neoantigen-specific CD4" TCR
clonotypes between week 16 and post-pembrolizumab. Pie charts depict i) proportions of
neoantigen-specific TCRs present at only one timepoint and preserved in both timepoints, and ii)
proportions of the preserved TCR clones that contracted or expanded after pembrolizumab. See
Supplementary Table 12 for TCR clonotypes.
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Figure 6. Vaccine-induced T cell responses spread to non-vaccine neoantigen and TAA
epitopes. A. Somatic mutations and tumor-associated antigens were identified by WES of
melanoma and germline DNA and their expression was confirmed by tumor RNA-seq. Non-
vaccine neoantigen and TAA epitope spreading peptides were selected on the basis of HLA
binding predictions (Methods). PBMC were then stimulated in vitro with epitope spreading
peptides and reactivity was confirmed through IFN-y ELISPOTs. B. Pt. 3 IFN-y secretion of CD4*
T cell lines stimulated with 3 non-vaccine neoantigen ASP measured by ELISPOT in triplicates at
pre-vaccination and week 16. Inset: IFN-y secretion of neoantigen-specific CD4" T cell lines
tested across a range of concentrations of mutated and wildtype peptides. C. Pt. 2 IFN-y secretion
of T cell lines stimulated with 2 non-vaccine neoantigen ASP and 2 TAA EPT as measured by
ELISPOT in triplicates at week 16 and week 89 (after anti-PD-1 therapy). Inset: Representative
IFN-y ELISPOT response of mut-AGAP3¢-specific CD4+ T cells; IFN-y secretion of neoantigen-
specific CD4" T cell lines tested across a range of concentrations of mutated and wildtype peptides;
TAA-specific CD8" T cell lines against TAA peptides (lower panels), respectively. D. IFN-y
ELISPOT responses of CD4" T cell lines specific for non-vaccine neoantigens persist up to 3 years
post-vaccination in Pts. 2 and 3. ELISPOT experiments were performed in duplicate or triplicate
wells/condition (error bars, s.e.m).
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Extended Data Figures
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Extended Data Figure 1. Vaccination induces strong multi-functional CD4* T-cell responses
in two additional patients with high-risk melanoma. A. Schema of immunizing (IMP), assay
(ASP), and epitope (EPT) peptides. Mutated amino acid is shaded. B. Ex vivo IFN-y ELISPOT
results for Pts. 11 and 12 after PBMCs were tested against peptide pools PA-PD in triplicate wells
at each time point (error bars, s.e.m.; see Methods for statistical analysis). C. [IFN-y ELISPOT
results after one round of in vitro stimulation of PBMCs from pre- and post- vaccination with the
peptide pools. Only the positive peptides are shown here. D. Deconvolution of T-cell reactivity
against individual ASP by ex vivo IFN-y ELISPOT using the week 16 post-vaccination PBMCs,
tested in duplicate or triplicate wells per peptide (error bars, s.e.m.). *Responses were scored
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positive if >55 spot-forming cells (SFC) were detected and were at least 1.5 s.d. over the DMSO
control. E. Dual chromogenic immunohistochemical staining of Pts. 11 and 12 excised FFPE
tumors (see Methods for details) for HLA class I and HLA class II. Red: melanoma transcription
factor SOX10; brown: HLA class I or class II. F. Summary of immunohistochemical results of
seven patients with available FFPE tissue. Semi-quantitative scoring was performed for the
intensity of positive staining of melanoma cell membranes for class I or II (0, negative; 1, weak;
2, moderate; 3, strong) and for the percentage of positive staining malignant cells (0-100%). A
cumulative H score was obtained by multiplying intensity score by the percentage of malignant
cells with positive staining.

