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Introduction

Fusion genes represent essential early events in leukemic transfor-
mation in acute myeloid leukemia (AML), particularly in younger
patients (1). The core-binding factor (CBF) leukemias are a preva-
lent subgroup of AML that arise from the leukemia-initiating gene
fusions CBFB-MYH11 and RUNXI-RUNXI1T1, which are produced
by characteristic chromosomal translocations (2). T cell immuno-
therapy could be used to target such fusions. Protein products from
cancer-specific mutations, including gene fusions, can be processed
into short peptides and presented on the cell surface in the context
of human leukocyte antigen (HLA), giving rise to T cell neoantigens
with high specificity for malignant cells (3-5). The importance of
neoantigens in antitumor immunity is evident from clinical suc-
cesses with adoptive transfer of neoantigen-specific tumor-infil-
trating lymphocytes (6-8) and neoantigen vaccines (9-11), and the
contribution of neoantigen-specific responses to the efficacy of
immune checkpoint blockade therapy (3) and graft-versus-malig-
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Proteins created from recurrent fusion genes like CBFB-MYH11 are prevalent in acute myeloid leukemia (AML), often
necessary for leukemogenesis, persistent throughout the disease course, and highly leukemia specific, making them
attractive neoantigen targets forimmunotherapy. A nonameric peptide derived from a prevalent CBFB-MYH11 fusion
protein was found to be immunogenic in HLA-B*40:01* donors. High-avidity CD8* T cell clones isolated from healthy donors
killed CBFB-MYH11* HLA-B*40:01* AML cell lines and primary human AML samples in vitro. CBFB-MYH11-specific T cells
also controlled CBFB-MYH11* HLA-B*40:01* AML in vivo in a patient-derived murine xenograft model. High-avidity CBFB-
MYH11 epitope-specific T cell receptors (TCRs) transduced into CD8* T cells conferred antileukemic activity in vitro. Our data
indicate that the CBFB-MYH11 fusion neoantigen is naturally presented on AML blasts and enables T cell recognition and
killing of AML. We provide proof of principle forimmunologically targeting AML-initiating fusions and demonstrate that
targeting neoantigens has clinical relevance even in low-mutational frequency cancers like fusion-driven AML. This work also
represents a first critical step toward the development of TCR T cell immunotherapy targeting fusion gene-driven AML.

nancy responses after allogeneic hematopoietic cell transplantation
(12). Effective immune responses against neoantigens present in
the founding malignant clone can be curative. However, while neo-
antigens are well investigated in solid tumors, little is known about
neoantigens in AML outside of the subset of the disease bearing
mutations in nucleophosmin 1 (NPM1I) (13-15), and AML fusions in
particular have not been definitively identified as neoantigens (5).

A fusion between the CBFB and MYHII genes (16) resulting
from inv(16) and t(16;16) occurs in approximately half of patients
with CBF AML, representing 12% of pediatric and 7% of adult AML
overall (1, 17). This fusion is an essential leukemia-initiating event
(18-20) that occurs in the founding clone (21), is stable across the
disease course, and persists at relapse (22, 23). Among patients with
de novo inv(16) or t(16;16) AML, specific chromosomal breakpoints
are highly recurrent, with 80% to 90% of patients sharing the type
A CBFB-MYH]II fusion variant (24). Despite being classified as a
favorable-risk AML subtype (25), only 50% to 60% of patients with
CBFB-MYHII* AML are cured with intensive chemotherapy alone,
and outcomes in older adults are particularly poor (26, 27). Con-
current signaling mutations also negatively impact prognosis (28).
Deep molecular remissions are not always achieved with standard
therapies but appear necessary to prevent subsequent relapse (29),
highlighting an unmet need for novel and more effective treat-
ments, especially for relapsed and chemotherapy-refractory dis-
ease. In contrast to neoantigens derived from unique patient-specif-
ic cancer mutations (4), CBFB-MYH11 is highly recurrent and could
serve as a shared target for immunotherapy in patients with CBFB-
MYHII* AML. Moreover, targeting the clonal CBFB-MYHI1 should
prevent escape of leukemic subclones.
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Some investigators have successfully used patient tumor (3)
or peripheral blood (PB) (30, 31) as sources of neoantigen-specif-
ic T cells. However, in AML, lymphopenia and/or disease-related
immune dysfunction (3, 32-36) hinder identification of neoanti-
gen-specific T cells directly from patients. We (37) and others (38)
have successfully identified antigen-specific T cells from the PB
repertoire of healthy donors. Therefore, we used a reverse-immu-
nology strategy employing in vitro stimulation of healthy HLA-
typed donor CD8* T cells to identify high-avidity T cells specific for
an epitope derived from the CBFB-MYHI11 type A fusion protein.
We determined that the epitope these T cells recognize is natural-
ly processed and presented from the CBFB-MYHI11 type A fusion
in primary AML samples. We demonstrated efficacy of CBFB-
MYH11-specific T cells in vivo using a patient-derived xenograft
(PDX) in a humanized mouse model that reliably engrafts CBF
AML (39). Gene transfer of high-avidity T cell receptors (TCRs)
conferred CBFB-MYHI11-specific cytotoxicity to CD8* T cells. Our
data indicate that the CBFB-MYHI11 fusion neoantigen is a prom-
ising target for T cell immunotherapy for individuals with CBFB-
MYHII* AML.

CBFB (1-5)

Protein l

Results

Candidate peptide epitopes are predicted from a prevalent CBFB-
MYHII fusion. Variants of the CBFB-MYHII fusion gene are creat-
ed by different chromosomal breakpoints. The type A fusion (Fig-
ure 1), produced by joining exons 5 and 34 of CBFB and MYHI1,
respectively, is the predominant CBFB-MYHII fusion (24). We
evaluated the amino acid sequence spanning the fusion in silico
to determine the probability that fusion-derived peptides would
bind to one of 20 prevalent HLA class I molecules, including 5
HLA-A, 7 HLA-B, and 8 HLA-C alleles. Six candidate epitopes

MYH11 (34-41)
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Figure 1. Schematic of the type A CBFB-MYH11 fusion
resulting from an inversion in chromosome 16. In the
type A fusion, exon 5 of CBFB is fused to exon 34 of
MYHT1, creating a fusion protein with the junctional
amino acid sequence depicted.

C

RDRSHREEM |EVHELEKSKRALE

with binding affinities of less than 500 nM were predicted by at
least 1 of the 3 HLA-binding prediction algorithms used (Table 1).
Peptides with predicted IC, < 500 nM were identified only for
HLA-B*40:01 and -B*44:02. The peptide REEMEVHEL had par-
ticularly high predicted binding affinity (<26 nM) to HLA-B*40:01
by all 3 algorithms.

