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Therapeutic targeting of naturally presented myeloperoxidase-derived
HLA peptide ligands on myeloid leukemia cells by TCR-transgenic

T cells

R Klar'!, S Schober', M Rami', S Mall', J Merl?, SM Hauck?, M Ueffing?, A Admon?, J Slotta-Huspenina®, M Schwaiger®, S Stevanovic®,

RAJ Oostendorp’, DH Busch”®, C Peschel'® and AM Krackhardt'®°

T cells have been proven to be therapeutically effective in patients with relapsed leukemias, although target antigens on leukemic
cells as well as T-cell receptors (TCRs), potentially recognizing those antigens, are mostly unknown. We have applied an
immunopeptidomic approach and isolated human leukocyte antigen (HLA) ligands from primary leukemia cells. We identified

a number of ligands derived from different genes that are restrictedly expressed in the hematopoietic system. We exemplarily
selected myeloperoxidase (MPO) as a potential target and isolated a high-avidity TCR with specificity for a HLA-B*07:02-(HLA-B7)-
restricted epitope of MPO in the single HLA-mismatched setting. T cells transgenic for this TCR demonstrated high peptide and
antigen specificity as well as leukemia reactivity in vitro and in vivo. In contrast, no significant on- and off-target toxicity could be
observed. In conclusion, we here demonstrate, exemplarily for MPO, that leukemia-derived HLA ligands can be selected for specific
effector tool development to redirect T cells to be used for graft manipulation or adoptive T-cell therapies in diverse transplant
settings. This approach can be extended to other HLA ligands and HLA molecules in order to provide better treatment options for

this life-threatening disease.
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INTRODUCTION

Myeloid neoplasias are often very aggressive and difficult-to-treat
diseases, with high morbidity and mortality. Remarkably, these
diseases can be targeted and often eradicated by T cells. A direct
proof of principle of the efficacy of T cells in these diseases are the
durable remissions induced by the administration of donor
lymphocyte infusions (DLI) to patients with acute and chronic
myeloid leukemia (AML and CML, respectively) who have relapsed
after allogeneic stem cell transplantation (SCT).! Those graft versus
leukemia (GvL) effects are, however, unpredictable and often
associated with graft versus host disease (GvHD), and currently
little is known about how to target favorable structures for a GvL
effect without GvHD. The advent of technology to redirect T cells
through transgenic T-cell receptor (TCR) expression to defined
leukemia antigens offers new opportunities for manipulating the
GvL effect. This highlights the importance of defining suitable
targets on leukemic cells in order to provide leukemia-reactive
T cells for patients lacking GvL effects or without the option of
allogeneic SCT.

Potential T-cell targets can be directly identified by analyzing
the immunopeptidome of tumor cells.>® Those peptides that have
been eluted from tumor cells can be investigated for tumor
specificity and immunogenicity and have been previously
successfully used for peptide vaccination in patients with solid
tumors.* Elution of peptides from leukemia cells has also been

previously performed,” and eluted peptide mixtures were shown
to be capable of inducing potent anti-leukemia effects in mice.®
However, there is no information as to which peptides may serve
as defined target antigens for T cells or characterization of TCR
that might be used for adoptive T-cell therapies in humans.
Here we used leukemia samples from patients with diverse
myeloproliferative neoplasias (MPN) and applied the immuno-
peptidomic approach to identify potential candidate epitopes for
adoptive T-cell therapies using defined tumor-specific TCR. Our
studies identified several human leukocyte antigen (HLA) ligands
derived from genes that are restrictedly expressed in the
hematopoietic system. One of these genes was myeloperoxidase
(MPO) representing an essential and distinct marker for myeloid
cells and AML.” We were subsequently able to isolate a T-cell clone
and its TCR from the naive T-cell repertoire of an HLA-B7-negative
donor with specificity against one selected HLA-B7-restricted MPO
epitope. T cells transgenic for this TCR recognized MPO ™ leukemic
cell lines and MPO™ primary leukemic cells from patients with
AML and MPN in vitro. Moreover, data also demonstrate efficacy
in vivo. Extended investigation of potential on- and off-target
toxicity suggests a favorable recognition profile as non-myeloid
cells and healthy CD34 " hematopoietic stem cells (HSC) were not
recognized. By isolation and combination of more TCR specific for
isolated HLA ligands derived from MPO or other genes restrictedly
expressed in hematopoietic cells, this approach may be the base
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for a personalized therapeutic option for patients with relapsing
leukemias.

MATERIALS AND METHODS
Primary material and cell lines

Blood from healthy individuals and patients with diverse hematopoietic
malignancies as well as human healthy organ tissue samples obtained
from diagnostic preparations were collected after informed consent
following requirements of the local ethical board and principles of the
Helsinki Declaration. Patient characteristics are shown in Supplementary
Table S1. Peripheral blood mononuclear cells (PBMC) were isolated by
density-gradient centrifugation using Ficoll/Hypaque (Biochrom, Berlin,
Germany). Granulocytes were purified from whole blood by differential
centrifugation as described previously.® All target cells were maintained in
RPMI 1640 (Invitrogen, Carlsbad, CA, USA) supplemented with Penicillin/
Streptomycin (PAA, Pasching, Austria) and 10% fetal calf serum (Invitrogen)
unless otherwise stated. Details regarding isolation of naive T cells and Ty
as well as the cell lines used in the present study can be found in
Supplementary Methods and Supplementary Table S2. Transduction of cell
lines with HLA-B7-P2A-eGFP is indicated by the additional specification
"-B7’ to the name of the cell line; transduction with MPO-P2A-dsRed by the
additional specification ‘/MPQ'. For functional in vitro assays, CML and AML
samples as well as non-lymphoid cell lines were treated as described in
Supplementary Methods. Primary human renal glomerular epithelial cells
(HRGEC) were purchased from ScienceCell (Carlsbad, CA, USA) and cultured
according to the manufacturer’s instructions. The hybridoma cell line
HB-95 (ATCC, Manassas, VA, USA) was used for in-house production of the
w6/32 antibody following the standard protocols.

