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BCR-ABL-specific CD4* T-helper cells promote the
priming of antigen-specific cytotoxic T cells via
dendritic cells

Norihiro Uedal?3?, Rong Zhang1’4’9, Minako Tatsumi!, Tian-Yi Liu'?, Shuichi Kitayamaz,

Yutaka Yasui?, Shiori Sugai, Tatsuaki Iwama?, Satoru Senju®, Seiji Okada’, Tetsuya Nakatsura?,

Kiyotaka Kuzushima!, Hitoshi Kiyoi®, Tomoki Naoe®, Shin Kaneko>!? and Yasushi Uemural*1?

The advent of tyrosine kinase inhibitor (TKI) therapy markedly improved the outcome of patients with chronic-phase
chronic myeloid leukemia (CML). However, the poor prognosis of patients with advanced-phase CML and the
lifelong dependency on TKIs are remaining challenges; therefore, an effective therapeutic has been sought. The
BCR-ABL p210 fusion protein’s junction region represents a leukemia-specific neoantigen and is thus an attractive
target for antigen-specific T-cell immunotherapy. BCR-ABL p210 fusion-region-specific CD4* T-helper (Th) cells
possess antileukemic potential, but their function remains unclear. In this study, we established a BCR-ABL

p210 b3a2 fusion-region-specific CD4* Th-cell clone (b3a2-specific Th clone) and examined its dendritic cell
(DC)-mediated antileukemic potential. The b3a2-specific Th clone recognized the b3a2 peptide in the context of
HLA-DRB1*09:01 and exhibited a Thl profile. Activation of this clone through T-cell antigen receptor stimulation
triggered DC maturation, as indicated by upregulated production of CD86 and IL-12p70 by DCs, which depended
on CD40 ligation by CD40L expressed on b3a2-specific Th cells. Moreover, in the presence of HLA-A*24:02-
restricted Wilms tumor 1 (WT1),35_043 peptide, DCs conditioned by b3a2-specific Th cells efficiently stimulated the
primary expansion of WTl-specific cytotoxic T lymphocytes (CTLs). The expanded CTLs were cytotoxic toward
WT1,35_043-peptide-loaded HLA-A*24:02-positive cell lines and exerted a potent antileukemic effect in vivo.
However, the b3a2-specific Th-clone-mediated antileukemic CTL responses were strongly inhibited by both TKls
and interferon-a. Our findings indicate a crucial role of b3a2-specific Th cells in leukemia antigen-specific
CTL-mediated immunity and provide an experimental basis for establishing novel CML immunotherapies.
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INTRODUCTION Philadelphia chromosome, which results from the t(9;22)
Chronic myeloid leukemia (CML) is a clonal disease of (q34;q11) translocation and encodes one of two chimeric
hematopoietic stem cells that is characterized by the forms of the 210-kDa protein BCR-ABL p210, comprising
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the products of either the b2a2 or b3a2 exon junction. BCR-ABL
P210 exhibits an aberrant tyrosine kinase activity that is central to
CML pathogenesis.! Currently, the use of tyrosine kinase
inhibitors (TKIs) that block BCR-ABL p210 kinase activity is a
well-established standard CML treatment and is particularly
effective in improving the prognosis of chronic-phase CML
patients.” A recent study reported that after discontinuation of
TKI treatment, sustained remission was increased because of the
synergistic action of interferon (IFN)-a with TKIs.> However, no
effective treatment has been established for blastic crisis or disease
relapse.* Moreover, the lifelong dependence on TKIs owing to
the presence of minimal residual disease is another remaining
challenge in CML management.”

For the treatment of refractory CML, the only potentially
curative strategy available currently is allogeneic hematopoietic
stem cell transplantation (allo-HSCT) that elicits graft-versus-
leukemia (GVL) reaction.® However, because allo-HSCT is
frequently associated with lethal transplant-related complica-
tions, including severe graft-versus-host disease (GVHD), a
more specific leukemia immunotherapy, which avoids causing
GVHD but maintains GVL reaction, has been sought.

In a recent study, tumors from patients who had received
CTLA-4 inhibition treatment were analyzed, and the results
showed that a high mutation load was associated with favorable
clinical responses; this indicated that T cells specific for
‘neoantigens’ derived from tumor mutations play a pivotal
role in antitumor immunity.” The importance of tumor-
specific antigens that are distinct from self-antigens is further
supported by the successful results obtained using cancer
vaccines that target neoantigens.® As compared with tumor-
associated self-antigens, tumor-specific neoantigens are con-
sidered to more effectively induce high-avidity T cells, because
neoantigens would be recognized as foreign antigens and would
therefore avoid inducing intrathymic tolerance. Because the
junction region of BCR-ABL p210 represents a tumor neo-
antigen that is specifically expressed in leukemic cells, it is a
promising target for T-cell-mediated immunotherapy, and the
potential relevance of this region as a therapeutic target is
underscored by its specific expression in CML cells, its essential
role in leukemogenesis and its expression in stem cells.’
Notably, previous studies have shown that a synthetic b3a2
peptide derived from BCR-ABL p210’s junction region
between exon 3 of BCR and exon 2 of ABL induces HLA class
I-restricted CD8" T lymphocytes and HLA class II-restricted
CD4" T lymphocytes.!%14