An immunogenic CBFB-MYHII epitope is presented on
HLA-B*40:01. HLA-binding prediction algorithms effectively
identify peptides with a high probability of binding to a particu-
lar HLA molecule. However, not all peptides predicted to bind to
HLA actually do bind, and not all that bind are immunogenic (i.e.,
elicit T cell responses) (40, 41). Therefore, we directly tested the
immunogenicity of candidate CBFB-MYHI11 epitopes in vitro by
stimulating CD8* T cells from HLA-typed healthy donors with
autologous mature DCs pulsed with a pool of candidate CBFB-
MYHI1 and control peptide epitopes. After 12-13 days of stim-
ulation, we tested for specific lysis of peptide-pulsed autologous
lymphoblastoid cell lines (LCLs) in *'Cr-release cytotoxicity assay
(CRA). In 2 donors (D1 and D2, Figure 2A), we identified T cell
lines that specifically lysed peptide-pulsed targets (D1, n = 1; D2,
n=_8). As expected, most of the wells of T cells showed nonspecific
reactivity or no reactivity. We subsequently determined that a sub-
set of the wells contained T cells that specifically lysed target cells
pulsed with control peptides known to be immunogenic (Figure
2A, black triangles). However, we also determined that some of
the peptide-specific wells contained T cells that specifically lysed
target cells pulsed with CBFB-MYH11 peptides (D1, n=1; D2, n =
3; red triangles). We cloned the CBFB-MYH11-reactive T cells by
limiting dilution, expanded them, and tested them for recognition
of single peptides. The D1 T cell clone and 3 D2 clones, as well as 2
clonesfromathird donor (D3), were REEMEVHEL specific and did

Table 1. Candidate peptide epitopes derived from the CBFB-MYH11 type A fusion protein

Amino acid sequence Length (aa) Predicted HLA
REEMEVHEL 9 B*40:01
HREEMEVHEL 10 B*40:01
MEVHELEKSKRAL 13 B*40:01
EEMEVHEL 8 B*44.02
EEMEVHEL 8 B*40:01
EEMEVHELEK 10 B*44.02

IEDB ANN (nM) IEDB SMM (nM) NetMHCpan 4.0 (nM)
164 245 25.5
190.6 19232 818.9
369.8 NA 860.1
384.0 73421 13423
479.7 36754 13935
2901.8 2728 2688.5

Candidate epitopes were defined as CBFB-MYH11 fusion-spanning peptides with predicted binding affinity of <500 nM to 1 of 20 prevalent HLA class
| molecules by at least 1 of 3 HLA-binding prediction algorithms: IEDB Artificial Neural Network (ANN), IEDB Stabilized Matrix Method (SMM), and
NetMHCpan 4.0. Boldface underlined text, CBFB origin; regular text, MYH11 origin.

jci.org  Volume130  Number10  October 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10

The Journal of Clinical Investigation

RESEARCH ARTICLE

A 100+ No peptide-specific reactivity D 100 7
A REEMEVHEL-specific reactivity
80 A Control peptide-specific reactivity
Donor 1 (D1)

2 607 2 IC,
5 ) — D3cC5 0.17
S 401 8

& 5 = D2.C24 0.17
2 20 A k2

Y . ES —D1.C6 0.65
kel o X

g_ o . o LI FON - D2.C8 0.67
2 100 7

G D2.C2 2.59
k%)

% 807 Dbonor2 (D2) —D3.c71 243
= 0 T T T "
g 601 0.001  0.01 0.1 1 10 100 1000
& A A A . .

X 40 A AA Peptide concentration (ng/mL)

A
201 . A . E D1.C6 DZ'CZW p2cs| o [jp2.c24
. o @l o o :-.....: ) & o, // /
0 e e )

Individual wells of CD8"* T cells

4

B e REEMEVHEL peptide
m Additional predicted HLA-B*40:01-binding peptides D3.C5 D3.C71 Irrelevant
4 No peptide / 7 clon
. Tetramer APC
100
o & T_;I’etramer
PE
80
g ! F 100 1
§ 60 # e v
5 80 ” : 3
£« 8
= & 60
20 s
2
@ 40 A
0 o - = N n 4 rY §
D1.C6 D2.C2 D2.C8 D2.C24 D3.C5 D3.C71 20
C e REEMEVHEL peptide
+ KECVLHDDL peptide
100 1 No peptide 0 T T T T T —P—00-af—0—0—a———
% ; ; pacor | x [ x| x| x[x|x|] [ [ | | [ |
80 2 A*01:01 X X X
(2]
8’60 A02:01 | X | X | X X X | x| x| x X | X
2 B*07:02 x | x X X X
3 40 B*44:02 | X X X | x| x
= c0304| X | X | x| x| x| x X | x| x| x
20 C*05:01 | X X X | x
C*07:02 X | x| x X | x| X X | X

ol es we ¥ L3 o, $1
D1.C6 D2.C2 D2.C8 D2.C24 D3.C5 D3.C71
CD8* T cell clones

Figure 2. Highly avid CD8" T cells recognizing an HLA-B*40:01-restricted epitope of CBFB-MYH11 can be isolated from healthy donors. (A) Percentage specific
lysis of peptide-pulsed targets for individual wells of CD8* T cell lines after in vitro peptide stimulation of 2 HLA-B*40:07* donors. Percent specific lysis was
calculated as percent lysis of peptide-pulsed targets minus percent lysis of no-peptide targets to remove nonspecific reactivity to autologous target cells alone.
Gray circles indicate wells with no peptide-specific reactivity. The single-peptide specificity of T cells in wells with peptide-specific lysis was subsequently
determined: red triangles, REEMEVHEL-specific T cells; black triangles, T cells specific for control (known immunogenic, non-CBFB-MYH11) epitopes. Each plot
depicts a single experiment. (B) Percentage lysis of HLA-B*40:01" LCL targets with REEMEVHEL peptide (circles), pooled additional predicted HLA-B*40:01-
binding peptides (squares), or no exogenous peptide (triangles) by REEMEVHEL-specific CD8* T cell clones isolated from 3 healthy donors in 4-hour CRA. (C)
Percentage lysis of HLA-B*40:01* LCL targets with either REEMEVHEL peptide (circles), known HLA-B*40:01-binding peptide KECVLHDDL (diamonds), or no
exogenous peptide (triangles) by REEMEVHEL-specific CD8* T cell clones in 4-hour CRA. For B and C, peptides were used at 1000 ng/mL each; error bars are SD
of 3 biological replicates. (D) Percentage lysis of targets pulsed with various concentrations of REEMEVHEL peptide by REEMEVHEL-specific CD8* T cell clones.
Mean and SEM of 3 technical replicates are shown. (E) Representative flow plots (from 3 experiments) of CBFB-MYH11/HLA-B*40:01 pHLA tetramer staining of
REEMEVHEL-specific T cell clones and an irrelevant clone specific for an epitope (IPRAHNRLV) presented on HLA-B*07:02 (negative control). Cells are gated on
live single CD4-CD8* cells. (F) Percentage lysis of REEMEVHEL-pulsed LCLs (1000 ng/mL) with varying HLA types (including all class | HLA types of the 3 donors)
by 6 REEMEVHEL-specific T cell clones.

jci.org  Volume130  Number10  October 2020

5129


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10

RESEARCH ARTICLE The Journal of Clinical Investigation

A 100000 D 160000+
== Mock-TD NB-4 == Mock-TD ME-1
— CBFB-MYH11TD NB-4 — HLA-B*40:01 TD ME-1 "
» 80000 s ® -
2 - 3 120000+
(8] e o
Y 60000 e &
z -
° o o 80000+
§ 40000+ - S
S | e - >
* C *
Q o 400004
S 20000+ D2.C24 5
2 2
Qo Q
< 0 < 0
0 24 48 72 96 0 24 48 72 96 120
Time (hrs) Time (hrs)
B 0 hrs 6 hrs 24 hrs 96 hrs E 0 hrs 24 hrs 96 hrs 120 hrs
CBFB- ¢ HLA-
MYH11 B*40:01
TD NB-4 % TD ME-1
i ¥ i
Mock- e Mock-
TD NB-4 i i TD ME-1
CcD33 -.v,.,,,v.,v, S— — 1 CcD33 - v v v -, T v T 1 e T v T 1 e T v T
D2.C24
CD8 CD8
C Mock-TD NB4 CBFB-MYH11TD NB4 F Mock-TD ME-1 HLA-B*40:01 TD ME-1
P=0.326 P<0.001 P=0.002 P<0.001
P=0.017 P <0.001 P=0.985 P<0.001
P=0.638 P <0.001 P=0.723 P<0.001
= P=0.994 P<0.001
140 P=0.754 140 P<0.001 120 - |
o
" 1204 o 1004
5 )
8 S 80
5 5
g g 60
2 2
? a 40
X X
20+
0- 0-
24 48 96 0 24 48 96 0 24 48 96 120 0 24 48 9% 120
Time (hrs) Time (hrs)