Immunopeptidomic identification of leukemia-derived
HLA ligands

HLA I-restricted peptides were identified and analyzed by the immuno-
peptidomic approach as previously described>® After HLA class |
immunoprecipitation and peptide elution, peptides were analyzed by
nano-HPLC (Ultimate 3000, Dionex, Sunnyvale, CA, USA) coupled to a linear
quadruple ion trap-Orbitrap (LTQ Orbitrap XL) mass spectrometer (Thermo
Fisher, Waltham, MA, USA) equipped with a nano-electrospray ionization
source as previously described,'® allowing for the fragmentation of
peptides with charges + 1 to + 3.

MS/MS (tandem mass spectrometry) data were analyzed using the
software tools MASCOT, Peaks and Pep-Miner, and potential HLA ligands
were further identified and selected as described in Supplementary
Methods. To screen for HLA ligands derived from genes with suitable
expression patterns for T-cell targeting, gene expression was determined
by database and literature research (http://genome.ucsc.edu/cgi-bin/
hgBlat, http://www.biogps.org, http://www.ncbi.nim.nih.gov/pubmed/).
For sequence validation of selected candidate ligands, synthetic counter-
parts (IBA, Goettingen, Germany) were analyzed by mass spectrometry.
After normalization, spectra were matched using mMass.!"

MPO expression analysis by semi-quantitative real-time PCR
(gPCR), immunohistochemistry and western blotting

To verify the expression profile of MPO in primary cells as well as diverse
human tissues, gPCR, immunohistochemistry and western blotting were
conducted as described in Supplementary Methods.

Expansion of T cells specific for a HLA-B7-restricted MPO epitope
To expand T cells with specificity for the selected HLA ligands, we used a
single HLA-mismatched priming approach as previously published,'? with
some modifications (Supplementary Figure S1 and Supplementary
Methods). The HLA type of the donor is: HLA-A*02/—; HLA-B*15/39.
Expanded T cells were analyzed and sorted on day 20 using HLA multimers
on a high-performance cell sorter (MoFlo; Dako, Glostrup, Denmark) and
cloned by limiting dilution.

HLA multimers and antibodies

HLA multimers were synthesized as previously reported.”® Antibodies used
in the present study are listed in Supplementary Table S3.

Retroviral TCR transfer into lymphocytes

The sequence of the reactive TCR2.5D6 was determined by PCR and
sequencing as previously described.'™® A bi-cistronic construct separated
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by a P2A element consisting of beta and alpha chains containing
murinized constant chains and an additional disulphide bridge was
generated in silico and codon-optimized (Invitrogen) as previously
described.’®"® The construct was cloned into the retroviral vector
pMP71, retroviral supernatants were generated and lymphocytes or
CD8 " Tcym were transduced as previously described.' '

Functional characterization of T-cell clones as well as
TCR-transgenic T cells

T cells were tested for their cytotoxic reactivity against >'Cr-labeled target
cells in a standard 4-h >'Cr-release assay' or by a flow cytometry-based
cytotoxic assay. For cytokine detection, effector and target cells were
incubated at a ratio of 2:1 for 24 h. Supernatants were collected and
cytokine levels were measured using interferon (IFN)-y enzyme-linked
immunosorbent assay (ELISA) (BD, Franklin Lakes, NJ, USA) according
to the manufacturer’s instructions. Alanine- and threonine-variants of the
MPOs peptide (Genscript, Piscataway, NJ, USA) were used to define the
residues critical for recognition by TCR2.5D6 as described previously.?
The ScanProsite tool was used for identification of proteins that contain
the motif ‘XPRWDXXRL’ as described previously.?' HLA-B7 ligands analyzed
for off-target reactivity were synthesized on an automated peptide
synthesizer EPS221 (Abimed, Langenfeld, Germany) following the 9-
fluorenylmethyl-oxycarbonyl/tertbutyl (Fmoc/tBu) strategy as described.??

Establishment of human acute leukemia cells in an
immunocompromized mouse model

C.Cg-Rag2™ ' |I2rg"™"*“9/JicTac mice on a BALB/c background (BRG)
were purchased from Taconic (Germantown, NY, USA) and maintained in
our animal facility according to the institutional guidelines and approval by
local authorities. Mice were sublethally irradiated with 3.5 Gy on day 0 and
1 % 10° NB4-B7 cells were injected intravenously the day after. A schematic
overview of the experimental setup is shown in Supplementary Figure S2A.
Furthermore, Supplementary Figure S2B shows the typical manifestation of
the disease in the lymph nodes of a killed animal (day 30). To provide
additional information on tumor manifestations of this specific model,
["®F]-2-fluor-2-desoxy-D-glucose positron emission tomography analysis
(see also Supplementary Methods) of a control mouse or a tumor-bearing
mouse 30 days after injection of 1x 10° NB4-B7 cells is shown in
Supplementary Figure S2Ci and Movie S1 and Supplementary Figure S2Cii
and Movie S2, respectively. The typical histopathology of resected tumors
with positivity for MPO and human CD45 is depicted in Supplementary
Figure S2D.

Investigation of in vivo anti-leukemic reactivity of TCR2.5D6-
transduced T cells

One day after tumor cell inoculation, mice received either 200 pl
phosphate-buffered saline (PBS), 1x 10’ untransduced or 1x 107
TCR2.5D6-transduced CD8 " T¢y, intravenously. To provide a systemic
supply of human IL-15, 1.5 x 10, irradiated NSO-IL-15 cells (kindly provided
by Stanley Riddell) were injected intraperitoneally twice per week as
previously described.?® Diseased mice (Criteria: Supplementary Methods)
were killed and analyzed for tumor manifestations and T-cell engraftment
by flow cytometry after organ collection and preparation of single-cell
suspensions.