In antitumor immune responses, CD8" cytotoxic T lympho-
cytes (CTLs) act as dominant effector cells by mediating direct
tumor cell killing. By contrast, CD4* T-helper (Th) cells play a
crucial role in the efficient induction of CD8% CTL-mediated
antitumor immunity and the long-lasting functional memory
CD8" CTL responses.'> CD4" Th cells also facilitate the entry of
CD8" CTLs into tumor sites.!® Notably, dendritic cells (DCs)
play a critical role in the regulation of the tumor-specific immune
responses that are mediated by CD4" Th cells and CD8* CTLs.!”

Previously, b3a2-specific CD4" Th cells were shown to
proliferate in response to not only target cells loaded with the
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b3a2 peptide but also target cells that presented a b3a2 peptide
that was endogenously processed.!>!3 Moreover, b3a2-specific
CDA4* Th cells were reported to exhibit cytotoxicity against b3a2-
peptide-loaded target cells.!! However, no study has clarified the
role played by b3a2-specific CD4" Th cells in eliciting down-
stream activation of antileukemic effector cells.

In this study, we established a b3a2-specific CD4* Th clone
(designated here as ‘SK’) and examined its cellular adjuvant
properties for DCs. We found that the b3a2-specific CD4" Th
clone induced the maturation of b3a2-peptide-pulsed DCs, and
that the licensed DCs efficiently stimulated the primary
expansion of Wilms tumor 1 (WT1)-specific CTLs. The
primed WT1-specific CTLs killed WT1-peptide-pulsed target
cells. Moreover, treatment with therapeutic concentrations of
TKIs hampered the leukemia antigen-specific CTL responses
elicited by b3a2-specific CD4* T cells, and the TKI dasatinib, in
particular, strongly inhibited both DC and T-cell responses.
By contrast, IFN-a enhanced DC maturation, but suppressed
T-cell proliferation; consequently, SK-DC interaction-mediated
CTL expansion was impaired.

Our findings demonstrate the antileukemic properties of
b3a2-specific CD4" T cells and indicate that these cells can
potentially be used in adoptive immunotherapies against CML.
To prevent the attenuation of the therapeutic action of b3a2-
specific CD4" T cells, attention must be paid to the effect of
TKIs or IFN-a on antileukemic CTL responses mediated
through DC maturation.

MATERIALS AND METHODS

Peptide, cytokines and chemicals

HLA-DR9 (DRB1*09:01)-restricted BCR—ABL b3a2 junctional
peptide (ATGFKQSSKALQRPVAS) and HLA-A24 (A*24:02)-
restricted modified WT1,35 543 epitope peptide (CYTWNQMNL)
were commercially synthesized and supplied at >90% purity
(Toray Research Center, Kamakura, Japan). The modified
WT1,35_545 peptide contained a Y instead of the M present
at amino-acid position 2 of the natural WT1,35 543 peptide
(CMTWNQMNL). The following reagents were from com-
mercial sources: recombinant human interleukin-4 (rhIL-4)
and recombinant human granulocyte-macrophage colony-
stimulating factor (thGM-CSF), Primmune (Osaka, Japan);
rhIL-2 and rhIL-12, R&D Systems (Minneapolis, MN, USA);
rhIL-15, PeproTech (Rocky Hill, NJ, USA); OK432, Chugai
Pharmaceutical Co. (Tokyo, Japan); rhIFN-a-2a, HumanZyme
(Chicago, IL, USA); imatinib (Ima), Focus Biomolecules
(Plymouth Meeting, PA, USA); dasatinib (Dasa), Cellagen
Technology (San Diego, CA, USA); and nilotinib (Nilo),
Adipogen (San Diego, CA, USA).

Cells

We isolated peripheral blood mononuclear cells (PBMCs) from
healthy donors as previously described.!® The human lung
cancer cell line PC9 was cultured in RPMI-1640 medium
(Sigma-Aldrich, St Louis, MO, USA) supplemented with heat-
inactivated 10% fetal bovine serum. Mouse L-fibroblasts
transfected with HLA class II genes were used as described



previously.!? The use of cells isolated from the healthy adults
was approved by the Ethics Committee of Aichi Cancer Center,
and informed consent was obtained from all donors in
accordance with the Declaration of Helsinki.

Transfectants

The complementary DNA (cDNA) encoding HLA-DR9
(DRBI1*09:01) was kindly provided by Dr Hiroya Kobayashi
(Asahikawa Medical College, Asahikawa, Japan). The ¢cDNA
encoding BCR-ABL p210 was purchased from Addgene
(Cambridge, MA, USA).2° The cDNA encoding BCR-ABL
p210, HLA-A24 (A*24:02), HLA-DRA or HLA-DR9
(DRB1*09:01), or the minigene encoding the HLA-A24-
restricted modified WT1,35_,43 epitope was inserted into the
lentiviral vector CSII-EF-MCS (RIKEN BioResource Center,
Tsukuba, Japan); lentivirus transduction was performed as
previously described.?!

