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Cancer arises from the accumulation of genetic alterations, which can lead to the production of
mutant proteins not expressed by normal cells. These mutant proteins can be processed and
presented on the cell surface by major histocompatibility complex molecules as neoepitopes,
allowing CD8* T cells to mount responses against them. Using predictive algorithms to identify
putative endogenous antitumor T cell responses in solid tumors has resulted in an average 2% of
predicted neoepitopes being targeted. This suggests that low mutation burden tumors, which
include many pediatric tumors, are poorly immunogenic. Here, we report that pediatric patients
with acute lymphoblastic leukemia (ALL) possess tumor-associated neoepitope-specific CD8+ T
cells, responding to 86% of tested neoantigens and recognizing 68% of the tested neoepitopes.
These responses include a public neoantigen from the ETV6-RUNX1 fusion that is targeted in 7 of
9 tested patients. We characterized phenotypic and transcriptional profiles of CD8* TILs at the
single cell level and found a heterogeneous population that included highly functional effectors.
Moreover, we observed immunodominance hierarchies among the CD8* TILs restricted to one or
two putative neoepitopes. Our results indicate that robust antitumor immune responses are induced
in pediatric ALL despite their low mutation burdens and emphasize the importance of
immunodominance in shaping cellular immune responses. Furthermore, these data suggest that
pediatric cancers may be amenable to immunotherapies aimed at enhancing immune recognition
of tumor-specific neoantigens.

One Sentence Summary:

Pediatric acute lymphoblastic leukemia elicits a broad, functional, antitumor T cell response,
targeting multiple mutations.

INTRODUCTION

Recent insights from animal studies, translational research, and correlative clinical data have
highlighted the importance of the immune system as a therapeutic target for cancer treatment
(1-4). Among the most promising are immunotherapies aimed at exploiting and co-opting
the host’s adaptive immune system, particularly cytotoxic CD8* T cells (2, 5-8). Currently,
several approaches for targeting tumors with specific immune effectors are beginning to bear
fruit, including the use of: (1) immunomodulatory monoclonal antibodies blocking
inhibitory receptor signaling in endogenous antitumor CD8+ T cells, (2) expanded tumor
infiltrating lymphocytes (TILs), (3) T cell receptor (TCR) engineered T cells (TCR-T), and
(4) chimeric antigen receptorexpressing (CAR) T cells (9-19). Although
immunomodulatory therapies have shown clinical utility in some adult solid tumors,
especially those with higher mutation burdens (20-23), attempts to identify tumor-reactive T
cell responses against identified mutations have had a relatively low success rate for any
given mutation, with only about 2% eliciting a measurable response in patients either
functionally or by tetramer staining. This has led to the hypothesis that qualitative features
of the mutations, including whether they contain substantial non-self sequences or homology
to a pathogen-associated epitope, influence the endogenous T cell response and efficacy of
checkpoint blockade immunotherapies (24, 25).

In parallel to the development of immune checkpoint blockade (ICB), CAR and TCR-T
approaches that engineer the patient’s own T cells with a single specificity to target the
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tumor have shown efficacy. These approaches target tumor associated antigens, such as
CD19 in B cell malignancies, or tumor specific antigens, such as the H3-K27M mutation in
gliomas (26-28). Identifying tumor spec/fic mutations provides an advantage over targeting
tumor associated antigens by limiting collateral losses, such as the B cell aplasia observed
after CD19 CAR therapy. To date, these approaches have targeted single antigens,
demonstrating that a monoclonal immune response is competent for tumor control under
appropriate conditions. The identification of additional high-quality targets is a major focus
for cell-based therapy research.

It is important to note that many of the aforementioned studies were carried out in adult
solid tumors with high mutation rates (29, 30), leaving open the question of whether low
mutation burden tumors contain correspondingly poor endogenous T cell responses, a view
loosely supported by the observation that checkpoint blockade has generally not been as
successful in these tumors (21). This question has particular relevance for pediatric tumors,
which generally exhibit markedly fewer somatic mutations. Although recent studies using
immunomodulatory therapies in pediatric patients with neuroblastoma appear promising (31,
32), these therapies are hypothesized to enlist endogenous natural killer cells, thus further
research is needed to establish whether antitumor CD8" T cell responses are also present in
childhood cancers. In this study, we aimed to establish the endogenous CD8* T cell response
from pediatric patients with ALL, which on average has far fewer nonsynonymous
mutations than other tumor types (33), and to identify candidate tumor specific mutations
that may be targetable by TCR-T cells. We hypothesized that although leukemias contain
lower mutational burdens, the neoantigens that arise in this tumor type might serve as
functional targets capable of inducing antitumor T cell responses (34).

RESULTS

Identification of putative neoepitopes in pediatric acute lymphoblastic leukemia

To identify putative patient-specific cancer neoantigens (fig. SIA-C), somatically acquired
genetic alterations in the tumor were detected via high-throughput genomic sequencing of
diagnostic biopsies and matched germline tissue obtained from a cohort of pediatric patients
(table S1) with ALL. Tumor samples were also subjected to mRNA sequencing, which was
used to determine human leukocyte antigen (HLA) haplotype and confirm the expression of
HLA class | genes within the tumor milieu (consisting of tumor, monocytic, and T cells;
table S2). Samples from patients with HLA-A genes (HLA-A30 and HLA-A2) exhibiting
lower fragment per kilobase of transcript per million mapped reads (FPKM) values were
also subjected to flow cytometric analysis to confirm that proteins were also expressed on
the surface of the tumor cells used for sequencing (fig. S1D).