Hematopoietic colony-forming assays

All hematopoietic progenitor assays were performed according to the
manufacturer’s instructions (Stem Cell Technologies, Vancouver, BC, Canada).
PBMC samples containing a total of 500 CD34 " cells were co-incubated with
either TCR2.5D6-transduced or untransduced lymphocytes. Incubation was
performed in 250 ul alpha Minimum Essential Medium (PAA) supplemented
with 2% fetal calf serum at different effector-to-target ratios for 15min or 1h
at 37 °C. Subsequently, cell suspensions were mixed with 2.5ml MethoCult
H4435 and plated in duplicates of 1.1 ml in 35-mm petri dishes. After 12-14
days of incubation at 37 °C/5% CO, in a humidified atmosphere, plates were
scored for colony growth under a light microscope.

RESULTS

Identification of leukemia-derived HLA ligands and selection of
MPO as potential T-cell target

In order to identify novel target antigens expressed and presented
by myeloid leukemias that could be targeted by T cells, we analyzed
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the immunopeptidome of malignant cells obtained from patients
with MPN. We identified, by mass spectrometry, 4386 unique
peptides with adequate peptide length and proper anchor residues
to serve as potential ligands of diverse HLA class | molecules. These
peptides were then analyzed for their suitability as potential target
structures for T-cell mediated anti-tumor immunotherapies. Nine-
teen of those peptides are derived from seven genes with
presumably restricted expression to hematopoietic cells (Table 1).
Interestingly, we detected, by three different data analysis tools, five
naturally presented MPO-derived HLA ligands, which were restricted
to four different HLA alleles, namely, HLA-A*01:01, HLA-B*07:02,
HLA-B*15:01 and HLA-B*44:02 (Table 2). For sequence validation of
MPO-derived HLA ligands, defined peptides were synthesized and
reanalyzed by mass spectrometry. Resulting spectra were compared
with the spectra of the naturally eluted counterparts validating four
of the five peptides by highly overlapping fragmentation patterns
(Figure 1a). For confirmation of restricted expression of MPO to
myeloid cells, we performed gPCR and immunohistochemistry. High
MPO expression was observed in most MPN and AML leukemia
samples as well as fetal liver and healthy bone marrow. We observed
very low MPO gene expression in mature PBMC subpopulations,
including CD14* monocytes and granulocytes as well as solid organ
tissues (Figure 1b). Immunohistochemistry was performed on
healthy organ tissues demonstrating MPO protein expression only
in single myeloid cells within diverse organs with the exception of
bone marrow, where expression could be detected in myeloid
progenitor cells (Figure 1c).

Expansion of T cells specific for the HLA-B7-restricted peptide MPOs
and confirmation of natural presentation of the epitope MPO5

As HLA-B7 is a frequent phenotype,®* we further focused on the
two MPO-derived peptides presented by HLA-B7 (MPO, and MPOjs).

Table 1. Identified HLA ligands derived from genes with restricted
expression to the hematopoietic system
Gene Number of HLA ligands HLA restriction
ELANE 1 B*15:01
HMHAT 1 B*07:02

1 B*15:01
ITGA2B 1 A*03:01

1 B*15:01
LAT2 1 A*01:01

1 A*03:01
MS4A3 1 B*07:02

1 A*03:01
MPO 1 A*01:01

2 B*07:02

1 B*15:01

1 B*44:02
MYB 3 B*07:02

1 B*15:01

1 B*18:01
Abbreviation: HLA, human leukocyte antigen.

We determined whether high-affinity T cells specific for these two
MPO peptides presented by HLA-B7 could be isolated in the single
HLA-mismatched setting. The experimental procedure for priming
of naive T cells is shown in Supplementary Figure S1. Staining of
proliferated cells after restimulation on day 20 with an HLA
multimer of MPO5s demonstrated a small population of peptide-
specific T cells (Figure 2a). The MPOs HLA multimer ™ T cells were
sorted and cloned by limiting dilution. The resulting T-cell clones
were tested for their cytotoxic activity against T2-B7 cells, pulsed
with MPOs or an irrelevant peptide. Five clones were selected that
only lysed T2-B7 cells pulsed with MPOs (Figure 2b). TCR analysis
revealed that all five T-cell clones expressed the same Vo and V3
chains, namely Va1.1 and VB13.2. Murinized and codon-optimized
TCR Vo and VP sequences (termed TCR2.5D6) were cloned into the
retroviral vector pMP71 and transduced into lymphocytes of a
healthy donor. Multimer binding as well as functionality after TCR-
gene transfer was confirmed (Figures 2c and d). Functional avidity
of the TCR was tested using T2-B7 cells pulsed with serial dilutions
of MPOs. As shown in Figure 2e, half maximal secretion of IFN-y
was observed at concentrations of 150 pm. Specific recognition of
naturally processed and presented MPOs was analyzed using
diverse B-cell lines originally negative for MPO. In fact, C1R-B7 and
BJAB-B7 cells were recognized when additionally transduced with
the MPO gene verifying recognition of endogenously processed
peptide (Figure 2f).

Reactivity of TCR2.5D6-transduced lymphocytes in response to
MPO-expressing leukemia cell lines as well as primary leukemia
samples

Reactivity of TCR2.5D6-transduced lymphocytes against different
leukemia cell lines and primary leukemia samples was assessed by
IFN-y ELISA. As shown in Figure 3a, only leukemia cell lines that
show expression of MPO (Supplementary Figures S3A and S3B)
were recognized by TCR2.5D6-transduced lymphocytes. MPO-
negative cell lines were only recognized when pulsed with MPOs,
demonstrating principal vulnerability of these cell lines by the
defined TCR. No recognition by untransduced lymphocytes was
observed.