Antibodies used for functional assays

The following antibodies (Abs) used for functional assays were
purchased from Abcam (Cambridge, UK), Beckman Coulter
(Marseille, France), BioLegend (San Diego, CA, USA),
eBioscience (San Diego, CA, USA), BD Biosciences (San Joe,
CA, USA) or R&D Systems: anti-HLA-DP (B7/21, mouse
IgG3), anti-HLA-DQ (SPVL3, mouse IgG2a), anti-HLA-DR
(L243, mouse 1gG2a), anti-HLA-ABC (W6/32, mouse 1gG2a),
anti-IL-4 (34019, mouse IgG2b), anti-IL-12 (C17.8, rat IgG2a),
anti-CD3 (HIT3a, mouse IgG2a), anti-CD154 (CD40L; 40804,
mouse IgG2b) and mouse I1gG (eBM2a, mouse IgG2a).

Flow cytometry

The following monoclonal antibodies (mAbs) conjugated with
fluorescein isothiocyanate, phycoerythrin or allophycocyanin
were purchased from BD Biosciences, Beckman Coulter,
BioLegend, eBioscience, Miltenyi Biotec (Auburn, CA, USA),
R&D Systems or Caltag Laboratories (Hamburg, Germany):
anti-CD4 (RPA-T4, mouse IgG1), anti-CD8«x (B9.11, mouse
IgG1), anti-CD40 (HB14, mouse IgG1), anti-CD45RA (HI30,
mouse 1gGl), anti-CD45RO (UCHLI, mouse IgG2a),
anti-CD80 (2D10, mouse IgG1), anti-CD83 (HB15e, mouse
IgGl), anti-CD86 (IT2.2, mouse IgG2b), anti-CD154 (CD40L;
TRAP-1, mouse IgG1l), anti-CD62L (DREG-56, mouse 1gG1),
anti-CCR4 (1GI1, mouse IgGl), anti-CCR6 (53103, mouse
IgG2b), anti-CCR7 (3D12, rat 1gG2a), anti-CCR8 (191704,
rat IgG2b), anti-CRTh2 (BM16, rat IgG2a), anti-CXCR3
(1C6, mouse IgGl), anti-HLA-DR (L243, mouse IgG2a),
anti-TRBV22S1 (IMMU546, mouse IgGl), anti-TCR-aff
(IP26, mouse 1gG1), anti-TCR-yd (5A6.E9, mouse IgG1) and
anti-CD279 (PD-1; EH12.2H7, mouse IgG1). The stained cell
samples were analyzed using a FACSCalibur, Accuri C6 or
FACSAria II flow cytometer (BD Biosciences), and the
data were processed using the FlowJo software program (Tree
Star, Ashland, OR, USA). Relative fluorescence intensity was
calculated as the ratio of the mean fluorescence intensity (MFI)
of specific markers to the MFI of isotype controls.
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Generation of b3a2-peptide-specific HLA-DR*09:01-
restricted CD4" T cells

A b3a2-peptide-specific T-cell line was established from
PBMC:s obtained from HLA-DR*09:01-positive healthy donors
through restimulation with 10 pm BCR-ABL b3a2 peptide, as
described previously.!! The b3a2-peptide-specific T-cell clone
was established using the limiting dilution procedure, and the
established clone (‘SK’) was maintained through restimulation
with 5 um b3a2-peptide-pulsed autologous PBMCs.

Cell proliferation
Cell proliferation was quantified using the standard [*H]-
thymidine incorporation assay, as described previously.?!

S1Cr release assay
Cytotoxic activity was measured using the standard >'Cr release
assay, as described.?!

Measurement of cytokines

Cytokine levels in culture supernatants were measured using
enzyme-linked immunosorbent assays (hIFN-y, hIL-4, hIL-10,
hIL-17 and hIL-12p70; eBioscience).

Analysis of T-cell antigen receptor gene rearrangement in the
T-cell clone

The V, D and ] segments of the rearranged T-cell antigen
receptor (TCR)-a and TCR-f chains of the b3a2-specific Th
clone were identified as previously described.’? The gene
segment nomenclature here follows the ImMunoGeneTics
(IMGT) usage; the V, D and ] segment usages were identified
by comparing the resulting sequences against the IMGT
database (http://www.imgt.org/), using an online tool (IMGT/
V-QUEST).

Real-time quantitative reverse transcription PCR

To quantify transcripts, we performed real-time quantitative PCR
on an ABI PRISM 7500 sequence detector (Applied Biosystems,
Foster City, CA, USA) and used TagMan Gene-Expression Assays
(Life Technologies, Applied Biosystems, Carlsbad, CA, USA). The
following probes were used: GATA3, Hs00231122_m1, and T-bet
(TBX21), Hs00203436_m1 (Life Technologies, Applied Biosys-
tems). All expression levels were normalized relative to GAPDH
expression using the ddCt method.