Figure 3. T cells specific for the HLA-B*40:01-restricted CBFB-MYH11 epitope kill AML cell lines. (A) Absolute cell number of viable NB-4 cells either
CBFB-MYH11-transduced (TD) (solid line) or mock-TD (dashed line) after coculture with high-avidity REEMEVHEL-specific clone D2.C24 from a representa-
tive experiment. (B) Representative flow plots for experiments shown in A and C, depicting viable single cells at time points after coculture. (C) Percentage
survival of NB-4 cells, either WT (left) or transduced to express the full-length CBFB-MYH11 type A fusion (right), at time points after coculture with the
D2.C24 T cell clone. (D) Absolute cell number of viable ME-1 cells either HLA-B*40:01-TD (solid line) or mock-TD (dashed line) and cocultured with clone
D2.C24 from a representative experiment. (E) Representative flow plots for experiments shown in D and F, depicting viable single cells at time points

after coculture. (F) Percentage survival of ME-1 cells, either WT (left) or transduced to express HLA-B*40:01 (right), at time points after coculture with the
D2.C24 T cell clone. Viable cell numbers were assessed at varying time points by flow cytometry and percent survival calculated as described in Supple-
mental Methods. For C and F, colored bars indicate mean and error bars SD for 3-10 technical replicate samples. Two-sample unpaired 2-tailed t tests were
performed to compare 0 hours with each subsequent time point.

not recognize LCLs alone or with other peptides, including addi-  anonameric peptide known to bind HLA-B*40:01 (ref. 42 and Fig-
tional candidate peptides predicted to bind HLA-B*40:01 (Figure ~ ure 2C). The clones’ lack of recognition of HLA-B*40:01* LCLs in
2B and Supplemental Table 1; supplemental material available  the absence of exogenous REEMEVHEL peptide indicated specif-
online with this article; https://doi.org/10.1172/JCI137723DS1) or  icrecognition of the peptide-HLA complex rather than alloreactiv-
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2 type. (A) Degranulation of T cell clones in response to primary AML was determined by
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CRA with effector/target (E:T) ratio of 20:1 (blue bars, CBFB-MYH11* HLA-B*40:01*, n = 3;

orange bars, CBFB-MYH11* HLA-B*40:07", n = b; green bars, CBFB-MYH11- HLA-B*40:07*,
n=5). For A and C, mean and SD for each clone are shown are from a single experiment
with 3-7 biological replicates for each group of AML samples. Statistics were calculated
using unpaired 2-tailed t tests with Welch’s correction.

ity to HLA-B*40:01. All 6 clones specifically lysed targets pulsed
with as little as 1 ng/mL peptide in CRA, and 4 had high functional
avidity (IC,, <1 ng/mL; Figure 2D). To further validate the immu-
nogenicity of the epitope, we stimulated CD8* T cells from an
additional 3 donors and elicited REEMEVHEL-specific responses
in all 3 tested (Supplemental Figure 1).

All 6 T cell clones stained with REEMEVHEL/B*40:01 pep-
tide/HLA (pHLA) tetramer (Figure 2E; gating strategy, Supple-
mental Figure 2), consistent with the predicted HLA restriction
of the epitope. For additional corroboration, we tested clones for
lysis of HLA-diverse LCL target cells pulsed with REEMEVHEL
peptide. LCLs were chosen to represent the individual HLAs of
the 3 donors (D1-D3; Supplemental Table 2) with minimal over-
lap across LCLs. Only HLA-B*40:01* LCLs were lysed by clones,
confirming the HLA-B*40:01 restriction (Figure 2F). Although all
3 donors shared both HLA-B*40:01 and -C*03:04 (Supplemen-
tal Table 2), and HLA-B*40:01* LCLs were also HLA-C*03:04*,
REEMEVHEL peptide-pulsed HLA-C*03:04* HLA-B*40:01°
LCLs were not lysed by clones. REEMEVHEL was also predict-
ed to bind to HLA-B*40:02 (Supplemental Figure 3A). Two
high-avidity clones lysed REEMEVHEL-pulsed HLA-B*40:02*
LCL targets at low levels (Supplemental Figure 3B), indicating
that REEMEVHEL is also presented on HLA-B*40:02, but that
clones preferentially recognize the epitope on HLA-B*40:01,

reflecting their fine specificity. These results demonstrate that
the predicted CBFB-MYH11 epitope is immunogenic and confirm
its binding to HLA-B*40:01 and HLA-B*40:02.
CBFB-MYHI1/B*40:01 epitope-specific T cell clones kill AML cell
lines. We next asked whether the REEMEVHEL epitope was pro-
cessed from the CBFB-MYHI11 protein and presented by endog-
enous antigen-presenting machinery in AML cell lines. To create
CBFB-MYHII* HLA-B*40:01* AML cell line targets, we transduced
naturally HLA-B*40:01* NB-4 cells to express the full-length CBFB-
MYHI1 type A fusion protein, and naturally CBFB-MYHII* ME-1
cells to express HLA-B*40:01 (Supplemental Figure 4, A and B,
respectively), and determined that the transduced cell lines pre-
sented the REEMEVHEL epitope (Supplemental Figure 4C). We
then evaluated the ability of the high-avidity T cell clone D2.C24
to eliminate CBFB-MYHI11* HLA-B*40:01" targets in a flow cytom-
etry-based cytotoxicity assay, which enables the assessment of
T cell killing over hours to days (43, 44). The percentage survival
of CBFB-MYHI1I* NB-4 cells steadily decreased during coculture
with D2.C24, while mock-transduced NB-4 cells were unchanged
until increasing at 96 hours (Figure 3A, representative absolute
counts; Figure 3B, representative flow plots for 1 experiment; and
Figure 3C, summary percentage survival). D2.C24 also killed ME-1
cells transduced to express HLA-B*40:01. While HLA-B*40:01*
ME-1 cells were killed less efficiently than NB-4 cells, surviv-
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Figure 5. CBFB-MYH11/B*40:01-specific T cells control AML in vivo in a
PDX murine model. (A) Experiment overview: Newborn, preconditioned
MISTRG mice were injected intrahepatically with 1 x 10° PBMCs (OKT3-pre-
treated to prevent xenogeneic graft-versus-host disease) from HLA-B*40:01*
patients with active CBFB-MYH11* AML. After 12 weeks of AML engraftment,
mice received 10 x 10° CD8* T cells i.v., either D2.C24 clone (high-avidity,
CBFB-MYH11/B*40:01-specific) or a control clone (specific for a candidate
neoantigen epitope, IPRAHNRLYV, presented by HLA-B*07:02, for which this
AML was genotypically negative), then were monitored by weekly PB sam-
pling. (B) Primary AML PBMCs (AML1, 81% blasts) before OKT3 treatment
and injection into mice were stained for myeloid markers using AML tracking
in mice. (C) Representative flow plots of mice PB pretreatment (left) and 7
days after injection (right) with either CBFB-MYH11/B40:01-specific (red box)
or control (blue box) T cell clones. (D) Summary of PB disease burden by flow
cytometry after CBFB-MYH11/B40:01-specific (red circles) or control (blue
squares) T cell treatment. Statistics were calculated using repeated-mea-
sures 2-way ANOVA. (E) Human CBFB-MYHT11 type A transcript expression,
normalized to murine CD45 (Ptprc) as 272, was assessed before and 7 days
after administration of CBFB-MYH11/B40:01-specific or control T cells.