Using patient-specific HLA class | types inferred from mRNA sequencing, we screened
tumor-specific somatic missense mutations and gene fusions for their potential to generate
neoepitopes (i.e., neoantigens predicted to bind patient-specific HLA proteins). We
classified the binding of peptides to HLA alleles as strong putative neoepitopes if their
predicted binding affinity (1C5q) was below 150 nM, as intermediate to weak putative
neoepitopes if their IC5y was between 150 and 500 nM, and as putative nonbinders if their
ICsq was greater than 500 nM. Although the number of mutations in our cohort was low in
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comparison to other cancer types (35), we detected between five and twenty-eight predicted
nonamer neoepitopes per patient (fig. S1B), with an average of 8 strong nonamer
neoepitopes (range: 2-14) and 6 intermediate nonamer neoepitopes (range: 3-14; fig. S1C;
table S3) per patient. Furthermore, we predicted epitopes spanning the fusion junction in 3
of the 4 patients with detected ETV6-RUNX1 genomic fusions in their tumor biopsies.
These mutations were of particular interest because similar fusions occur across multiple
patients with distinct HLA haplotypes (36).

Functional assays identify a pool of neoepitope-reactive CD8* T cells

Due to the paucity of studies addressing the role of cytotoxic CD8* T cells in pediatric
malignancies, we first aimed to determine the presence of CD8* T cells in ALL bone
marrow samples and subsequently assessed the differentiation and activation status of CD8*
TILs via flow cytometry (fig. S2). Although the frequency of CD8* T cells was slightly
lower in bone marrow samples from our patient cohort in comparison to a healthy donor
(likely due to the high frequency of leukemic CD19* B cells typical of ALL patients), we
detected CD8™ TILs in all samples (fig. S2A,B). These TILs expressed several markers
indicative of antigen-specific stimulation (fig. S2A-E), including the upregulation of PD-1,
TIM-3, and 4-1BB.

Previous studies on cancer patients with melanoma (4, 6, 37) and non-small cell lung
carcinoma (21) have identified T cell responses by tetramer or functional assays, but only a
small fraction (0.05-2%) of the putative neoepitopes tested were found to have elicited a
detectable response. Although there is a lower mutational burden in ALL compared to these
solid tumors, we hypothesized that this might result in a greater frequency of responsive
CD8™ T cells due to the limited number of tumor-specific epitopes available for the immune
system to target. To test whether CD8* T cells within the TILs were responsive to mutated
neoepitopes directly ex vivo, we engineered 5 artificial antigen-presenting cells (aAPCs),
each of which expressed a single patient-specific HLA (fig. S3). Focusing on the three
patients with the highest frequency of CD8* T cells, we pulsed the HLA-specific aAPCs
with synthetic 15 amino acid (aa) peptides that corresponded to the predicted neoepitopes,
co-cultured them with isolated CD8* TILs, and monitored for production of interferon
gamma (IFN+y) and tumor necrosis factor alpha (TNFa.). To control for potential background
noise and non-specific stimulation, patients’ CD8* T cell cytokine production in the
presence of putative patient-specific tumor neoantigens were calculated relative to responses
to an irrelevant peptide. In addition, we stimulated isolated CD8* T cells with SEB
(Staphylococcal enterotoxin B) as a positive control to determine the maximal response rate
of these cells, and subsequent analyses were normalized to this maximum. All three tested
peptides in patient ERG009 (two restricted by B*18:01 and one by A*30:02) generated
robust responses to peptide-aAPC stimulation, totaling over 30% of the SEB response (Fig.
1A). Similarly, the two A*02:01-binding peptides tested with A*02:01 aAPCs for patient
ETVO001 generated responses (Fig. 1A). Finally, the five peptides for ETV078 all generated
responses above background, but the magnitude of the response was relatively low. In sum,
all three patients exhibited CD8* T cell cytokine production in response to specific peptide
stimulation, indicating that the predicted neoepitopes restricted by the patients’ HLAS were
indeed generating endogenous responses.
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Given the surprisingly high rate of neoantigen-specific responses, we expanded our analyses
to include direct stimulation of the bone marrow without the use of aAPCs or purification of
the CD8™ T cells, which allowed us to test more neoantigens across a larger number of
patients. Freshly processed autologous bone marrow cells (consisting of tumor, APCs, CD8*
T cells, and other cell types and products in the local tumor milieu) were pulsed with
synthetic 15aa peptides to monitor the endogenous response of the CD8* T cells. Fig. 1B
shows the representative gating strategy from one pediatric ALL patient sample that was
used to identify cytokine-producing and degranulating (CD107a/b*) neoantigen-specific
CD8™" TILs. All six patients responded to at least one neoantigenic peptide in this assay, with
relatively high rates of reactivity (ranging from ~6% to ~59%) among the total CD8* TIL
population (Fig. 1C). These analyses identified a spectrum of reactivities by CD8" TILs
ranging from moderate cumulative cytokine responses observed for ERG016 and ETV001,
to intermediate responses detected for ERG009 and ETV085, to strong responses measured
for ETVO078 and ETV084 (Fig. 1C). For ERGO016, ~15% of the responding CD8* TILs
displayed reactivity towards four out of six putative mutant neoantigens and for ETV001,
~15% and ~6% of the responding CD8" TILs displayed reactivity towards four out of six
and four out of four putative mutant neoantigens, respectively (Fig. 1D). Among the
intermediate responders, CD8* TIL reactivity for ERG009 and ETV085 was mounted
against two out of two and eight out of eight putative neoantigens, which accounted for
~36% and ~37% of the maximal CD8* TIL cytokine response, respectively. Additionally,
for ETVO078 and ETV084, ~56% and ~59% of the responding CD8* TILs were reactive
against seven out of ten and six of the twenty-three (only six neoantigens were tested in the
assay) putative mutant neoantigens, respectively (Fig. 1D). Strikingly, out of the 36 putative
neoantigens tested in our studies, 31 were found to be immunogenic and capable of inducing
robust cytokine responses (Fig. 1C,D). To determine whether similar responses would be
observed at lower concentrations of neoantigen, where recognition of fewer peptide-MHC
complexes may limit reactivity, serial dilutions of mutated peptides were used to monitor the
response of CD8* T cells to peptide-pulsed autologous bone marrow cells. Several
neoantigens elicited reactive CD8" T cell responses at nanomolar (e.g., PLCD3, EEF1A2,
BTBD16, PCNXL2, and PRRC2B) and 100 picomolar (e.g., AHNAK, AZI1, CD101,
FAM157B, SPIRE1, and TMEM104) concentrations (Fig. 1E).