Preparation of human monocyte-derived DCs

Human monocyte-derived DCs were induced as described.?®
Briefly, CD14" monocytes from PBMCs were cultured in
medium containing thGM-CSF and rhIL-4, and on day 6,
nonadherent DCs were collected and used as immature DCs.

Induction of antigen-specific cytotoxic T-cell expansion

CD8' T cells and DCs were obtained from the same donor
from whom the b3a2-specific T-cell clone (SK) was established,
and these were used for inducing antigen-specific CTLs in
order to avoid alloreactive responses. CD8" T cells were
isolated from PBMCs through negative magnetic cell sorting
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using a CD8" T-cell isolation kit (Miltenyi Biotec). DCs were
cultured for 3h in 96-well round plates in the presence or
absence of the b3a2 peptide, and then the T-cell clone was
added to the culture and incubated for 5h. After 30-Gy
irradiation, CD8% T cells were added together with the
WT1,35043 peptide. On day 7, we added 1pCi of
[*H]-thymidine to cultures, and after 16-h incubation, assessed
the primary proliferative response of the CD8" T cells using the
[*H]-thymidine incorporation assay. In another experiment
performed in the same manner on day 10, the frequencies of
WT1-peptide-specific CTLs were determined by staining with
the HLA-A*2402/WT1,35_543 tetramer. We restimulated the
resultant CD8" T cells with the WT1,35,43 peptide in the
presence of 35-Gy-irradiated autologous PBMCs, and then
used the cells in cytotoxicity assays.

In vivo experiments

All in vivo animal studies were approved by the animal
experiment committee of the National Cancer Center. Six-
week-old BALB/c Rag—Z’/ “Jak3™/~ mice (RJ mice)** were
inoculated subcutaneously (s.c.), in the right-shaved shank,
with the mixtures of K562 cells (5.0 10°) transduced with
HLA-A24 and the minigene encoding HLA-A24-restricted
modified-WT1,35 543 epitope (K562-A24-WT1 minigene cells)
and either saline or WTI-specific CTLs (2.0 10°). Where
indicated, the mixtures of b3a2-peptide-loaded DCs (5.0 x 10°)
and SK cells (2.0 10°%) were intraperitoneally (i.p.) injected
into mice at day —1. The mice were monitored for tumor
growth and survival, and tumor size was measured at 7-day
intervals until the mice died or were killed when the tumors
exceeded 25 mm in diameter.

Statistical analysis

STATA version 13.0 (StataCorp LP, College Station, TX, USA)
was used for all statistical analyses. In comparisons of multiple
experimental groups, significance was assessed using a one-way
analysis of variance with the Bonferroni post hoc test. In the
statistical analysis of Kaplan—Meier survival curves, P-values
were calculated using a log-rank (Mantel-Cox) test. P<0.05
was considered statistically significant, and significant differ-
ences are indicated in figures by asterisks.

RESULTS

b3a2-specific Th cells recognize naturally processed
BCR-ABL p210 in the HLA-DR9 context

A previous report described the establishment of a b3a2-
peptide-specific HLA-DRBI*09:01-restricted CD4" Th-cell
clone.!! According to this report, PBMCs were isolated from
an HLA-DRBI1*09:01-positive donor and stimulated with the
b3a2 peptide. The obtained CD4* T-cell clone, SK, proliferated
when stimulated with the b3a2 peptide in the presence of
autologous PBMCs. SK exhibited a dose-dependent prolifera-
tive response to stimulation with the b3a2 peptide (Figure 1a).
This proliferative response to the peptide was inhibited when
we added an anti-HLA-DR mAb, but not an anti-HLA-DQ or
anti-HLA-DP mAb, which suggested that the recognition of the
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b3a2 peptide by SK TCR was restricced by HLA-DR
(Figure 1b). To further examine the restricting molecule
expressed by this clone, we used, as antigen-presenting
cells (APCs), murine L-cells that were transfected with
HLA-DRA*01:01 and HLA-DRB1*09:01 (L-DR9), DRBI1*04:05
(L-DR4), DRBI*01:03 (L-DR53) or DRBI*15:02 (L-DR2).
SK proliferated in response to b3a2-peptide-loaded L-DR9
cells, but not b3a2-peptide-loaded L-DR4, L-DR53 or L-DR2
cells (Figure 1c). These findings suggest that the proliferative
response of SK is restricted by HLA-DRO9.

SK produced IFN-y in response to THP-1-DR9 cells
expressing BCR-ABL p210 (Figure 1d), and also in response
to autologous HLA-DR9-positive DCs fed with 150-Gy-
irradiated THP-1 cells that expressed BCR-ABL p210.
However, SK did not produce IFN-y in response to DCs fed
with THP-1 cells not expressing BCR-ABL p210 (Figure le).
These data indicate that BCR-ABL p210—both exogenous and
endogenous—can be naturally processed and presented to SK
cells in the HLA-DRY context.