We further analyzed IFN-y production by TCR2.5D6-trans-
duced lymphocytes in response to primary samples from
patients with MPN and AML (Figure 3b). In contrast to healthy
mature myeloid cells, leukemia cells demonstrate partially high
MPO expression on both mRNA and protein level (Figure 1b and
Supplementary Figures S3C and S3D). Reactivity of TCR2.5D6-
transduced lymphocytes could only be observed against target
cells expressing both HLA-B7 and MPO (MPN1, MPN2, MPNS5,
MPN6 and AML6). The MPO-positive but HLA-B7-negative
sample MPN3 and the MPO-negative, HLA-B*07:04* sample
AML2 were not recognized. Pulsing of AML2 with MPOs resulted
in recognition of the sample by TCR2.5D6-transduced lympho-
cytes, indicating a potential binding of MPOs also to the HLA-B7
subtype B*07:04.

To analyze the reactivity of TCR2.5D6 against colony-forming
leukemic precursor cells, we incubated either untransduced or

Table 2. Identified naturally presented HLA class | ligands of MPO
Ligand Sequence HLA restriction Patient sample Pep-Miner? Mascot® Peaks® Validation®
MPO; EEAKQLVDKAY B*44:02 MPN6 J V
MPO, TPAQLNVL B*07:02 MPN1,5 J N)
MPO3 NQINALTSF B*15:01 MPN2 N, N, J
MPO, FVDASMVY A*01:01 MPN3,4,5,7 J J J
MPOs NPRWDGERL B*07:02 MPN2,5 \/ \/ \/

patterns with synthetic counterparts.

Abbreviations: HLA, human leukocyte antigen; MPO, myeloperoxidase. Score >70. PScore >30. < — LogP10> 15. Validation by overlapping fragmentation
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Figure 1. Selecting MPO as potential T-cell target antigen in myeloid leukemia. (@) MPO-derived HLA ligands identified by the
immunopeptidomic approach were synthesized, sequenced by mass spectrometry and matched to the spectra of eluted peptides after
normalization with the mMass tool for sequence validation. Spectra of synthetic peptides are shown in red (lower) and spectra of eluted
peptides in black (upper). (b) mRNA expression of MPO in relation to PBMC was analyzed by gPCR on primary material and diverse healthy
tissues. Ct values were normalized against the geometric mean of three housekeeping genes (GAPDH, HPRT1, HMBS) using the ddCT method.
(¢) MPO immunohistochemistry in diverse healthy tissue samples (from left to right and top to bottom): bone marrow, lymph node, spleen,
lung, heart, kidney, brain, thyroid gland, endometrium, esophagus, intestinal mucosa, colon mucosa, liver, vessels, soft tissue.
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Figure 2. Expansion of T cells specific for the HLA-B7-restricted peptide MPOs. (@) MPOs peptide-specific T cells were expanded after
stimulation of naive T cells from an HLA-B7 negative donor with peptide-pulsed (0.1 um) single HLA-mismatched DC. Peptide specificity of
expanded T cells was investigated with an MPOs-specific HLA multimer by flow cytometry. (b) Peptide-specific, lytic capacity of sorted and
cloned T cells at estimated effector-to-target ratios (25:1) was tested by >'Cr assay (the mean of duplicates is shown). (c) Stimulated peripheral
lymphocytes from a healthy donor were transduced with TCR2.5D6 and stained with anti-CD4, anti-CD8, the MPOs-specific HLA multimer and
the TCRm antibody, which is directed against the murinized constant region of the transgenic TCR. Binding of MPOs-specific HLA multimer
and expression of TCRm is shown in total lymphocytes as well as T-cell subpopulations positive for CD4 and CD8. (d) For functional
characterization, transduced lymphocytes were co-incubated for 24 h with peptide-pulsed T2-B7 cells at an effector-to-target ratio of 2:1.
Supernatants were collected and IFN-y secretion was measured by ELISA (s.d. of the mean of triplicates is shown). (e) For characterization of
the functional avidity of the TCR2.5D6, transduced lymphocytes were co-incubated with T2-B7 cells pulsed with graded amounts of MPOs at
effector-to-target ratios of 2:1. Supernatants were collected 24 h later, and IFN-y secretion was measured by ELISA (s.d. of the mean of
triplicates is shown). (f) Antigen-specific IFN-y release by TCR2.5D6-transduced lymphocytes was determined in response to the MPO-negative
cell lines C1R and BJAB, transduced with HLA-B7 alone or HLA-B7 and MPO, respectively. Cell lines transduced with both constructs were
additionally pulsed with MPOs as positive control; untransduced lymphocytes were used as negative control (s.d. of the mean of triplicates is
shown). One representative experiment out of at least three is shown in panels (c—f).

TCR2.5D6-transduced lymphocytes with bulk PBMC of the HLA-B7-
positive patient MPN2 at different effector-to-target ratios. We

TCR2.5D6-transduced CD8 " T¢y, increase survival in a xenogeneic
mouse model of human AML

observed a decrease in colony-forming units (CFU), when cells of
MPN2 were incubated with TCR2.5D6-transduced lymphocytes at
effector-to-target ratios of 100:1 and 1000:1 corresponding to
an effective ratio of 20:1 and 200:1, respectively, for TCR2.5D6-
transduced T cells (Figure 3c), whereas no reduction was
detectable when cells were incubated with untransduced
lymphocytes. As a control, we incubated untransduced and
TCR2.5D6-transduced lymphocytes with cells of patient MPN3
and did not observe a difference in the number of CFU (Figure 3d).
Taken together, these data demonstrate strong MPOs-specific
reactivity of TCR2.5D6-transduced lymphocytes against leukemic
cells, including leukemic precursors in vitro.