To confirm that the results against exogenously presented peptides were not an artifact of
exogenous peptide stimulation and mirrored the responses that would be seen against cells
processing and presenting endogenous neoantigens, we used three additional approaches
(shown in schematic for tandem minigenes in fig. 2A and 2D, and see Materials and
Methods for TIL expansion). First, autologous tumor cells (CD19* B cells) were transfected
with mRNA encoding either wild-type or mutant neoepitopes in a tandem minigene (TMG)
configuration (Fig. 2A). Cytokine production by enriched CD8" T cells co-cultured with
autologous tumor cells was measured by intracellular cytokine staining (ICS; Fig. 2A-C). In
the second approach, we tested the response of enriched CD8" T cells against aAPCs
transfected with plasmid TMGs encoding wild-type or mutant peptides (Fig. 2D) and
expressing patient-specific HLAs. In both assays, CD8* T cell reactivity was greater against
mutant versus wild-type peptide-encoding TMGs (Fig. 2B, C, and E). To test whether
healthy individuals also possess comparable frequencies of neoantigen-reactive T cells,
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CD8™ T cells were enriched from healthy adult donor PBMCs and co-cultured with the
mRNA-transfected tumor cells from three patients, and cytokine production was measured
by ICS. In all cases, the CD8" T cell response from healthy donors was negligible against
both wild-type and mutant mRNA-transfected tumor cells (fig. S4).

To further validate that the CD8" TILs specifically recognized putative neoepitopes
expressed by unmanipulated autologous tumor cells, we sorted purified CD19* tumor cells
and co-cultured them with sorted CD8" T cells from the diagnostic ALL specimens of two
patients (ERGO009 and ETV078; see methods) with high frequencies of CD8* T cells and a
strong putative neoepitope that could be targeted (fig. S1; table S3). Following well-
established protocols (38-41) for expanding TILs and generating T cell lines driven by
endogenously presented antigens, we cultured the sorted endogenous CD8* T cells with
either aAPCs expressing patient-specific HLASs (negative control; non-neoantigen expressing
targets) or autologous tumor cells. We then constructed peptide:MHC tetramers
corresponding to neoantigens identified as strong binders (table S3) and likely to be
immunogenic for these patients and analyzed for the presence of neoepitope-specific CD8*
T cells after 21 days of co-culturing. A control tetramer for patient ERG009 was used
containing an irrelevant (but HLA-stabilizing) peptide, whereas the “parent” tetramer was
used as a control in patient ETV078, containing the endogenous, non-mutated peptide (see
Materials and Methods and table S4). For both patients, co-cultures containing autologous
tumor cells resulted in a greater expansion of tetramer positive neoepitope-specific CD8* T
cells when compared to the co-cultures containing aAPCs (Fig. 2F). Collectively, these
findings demonstrate that tumor neoantigens are processed and presented by the tumors
present in pediatric patients with ALL.

Antitumor T cell responses are neoepitope-specific and form immunodominance

hierarchies

In our phenotypic characterization of ALL-specific CD8* TILs, we observed some patients
(e.g., ETVO078, ETV084) with PD-1/Tim-3 positive CD8" T cells, the characteristic
phenotype of terminal exhaustion. Although our aAPC and functional assays provided clear
evidence of tumor-reactive T cells, functional assays poorly detect exhausted cells, which
can lead to underestimating the overall response magnitude. Thus, to more precisely
quantify the extent to which pediatric ALLs contain a pool of endogenous tumor-reactive
CD8* T cells, we mapped TIL responses to specific epitopes by generating twenty-five
patient-specific tetramers that correspond to the predicted neoepitopes identified previously
(table S3). Importantly, we utilized nine unique HLAA, -B, and -C alleles in order to
accurately assess the global neoantigen-specific CD8* T cell response in pediatric ALL. Fig.
3A shows a representative tetramer gating strategy that was used to identify freshly isolated
neoepitope-specific CD8* TILs. In all six patients, we identified one or more neoepitope-
specific CD8* TIL populations, each of which constituted from 1.1% to 13.4% of the total
CDS8™* TIL pool (Fig. 3B). Of the 25 tested patient-specific tetramers, 68% bound to TILs
above background set by irrelevant HLA-matched tetramers, indicating that a large
proportion of the predicted neoepitopes elicited an endogenous antitumor response from
CD8* T cells (Fig. 3C and fig. S5). Within those responses, we observed immunodominance
hierarchies among the distinct TIL populations, with a majority of tetramer-bound CD8* T
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cells restricted to one or two putative neoepitopes. Importantly, the tetramer-bound CD8* T
cells recognizing these neoepitopes exhibited both recently activated and chronically
activated phenotypes (as defined by PD1 and Tim-3 expression), further supporting the
specificity of these cells for their corresponding neoantigens and suggesting that variable
states of differentiation and functionality may exist within neoantigen-specific CD8* T cells
(fig. S6).