TCR gene usage of the a- and P-chains expressed in
b3a2-specific Th cells

The TCRVa and TCRV( genes used in SK were TRAV29/
DV5%01 and TRBV2*01, respectively (according to IMGT
nomenclature; corresponding Arden names: TRAV2ISI-
ADV21S1 and TRBV22SI, respectively; Figure 1f).2> They also
expressed TCRVP22 at the protein level (Figure 1g). The CDR3
of TCRVa and TCRVP was 10 and 9 amino-acid long,
respectively (Figure 1h).

b3a2-specific Th cells exhibit a Thl profile

SK expressed TCR-aff, CD4 and CD45R0O, but not TCR-yS or
CD8a; moreover, the cells did not express the major lymph
node homing receptors CD62L and CCR?7, which indicated the
effector memory Th-cell phenotype (Figure 2a). SK expressed
the Thl-associated chemokine receptor CXCR3, but not the
Th2-associated chemokine receptors CRTh2 and CCR4, the
Th17-associated chemokine receptor CCR6 or the regulatory
T-cell-associated chemokine receptor CCR8 (Figure 2b). SK
expressed T-bet and GATA3 at high and low levels, respectively,
and produced very high levels of IFN-y and TNF-a, and
comparatively low levels of IL-4 and IL-10 (Figures 2c and d),
but produced no IL-17 (Figure 2d). These data collectively
suggest that SK presents a Thl profile. When plate-bound anti-
CD3 mAbs were used to stimulate SK, PD-1 surface expression
was upregulated in the cells, which indicated the exhaustion of
SK (Figure 2e).

b3a2-specific Th cells induce DC maturation and IL-12p70

production

CDA40L expressed on activated CD4" Th cells can induce DC
maturation.”® Stimulation of SK with plate-bound anti-CD3
mADbs resulted in the upregulation of CD40L surface expression
in the cells (Figure 3a). Thus, we tested whether SK can induce
DC maturation by culturing immature DCs with SK cells. In
the presence of the b3a2 peptide, DCs increased their
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Figure 1 A b3a2-specific and HLA-DRB1*09:01-restricted CD4* T-cell clone (SK). (a) Proliferative response of SK to graded
concentrations of soluble b3a2 peptide. Autologous PBMCs were used as APCs. Proliferation was measured using the [3HI]-thymidine
incorporation assay. The presented values are the mean c.p.m. of duplicate cultures. (b) Inhibition of the proliferative response
by anti-HLA antibodies. SK cells (5x10%) were cocultured with irradiated PBMCs (5x10°) in the presence of b3a2 peptide
(0.1 uM) and indicated mAbs (10 pg/ml). (c) Proliferative response of SK cells to L-cells expressing the HLA-DR gene. SK cells
(5x10% were cocultured with irradiated L-cell transfectants (4 x 104) prepulsed with the b3a2 peptide (10 uM). (d) IFN-y secretion
from SK cells (1x10%) cocultured for 24 h with THP-1 cells (5x 10%) transduced with HLA-DR9 and/or BCR-ABL p210. (e) IFN-y
secretion from SK cells (5x 10%) cocultured for 24 h with autologous DCs (2.5x 10%) that were prepulsed with 150-Gy-irradiated
THP-1 or BCR-ABL p210-transduced THP-1 cells (1x10%). (b—e) Data shown are means+s.d. of triplicate cultures and are
representative of three independent triplicate experiments. (f) Expression of the genes TRAV and TRBV. (g) Representative flow
cytometry profiles of TCR-VB22 and CD4 surface expression on SK cells. (h) TCR gene usage and V—(D)-J junction region sequences
of SK. APCs, antigen-presenting cells; DCs, dendritic cells; IFN-y, interferon-y; mAbs, monoclonal antibodies; PBMCs, peripheral
blood mononuclear cells; TCR, T-cell receptor.

expression of CD40, CD80, CD83, CD86, HLA-DR and CCR7,
and produced IL-12p70 in substantial amounts (Figures 3b and
¢). Next, we conducted a blocking experiment to examine how
CD40 ligation affects IL-12p70 production, and found that
treatment with a blocking Ab against HLA-DR or CD40L
inhibited the production of IL-12p70 (Figure 3d). These results
indicate that antigen-stimulated SK induces DC maturation
and IL-12p70 production by DCs, and that this depends on
CD40 ligation.

b3a2-specific Th cells efficiently induce the primary
expansion of leukemia antigen-specific CTLs