CD4* T cell responses after in vitro stimulation

Pt. 11 Pt. 12
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DPNSPLYSVKSLKSFG TPGPALRGLPGFVAAF Blue font: positive epitopes
LRGLPGFVAAFVNIHL after in vitro stimulation
IMPO2 | VEDDLEVAPDFFQYFRATYPLLKAD Blus undarling: class | pradictad
MGAT1 - epitopes with IC50<300nM.
VEDDLEVAPDFFQYF IMP03 | KLSKMIENESPLVGLETGGNAEKY
LEVAPDFFQYFRATYP SETBP1 ————  — Red highlight: Mutated amino
DFFQYFRATYPLLKAD KLSKMIENESPL VGL acid. If no highlight, the
MIENESPLVGLETGG neoantigen is a neoORF.
ESPLVGLETGGNAEKV
IMPO4 | LKVDENQKAYYS SIVANRWLAVRLE
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YYSSIVANRWLAVRLE BAz26 RTTDAHTRTE ATFFP
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KIAA1958 —
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SLT3 | | SNNKIKEVREGVFD
KIKEVREGV FDGAASY
REGVFDGAASVQELML

Extended Data Figure 2. Mapping of CD4" and CD8" T-cell responses to individual ASP and
EPT to the IMP for Pts. 11 and 12. ASP covering the IMP are shown for the IMP that induced
T-cell responses in Pts. 11 and 12. T cells from week 16 PBMCs were tested. Red bold and
shading: mutated amino acids, absent in IMP arising from neoORFs. Blue underline: for class I
epitopes, predicted epitopes (ICso <300 nM) based on NetMHCpan (Supplementary Table 6). Blue
font: peptides that generated a T-cell response after one round of pre-stimulation with peptides.
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Extended Data Figure 3. Polyfunctional neoantigen-specific CD4" T-cell responses are
induced by vaccination in Pts. 11 and 12. A. ASP covering the IMP are shown for the IMP that
induced ex vivo T-cell responses in Pt. 3 at week 16. T cells from week 16 PBMCs were tested.
Red bold and shading: mutated amino acids. Blue underline: for class II epitopes, predicted
epitopes <10th percentile based on the Immune Epitope Database and Analysis Resource (IEDB)-
recommended consensus approach combining NN-align, SMM-align, and CombLib if allele
predictions are available, otherwise NetMHCIIpan!!¢’. Red font, peptides that generated an ex
vivo CD4" T-cell response; Triangle, ASP-specific T cells that also recognized a corresponding
mutated minigene; *T-cell responses against minigenes that were blocked by pan anti-HLA-DR
blocking antibodies. This data was previously reported!. B. Frequencies of Pt. 3 CD4" T cells
secreting cytokines in response to the peptides in A as measured by ICS after stimulation of
PBMCs ex vivo with peptides in A. T cells were detected by flow cytometry at week 16 after
vaccination and at 3 years for Pt. 3. Red values, frequencies of ASP-pool-reactive cytokine-
producing cells as a proportion of all CD4" T cells. C. Frequency of PD-1 expression among Pt. 3
total CD4+ T cells and cytokine-producing cells. Red values, frequencies of PD-1+ cytokine-
producing cells. All fluorescence-activated cell sorting (FACS) plots were pre-gated on CD4* T
cells.
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Extended Data Figure 4. Neoantigen-specific CD4+ T cells are isolated at serial timepoints
after vaccination using tetramer staining. A. [FN-y secretion by neoantigen-specific T-cell lines
against B cells nucleofected with minigenes (MG) encoding wildtype or mutant neoantigens
chosen for tetramers, with and without anti-HLA DR antibodies (block), data are mean =+ s.d.
(figure from our previous publication'). B. Ex vivo HLA class II tetramer staining of Pts. 1, 3, and
5 CD4" T cells at a series of timepoints (pre-vaccination, weeks 3-24) following vaccination. Flow
plots were pre-gated on CD4" T cells.
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Extended Data Figure 5. Neoantigen-specific CD4+ T cells exhibit transcriptional changes
through vaccination. A. Single-cell transcriptome analysis of CD4" neoantigen-specific (weeks
3-24) and non-neoantigen specific T cells (Pre-Vaccination) from Pts. 3 (n =383), 4 (n = 469),
and 5 (n = 370) showing selected immunologic genes. B. Quality control metrics for all clusters.
C. 1) Timepoint membership by cluster, ii) cluster membership by patient, and iii) patient
membership by cluster. D. Numbers of neoantigen-specific CD4+ T cells in each cluster by