(F-H) AML burden in terminal bone marrow as percentage (F) or absolute
number (G) of human CD33* cells, and relative CBFB-MYH11 type A transcript
expression (H). (1) Correlation between marrow disease burden as measured
by flow cytometry and real-time gPCR was determined by calculation of
Pearson correlation coefficient. For all groups and time points, n = 5, except
for control T cell-treated mice on day 7 (n = 4) owing to poor RNA yield from
1sample. Except where noted, statistics were calculated using unpaired
2-tailed parametric t tests. Mean and SD are shown.

al of HLA-B*40:01* ME-1 cells declined over time in culture with
D2.C24 (Figure 3D, representative absolute counts; Figure 3E,
representative flow plots for 1 experiment; and Figure 3F, sum-
mary percentage survival), whereas survival of HLA-B*40:01
mock-transduced ME-1 cells was constant. These findings demon-
strate that REEMEVHEL is endogenously processed and presented
on HLA-B*40:01 in transduced AML cell lines, conferring suscep-
tibility to killing by epitope-specific CD8* T cells.

CBFB-MYHI11/B*40:01-specific T cell clones recognize and
kill primary AML in vitro. We then asked whether REEMEVHEL
was also processed and presented on primary leukemic blasts
obtained from patient PB at AML diagnosis. All 4 high-avidity
REEMEVHEL-specific clones (D1.C6, D2.C8, D2.C24, and D3.C5)
expressed CD107a in response to stimulation with CBFB-MYHII*
HLA-B*40:01" primary AML samples from 3 different patients, but
not in response to multiple different primary AML samples lack-
ing either the fusion (n = 7) or the restricting HLA genotype (n =
6), reflecting specific degranulation and release of cytotoxic mol-
ecules in response to antigen naturally processed and presented
on primary CBFB-MYHI1I* HLA-B*40:01* AML (Figure 4, A and
B). Moreover, all 4 high-avidity clones lysed only CBFB-MYHII*
HLA-B*40:01" primary AML samples from 3 different patients in
a 4-hour CRA, but showed minimal lysis of primary AML samples
lacking either the fusion (n = 6) or restricting HLA (n = 5) (Figure
4C). The observed levels of specific lysis of primary CBFB-MYHI1I*
HLA-B*40:01* AML were comparable to what other groups testing
antigen-specific T cells against primary AML have published (15,
45, 46). Taken together, these results indicate that REEMEVHEL
is a recurrent, immunogenic CBFB-MYHII* AML neoantigen that
is naturally processed and presented on primary AML cells and
that CBFB-MYH11* HLA-B*40:01* AMLs are killed by T cells spe-
cific for the fusion protein epitope REEMEVHEL.

RESEARCH ARTICLE

A high-avidity CBFB-MYH11/B*40:01-specific T cell clone con-
trols AML in vivo. We next evaluated the efficacy of the best-per-
forming clone, D2.C24, in vivo. In contrast to other immunodefi-
cient mouse strains, MISTRG (M-CSF"" IL-3/GM-CSF"" SIRPA""
TPOY"RAG27~ IL2RG”") mice reliably engraft with CBFB-MYH11*
AML (39), providing a suitable model for in vivo evaluation of
CBFB-MYH11-specific antileukemic activity. Therefore, we trans-
planted patient-derived primary CBFB-MYHII* HLA-B*40:01*
AML into MISTRG mice (Figure 5A). Because many T cell immu-
notherapies appear to be most effective in the setting of remission
or measurable residual disease (47), our objective was to model a
similarly low disease burden state. Once engraftment with human
CD45* AML was established, mice were treated i.v. with D2.C24
clone or a control T cell clone. Control T cells were isolated by
similar methods of in vitro stimulation from a healthy volunteer
and were specific for a candidate neoantigen peptide presented
by HLA-B*07:02, an allele for which AMLs used in these experi-
ments were genotypically negative. We first engrafted a primary
CBFB-MYHI1I* HLA-B*40:01* AML (AML1), which was positive for
CD33 as well as CD34 and CD13 (Figure 5B). All mice underwent
planned sacrifice 1 month after T cell injection; while we expect-
ed to see differences in leukemia burden in this time frame, given
the low levels of disease, no survival differences were expected or
observed. Mice treated with D2.C24 showed a significant reduc-
tion in PB human CD45*CD33* cells by flow cytometry, beginning
as early as 7 days after T cell infusion (representative flow plots
in Figure 5C) and persisting 3 weeks later, as compared with mice
treated with control clone (Figure 5D). Real-time quantitative PCR
to detect the disease-specific CBFB-MYH11-encoding transcript
also demonstrated significantly lower expression of fusion tran-
script, corresponding to AML burden, in mice 7 days after treat-
ment with CBFB-MYHI11-specific T cell clone as compared with
mice treated with control T cells at the same time point (Figure 5E
and Supplemental Figure 5). Human CD33" cells were undetect-
able or present at a very low levelin the terminal bone marrow anal-
ysis of 3 of the 5 mice treated with CBFB-MYH11/B*40:01-specif-
ic T cells (Figure 5, F and G), although the difference between the
2 groups did not reach statistical significance. Relative expression
of CBFB-MYHII type A transcripts was significantly lower in the
bone marrow of mice treated with CBFB-MYH11/B*40:01-specif-
ic T cells (Figure 5H). Correlation between disease burden by flow
cytometric measures and disease burden by molecular measures
was high (r = 0.9277; Figure 5I).

Overall, our observations indicated that targeting the
CBFB-MYH11/B*40:01 epitope in vivo with the D2.C24 T cell
clone had an antileukemic effect but did not lead to complete
clearance of AML in all mice at 1 month. We hypothesized that leu-
kemia persistence in some of the CBFB-MYH11/B*40:01-specific
T cell-treated mice could reflect loss of CBFB-MYH11 neoantigen
presentation by the AML, either by loss of HLA class I expression
or by loss of REEMEVHEL peptide presentation. Surface expres-
sion of HLA class I on human CD45* cells from terminal marrow
was similar in mice treated with CBFB-MYH11/B*40:01-specific
T cells versus control T cells (Supplemental Figure 6A), suggesting
that altered HLA class I expression was not the mechanism of leu-
kemia persistence. We then used an in vitro CD107a degranula-
tion assay to test whether the D2.C24 T cell clone could recognize
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Figure 6. CBFB-MYH11/B*40:01-specific CD8* T cells recognize a unique epitope and have a naive phenotype in healthy donors. (A) Percent-
age lysis by REEMEVHEL-specific T cell clones of HLA-B*40:01* LCLs pulsed with individual peptides (at 1000 ng/mL) with alanine substitu-

tion at each position. Each bar represents percentage lysis of targets by one T cell clone from 3 technical replicate experiments with mean and
SD shown. (B) Sequence logo of critical residues of the CBFB-MYH11/B*40:01 epitope for T cell clones compared with residues shared among
known HLA-B*40:01-restricted microbial epitopes from IEDB. (C) Phenotypic evaluation of epitope-specific T cells isolated in healthy donors by
CBFB-MYH11/B*40:01 tetramer enrichment of PBMCs from healthy donors and surface marker staining. Representative flow plots of viable CD8*
single cells from tetramer enrichment of donor D1 are shown (of 3 biological replicate experiments summarized in D). (D) Summary of phenotypic
evaluation from C across 3 biological replicates (donors D1-D3); mean and SD are shown.
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Table 2. TCRo and TCRp chain sequences from the 6 clones isolated from D1-D3