CD4" Th cells have been shown facilitate DC-mediated
priming of major histocompatibility complex class I-restricted
CD8" CTLs.?”"?° To determine whether SK can induce tumor
antigen-specific CTL responses, vehicle- or b3a2-peptide-

loaded DCs were cocultured for 5h with SK cells, and these
differentially conditioned DCs were loaded with the WT1
peptide, irradiated and subsequently cultured with CD8*
T cells (Figure 3e). We cultured the cells for 7 days and then
evaluated the proliferation of CD8" T cells. CD8% T-cell
proliferation stimulated by the WTI peptide was markedly
enhanced when SK/b3a2-peptide-conditioned DCs were used
as APCs, but not when SK/vehicle-conditioned DCs were
used (Figure 3f). The CTLs stimulated by SK/b3a2-peptide-
conditioned DCs included WTI1-tetramer-positive T cells
(Figure 3g). When we used a cytomegalovirus (CMV) peptide
instead of the WT1 peptide, we again observed enhanced
proliferation of CD8* T cells and CMV-tetramer-positive
T cells upon wusing SK/b3a2-peptide-conditioned DCs
(Figures 3h and i). These data indicate that SK activation by
the b3a2 peptide produces cellular adjuvant properties that can
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Figure 2 Th1 phenotype of the b3a2-specific CD4* T-cell clone. (a) Representative flow cytometry profiles of surface afTCR, y8TCR, CD4,
CD8, CD45R0, CD45RA, CD62L and CCR7 on SK cells. (b) Surface expression of chemokine receptors (CCR4, CXCR3, CRTh2, CCR6 and
CCR8). (c) Expression of transcription factors involved in Thl and Th2 differentiation. After SK cells were stimulated for 24 h with plate-
bound anti-CD3 mAbs (10 pg/ml), T-bet and GATA3 mRNA levels were quantified. To induce the Thl and Th2 cells used as controls,
PBMCs were stimulated with plate-bound anti-CD3 mAbs (10 pg/ml) under Thl conditions (IL-12 plus anti-IL-4 Ab) and Th2 conditions
(IL-4 plus anti-IL-12 Ab), respectively. The mRNA amounts (shown in a.u.) are normalized relative to the GAPDH mRNA amount.
(d) Cytokine production by SK cells after 48-h stimulation with plate-bound control 1gG or anti-CD3 mAbs (10 pg/ml). (c, d) Data shown
are means+s.d. of triplicate cultures and are representative of three independent triplicate experiments. (e) PD-1 expression on SK. SK
cells were stimulated with plate-bound control IgG or anti-CD3 mAbs (10 pg/ml) for 24 h. Staining histograms of PD-1 (solid line) and
isotype-matched controls (dotted line) are shown. RFI is shown in the upper part of each panel. IL, interleukin; IgG, immunoglobulin G;
IFN, interferon; mAbs, monoclonal antibodies; mRNA, messenger RNA; PBMCs, peripheral blood mononuclear cells; RFI, relative

fluorescence intensity; Th, T helper; TCR, T-cell receptor.

boost diverse leukemia antigen-specific CTL responses through
DC activation.

TKIs inhibit the leukemia antigen-specific CTL responses
induced by b3a2-specific Th cells

TKI therapy is the current gold standard in CML treatment,
particularly in the chronic phase of the disease; however, TKIs
are reported to modulate immune responses by inhibiting
numerous kinases.> Thus, we next examined how TKIs used
at therapeutic concentrations affect the antileukemic CTL
responses induced by the SK-DC interaction. In the absence
of SK, TKIs alone did not exert any effect on DC maturation or
the subsequent expansion of CD8" T cells (Figures 4a—d).
However, in the presence of SK/b3a2 peptide, IL-12p70
production from DCs was enhanced by imatinib, but was
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not affected by the other two TKIs tested (Figure 4e). Con-
versely, SK/b3a2-peptide-induced CD86 upregulation on DCs
was inhibited by nilotinib (Figures 4f and g). Furthermore, all
three TKIs strongly suppressed the expansion of WT1-specific
CD8" T cells induced by SK/b3a2-peptide-matured DCs
(Figures 4h and i). Because dasatinib almost eliminated the
expansion of WTl-specific CD8* T cells, we could not
determine the WT1 tetramer frequency in CD8% T cells
(Figure 4h). Intriguingly, among the three TKIs, only dasatinib
completely abolished dendrite formation in DCs (Figure 4j),
which might result in diminished T-cell stimulatory activity.
Last, to examine the direct effect of TKIs on T-cell prolifera-
tion, CD8" T cells cultured alone were stimulated with plate-
bound anti-CD3 mAbs in the presence or absence of TKIs, and
then cell proliferation was measured. Here dasatinib treatment



completely suppressed the proliferation of CD8* T cells, which
indicated that this TKI strongly inhibits not only DC matura-
tion but also T-cell proliferation (Figure 4k). Collectively, these
results suggest that although the three TKIs exert distinct effects
on DCs, they all inhibit the leukemia antigen-specific CTL
responses induced by the interaction between SK and DCs.