Altogether, these results demonstrate that robust CD8* T cell responses are observable in
pediatric leukemias and that a large proportion of potential neoepitopes are targeted by the
immune system. Combining the results from the functional and tetramer binding assays, we
find that 86% of the tested neoantigenic peptides and 68% of the generated tetramers elicited
a response above background. Using these data to calculate the total number of tumor-
specific cells in each patient, we found that the overall magnitude of the CD8* TIL response
in the bone marrow was correlated with the magnitude of the tumor-specific response,
suggesting that the antitumor response represents a major component of the TIL population
(Spearman’s rank correlation p = 0.9429, £=0.016, Fig. 3D).

In addition to characterizing the neoantigen-specific CD8" T cell response against patient-
specific somatic missense mutations, we also aimed to establish whether common gene
fusions found in pediatric ALL could also be targeted by CD8* T cells. To this end, we
focused on a cohort of patients with a characteristic fusion between ETV6 and RUNX1,
which is found in ~20-25% of cases of pediatric ALL(42) and is associated with a more
favorable prognosis. In our original patient set we observed ETV6-RUNX1-targeted
responses in two out of four patients, though the responses were restricted by different
HLAs (A02:01 and B35:01). We thus selected five more patients for testing, including four
with A02:01 alleles along with several other alleles predicted to bind a fusion-derived
peptide. In all five patients, at least one measurable response above background was detected
for CD8* T cells recognizing neoepitopes derived from the ETV6-RUNX1 gene fusion (Fig.
3E,F).

Given the degree of antitumor reactivity observed, we designed additional tetramers in order
to test whether the antitumor responses cross-reacted with the endogenous, unmutated self-
(“parent”) epitopes. Of the 8 parent tetramers that were designed, 4 failed to fold, likely due
to a reduction in peptide:MHC affinity for the parent peptide in comparison to the mutated
peptide. However, all four of the folded parent tetramers exhibited reactivity similar to
irrelevant background tetramer staining that was lower than the corresponding neoepitope
tetramers’ reactivity (fig. S5), verifying that the responses detected by our tetramer assays
are highly specific for the mutated neoepitopes. One concern with tetramer-based analyses is
the potential for non-specific binding. Although staining with tetramers containing the
parent epitope serves as a strong control for this, we also stained each patient with irrelevant
tetramers (designed to match the HLA of the patient) in order to rule out any inherent
staining that results from binding between the patient’s TCRs and the tetramer’s HLA. The
background in each patient to a matched HLA tetramer were consistent with unstained
samples, indicating that the high reactivity observed in the tetramer-binding assays did not
result from non-specific binding caused by a patient-intrinsic phenomenon. To rule out
potential promiscuous binding from the tetramers that bound high frequencies of cells, we
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used those tetramers to stain cells from patients with matching HLAs but lacking the
mutations associated with the tetramer-specific neoepitopes (table S4). Again, none of the
tetramers showed substantial off-target binding, further demonstrating the specificity of each
patient’s endogenous CD8" T cell response towards their corresponding neoepitopes.

Given the broad spread of mean fluorescence intensities observed in tetramers that bound
above background, we set out to confirm that cells from the full range of positive staining
were indeed specific. We sequenced the paired ap T cell receptor (TCR) from 166 PLCD3
tetramer-binding cells from patient ERG009. We observed extensive evidence of clonality,
with the top 4 clonal expansions representing over 23% of this epitope-specific CD8* T cell
population (Fig. 4A). Focusing on these 4 clonal expansions, which represented a range of
tetramer-staining intensities (Fig. 4B), we cloned their app TCRs. We then stably transduced
these receptors by lentiviral transduction into the SUP-T1 cell line and confirmed TCR
expression. Each epitope-specific CD8* TCR clone demonstrated considerable tetramer
reactivity (fig. 4C-E). Importantly, these receptors bound neither the matched HLA parent
tetramer containing the unmutated peptide nor the irrelevant tetramer. Additionally, the
specificity of the mutant tetramer for the cloned TCRs was further supported by the lack of
tetramer binding observed within the CCRF-CEM cell line that expressed an irrelevant TCR
(fig. 4C,E). Thus, all four cloned receptors, representing 39 cells from the original sort and
23% of the cells binding to this tetramer, were confirmed to be neoepitope-specific.

The transcriptional profiles of ALL-specific CD8" TILs exhibit inter- and intra-patient
heterogeneity

The functional and specificity assays indicated that the tumor-specific CD8* T cells in our
samples had a range of intrinsic activities. For example, adding together all the PLCD3
tetramers tested from patient ERG009 resulted in a predicted frequency of approximately
28% PLCD3-specific cells, and the functional cytokine assay correspondingly indicated a
29% response rate. In contrast, in ETVV001 and ETV078, certain epitopes had much higher
frequencies associated with tetramer staining than found in the functional assay; for
example, the GPR139 tetramer in ETV078 bound to approximately 14% of the CD8* T
cells, while the functional assays only detected about 6% of CD8* T cells as responsive to
the mutated peptide. Hypothesizing that this discordance may be indicative of dysfunction in
subsets of these cell populations, we further interrogated the tumor-specific CD8" T cells via
single-cell transcriptional profiling.

To characterize the transcriptional environment of neoepitope-specific TILs, we performed
multiplexed quantitative PCR analysis on tetramer-positive and -negative CD8" populations;
by using an index sorting approach, we were able to simultaneously assay transcription and
cell-surface phenotype at single-cell resolution (fig. 5A,B; table S5). Due to the scarcity of
material available from the tumor biopsies, this analysis was restricted to the three patients
with the greatest number of samples and the highest frequency of tetramer-positive CD8* T
cells. The 88 genes we selected for analysis included: transcription factors shown to
influence CD8* T cell differentiation (43), chemokines and chemokine receptors, cytokines,
activating and inhibitory co-receptors, and molecules associated with degranulation and cell
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survival (see Materials and Methods for exclusion criteria and expression-level
determination).