Clone Functional avidity Vg IB Vo Jo
D1.C6.1 High TCRBYO7-02701 TCRBDO1-01*01 TCRBJ02-01701 TCRAV20-01 TCRAJ45-01*01
TCRAV38-01 TCRAJ27-01701
D2.C2.2 Low TCRBY04-02701 Unknown TCRBJO1-04*01 ND ND
D2.C241 High TCRBYV04-01701 TCRBDO2-01*01 TCRBJO1-01*01 TCRAV38-01 TCRAJ50-01701
D2.C8.1 High TCRBYO6-01*01 TCRBDOT-01*01 TCRBJ0O2-01701 TCRAV08-06702 TCRAJ52-01701
D3.C5.1 High TCRBV05-01*01 TCRBDO2-01*02 TCRBJ02-02*01 TCRAV19-01*01 TCRAJ37-01
TCRAV38-01 TCRAJ50-01*01
D3.C711 Low TCRBYV04-01701 TCRBDOT-01*01 TCRBJ02-01*01 TCRAVI3-01 TCRAJ13-01702

TCR chains were sequenced using RACE PCR and/or next-generation sequencing. ND, not determined.

AML in terminal bone marrow samples from T cell treated-mice,
which would indicate whether the persistent AML still presented
REEMEVHEL peptide on HLA-B*40:01. Bone marrow samples
from mice with persistent AML (as detected by flow cytometry and
relative CBFB-MYHI1 transcript expression) in both treatment
groups induced degranulation of the CBFB-MYH11/B*40:01-spe-
cific D2.C24 T cell clone (Supplemental Figure 6B). The propor-
tion of CD107a" T cells was highest when cultured with marrow
specimens containing higher percentages of human CD33* cells
(Supplemental Figure 6C). The bone marrow of 2 CBFB-MY-
H11/B*40:01-specific T cell-treated mice had very low-frequency
events on flow cytometry, at the limit of detection of human CD33*
cells in our assay; these samples did not induce T cell degranula-
tion above background levels, consistent with the observation
that these 2 mice had completely cleared their disease and that
no neoantigen remained. Since the persisting AML continued to
present the neoantigen, we hypothesized that a T cell problem
might have enabled leukemia persistence in a subset of animals.
In support of this hypothesis, we observed that circulating human
CD3" T cells became undetectable in CBFB-MYH11/B*40:01-
specific T cell-treated mice by day +14 but were detectable at all
time points in mice treated with control epitope-specific T cells
(Supplemental Figure 6D). Additionally, the absolute number of
human CD45*CD3" cells in terminal bone marrow was over a log
lower in CBFB-MYH11/B*40:01-specific T cell-treated compared
with control epitope-specific T cell-treated mice (Supplemental
Figure 6E). These findings suggest that leukemia persistence in
this experiment was likely related to inadequate T cell expansion
and/or persistence. Lack of CBFB-MYH11/B*40:01-specific T
cell persistence was antigen specific, as a similarly rapid drop in
the control T cells was not observed, and likely resulted from the
increased susceptibility of the clones, which had undergone mul-
tiple prior cycles of in vitro activation and expansion, to activa-
tion-induced cell death, exhaustion, senescence, or another pro-
cess in the face of ongoing antigen exposure over weeks.

To confirm that the observed in vivo recognition of AML by
our CBFB-MYH11/B*40:01-specific T cells was reproducible,
we repeated the experiment in a second cohort of MISTRG mice
engrafted with a different primary CBFB-MYHI11* HLA-B*40:01*
AML (AML2) over 5 months (Supplemental Figure 7A). In this
experiment, mice engrafted with AML2 and treated with D2.C24
showed reduced percentages of PB CD45*CD33* cells by flow

cytometry at days 3 and 7 after T cell injection (Supplemental
Figure 7B), and a significant difference in the absolute number
of human CD33* cells on terminal analysis of PB (Supplemental
Figure 7C) and spleen (Supplemental Figure 7D) on day 10. No sig-
nificant difference in the absolute number of human CD33" cells
in the terminal bone marrow was observed between groups (Sup-
plemental Figure 7D), which may reflect inadequate time for the
T cells to traffic to and clear bone marrow disease over the exper-
imental time course.

Although the 2 leukemia samples behaved differently in
xenografts, with AML1 engrafting at higher levels than AML2
(mean 0.89%, range 0.52%-1.37%, vs. mean 0.19%, range
0.01%-2.45%, respectively), an antileukemic effect of T cells tar-
geting the CBFB-MYH11/B*40:01 neoantigen was seen in both
experiments. Taken together, these data indicate that CBFB-
MYH11/B*40:01-specific T cells have in vivo efficacy against pri-
mary CBFB-MYHII* AML in a xenotransplantation model.

CBFB-MYHI1/B*40:01-specific T cells recognize a unique leuke-
mia-specific epitope. Having identified the CBFB-MYH11/B*40:01
neoantigen as a target for T cell immunotherapy, we next consid-
ered potential for cross-reactivity of CBFB-MYH11/B*40:01-spe-
cific T cells against similar epitopes and consequent toxicity, first
by using alanine scanning across the epitope. None of the 6 T cell
clones recognized peptides with alanine residues substituted at
positions 2, 3, 5, 6, 7, or 9 (Figure 6A). Position 2 and the C-termi-
nal residue (here, position 9) are known anchor residues (48) and,
as expected, were predicted to be necessary for peptide binding to
HLA-B*40:01 (Supplemental Table 3). Glutamic acids at positions
3 and 5, valine at position 6, and histidine at position 7 were essen-
tial for T cell recognition but do not affect predicted HLA binding.
No sequences with =80% identity to the REEMEVHEL epitope or
to sequences with X substituted in nonessential positions 1, 4, and/
or 8 were identified in the nonredundant Basic Local Alignment
Search Tool (BLAST) database of Homo sapiens protein sequenc-
es. The most similar peptide identified by BLAST (STEMEVHEL;
derived from multiple isoforms of phosphatase and actin regula-
tor 1 [PHACTRI1]) was not recognized by any of the high-avidity
clones (Supplemental Figure 8A) in CRA. A similar HLA-B*40:01-
restricted epitope (RESEEESVSL) from the male minor histocom-
patibility antigen UTY (49) was also not recognized (Supplemental
Figure 8B). As CBFB-MYH11/B*40:01-specific T cell responses
might represent cross-reactivity to a microbial epitope, we aligned
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Figure 7. TCRs specific for the CBFB-MYH11/B*40:01 epitope confer antileukemic activity. (A) Expression of transgenic TCRs in CD8* T cells trans-
duced (TD) with D1.C6 B1A1, D2.C8 B1A1, D2.C24 B1A1, and D3.C5 B1A2 TCR constructs or mock-TD is shown by staining with CBFB-MYH11/B*40:01
tetramer from a single experiment. (B) HLA-B*40:01* LCLs pulsed with REEMEVHEL peptide at various concentrations were lysed in CRA by D2.C24
TCR-TD CD8* T cells (dashed line) and D2.C24 parental clone (solid line). Mean and SEM for 3 technical replicates are shown. (C) Degranulation of
D2.C24 TCR-TD CD8* T cells and D2.C24 parental clone in response to primary AML was determined by measurement of T cell CD107a presentation in
response to stimulation with primary AML (blue bars, CBFB-MYH11* HLA-B*40:07, n = 3 different primary AML samples; orange bars, CBFB-MYH11*
HLA-B*40:01, n = 3; green bars, CBFB-MYH11- HLA-B*40:01*, n = 4). (D) Lysis of primary AML by D2.C24 TCR-TD CD8* T cells, D2.C24 parental clone,
and mock-TD CD8* T cells was evaluated in a standard 4-hour CRA with E:T of 20:1 (CBFB-MYH11* HLA-B*40:07*, n = 3 different AML samples; CBFB-