IFN-o inhibits the leukemia antigen-specific CTL responses
induced by b3a2-specific Th cells
IFN-a has been reported to induce a CML-specific CTL
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IL-12p70 production by DCs, but slightly enhanced the
expression of CD86 (Figures 5a—c). IFN-a also enhanced the
upregulation of CD86 on SK-matured DCs, but suppressed
IL-12p70 production (Figures 5d and e). Furthermore, the
expansion of WTI-specific CD8" T cells induced by SK-
matured DCs was inhibited in the presence of IFN-a
(Figures 5g and h). Next, to examine the direct effect of
IFN-a0 on CD8" T-cell proliferation, CD8* T cells cultured
alone were stimulated with plate-bound anti-CD3 mAbs in the
presence or absence of IFN-a, and then the proliferative
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response was measured. CD8" T-cell proliferation was potently
inhibited by IFN-a (Figure 51i), which might be responsible for
the suppressed expansion of WTIl-specific CD8" T cells.
Collectively, these results suggest that IFN-a exerts inhibitory
effects on both DCs and CD8* T cells.

response in CML patients.>! Moreover, the rate of TKI-free
remission has recently been reported to increase in response to
IFN-o maintenance therapy.3 Thus, we examined the effect of
IFN-a on the antileukemic CTL responses induced by the SK—
DC interaction. IFN-a treatment on its own did not stimulate
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Figure 3 Enhanced expansion of leukemia antigen-specific CTLs. (a) Representative flow cytometry profiles of surface CD40L on SK. SK
cells were stimulated for 24 h with plate-bound control IgG or anti-CD3 mAbs (10 pg/ml). (b) Surface phenotype of DCs. Vehicle or b3a2
peptide DCs were cultured for 24 h with SK cells at a DC/SK ratio of 10:1. The expression of CD40, CD80, CD83, CD86, HLA-DR and
CCR7 is shown. OK432 (10 pg/ml)-matured DCs and medium-control DCs served as controls. (a, b) Staining histograms of the indicated
surface molecules (red) and isotype-matched controls (gray) are shown. RFI is shown in the upper part of each panel. (c) IL-12p70
production by DCs cultured with SK cells in the presence or absence of the soluble b3a2 peptide (1 uM). The controls for all other culture
conditions were OK432-matured DCs and medium-control DCs. (d) HLA-DR- and CD40L-dependent production of IL-12p70 by DCs. b3a2
peptide DCs were cultured with SK cells for 24 h in the presence of the indicated blocking mAbs (10 pg/ml). (e) Schematic representation
of the WT1-specific CTL priming assay. SK cells (5x 103) and DCs (1 x 10%) +b3a2 peptide (5 uM) were initially cocultured for 5h to
mature the DCs, after which the DCs and SK cells were irradiated and cultured with autologous CD8* T cells (5x 10%) in the presence of
the WT1 peptide (5 uM). (f) Proliferation of CD8* T cells at day 7 in the WT1-specific CTL priming assay was measured as [3H]-thymidine
incorporation. (g) Frequency of WT1/HLA-A24-tetramer-positive CD8* T cells at day 10 in the WT1l-specific CTL priming assay.
(h) Proliferation of CD8* T cells at day 7 in the CMV-specific CTL priming assay was measured as [3H]-thymidine incorporation.
(i) Frequency of CMV/HLA-A24-tetramer-positive CD8* T cells at day 10 in the CMV-specific CTL priming assay. (c, d, f, h) Data are
representative of three independent triplicate experiments. Error bars, s.d.; *P<0.05, one-way ANOVA. (g, i) Representative flow cytometry
profiles of three independent experiments. HIV-env/HLA-A24 tetramer was used as a control. ANOVA, analysis of variance; b3a2, b3a2
peptide; CTL, cytotoxic T lymphocyte; CMV, cytomegalovirus; DC, dendritic cell; IL, interleukin; Ig, immunoglobulin G; IFN-y, interferon-y;
pWT1, WT1 peptide; RFI, relative fluorescence intensity; WT1, Wilms tumor 1.
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Figure 4 Suppression of leukemia antigen-specific CTL responses by TKls. (a) Effect of TKls on IL-12p70 production by DCs. b3a2
peptide DCs were cultured in the presence of the indicated TKls for 24 h. (b) Representative flow cytometry profiles of CD86 on DCs.
(c) RFI values indicating CD86 expression. (a—¢) OK432-matured DCs and medium-control DCs served as controls. (d) Proliferation of CD8*
T cells at day 7 in the WT1-specific CTL priming assay in the absence of SK. Irradiated DCs pulsed with the WT1 peptide were cultured
with autologous CD8* T cells, with the indicated TKls added to the cultures. After 7 days, T-cell proliferation was measured using the
[3HI-thymidine incorporation assay. (e) Effect of TKls on IL-12p70 production by SK-conditioned DCs. b3a2 peptide DCs were cultured with
SK cells in the presence of the indicated TKls for 24 h. (f) Representative flow cytometry profiles of CD86 on SK-conditioned DCs. Vehicle or
b3a2 peptide DCs were cultured for 24 h with SK cells at a DC/SK ratio of 10:1 in the presence of the indicated TKls. (g) RFI values
indicating CD86 expression on SK-conditioned DCs. (h) Proliferation of CD8* T cells at day 7 in the WT1-specific CTL priming assay in the
presence of the indicated TKIs was measured as [3H]-thymidine incorporation. (i) Frequency of WT1/HLA-A24-tetramer-positive CD8* T cells
(filled box) at day 10 in the WT1-specific CTL priming assay in the presence of the indicated TKIls. The HIV tetramer (open box) served as
the control. (j) Representative optical microscopy images of SK/b3a2-matured DCs in the presence of the indicated TKls. The arrows indicate
DCs. Scale bar, 20 pm. DCs treated with dasatinib appear spherical (blue arrows), whereas DCs treated with the other TKls present a spindle-
shaped morphology (black arrows). (k) Proliferation of CD8* T cells stimulated with plate-bound anti-CD3 mAbs in the presence of the
indicated TKils. (a, c, d, e, g-i, k) Data are representative of three independent triplicate experiments. Error bars, s.d.; *P<0.05, one-way
ANOVA. ANOVA, analysis of variance; b3a2, b3a2 peptide; CTL, cytotoxic T lymphocyte; Dasa, dasatinib; DC, dendritic cell; Ima, imatinib;
Nilo, nilotinib; pWT1, WT1 peptide; RFI, relative fluorescence intensity; TKI, tyrosine kinase inhibitor; WT1, Wilms tumor 1.