timepoint for Pts. 3-5.
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Extended Data Figure 6. Neoantigen-specific CD4+ T cells harbor diverse TCR clonotypes.
A. Schema of representative single-cell TCR and single-cell RNA sequencing analysis of non-
specific (non-tetramer-positive) CD4" T cells and neoantigen-reactive CD4" T cells isolated from
pre-vaccination PBMCs and post-vaccination PBMCs, respectively, of Pt. 3. B. All TCR
clonotypes observed in neoantigen-reactive T cell lines generated from PBMCs of Pts. 3, 4, and 5
based on single-cell-targeted TCRaf} sequencing. C. Top 10 dominant neoantigen-specific TCR
clonotypes for each patient, selected as described in Fig. 4 and Methods. D. Overall Pattern
membership (see Fig. 4) of 30 dominant clones across Pts. 3, 4, and 5.
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Extended Data Figure 7. Predicted HLA binding affinities of epitope spreading peptides.

A. NetMHCpan 2.4-predicted HLA class I binding affinities of neoantigen peptides that were not
included in the vaccines but were subsequently tested for epitope spreading. Red: neoantigens that
induced T cell specific responses post-vaccination, but not pre-vaccination. Pt. 3 EPT neoantigen-
peptides were predicted by both NetMHCpan and a preliminary version of HLAthena!?4. B. HLA
class I binding affinities of tumor associated antigen (TAA) peptides as predicted by a preliminary
version of HLAthena'?* that were tested for epitope spreading. Red: TAA that induced T cell
specific responses post-vaccination, but not pre-vaccination.
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CD4+ T cell responses after in vitro stimulation

Pt. |AGAP3 |SAVSAASIPAMHINQATNGGGS Pt. | EYvA3 |ISTSSTIANILAAAVASISNQDYPTYT
2 SAVSAASIPAMHING 3 ISTSSTIANILAAAV
AASTPAMHINQATNG IANILAAAVASISNG
IPAMHINQATNGGGS

P2RY4 | TSISVHRYLGICHSLRALRWGRPRL

TSISVHRYLGICHSL
HRYLGICHSLRALRW
ICHSLRALRWGRPRL

CD8+ T cell responses after in vitro stimulation

Pt. |MAGEF1 | TVAELVQFL

MAGED2 | DVYPEIIER

Extended Data Figure 8. Mapping of CD4* and CD8" epitope spreading T-cell responses to
individual ASP and EPT to the non-vaccine IMP and TAAs for Pts. 2 and 3. ASP and EPT
covering the non-vaccine IMP are shown for the IMP that induced T-cell responses. Red bold and
shading: mutated amino acids, absent in neoORFs. EPT covering the TAA are shown for the TAA
that induced T-cell responses. Blue underline: for class I epitopes, predicted epitopes
(ICs0 <300 nM) based on NetMHCpan. Blue font: peptides that generated a T-cell response after
one round of pre-stimulation with peptides. (Supplementary Table 7).
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Supplementary Table Legends

Supplementary Table 1. Clinical and sample information for Pts. 1-6 and 11-12.

Supplementary Table 2. QC metrics of (a) whole-exome sequencing for Patients 1-6 and 11-12,
(b) whole-exome sequencing for relapsed tumors, (¢c) RNA sequencing for Patients 1-6, and (d)
RNA sequencing for Patients 11-12. (excel)

Supplementary Table 3. (a) Somatic mutations (SNPs) identified from Pts. 11-12 original
tumors and Pts. 1-3, 5-6 relapsed tumors and (b) Somatic mutations (indels) identified from Pts.
11-12 original tumors and Pts. 1-3, 5-6 relapsed tumors. (excel)

Supplementary Table 4. Summary of the number of identified somatic mutations, predicted
HLA binders and synthesized immunizing peptides. (excel)

Supplementary Table 5. (a) HLA allotypes and (b) Treatment-related adverse events in
vaccinated patients.

Supplementary Table 6. Expression and class I prediction related to immunizing peptides.
(excel)

Supplementary Table 7. Expression and class I prediction related to epitope spreading
peptides. (excel)

Supplementary Table 8. Antibody panels used for intracellular cytokine staining assays.