MYHT11* HLA-B*40:01", n = 6; CBFB-MYH11- HLA-B*40:071*, n = 5). For C and D,
2-tailed t tests with Welch’s correction.

REEMEVHEL to 21 known HLA-B*40:01-restricted microbial T
cell epitopes in the Immune Epitope Database, but found no over-
all similarity except as expected at anchor positions 2 and 9 (Fig-
ure 6B and ref. 48). In these studies, we did not find evidence that
CBFB-MYH11/B*40:01-specific T cells were cross-reactive to sim-
ilar epitopes.

Tofurther exclude the possibility that CBFB-MYH11/B*40:01-
specific T cells represent cross-reactive memory T cells, we iso-
lated unmanipulated epitope-specific CD8* T cells from PBMCs
of 3 HLA-B*40:01" healthy donors (D1-D3) using pHLA tetramer
enrichment. Tetramer-positive T cells from all 3 donors showed
a naive CD45RA*CD45RO"CCR7*CD27+CD28" phenotype (Fig-
ure 6, C and Dj; gating strategy, Supplemental Figure 9A), indi-
cating that CBFB-MYH11/B*40:01-specific T cells in healthy
donors were not memory T cells. Polyclonal T cell lines gener-
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mean and SD are shown. Statistics were calculated using unpaired

ated from sorted, expanded tetramer-positive CD8* cells lysed
HLA-B*40:01" targets with but not without REEMEVHEL peptide
(Supplemental Figure 9B), confirming their specificity. The naive
immunophenotype of epitope-specific T cells in healthy donors
suggests that the reproducible immunogenicity of the epitope was
not due to cross-reactivity with preexisting memory responses.
CBFB-MYH11/B*40:01-specific TCRs are diverse and confer
epitope-specific antileukemic cytotoxicity. Adoptive transfer of T
cells engineered to express antigen-specific TCRs can overcome
quantitative and/or qualitative defects in natural antileukemic
T cell immunity, which are known to exist in AML (32-36). Hav-
ing determined that the CBFB-MYHI1 neoantigen was a suit-
able AML target, we thus assessed the feasibility of transferring
high-avidity CBFB-MYH11/B*40:01-specific TCRs as a first step
toward immunotherapy development. To determine whether the
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epitope-specific TCRs shared common features, we sequenced
the TCRa and TCRp chains from all 6 T cell clones isolated from
normal donors. The CBFB-MYH11/B*40:01-specific TCRs were
diverse: no 2 clones isolated from a single donor shared the same
VB region, and only 1 VB region (TCRBV04-01*01) was shared
by 2 clones isolated from different donors (Table 2). To generate
transgenic TCRs, we paired the TCRa and TCRp chains of the 4
high-avidity clones (D1.C6, D2.C8, D2.C24, and D3.C5) in lenti-
viral vectors (LVs). Two a chains were identified in 2 clones (D1.
C6 and D3.C5); the existence of T cell clones with 2 rearranged
a chains has been previously described (50). For these clones, 2
transgenic TCRs (B1A1 and B1A2) were constructed.

We successfully cloned 5 TCRs into LVs and transduced
healthy donor CD8* T cells. Four TCRs, representing all 4 paren-
tal clones, expressed well as measured by pHLA tetramer staining
(Figure 7A). All 4 TCRs conferred CBFB-MYH11/B*40:01-specif-
ic function based on lysis of peptide-pulsed LCLs (Figure 7B and
Supplemental Figure 10A). Donor CD8" T cells transduced with
the D2.C24 TCR showed particularly high functional avidity in
peptide-titration CRA (Figure 7B). Additionally, when transduc-
ed into CD4" T cells (Supplemental Figure 10B), the D2.C24 TCR
showed evidence of some CD8 coreceptor-independent function
in CD107a assay (Supplemental Figure 10, C and D) and in CRA
(Supplemental Figure 10E), consistent with a high intrinsic affin-
ity for the neoantigen (51, 52). D2.C24 TCR-transduced CD8*
T cells demonstrated cytolytic activity against CBFB-MYHII*
HLA-B*0:01" primary AML samples (degranulation by CD107a
assay, Figure 7C; and cytotoxicity by standard 4-hour CRA, Figure
7D) when tested against panels of primary samples from patients
with active AML at diagnosis. Importantly, the TCR-transduced T
cells did not degranulate with or lyse primary AML samples lack-
ing either the fusion or restricting HLA genotype (Figure 7, C and
D), indicating specific recognition of the CBFB-MYH11/B*40:01
epitope. These results indicate that CBFB-MYH11-specific TCR
transfer confers epitope specificity and antileukemic cytotox-
icity, and that the TCR-transduced CD8" T cells can recognize
CBFB-MYH11/B*40:01 epitope as it is naturally processed and
presented on primary AML cells.

Discussion

We have identified a CD8* T cell epitope spanning the CBFB-
MYHI11 type A fusion protein that is naturally processed and pre-
sented on HLA-B*40:01 on primary AML blasts. To our knowl-
edge, this epitope is the first reported neoantigen derived from
an AML fusion protein. While fusion-derived CD8" T cell neo-
antigens have been reported in other diseases, including chronic
myeloid leukemia (53-56), acute lymphoblastic leukemia (57, 58),
sarcomas (59, 60), and fusion-driven metastatic head and neck
cancer (61), not all have been confirmed to be presented on pri-
mary tumor cells (5,59, 60, 62). We elicited CD8" T cell responses
to the epitope in all 6 donors we tested, indicating that the epitope
is consistently immunogenic. CD8* T cells with high functional
avidity for CBFB-MYH11/B*40:01 detected antigen that was
processed from endogenous CBFB-MYHI11 fusion protein and
presented on HLA-B*40:01 on cell lines and primary AML cells.
CBFB-MYH11/B*40:01-specific T cells showed epitope-specific
antileukemic activity against primary AML cells in vitro as well as
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invivo in a novel application of MISTRG PDX. We did not observe
cross-reactivity of CBFB-MYH11/B*40:01-specific T cells against
epitopes with similar amino acid sequences. We also observed
no evidence of systemic toxicity in CBFB-MYHI1-specific T
cell-treated animals based on standard veterinary assessment
in either murine experiment. As expected for de novo responses
against a true neoantigen, unmanipulated epitope-specific CD8*
T cells isolated from healthy donor PBMCs had a predominantly
naive phenotype. Taken together, our findings together provide
proof of principle for AML fusion neoantigens as targets for T cell
immunotherapy and indicate that the CBFB-MYH11/B*40:01
neoantigen is a suitable immunotherapeutic target for a subset of
patients with AML.