© 2014 Macmillan Publishers Limited

In vivo tumor reactivity of TCR2.5D6-transduced CD8* T¢y, was
analyzed in a xenogeneic mouse model of human AML using NB4
cells®® (See Material and Methods section and Supplementary
Information). We injected 1 x 10° NB4-B7 cells into BRG mice,
followed by injection of 10 x 10° untransduced or TCR2.5D6-
transduced CD8 " T¢y, or PBS alone. TCR expression and function-
ality of injected T cells before application is shown in
Supplementary Figure S4. Mice were killed when suffering from
health problems as described in Supplementary Methods. At end
point analysis, infiltration of bone marrow with CD45*CD8 ~
tumor cells was significantly reduced in mice that were treated
with TCR2.5D6-transgenic Ty compared with the untreated
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Figure 3. Reactivity of TCR2.5D6-transduced lymphocytes in response to leukemic cell lines and primary leukemia samples. Lymphocytes
either untransduced or transduced with the TCR2.5D6 (transduction rate: 19%, Figure 2c), were stimulated with target cells for 24 h at an
effector-to-target ratio of 2:1. Supernatants were collected, and IFN-y secretion was analyzed by ELISA. S.d. of the mean of triplicates is shown.
(@) Myeloid leukemia cell lines with different MPO expression (Supplementary Figures S3A and S3B) were transduced with the retroviral
construct HLA-B7-P2A-eGFP. Cell lines were additionally pulsed with MPOs at a concentration of 1 um as positive controls. (b) Primary samples
of patients with MPN and AML were pretreated as described in Supplementary Methods. MPN1, MPN2, MPN5, MPN6 and AML6 express MPO
and HLA-B7, MPN3 expresses MPO but not HLA-B7 and AML2 is positive for HLA-B*07:04 but does not express MPO (Supplementary Figures
S3C and S3D). As a positive control, cells were pulsed with MPOs at a concentration of 1pum. One representative out of at least two
experiments is shown in panels (a) and (b). Reactivity of TCR2.5D6-transduced lymphocytes in response to colony-forming leukemic cells was
analyzed by CFU assays. Therefore, CD34 * cells (500 cells within a PBMC bulk population) of the leukemic sample MPN2 (MPO ', HLA-B7 *) (c)
and MPN3 (MPO ™, HLA-B7 7) (d) were incubated with untransduced (black circles) or TCR2.5D6-transduced (open squares) lymphocytes at
different effector-to-target ratios for 15 min and plated in duplicates in methylcellulose medium. Colonies were counted 14 days later under a
light microscope. The mean of duplicates in one representative out of two experiments is shown in panels (c) and (d).

group (P=0.0043) as well as the group that received untrans- single-cell suspensions were obtained and pooled tumor cells
duced Tcy (P=0.0247) (Figure 4a; gating strategy: Supplementary from each individual mouse were analyzed for expression of
Figure S5A). We could also observe a significant prolonged overall human CD45 and enhanced green fluorescent protein (eGFP;

survival of mice treated with TCR2.5D6-transduced CD8 ' Ty gating strategy: Supplementary Figure S5B). Tumors consisted of
compared with mice that received untransduced CD8*Tey >95% of CD45"CD8~ NB4 cells (Supplementary Figure S2D).
(P=0.0048), with median survival of 44 days versus 34 days, Interestingly, we observed CD45"CD8~ tumors lacking eGFP in
respectively. There was no significant difference in median survival four out of five mice in the group that was treated with TCR2.5D6-
between the control group  that received no transduced CD8 * Tcy (Figure 4c). Concomitant loss of HLA-B7 was
T cells at all compared with the group that was treated with confirmed in one animal, whereas MPO expression was preserved
untransduced CD8 " Ty (37 days versus 34 days, P=0.2229; (Supplementary Figure S6). One mouse in the TCR2.5D6-treated
Figure 4b). All visible tumors from killed mice were resected, group did not develop tumors and was killed at the end of the

Leukemia (2014) 2355 -2366 © 2014 Macmillan Publishers Limited
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Figure 4. TCR2.5D6-transduced CD8 " T¢y increase survival in a xenogeneic murine AML model. BRG mice were irradiated with 3.5 Gy and
inoculated intravenously with 1 x 10° NB4-B7 leukemia cells 24 h later. T cells were transferred 24 h thereafter by intravenous injection of
10 x 10° untransduced (n = 6) or TCR2.5D6-transduced (n=6) CD8 " Tcy (Experimental design and tumor model: Supplementary Figure S2,
Phenotype and functionality of transferred T cells: Supplementary Figure S4). Control mice (n=5) received 200 ul PBS only. Continuous
support of human IL-15 was provided by biweekly intraperitoneal injection of 15 x 10° IL-15-producing y-irradiated NSO cells. (a) Infiltration
by human CD45"CD8~ tumor cells in the bone marrow was analyzed using flow cytometry in diseased mice that had to be euthanized
between days 30-51 (gating strategy: Supplementary Figure S5A). Statistical analysis was done by using Mann-Whitney test (*P<0.0247,
**p = (0.0043). Similar results have been observed in an additional in vivo experiment under inferior conditions (Supplementary Figure S8B). (b)
Kaplan-Meier curves are shown for all three groups. Statistical analysis was done between animals receiving untransduced CD8 " T¢y, and
CD8 " Tewm transduced with TCR2.5D6 using the Mantel-Cox test (**P=0.0048). A trend to increased survival has been observed when
unselected lymphocytes (Figure 2c) were injected under inferior conditions (higher leukemia cell load, later T-cell transfer, Supplementary
Figure S8C) (c) Visible tumors of diseased euthanized mice were resected and cells of each individual animal were pooled. The percentage of
CD45"CD8 eGFP* cells was analyzed by flow cytometry (gating strategy: Supplementary Figure S5B). Loss of eGFP has not been observed
in the alternative mouse experiment under inferior conditions (Supplementary Figure S8D). Of note, one mouse treated with untransduced T
cells did not develop lymph node manifestations of tumor, but infiltration of the bone marrow was present.

experiment on day 112. In contrast, all animals treated with
untransduced T cells or no T cells developed tumors with
preserved eGFP expression (Figure 4c). As shown in
Supplementary Figure S7, we could specifically detect human
TCRm ™ T cells within the bone marrow, tumor, lung and spleen in
the group that received TCR-transgenic Tcy. An  additional
experiment has been performed with clearly less favorable
conditions as higher tumor load and later transfer of unselected
lymphocytes with reduced TCR transduction rate. Treatment still
resulted in statistically significant reduction of bone marrow
infiltration by leukemic cells as well a non-statistically significant
trend to improved survival. In these animals, loss of eGFP
expression has not been observed (Supplementary Figure S8).
Taken together, these mouse experiments demonstrate in vivo
efficacy of TCR2.5D6-transduced Tcy against leukemic cells with
expression of both MPO and HLA-B7.