Supplementary Table 9. Differential analysis of single cell gene expression of clustered CD4"
T cells pre-vaccination and tetramer-positive CD4" T cells post-vaccination for Patients 3, 4, and
5. (excel)

Supplementary Table 10. Targeted TCR sequencing primers. (excel)

Supplementary Table 11. Single-cell TCR sequences from Pts. 3-5 tetramer-positive CD4+ T
cells at timepoints throughout vaccination. (excel)

Supplementary Table 12. Single-cell CDR3a/p sequences from Pt. 2 tetramer-positive CD4+ T
cells at (a) week 16 post-vaccination and (b) following pembrolizumab. (excel)

Supplementary Table 13. Class II tetramer information for Pts. 1-6.

**Excel data files for supplementary tables are available upon request
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Supplementary Tables

Supplementary Table 1. Clinical and sample information for Pts. 1-6 and 11-12.

Recurrence

Patient Gender Prn.rtlary Site of Previous after Site of
Age site resected Stage tumor
ID disease Treatment NeoVax recurrence
Y/N (WKks)
1 26 M Back Axillary LN e IFNa Y (37) Brain
Ty (T3bN3MO)
Lung IVM1b
2 68 F Back (RML) (T4aNOM I b) None Y (6) Lung (RLL)
Skin - in Skin — in
transit (L mc transit (L
3 31 F Left Calf posterior (T3bN2cMO) None Y@eh posterior
calf) calf)
4 56 M Back Axillary LN e None N N/A
Ty (T4bN2bMO)
Skin (L IIC(T2aN2¢
5 58 F Left Arm upper arm) MO) None Y (36,48) | Lung (RUL)
IVM1b Skin (L
6 61 M Chest Lung (LUL) (T2aNOM1b) IFNa Y (4) back)
7 28 F Unknown | Cervical LN 1B Non N/A
oW ervica (TXN1bMO) one
8 63 M Back Si}[:ﬁi;e 1B None N/A
(T3aN2c¢MO)
Nodule
9 71 M Shoulder | Axillary LN 1B IFNa N/A
Y (T2aN1bM0)
10 34 M Right Foot | Femoral LN e None N/A
& (T4aN3MO)
11 65 F | Right Foot Skin HIC(T(;‘)MCM IFNa N N/A
Right . IIC(T2aN1b
12 63 F Forearmm Axillary LN MO) None N N/A

M: male; F: female; LN: lymph node; N/A: not applicable; IFNa: Interferon alpha. *: Weeks

from vaccination initiation to recurrence on vaccine. Red: New data since original report.
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Supplementary Table 2. QC metrics of (a) whole-exome sequencing for Patients 1-6 and 11-12,
(b) whole-exome sequencing for relapsed tumors, (¢) RNA sequencing for Patients 1-6, and (d)
RNA sequencing for Patients 11-12 (excel)

Supplementary Table 3. (a) Somatic mutations (SNPs) identified from Pts. 11-12 original
tumors and Pts. 1-3, 5-6 relapsed tumors and (b) Somatic mutations (indels) identified from Pts.
11-12 original tumors and Pts. 1-3, 5-6 relapsed tumors. (excel)

Supplementary Table 4. Summary of the number of identified somatic mutations, predicted
HLA binders and synthesized immunizing peptides (excel).

Supplementary Table 5. (a) HLA allotypes and (b) Treatment-related adverse events of
vaccinated patients.

(a) HLA allotypes of enrolled patients

Paltli;“t HLA-A | HLA-A | HLA-B | HLA-B
1 2:01 | 24:02:00 | 44:02:00 | 15:01
2 1:01 1:01 | 38:01:00 | 56:01:00
3 2:01 3:01 | 47:01:00 | 27:05:00
4 2:01 | 25:01:00 | 18:01 |27:02:00
5 |66:01:00 | 23:01 |41:02:00 | 35:01:00
6 | 66:01:00| 1:03 8:01 8:01
7 1:01 3:01 8:01 | 35:01:00
8 | 68:01:00 | 24:02:00 | 35:03:00 | 13:02
9 1:01 1:01 | 37:01:00 | 8:01
10 | 24:02:00 | 24:02:00 | 52:01:00 | 27:05:00
11 1:01 2:01 7:02 57:01:00
12 2:01 2:02 | 13:02 |40:02:00

Red: New data since original report.
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(b) Treatment-related adverse events of vaccinated patients.