Some key features of neoantigen quality for immunothera-
peutic targeting have been postulated (63), including clonality,
dissimilarity to self-antigens, similarity to microbial antigens,
high protein expression, binding to HLA, and low likelihood that
genetic abnormality yielding the neoantigen will be lost through
deletion or transcriptional repression. The CBFB-MYH11 fusion-
derived neoantigen has a number of these features. Our data indi-
cate that the epitope lacks similarity to WT human proteins and
binds to HLA-B*40:01. Moreover, as an essential leukemia-initi-
ating event that occurs in a founding preleukemic clone (18-23),
the fusion has high clonality and is unlikely to be lost without a
significant cost to the leukemia’s fitness. As such, our approach
targeting the essential CBFB-MYH11 fusion avoids the possibility
that a subclone lacking the fusion will escape, in contrast to immu-
notherapies directed against an expendable surface marker (64),
although other avenues of immune evasion such as downregulat-
ing HLA expression (44) or altering proteasomal processing of the
epitope (65) are possible. We did not see evidence of AML escape
from CBFB-MYH11-specific T cells through loss of HLA expres-
sion or presentation of the neoantigen in vivo.

While we were successful in stimulating CBFB-MYH11/
B*40:01-specific T cell responses in blood from healthy donors,
it is unclear whether the same might be true in patients. Neo-
antigen vaccines have shown clinical efficacy in solid tumors (9-
11) in recent studies, but vaccines rely on the patient’s capacity to
mount an effective immune response to the epitope or epitopes
in the vaccine. We attempted to isolate and expand CBFB-MY-
H11/B*40:01-specific T cells ex vivo from PBMCs of patients with
CBFB-MYHII* HLA-B*40:01* AML, but did not succeed in gener-
ating convincing data (data not shown); consequently, we cannot
draw any conclusions about whether or not AML patients have
preexisting T cell responses to the CBFB-MYH11/B*40:01 epitope.
Others have been similarly unsuccessful in stimulating or detecting
T cell responses against clearly immunogenic neoantigens in AML
patients (15). Like other malignancies, AML appears to create an
immunosuppressive microenvironment through the expression of
inhibitory ligands (32), depletion of amino acids (33, 34), and other
mechanisms (35, 36) that could preclude or inhibit T cell respons-
es to AML neoantigens. Thus, we favor a transgenic TCR T cell
approach over vaccination or ex vivo expansion, because adoptive
transfer of autologous T cells genetically modified to express the
CBFB-MYH11/B*40:01-specific TCR would circumvent numer-
ical and/or functional defects in the T cell repertoire of patients
with CBFB-MYHI11* AML.

jci.org  Volume130  Number10  October 2020

5137


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10
https://www.jci.org/articles/view/137723#sd
https://www.jci.org/articles/view/137723#sd
https://www.jci.org/articles/view/137723#sd
https://www.jci.org/articles/view/137723#sd

5138

RESEARCH ARTICLE

In addition to overcoming deficiencies in naturally occurring
antileukemia T cell responses, TCR transfer offers several other
potential therapeutic benefits. TCR transfer enables patients to
receive a product with a defined specificity and potency. After
identifying a suitable target, like the CBFB-MYH11/B*40:01
neoantigen, a next key step in developing transgenic TCR T cell
immunotherapy is identifying a suitable high-affinity antigen-spe-
cific TCR. Identifying the appropriate TCR for clinical translation
may require screening numerous T cell clones specific for the
target antigen (44, 45), since TCRs specific for the same antigen
can have highly variable affinity, resulting in heterogeneous cyto-
toxic efficacy of the corresponding T cell clones. As expected, the
CBFB-MYH11/B*40:01-specific T cell clones we identified varied
in their functional avidity, with one T cell clone, D2.C24, demon-
strating exceptional cytotoxic efficacy in all assays and its TCR
showing strong therapeutic potential. Transgenic CD8* T cells
expressing D2.C24 would be expected to have similar cytotoxicity,
greater proliferative capacity, and improved persistence as com-
pared with the parental T cell clone. Before clinical translation,
the transgenic TCR construct would be modified and optimized
to further enhance the function of the product, for example, by
including a CD8 costimulatory receptor to improve the function
of CD4" T cells engineered with a class I-restricted TCR and pro-
vide targeted help to epitope-specific CD8" T cells (45, 66, 67). A
safety switch could also be added to the transgene (45, 68) to allow
for rapid removal of the transgenic T cells in the event of toxici-
ty. To avoid immune escape by downregulated expression or loss
of the restricting HLA allele, a multiplexed approach combining
several transgenic T cell products with different specificities could
be used to target CBFB-MYH11/B*40:01 together with other epi-
topes presented on diverse HLA molecules.

Targets for neoantigen-specific TCR immunotherapies exist
on a spectrum, ranging from highly recurrent neoantigens shared
by numerous patients to personal neoantigens unique to a single
patient’s disease. The CBFB-MYH11/B*40:01 neoantigen falls
in the middle of that spectrum and would apply to about 1% of
patients with AML (~200 patients per year) in the United States,
based on the overall prevalence of the CBFB-MYHI1 fusion
(~10%) and the restricting HLA-B*40:01 (~4%-30% depending
on ethnic background; ref. 69). Applicability would be even broad-
er in regions like Asia where HLA-B*40:01 is more prevalent.
Development of transgenic TCR immunotherapy for less preva-
lent neoantigens is becoming increasingly feasible (70, 71), part-
ly because of the growing number of new nonviral technologies
for rapid therapeutic gene transfer, including nanoparticles (72),
RNA electroporation (73), and gene editing (74-76). Illustrating
this fact are 2 clinical trials of personalized neoantigen-specific
TCR-engineered T cell immunotherapy for the treatment of solid
tumors (ClinicalTrials.gov NCT03970382, NCT03412877) that
are currently enrolling. We envision a semipersonalized TCR T
cell immunotherapy approach to employ CBFB-MYH11/B*40:01
and other well-characterized neoantigens as targets, and their
corresponding TCRs as immunotherapeutics. After thorough pre-
clinical evaluation of each TCR for safety and efficacy, they could
serve as tools within a “toolbox” from which one or more TCRs
could be selected for individual patients based on the specific pro-
file of their disease.
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We conclusively demonstrate that the leukemia-initiating
CBFB-MYHII fusion itself gives rise to a neoantigen with poten-
tial as an immunotherapeutic target, provide proof of principle
for AML fusion-directed T cell immunotherapy, and propose the
development of a semipersonalized TCR T cell immunothera-
py strategy targeting fusion neoantigens in AML, including the
CBFB-MYH11/B*40:01 T cell epitope and other similar fusion
neoantigens that will be characterized in ongoing studies. Our
results emphasize that even in a very-low-mutation disease like
CBF- and fusion-driven AML (1, 77), neoantigens are a viable ther-
apeutic target so long as the disease harbors at least 1 immunogen-
ic fusion or mutation. CBFB-MYH]1 and similar fusions that are
early and essential events in AML and other malignancies are opti-
mal targets that should enable elimination of the earliest founding
clone with minimal risk of escape due to loss of the target protein
or of on-target, off-tumor toxicity.