On-target reactivity of lymphocytes transduced with the
MPOs-reactive TCR2.5D6

As it has been previously shown that on-target reactivity may
induce unpredicted serious side effects,”® we investigated
potential reactivity of TCR2.5D6-transduced lymphocytes against
a number of different target cells, including different HLA-B7 *
PBMC subsets. As shown in Figure 1 and Supplementary Figures
S9A and S9B, granulocytes as well as monocytes demonstrate

© 2014 Macmillan Publishers Limited

relevant MPO protein but very low mRNA expression. Regarding
recognition by TCR2.5D6-transduced lymphocytes, IFN-y produc-
tion was only detected at very low levels in co-cultures of normal
PBMC subsets with TCR2.5D6-transduced lymphocytes unless the
target cells were pulsed with MPOs (Figure 5a). We additionally
investigated the reactivity of TCR2.5D6-transduced lymphocytes
against healthy, CD34 % HSC of a HLA-B7* donor in CFU assays.
As shown in Figure 5b, the potential for formation of CFU by
granulocyte-colony-stimulating factor -mobilized HSC was not
reduced when HSC were incubated for 1h before plating in
methylcellulose medium with TCR2.5D6-transduced lymphocytes
compared with untransduced lymphocytes. Similar results
were obtained when HSC were incubated for a longer period
(24 h) with TCR2.5D6-transduced or untransduced lymphocytes
(Supplementary Figure S10A). In contrast, pulsing of target cells
with MPOs resulted in a strong reduction in CFU when incubated
with TCR2.5D6-transduced but not untransduced lymphocytes
(Figure 5c). These data indicate the absence of reactivity of
TCR2.5D6 against mature myeloid cells as well as normal HSC.

Off-target reactivity of lymphocytes transduced with the
MPOs-specific TCR2.5D6

Recently, fatal side effects due to unpredicted off-target reactivity
have been observed after transfer of tumor-reactive transgenic
T cells expressing an affinity-enhanced TCR2"? Although TCR2.5D6

Leukemia (2014) 2355-2366



@

Immunotherapeutic targeting of myeloperoxidase in leukemia

R Klar et al
2362
a [ Lymphocytes untransduced
4000{ T3 Lymphocytes TCR2.5D6-transduced
2000 T -
_. 1000
£
S 800
=
= 600
g 400
200
0 == T T T T T S oy .':-I T
< 0% & 0% & (O TR o > 0% & o®
& ¥ & & & & o & S & &
© & Y K > S
S O & & 8
&
o
b 3 Lymphocytes untransduced (o] [ Lymphocytes untransduced
3 Lymphocytes TCR2.5D6-transduced 3 Lymphocytes TCR2.5D6-transduced
100 100
® ® 0
3 39
S 80 o 80
: $=s
& 3=
a 60 /=9 60
o O~ =
o o£ %
g 40 83 8 40
> S8
6 20 g §- 20 I'T'I
0 . . . . ~ o . . . A
N s S ¢ S s s ¢
o kS S w © R\
Effector : CD34+ ratio Effector : CD34+ ratio
Figure 5. On-target reactivity of lymphocytes transduced with the TCR2.5D6. (a) Lymphocytes transduced with TCR2.5D6 (transduction rate:

19%, Figure 2c) were tested for potential on-target toxicity. IFN-y secretion was measured by ELISA after stimulation with isolated CD3*,
CD56",CD19",CD14 " cells and granulocytes of a HLA-B7-positive healthy donor (MPO expression data: Supplementary Figures S9A and B)
at effector-to-target ratios of 2:1 for 24 h. As a positive control, cells were pulsed with 1 um MPOs. S.d. of the mean of triplicates in one
representative out of three experiments is shown. Reactivity of TCR2.5D6-transduced lymphocytes against HLA-B7 ©, CD34 " HSC was
assessed in CFU assays. CD34 " cells (500 cells within a PBMC bulk population) were incubated at different effector-to-target ratios with
untransduced or TCR2.5D6-transduced lymphocytes for 1 h (a similar experiment is shown in Supplementary Figure ST0A with co-incubation
for 24 h) (b). As a positive control, target cells were pulsed with 1T um MPOs (c). Cells were plated in duplicates in methylcellulose medium.
Colonies were counted 14 days later under a light microscope. The mean of duplicates is shown.

was not affinity-enhanced, we sought to screen for peptide-
dependent or -independent recognition of diverse common HLA
molecules. We therefore tested different lymphoblastoid cell lines
(LCL) (Supplementary Table S2) either unpulsed or pulsed with
MPOs (Figure 6a). LCL1 is HLA-B7 ™ and served as positive control.
We did not observe any reactivity against cell lines without
pulsing of MPOs. Following peptide pulsing, reactivity against
LCL6 was observed. In silico analysis of binding motifs for HLA
molecules expressed by LCL6 revealed potential binding of MPOs
to HLA-B*42:01 (HLA-B42). We therefore generated the cell lines
C1R-B42 as well as C1R-B42/MPO. C1R cells were only recognized
after transduction of both HLA-B42 and MPO, verifying on-target
reactivity against MPOs also when presented by HLA-B42
(Figure 6b). We further tested off-target reactivity against different
cell lines of non-hematopoietic origin as well as primary HRGEC
not expressing MPO (Supplementary Figure S9C). As shown in
Figure 6¢, reactivity of TCR-transgenic lymphocytes could only be
observed after pulsing of target cells with MPOs, which further
strengthens the high specificity of the TCR2.5D6. In order to
investigate potential peptide promiscuity of our TCR%?' we
performed experiments with alanine- and threonine-variants of
MPOs loaded onto the HLA-B7" cell line LCL1. As shown in
Figure 6d, the residues at position 2, 3, 4, 5, 8 and 9 seem to be
essential for recognition by TCR2.5D6. Similar results have been
observed using two other HLA-B7 © LCL (Supplementary Figures
S10B and S10Q). In silico analysis using the ScanProsite tool
revealed MPO being the only human protein containing the motif
‘XPRWDXXRL'". Finally, we tested crossreactivity against 65 pep-
tides, divided into 6 pools, which have been eluted from HLA-B7
molecules. As shown in Figure 6e, no reactivity could be observed
at all, except against MPOs. Thus, off-target reactivity could not be
observed by these experiments.