To assess the degree of heterogeneity in tumor-specific CD8* TILs both within and between
patients, we focused on the neoepitope-specific effector-phenotype (CCR7-CD45R0O™*) TILs
from ERGO009, ETV001, and ETV078. The expression of activation markers PD1 and Tim3
varied considerably, with ETV078 exhibiting a large proportion of cells with an exhausted
phenotype (fig. S7). In line with recent molecular profiling studies (44-46), we observed a
spectrum of dynamic transcriptional changes that take place during antigen-specific CD8* T
cell responses. We identified three clusters (hierarchical clusters 1-3) with distinct
transcriptional signatures across the sorted TIL populations, which differed in their
functional status and in the expression of transcription factors, transcriptional regulators,
signaling inhibitors, cytokines, cytotoxic granules, and trafficking molecules (Fig. 5C).
Specifically, these clusters were distinguished by transcription factors and regulators
associated with functional effector (43, 47) (7TBX21 and EOMES), dysfunctional (48, 49)
(STAT1, STAT3, STAT4, NR4AZ, NR4A3and BCL6) or exhausted (45, 46) (EOMES,
MAF, PRDM1, and BATF) CD8* T cells. Consistent with published findings, (47, 50, 51)
exhausted cells expressed several inhibitory receptors (HAVCRZ2, LAG3, TIGIT, and
CTLA4; Fig. 5C; fig. S7). We observed an exhaustion phenotype (cluster 1) as the majority
of tetramer-positive effectors in only a single patient (ETV078), but notably this patient also
exhibited cells that lacked the exhaustion signature (cluster 3). In ETV001, the dominant
subset of antigen-specific CD8* T cells exhibited expression profiles concordant with what
has been described elsewhere (48) as a dysfunctional phenotype (cluster 2), characterized by
atype | IFN signature. In contrast, most cells from ERG009 exhibited an expression profile
corresponding with a classical effector phenotype (43, 52-54) (GzmB, IFNG, CXCL10) and
lacked exhaustion markers.

It has recently been reported that CD8* T cell differentiation and exhaustion have been
coupled to stable changes in DNA methylation programming at loci associated with
developmental plasticity and effector function (e.g., 7BX21, TCF7, and /FNy)(55, 56).
Because our data indicated that many of the neoepitope-specific CD8" TILs were functional,
we tested the methylation profiles for ERG009 and ETV078. Consistent with the effector-
like molecular signature we observed for ERG009, we found that the /FAfy and 7TBX21 loci
for CD45RO™ sorted cells from this patient were predominantly unmethylated (Fig. 5D). In
contrast, the CD45RO™ GPR139297-305) tetramer-sorted cells from ETV078 displayed a
more heterogeneous methylation program for the 7B8X21 locus, which may reflect a greater
progression towards an exhaustion phenotype as might be expected given the greater
proportion of exhausted cells we observed in this patient compared to ERG009.

Additionally, the partial demethylation of the 7CF7 locus, which has been associated with
retention of T cell developmental plasticity (57), supports the notion that this pool of
neoepitope-specific CD8* TILs may contain cells at various stages of differentiation,
including functional effectors. Taken together, our results demonstrate that pediatric ALL
elicits a potent neoepitope-specific CD8* T cell response that exhibits molecular hallmarks
of functional effector differentiation.
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Discussion

There are at least three non-mutually exclusive possibilities to explain the much higher
response rate in these ALL tumors compared to reports from adult solid tumors. First, it is
hypothetically possible that pediatric patients may mount fundamentally different responses
compared to adults. Second, hematologic malignancies, and in particular B cell tumors, may
be inherently more immunogenic, as they interact with responding T cells as professional
immune cells and may therefore provide greater accessibility to infiltrating T cells by not
forming a dense epithelial matrix. Last, lower mutation burdens may force the immune
response to target the majority of potential neoantigens; in the context of a highly diverse
epitope landscape, immunodominance effects might drive the response to target a small
subset of antigens. Although common mechanisms of immune evasion, such as the
downregulation of specific HLA molecules, might help explain the skewing of the immune
response towards a limited number of neoepitopes, we did not find any evidence of selective
downregulation of specific HLA molecules transcriptionally or when staining for the
corresponding proteins.

There is some evidence that certain B cell malignancies are highly immunogenic and
controllable by T cell responses. Hodgkin’s lymphoma, and in particular those with a viral
etiology from EBV or HIV, have been shown to be highly responsive to PD1/PDL1 blockade
(58-61). In contrast, ICB has shown limited efficacy in other forms of blood cancers, most
notably in multiple myeloma (62, 63). Although responsiveness to checkpoint blockade is
not equivalent to immunogenicity in general, the consistent correlation between mutation
burden and checkpoint responsiveness has lent support to the idea that mutation burden and
immunogenicity are correlated. In the case of ALL, the positive prognosis for standard
patients has limited the scope of trials focused on checkpoint blockade. Nonetheless, our
data would suggest that the failure of standard checkpoint blockade therapies in ALL is not a
consequence of a complete lack of immunogenicity, as we found activated T cells
responding to tumor epitopes across every patient. Instead, we suspect this may be a
problem of efficiency, with a relatively low effector:target ratio between the antitumor
response and the tumor itself, which has an intrinsically high rate of replication.
Furthermore, only a minor portion of the neoepitope-specific T cells we examined exhibited
an exhausted phenotype and expression of PD1, thus there may not be a clear target for PD1-
checkpoint blockade in this disease context. In order to fully validate our findings and
further address these questions, studies with larger patient cohorts and across multiple
institutions would be needed. Recent efforts (64, 65) to identify alternative checkpoints for
hematologic malignancies, such as CD200-CD200R, might also explain the lack of
antitumor efficacy of these cells.