Methods
Human samples. Blood samples were obtained from healthy volun-
teer donors and patients with AML. PBMCs were isolated from whole
blood by Ficoll-Hypaque (PerkinElmer) density gradient centrifuga-
tion or from nonmobilized apheresis product. PBMCs were cryopre-
served in RPMI 1640 supplemented with 20% human serum and 10%
DMSO in vapor-phase liquid nitrogen in aliquots until use.
HLA-binding prediction analysis and peptides. Inmune Epitope Data-
base (IEDB) Artificial Neural Network (ANN) (78-81), IEDB Stabilized
Matrix Method (SMM) (82, 83), and NetMHCpan 4.0 (82, 84, 85) were
used to predict peptide binding to 20 prevalent HLA molecules (details
in Supplemental Methods). Peptides were defined as candidate epitopes
ifthey had predicted IC, less than 500 nM for any HLA by =1 algorithm.
Control and CBFB-MYHI11 peptides were synthesized using standard
Fmoc chemistry (GenScript), reconstituted to a stock concentration of
10 mg/mL in DMSO, and stored at -20°C in aliquots until use.
Immunogenicity screening and identification of CBFB-MYHI1-specific
CD8" T cells. CD8* T cells from HLA-typed volunteer PBMCs were highly
purified by immunomagnetic bead depletion of CD8 cells (CD8"* T cell
isolation kit, Miltenyi Biotec). Autologous dendritic cells (DCs) gener-
ated from monocytes by a modified fast DC protocol as described (37)
were used as antigen-presenting cells. For each immunogenicity screen,
a minimum of 10 x 10° CD8* T cells were plated at 3 x 10* to 6 x 10*
T cells per well in 96-well plates, along with autologous mature DCs
in a T cell/DC ratio of 30:1. A total of up to 7 plates were used in each
experiment. Before coculture with CD8* T cells, DCs were incubated
for 2 hours at 37°C with CBFB-MYHI11 and control (non-CBFB-MYH11)
peptides based on donor HLA type. Each peptide was used at a final
concentration of 1 ug/mL in culture medium for the incubation. After
incubation with peptides, DCs were then irradiated and washed before
coculturing with T cells. Cultures were supplemented with IL-12 (10 ng/
mlL) at initiation and IL-15 (10 ng/mL) at day 7. Split-well >'Cr-release
cytotoxicity assays (CRAs) were performed on day 12 to 13, using autol-
ogous lymphoblastoid cell lines (LCLs) with or without peptide as target
cells. A well was considered positive if it exhibited greater than 20% lysis
of peptide-pulsed LCLs and lysis of peptide-pulsed LCLs was at least
2-fold higher than lysis of LCLs without peptide. Peptide-specific T cells
were cloned by limiting dilution using OKT3, IL-2, and feeder cells, then
screened by split-well CRA on day 11 to 13. A clone was considered pos-
itive if it exhibited greater than 20% lysis of peptide-pulsed LCLs and
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lysis of peptide-pulsed LCLs was at least 5-fold higher than lysis of LCLs
without peptide. Positive clones were expanded using OKT3, IL-2, and
feeder cells (86), and their specificity and functional avidity were eval-
uated by peptide/HLA (pHLA) tetramer staining and functional assays
(CRA and flow cytometry-based cytotoxicity assays) as described in Sup-
plemental Methods.

Patient-derived xenografts. PBMCs from HLA-B*40:01" patients
with active CBFB-MYHII* AML were engrafted in immunodeficient
MISTRG mice following an established protocol (87-90). Briefly,
newborn mice were sublethally irradiated (150 c¢Gy). AML PBMCs (1
x 109) were injected intrahepatically after treatment with anti-CD3
OKT3 antibody to in vivo-deplete human T cells that would cause
xenogeneic graft-versus-host disease (91). Engraftment was con-
firmed 12-20 weeks later by PB flow cytometry. Freshly expanded
T cells (10 x 10°) from either an epitope-specific or a control CD8*
T cell clone were injected i.v. on a randomized basis 1 week later,
and mice were subsequently monitored weekly by PB flow cytom-
etry. The planned endpoint for both experiments was 1 month after
T cell injection; the second experiment was terminated prematurely
because of COVID-19-related closure of laboratory research at our
center. The control T cell clone was specific for the peptide IPRAHN-
RLV presented on HLA-B*07:02 and was isolated from PBMCs from
an HLA-B*07:02* healthy donor using a method of in vitro stimula-
tion identical to that used for D2.C24, followed by limiting-dilution
cloning and rapid expansion. Real-time quantitative PCR (qQPCR)
was performed on cDNA generated from total RNA extracted from
select PB samples to examine expression of CBFB-MYHII type A
transcript (Ipsogen kit, QIAGEN) and murine Ptprc (CD45; kit from
Integrated DNA Technologies). Additional details of real-time qPCR
and relative quantitation are in Supplemental Methods.

Tetramer enrichment. CBFB-MYHI11-specific T cells were
enriched from PBMCs from healthy donors using pHLA tetram-
ers based on methods adapted from Moon and coworkers (92) and
detailed in Supplemental Methods. Enriched T cells were then char-
acterized by flow cytometry, sorted, and expanded using OKT3,
IL-2, and feeder cells (86).

TCR sequencing, transfer into lentiviral vectors, and transduction of
T cells. CBFB-MYH11/B*40:01-specific TCRf and TCRo chains were
sequenced by next-generation sequencing (Adaptive Biotechnologies)
and by rapid amplification of complementary DNA ends (RACE) PCR
as detailed in Supplemental Methods. TCRs were constructed by pair-
ing the sequences encoding the dominant TCRo and TCRf chains in
each CBFB-MYH11/B*40:01-specific T cell clone and including cyste-
ine modifications and codon optimization as previously described (45).
When 2 dominant TCRa chains were identified from a single clone, 2
TCRswere assembled (e.g., B1Al and B1A2) and tested. TCR constructs
were synthesized by GeneArt (Life Technologies) and cloned into the
pRRLSIN.cPPT.MSCV.WPRE lentiviral vector (LV) that included the
RQR8 selection marker (93) by restriction digestion and ligation.

CD8* or CD4" T cells immunomagnetically purified from normal
donor PBMCswere activated with Dynabeads Human T-Activator CD3/
CD28 (Thermo Fisher Scientific) in 50 IU/mL IL-2 for 24 hours, then
transduced with LV supernatant (Supplemental Methods). Four days
after transduction, T cells were stained with CBFB-MYH11/B¥40:01
pHLA tetramer and anti-CD8 mAb. CBFB-MYH11/B*40:01 tetramer-
positive CD8* T cells were sorted to greater than 95% purity, expanded
(86), then evaluated by flow cytometry and functional assays.
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Study approval. Blood samples from healthy volunteer donors and
patients with AML were obtained after written informed consent in
accordance with the Declaration of Helsinki to participate in research
protocols approved by the Institutional Review Board of the Fred
Hutchinson Cancer Research Center (FHCRC). Samples from AML
patients were obtained through the FHCRC/University of Washington
Hematopoietic Diseases Repository (protocol 1690). Animal experi-
ments were approved by Institutional Animal Care and Use Commit-
tee of the FHCRC (protocol 50941).
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