Leukemia (2014) 2355-2366

DISCUSSION

The adoptive transfer of TCR-transgenic T cells that target HLA-A2-
presented peptides derived from melanoma-associated differen-
tiation antigens as GP100 and MART1 has proven to be clinically
efficacious in a subset of patients with malignant melanoma.?*®
Interestingly, therapeutic activity of TCR-transgenic T cells is not
restricted to melanoma, as targeting a broader expressed cancer
testis antigen such as NY-ESO-1 also demonstrated clinical efficacy
in patients with sarcoma.”® However, the choice of the target
antigen, its affinity for major histocompatibility complex, as well as
the specificity and affinity of the defined TCR are all important
parameters to ensure selective tumor cell targeting sparing
healthy tissue and to provide complete tumor eradication.>**'
Target antigens with restricted expression in hematopoietic
cells may represent important recognition elements for the GvL
effect in patients with leukemia undergoing hematopoietic SCT.
However, there is limited knowledge regarding these potential
antigens. Those that have been identified to date are mostly
restricted to HLA-A2 and many show broader tissue expression
than desired.3**®> WT-1 may be a candidate target antigen in
leukemia patients for TCR-transduced T cells** and transfer of
WT-1-specific T-cell clones after transplantation demonstrated
some clinical activity without any signs of GvHD.>* In addition,
PR1, a peptide derived from neutrophil elastase and proteinase 3,
has been proposed to be an attractive target in patients with CML
and AML, and T cells transgenic for PR1-specific constructs are
under investigation.>®3”  Peptides carrying tumor-related
mutations, not present in healthy tissue, may be the ideal target
for peptide-specific T cells.*®**° However, these mutations and
their HLA-restricted epitope presentation are often patient-specific
and therefore not relevant for the majority of patients. Thus, in
order to provide therapeutic tools for a broad patient population

© 2014 Macmillan Publishers Limited
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Figure 6. Off-target reactivity of lymphocytes transduced with the TCR2.5D6. Lymphocytes transduced with TCR2.5D6 (transduction rate: 19%,
Figure 2c) were tested for potential off-target toxicity. IFN-y secretion was measured by ELISA after stimulation with different target cells at
effector-to-target ratios of 2:1 for 24 h. S.d. of the mean of triplicates is shown. (a) Peptide-dependent and -independent allo-HLA reactivity
was measured by IFN-y secretion after stimulation of TCR2.5D6-transduced or untransduced lymphocytes with LCL expressing common HLA
alleles (Supplementary Table S2). Binding of MPOs to diverse HLA alleles was investigated by pulsing LCL with 1 pum MPOs. LCL1 is HLA-B7 *
and served as a positive control. (b) Lymphocytes untransduced or transduced with TCR2.5D6 were stimulated with C1R cells transduced with
HLA-B*42:01 alone or additionally transduced with MPO. As a positive control, cells were additionally pulsed with MPOs. (c) Recognition of
HLA-B7-transduced, non-myeloid cell lines SKOV-3, 888mel, SW480, 143TK ~, SKBR-3 (transduction rate 25-50% without sorting and cloning)
and primary HRGEC (HLA-B7 ™) by TCR2.5D6-transduced lymphocytes was tested (MPO protein expression: Supplementary Figure S9C). (d) To
determine the MPO5s amino-acid residues critical for recognition by TCR2.5D6, alanine- and threonine-variants of MPOs were loaded onto the
HLA-B7* cell line LCL1 at a concentration of 1pum. The wild-type MPOs peptide was used as a positive control, unpulsed target cells as a
negative control (Results for the two HLA-B7 © cell lines LCL11 and 12 are depicted in Supplementary Figures S10B and C). (e) Sixty-five
naturally presented HLA-B7 ligands were divided into six peptide pools. The pools were loaded onto T2-B7 cells at a final concentration of
1 um for each peptide. T2-B7 cells pulsed with MPOs were used as a positive control. One representative experiment out of at least two is
shown in panels (a—e).

and to reduce the risk for tumor escape,***? TCR specific for
multiple HLA ligands derived from diverse antigens and presented
on various HLA molecules need to be defined.

By investigating the immunopeptidome of seven patients with
MPN, we identified four naturally presented HLA ligands that are
derived from MPO representing a differentiation antigen with

© 2014 Macmillan Publishers Limited

restricted expression in myeloid precursors, mature neutrophils,
monocytes and macrophages.** MPO is additionally an essential
and distinct marker for myeloid leukemias” and thereby may
provide a highly suitable candidate target for the treatment of
patients with this disease. By using the single HLA-mismatched
setting for stimulation, we isolated the TCR2.5D6 that recognizes a