In addition to identifying antitumor responses for every patient examined, the other striking
feature of these experiments was that several mutations within the same patient elicited a T
cell response. In some patients, we were able to account for over 50% of the responsive T
cell population in the tumor, though in others the response rate was much lower. A possible
explanation for the reduced response rate is that the rules for peptide binding to certain HLA
molecules are incompletely defined owing to the smaller datasets available to train the
predictive algorithms used to identify the putative neoepitopes used in our screening assays.
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Mass spectrometry-based screening approaches could be carried out in tandem to gain a
more complete picture of the cancer neoantigens that are processed and presented on tumor
cells; however, the large cellular input required for this approach was a limiting factor in our
studies. Additionally, our focus on fusions and SNV mutations, without consideration of
frameshift or indel mutations, may have limited our ability to detect some responses. One
possible explanation for the high rate of responsiveness may be immunodominant focusing
on the relatively small number of mutations present in the tumor, particularly when
compared to adult solid tumors. Immunodominance effects are well-defined in viral models
of CD8* T cell responses and have also been increasingly described in human tumors (8).
Immunodominance can create extreme biases, with single, dominant, epitope-targeted T cell
populations representing 70-80% of the entire CD8* T cell response to a complex antigen
(66). Strikingly, this remains true even in responses to viruses, where hundreds of potential
epitopes are theoretically possible and large numbers of peptides are verifiably processed
and presented in infected cells (67, 68). The parameters that determine immunodominant
selection have not been definitively determined, but it is clear that peptide-MHC
concentration and T cell precursor frequency are implicated. Tumors with large numbers of
mutations and a high potential number of neoepitopes might be akin to a large virus, where
only a selected number of epitopes are actually targeted due to this immunodominance
effect; relatedly, the immune response may target a greater proportion of potential
neoepitopes in tumors with low mutation burden, which is consistent with our observations.

Finally, determining the heterogeneity of antigen presentation and the extent of inhibitory
receptor expression across the tumor will be necessary to assess the extent to which any
particular tumor cell is targetable by these effector responses. In support of this idea, we
found interesting parallels between the extent of inhibitory receptor ligand expression by
tumor cells (fig. S8) and the frequency of exhausted CD8* T cells (fig. 5 and fig. S2) in our
patient samples. Tumors (e.g., ETV078 and ERG016) with increased frequencies of
exhausted CD8* T cells (characterized by high PD-1 and TIM-3 expression) also expressed
greater amounts of the corresponding inhibitory ligands (PDL1 and galectin-9, respectively);
however, a more in-depth analysis of these factors would be necessary to fully understand
their contribution to limiting the immune response. Co-culture of purified T cells and tumor
cells from the diagnostic sample in two patients over three weeks expanded T cells specific
for mapped tumor-specific antigens. These data indicate that at least these antigens were
actively presented on the ex vivo tumor cells, but the heterogeneity of presentation and the
role of cross-presentation in inducing endogenous T cell responses cannot be determined
from these experiments. In order to estimate the heterogeneity in antigen presentation, we
used mutant allele frequency value cutoffs established previously (69) to determine the
clonality of targeted mutations within our tumor samples. Although our analysis indicated
that the mutations were present in the majority of ALL blasts and were not sub-clonal (table
S7), additional single-cell and longitudinal studies would be needed to address questions of
clonality and immunoediting definitively. Additionally, in vitro or in vivo killing assays with
patient-derived xenograft models would help determine the potential potency of these
antitumor responses.

Our data provide an opportunity to consider adoptive T cell, monoclonal antibody, and
targeted TCR therapy for ALL in pediatric patients. Although ALL currently has a high
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response rate to traditional chemotherapy approaches, the treatment protocols are extended
and induce substantial sequelae. The potential utility of immunotherapies in treating ALL
relapse is perhaps even more relevant, as relapse in ALL currently leads to particularly poor
prognosis. It is notable that in our study, seven out of nine patients with the ETV6-RUNX1
gene fusion generated T cells responses targeting this neoantigen. This raises the possibility
of generating off-the-shelf therapeutics that target the primary driver mutation in patients
with this and other common fusions. Whereas the public response to these common
neoantigens offers more immediate clinical applications, developing a pipeline to rapidly
adapt TCRs targeting private neoantigens into therapeutics would be a more generalizable
approach for all patients. Although the antitumor T cell responses in these patients did not
control their tumors, augmenting antitumor T cell frequencies and providing enhanced
activation signals in the context of transgenic TCR therapy may lead to significant
improvements in immune control and should be explored in clinical treatments.

Materials and Methods

Study Design

The objective of this study was to investigate the response of endogenous CD8* T cells
against patient-specific cancer neoantigens from diagnostic tumor samples collected from
pediatric patients with ALL. We hypothesized that although pediatric leukemias contain
lower mutational burdens, the neoantigens that arise in this tumor type likely serve as
functional targets due to their increased immunogenicity resulting from the tumor’s
microenvironment, cellular origin, and high neoepitope expression (34). To test whether
endogenous CD8* TILs were able to effectively recognize and target these mutated
neoepitopes directly ex vivo, we monitored TIL degranulation and production of IFN-y and
TNFa after stimulation with both aAPCs and autologous tumor cells. We assessed the global
neoantigen-specific CD8* T cell response by mapping TIL responses to specific epitopes by
utilizing patient-specific tetramers that corresponded to predicted neoepitopes across HLA-
A, -B, and -C alleles. We further characterized the nature of the endogenous CD8* T cell
response by determining, at the single cell level, the transcriptional profile of tumor-reactive
CD8™" TILs and comparing their inter- and intra-patient heterogeneity. Researchers could not
be blinded to experimental procedures due to the nature of the neoantigen screening assays
requiring patient-specific neoantigens be used to assess endogenous CD8* T cell functional
responses and because of the limited quantity of material. Pediatric ALL specimens were
selected based on sample availability and on the cancer type (e.g., B-ALL). The use of
human tissues was approved by the institutional review board (IRB #00000029 — Expedited
Protocol XPD-13-098) of St. Jude Children’s Research Hospital. Primary data are reported
in data file S1.