Event* Grade 1 Grade 2-5
Number of patients (%)
Injecj[ion site $ (100) 0
reaction
Fatigue 5(63) 0
Flu-like symptoms 4 (50) 0
Arthralgia 3 (3%8) 0
Rash 3(38) 0
Fever 3(3%8) 0
Pruritus 2 (25) 0
Bruising 2 (25) 0
Headache 2 (25) 0
*Treatment related events that occurred in > 1 patient.

Supplementary Table 6. Expression and class I prediction related to immunizing peptides.
(excel)

Supplementary Table 7. Expression and class I prediction related to epitope spreading
peptides. (excel)
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Supplementary Table 8. Antibody panels used for intracellular cytokine staining assays.

Laser Channel Marker Clone Company
488nm LASER BB700 CD279 EHI2.1 BD Pharmingen
100 mW
561 LASER ECD CD69 TP1.55.3 BECKMAN COULTER
100 mW
405 LASER BV480 Aqua L/D ThermoFisher
100 mW BV570 CD8 RPA-T8 BIOLEGEND

BV650 TNFa Mabl11 BD Pharmingen
BV711 CD4 L200 BD Pharmingen
BV786 CD27 0323 BIOLEGEND
355 LASER BUV395 IFNy B27 BD Pharmingen
60 mW BUV737 IL-2 MQl- BD Pharmingen
17H12
637 LASER APC-R700 CD3 UCHTI1 BD Pharmingen
140 mW APC-H7 CD45RA | SH9 BD Pharmingen

Supplementary Table 9. Differential analysis of single cell gene expression of clustered CD4*
T cells pre-vaccination and tetramer-positive CD4" T cells post-vaccination for Patients 3, 4, and
5. (excel)

Supplementary Table 10. Targeted TCR sequencing primers. (excel)

Supplementary Table 11. Single-cell TCR sequences from Pts. 3-5 tetramer-positive CD4+ T
cells at timepoints throughout vaccination. (excel)

Supplementary Table 12. Single-cell CDR3a/p sequences from Pt. 2 tetramer-positive CD4+ T
cells at (a) week 16 post-vaccination and (b) following pembrolizumab. (excel)
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Supplementary Table 13. Class II tetramer information for Pts. 1-6.

Predicted class Predicted
Peptide sequence for II epitope percentile
Pt Gene tetramer HLA allele sequence rank®
SVGDFSQEFSPIQEAQQD HLA- SVGDFSQEFSPI
1 RUSC2 (K-dansyl)-amide DRB1*04:01 QEA 2.16
HLA- DFSQEFSPIQE
DRB1*04:01 AQQD 5.77
RTQLLWTPAAPTAMAE( HLA- RTQLLWTPAA
2 ADM?2 K-dansyl)-amide DRB1*07:01 PTAMA 2.91
HLA- TQLLWTPAAP
DRB1*07:01 TAMAE 4.28
RGRELRFNLIANQHLLAP HLA- RGRELRFNLIA
3 ADAMTS7 GF(K-dansyl)-amide DRB1*01:01 NQHL 2.28
HLA- RFNLIANQHLL
DRB1*01:01 APGF 4.57
PGKIHLFEAEFTQVAKKE HLA- LPGKIHLFEAE
4 | ARHGAP29 (K-dansyl)-amide DRB1*01:01 FTQV 24.59
HLA- IHLFEAEFTQV
DRB1*01:01 AKKE 28.84
SQRTSWEFLQSLVSIKQE HLA- SQRTSWEFLQS
5 ZNF281 K(K-dansyl)-amide DRB1*01:01 LVSI 8.87
HLA- SWEFLQSLVSI
DRB1*01:01 KQEK 9.63
SRLQTRKNKKLALSSTPS HLA- KNKKLALSSTP
6 MLL N(K-dansyl)-amide DRB1*03:01 SNIA 5.64
HLA- TRKNKKLALS
DRB1*03:01 STPSN 7.97

*Consensus method in IEDB
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