Leukemia (2014) 2355-2366



™ Immunotherapeutic targeting of myeloperoxidase in leukemia
@ R Klar et al

2364

MPO-derived peptide presented by HLA-B7. The TCR shows high
reactivity against leukemia cells endogenously expressing MPO.
Moreover, we were able to show in animal experiments
significantly decreased infiltration of leukemic cells into the
bone marrow and prolonged survival in BRG mice inoculated
with NB4-B7 tumor cells after the adoptive transfer of TCR2.5D6-
transduced CD8 Ty compared with the control groups.
However, the majority of mice treated with TCR2.5D6-
transduced lymphocytes developed delayed progression of
myeloid tumors and had to be euthanized. In the experiment
shown in Figure 4, animals treated with TCR2.5D6-transduced
lymphocytes developed human CD45" tumors that were
negative for eGFP in four of the five mice, and loss of HLA-B7
expression was confirmed. This may indicate genetic or epigenetic
instability of the transgene, which has been described to occur
frequently™ resulting in loss of transgene expression. As all
control mice developed tumors with preserved eGFP expression
and loss of the transgene has not been observed in our model
under inferior experimental conditions, the immunogenic pressure
of TCR2.5D6-transduced Tcy is most likely involved in this effect.
Interestingly, a similar observation has recently been published by
Klippel et al*® using a murine model of NY-ESO-1" multiple
myeloma where two out of the six mice demonstrated loss of
heterozygosity for HLA-A2 in residual tumor manifestations after
treatment with an NY-ESO-155_1¢5-specific TCR. As clinical efficacy
of this TCR has been previously shown in patients with melanoma
and sarcoma,”® it has yet to be clarified whether these models
reflect the clinical situation. However, loss of mismatched HLA in
leukemic cells has been described to be responsible for relapse in
patients after haploidentical SCT.*' Thus, our model may, although
not in that frequency, still simulate a realistic tumor escape
scenario. Of note, loss of MPO has not been observed in CD45 "
tumor cells in our animal model, and MPO has been confirmed to
be expressed in CD34*/CD38 ™ leukemia stem cells of MPO-high-
expressing leukemias.**™8 This suggests that those cells would be
equally eliminated by MPO-directed T-cell targeting. In fact, we
have observed reactivity of TCR2.5D6-transduced lymphocytes
against malignant HSC of the HLA-B7 * patient MPN2 as shown by
CFU assays. As diverse MPO-derived peptides have been eluted
from different HLA molecules, isolation and application of TCR
recognizing these other presented peptides as well as peptides
derived from other proteins with restricted hematopoietic
expression may reduce the risk for escape by loss of HLA or
potentially leukemia-associated antigen.

The development of effective immunotherapies has been
demonstrated to also include the risk for autoimmunity.
On-target toxicity against normal tissues that express low levels of
targeted antigen has been previously observed.?® We reanalyzed
expression of MPO by gPCR, western blotting and
immunohistochemistry and confirmed restricted protein
expression to myeloid cells, whereas high mRNA expression was
not detected in mature myeloid cells as granulocytes and
monocytes. This is consistent with previous publications
demonstrating high MPO mRNA expression only in myeloid
precursor cells but not in mature myeloid cells.***° Although the
protein expression data suggest that on-target toxicity may affect
human myeloid precursors as well as neutrophils, monocytes and
tissue macrophages, we did not observe reactivity against
monocytes and only very low reactivity against granulocytes. As
the major source for substrates used by the transporter associated
with antigen processing seems to be newly synthesized
proteins,>’ mature myeloid cells with low MPO protein turnover
may, in fact, not be targeted by MPO-specific T cells. In addition,
we have not observed reactivity against healthy CD34 % HSC, as
shown by CFU assays, which is consistent with previous
publications reporting that MPO expression is absent or low in
healthy CD34 " HSC.***” Recent efforts to target MAGE-A3 with
T cells transgenic for affinity-enhanced TCR constructs were

Leukemia (2014) 2355-2366

compromised by fatal clinical outcomes owing to unexpected
toxicity against off-target epitopes recognized on neurons and
contracting cardiac tissue.’’*”*% Although we did not perform
affinity maturation, crossreactivity against other peptides
presented by HLA molecules allogeneic for the donor of the TCR
or minor histocompatibility antigens presented by HLA-B7 or
other HLA alleles of the donor cannot be completely ruled out.
However, off-target reactivity could not be observed against
several LCL with diverse HLA types, various HLA-B7-transduced
cell lines of non-myeloid origin as well as a high number of
peptides that have been redundantly eluted from HLA-B7.
Furthermore, the recognized motif of the TCR2.5D6, identified
by the alanine- and threonine-scan experiments, is only present in
the MPO protein. Taken together, our data suggest that adoptive
T-cell therapy with T cells transgenic for this TCR may be safe in
the haploidentical or HLA-B7 allele mismatch allogeneic SCT
setting, where donor myeloid progenitor cells lack the HLA-B7
restricting allele. The fact that we have not observed reactivity
against monocytes and granulocytes as well as healthy CD34 "
stem cells is tempting to consider application of this TCR even
apart from the HLA-mismatched transplant setting. In this regard,
inclusion of suicide mechanisms to deplete TCR-transduced T cells
posttreatment®® may be important in order to potentially allow
regeneration of healthy myeloid cells in the bone marrow. This
might be also desirably to limit unpredictable on- and off-target
toxicity not detectable in preclinical experiments. Similar scenarios
are currently considered for a CD123-specific chimeric antigen
receptor.®* In addition, selective transfer of TCR in predetermined
effector populations such as CD8 " Ty or CD8 ™ cells with defined
virus specificity may further increase safety in combination with
other advantages, such as enhanced long-term survival and virus
defense.>>>®

In conclusion, we identified MPO as a novel target antigen in
patients with AML and MPN and isolated a HLA-B7-restricted TCR
recognizing this antigen from an allogeneic repertoire. This TCR
has a strong and specific anti-leukemic reactivity in vitro and also
demonstrated efficacy in experiments in vivo suggesting that
both, target antigen and TCR are highly promising for novel
therapeutic strategies in these life-threatening diseases. By
extension of this approach to other isolated HLA ligands derived
from genes restrictedly expressed in hematopoietic cells and
presented by several frequently expressed HLA molecules, it
might be possible to provide efficient treatment options for a
substantial part of patients suffering from refractory leukemia.
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