Statistical analysis

For single-cell expression data, Ct values were recovered from the BioMark HD, and data
were analyzed using the Fludigm Real-Time PCR analysis software. The quality threshold
was set to 0.65, and a linear derivative was used for baseline correction. Ct values of filtered
single-cell expression data were converted to expression thresholds (Et) and analyzed using
the MAST statistical framework (70) in R, which utilizes hurdle models designed
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specifically for single-cell expression data that take into account both the proportion of cells
expressing a gene and the expression of the gene. Cells with a cellular detection rate in the
1% and 99% quantiles were filtered from further analysis, and missing data points were
considered as zero-values unless otherwise indicated. Additional statistical methods are
described in the figure legends and in the relevant methods descriptions; in general,
presented data were largely characterized descriptively without the use of explicit statistical
analyses. Hierarchical clustering was performed as described in the “Analysis and
visualization of single-cell expression data” section of the Materials and Methods in the
Supplementary Material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Putative cancer neoantigens elicit robust T cell responses
(A) Enriched CD8" tumor infiltrating lymphocytes (TILs) from 3 patients were

independently co-cultured with artificial antigen presenting cells (2APCs) expressing a
single patient-specific human leukocyte antigen (HLA) molecule and pulsed with 1 pg/mL
of anti-human CD28/CD49d and either 1 uM of the indicated 15mer peptide or 100 pug /mL
staphylococcal enterotoxin B (SEB). Cytokine production by CD8* TILs was subsequently
measured by intracellular cytokine staining (ICS). Normalized frequency (neoantigen
peptide compared to SEB) of responding single, live CD8" lymphocytes that produced
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cytokines (IFN-y or TNFa) following stimulation is plotted for each acute lymphoblastic
leukemia (ALL) patient. (B) Representative flow cytometry plots from one patient depicting
single, live CD8" lymphocytes that are CD107a* (left panel), IFNy* (middle panel), or
TNFa* (right panel) following irrelevant peptide, neoantigen peptide, or polyclonal (SEB;
positive control) stimulation. Flow plots for negative controls (unstimulated cells lacking
peptide stimulation and isotype controls) are also shown and were used to set gates. (C) For
six patients, 1-2 x 108 bone marrow mononuclear cells (BMMCs) were stimulated with 1
ug /mL of anti-human CD28/CD49d and either 1uM of the indicated 15mer peptide, 100

ug /mL SEB, or 1X phorbol 12-myristate 13-acetate (PMA)/lonomycin cell stimulation
cocktail (as a positive control; see Methods) and then subjected to ICS. Normalized
frequency (see Methods) of responding single, live CD8* T cells that produced cytokines
(IFNy or TNFa.; left panel) or degranulated (right panel) following stimulation is plotted for
each ALL patient. (D) T cell response statistics for all putative neoantigens per patient (bar
chart) and at the cohort level (pie charts). (E) For three patients, 2 x 10 BMMCs were
pulsed with serial dilutions (1uM to 10 pM) of the indicated 15mer peptide, 100 ug /mL
SEB, or 1X PMA/lonomycin cell stimulation cocktail and subjected to ICS. Normalized
frequency of responding CD8* T cells that produced cytokines (IFNy or TNFa.) following
stimulation is plotted.
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Fig. 2. Endogenous neoantigens are processed, presented, and induce CD8" T cells responses
(A) Schematic depicting the generation of tandem minigene (TMG) constructs (step 1) and

in-vitro-transcribed (IVT) RNA (step 2) used to screen for recognition of putative somatic
mutations. BMMCs were enriched for CD19* cancer cells and CD8" T cells (step 3). Cancer
cells were then transfected with IVT RNA (step 4) and co-cultured with enriched CD8* T
cells (step 5). Co-cultured CD8* T cells were subsequently subjected to ICS, and the
frequency of cytokine producing cells was determined (step 6). Flow cytometry plots depict
the representative purity following selection of CD19* (left panel) and CD8" T cells (right
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panel). (B) Representative flow cytometry plots from one patient depicting single, live CD8*
lymphocytes that are IFNy* or TNFa* following co-culture with autologous CD19* cancer
cells transfected with mock-TMG RNA, wild-type TMG RNA, mutant TMG RNA, or
enriched CD8* T cells stimulated with PMA/lonomycin. (C) Normalized frequency of
IFN+y- and TNFa-producing CD8" T cells following co-culture with autologous tumor cells
transfected with wild-type TMG RNA (open circles) or mutant TMG RNA (filled circles)
from three patients. (D) Schematic depicting the generation of TMG constructs (step 1) used
to transfect aAPCs (step 2) to screen for recognition of putative somatic mutations. BMMCs
were enriched for CD8* T cells (step 3). aAPCs transfected with TMG plasmid DNA were
co-cultured with enriched CD8* T cells (step 4). Co-cultured CD8" T cells were interrogated
by ICS, and the frequency of cytokine producing cells was determined (step 5). (E)
Normalized frequency of IFNy- and TNFa-producing CD8" T cells following co-culture
with aAPCs transfected with wild-type TMG plasmid DNA (open circles) or mutant TMG
plasmid DNA (filled circles) from three patients. (F) 2-3 x 104 sorted CD8" TILs from 2
patients were independently co-cultured with either 8 x 104 autologous CD19* tumor cells
(dark gray shaded) or 8 x 104 aAPCs expressing patient-specific HLAs (negative control;
light gray shaded). CD8" TIL expansion and tumor reactivity were determined by flow
cytometry after 21 days of co-culturing by comparing the frequency of mutant tetramer-
positive CD8* TILs (ERG009: PE and APC conjugated HLA-A*30:02
PLCD3311-319)MUT; ETV078: PE conjugated HLA-A*03:01 GPR139(293-301)MUT) from
autologous tumor and aAPC co-cultures. Tetramer-positive gates were set based on the
binding of CD8* TILs to irrelevant (ERG009: PE and APC conjugated HLA-A*24:02
CD101ggs-g92)IRR) or parent tetramers (ETV078 PE conjugated HLA-A*03:01
GPR139(293-301)PAR.
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Fig. 3. Antitumor CD8"* T cell responses ar e neoepitope-specific and form immunodominance
hierarchies

(A) Representative gating strategy from one patient used to identify and quantify
neoepitope-specific CD8* T cells in the bone marrow of patients with ALL. HLA tetramer
staining of HLA-restricted CD8* TILs is depicted for ERG009. (B) Frequency of
CD3*CD8* TILs from six patients binding irrelevant and/or parent tetramers (black bars),
and mutant tetramers (colored bars) within the bone marrow of patient samples. Dashed
lines distinguish tetramers complexed with irrelevant and/or parent peptides from tetramers
complexed with nonamer and decamer mutant peptides. (C) T cell response statistics for all
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putative neoepitopes per patient (bar chart) and at the cohort level (pie charts). (D)
Scatterplot depicting the relationship between the total CD8* T cell and neoepitope-specific
CD8™ T cell response from six patients in our cohort. Correlation coefficient (r) and p-value
(p) were calculated using the Spearman rank-order correlation test. (E) Representative
tetramer gating from three patients used to identify and quantify neoepitope-specific CD8* T
cells in an additional cohort of patients with the £TV6-RUNX1 gene fusion. (F) Frequency
of CD3*CD8* TILs binding irrelevant (black bars), and ETV6-RUNX1 fusion tetramers
(colored bars) within the bone marrow of five additional patients containing the ETV6-
RUNX1 gene fusion. Dashed lines distinguish tetramers complexed with irrelevant peptides
from tetramers complexed with fusion peptides derived from ETV6-RUNX1. Representative
flow cytometry plots depict the frequency of CD8* TILs binding irrelevant, mutant tetramers
(red outline; cancer neoantigen bound to patient-specific HLA), and/or wild-type (parent
self-peptide bound to patient-specific HLA) tetramers.
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Fig. 4. Characterization and confirmation of the PL CD3-neoepitope TCRap repertoirein
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Ex vivo stained CD8" TILs from ERGO009 were single-cell sorted based on PLCD3 tetramer
binding (HLA-A*30:02 PLCD3,311-319) mutant tetramer) for TCR analysis. (A) Clonotypic
analysis of paired T cell receptor CDR3 regions (CDR3a and CDR3p) using single-cell
multiplexed PCR on sorted PLCD3* CD8* TILs from patient ERG009. Numbers adjacent to
the pie chart slices represent the number of PLCD3 tetramer-binding cells within clonally
expanded populations. (B) Flow cytometry analysis of PLCD3 tetramer-binding CD8* T
cells. Dot plot depicts populations of PLCD3 tetramer negative (shaded black) and sorted
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PLCD3 tetramer positive (gated, shaded gray) CD8* TILs from ERG009. Events
corresponding to the top 4 clonotypes (shaded blue, purple, red, and green) from the sorted
cells were overlaid onto the tetramer positive population. (C) Flow cytometry plots depicting
the frequency of SUP-T1 non-transduced cells (light gray), CCRF-CEM cells expressing an
irrelevant TCR (dark gray), and SUP-T1 TCR transduced cells containing CDR3a and
CDR3p corresponding to clones marked in 4A binding either an irrelevant (left panels),
parent PLCD3 (middle panels), or mutant PLCD3 tetramer (right panels). (D) Flow
cytometry histograms showing the frequency of TCR-expressing cells (as in 4C). (E) Ratio
of PLCD3 tetramer-positive cells (from 4C) to TCR-expressing cells (from 4D).
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Fig. 5. Thetranscriptional profiles of neoepitope-specific CD8" TILsexhibit inter- and intra-

patient heterogeneity

(A) Workflow of the experimental strategy for single-cell transcriptional studies. Bone
marrow cells from three patients (ERG009, ETV001, and ETV078) were stained using an
antibody cocktail and neoepitope-specific tetramers. CCR7-CD45RO™ tetramer-binding
CD8* TILs were single-cell index sorted for transcriptome studies. (B) Representative
gating strategy from one patient depicting single-cell sorted CD8* TIL subsets: tetramer-
positive CCR7-CD45RO" (red outline), and tetramer-negative CCR7-CD45RO™ (blue
outline); 94 single cells from these two gates were sorted into 96-well plates. (C) Heatmap
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visualizing unscaled expression of genes (transcript expression threshold values; Et) and
scaled surface protein data (MFI) for single-cell sorted neoepitope-specific CD8* TILs
(white indicates missing data) from three patients. Genes are ordered according to Ward’s
method, and two clusters of relatively invariant genes were removed for ease of
visualization. Top margin color bars represent, from top to bottom, groupings based on
tetramer type (Tetramer positive), hierarchical cluster number (clusters 1-3), and patient IDs
(ERGO009, ETV001, and ETV078). Bolded gene name colors represent: transcription factors
(black), inhibitory receptors (red), functional molecules (green), chemokine/chemokine
receptors (blue), and transcriptional regulators (gray). (D) Representative bisulfite
sequencing DNA methylation analysis of 7CF7, TBX21, and /FNy loci among bulk
CCR7-CD45R0O™ neoepitope-specific CD8* TILs from two patients.
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