WT1-specific CTLs primed by the Th-DC interaction exert  peptide-specific CTLs exhibited WT1-specific cytotoxicity
antileukemic effects against WT1-peptide-loaded and HLA-A24-positive PC9 lung
The WT1-peptide-specific CTLs primed by SK/b3a2-peptide-  cancer cells, as well as against WT1-minigene-transduced and
conditioned DCs were further expanded by repeatedly stimu- HLA-A24-expressing K562 cells (K562-A24-WT1 minigene

lating them with the WT1 peptide. These expanded WT1- cells) (Figures 6a and b). The WTI-peptide-specific CTLs
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Figure 5 Suppression of leukemia antigen-specific CTL responses
by IFN-a. (a) Effect of IFN-a on IL-12p70 production by DCs.
(b) Representative flow cytometry profiles of CD86 on DCs. DCs
were cultured for 24 h in the presence or absence of IFN-o (1 ng/ml).
(c) RFI values indicating CD86 expression. (a—c) OK432-matured
DCs and medium-control DCs served as controls. (d) Effect of IFN-«
on IL-12p70 production by SK-conditioned DCs. b3a2-peptide-
loaded DCs were cultured with SK cells in the presence of
IFN-a. (e) Representative flow cytometry profiles of CD86 on SK-
conditioned DCs. Vehicle or b3a2 peptide DCs were cultured for
24 h with or without SK cells at a DC/SK ratio of 10:1 in the
presence or absence of IFN-a. (f) RFI values indicating CD86
expression. (g) Proliferation of CD8* T cells at day 7 in the WT1-
specific CTL priming assay in the presence or absence of IFN-a
was measured as [3HI-thymidine incorporation. (h) Frequency of
WT1/HLA-A24-tetramer-positive CD8* T cells (filled box) at day 10
in the WT1-specific CTL priming assay in the presence or absence
of IFN-a. The HIV tetramer (open box) served as the control.
(i) Proliferation of CD8" T cells stimulated with plate-bound anti-
CD3 mAbs in the presence of IFN-a. (a, ¢, d, f-i) Data are
representative of three independent triplicate experiments. Error
bars, s.d.; *P<0.05, one-way ANOVA. ANOVA, analysis of variance;
b3a2, b3a2 peptide; CTL, cytotoxic T lymphocyte; DC, dendritic
cell; IFN, interferon; mAbs, monoclonal antibodies; WT1, WT1
peptide; RFI, relative fluorescence intensity; WT1, Wilms tumor 1.

expressed PD-1 at extremely low levels following stimulation
with anti-CD3/28 mAbs (Figure 6¢). To determine the in vivo
antileukemic effects, the K562-A24-WT1 minigene cells were
injected (s.c.) into R] mice together with or without WT1-
peptide-specific CTLs; tumor growth was completely inhibited
in the presence of WTI-peptide-specific CTLs, which also
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Figure 6 Antileukemia activity of CTLs primed by SK-conditioned
DCs. (a) Cytotoxic activities of expanded WT1-specific CD8" T cells
against an HLA-A24-positive cell line (PC9) loaded with vehicle or
WT1 peptide. (b) Cytotoxic activities against K562-A24 cells that
were mock transduced or transduced with a minigene encoding the
HLA-A24-restricted WT1 epitope. (a, b) Cytotoxicity was measured
at 4h in 51Cr release assays at the indicated effector/target (E:T)
ratios. Data are representative of three independent duplicate
experiments. (c) Representative flow cytometry profiles of PD-1 on
expanded WT1-specific CD8* T cells. The CD8* T cells were
stimulated with soluble control 1gG or anti-CD3 mAbs (1 pg/ml) plus
anti-CD28 mAbs (1 pg/ml) for 24 h. Staining histograms of PD-1
(solid line) and isotype-matched controls (dotted line) are shown.
RFI is shown in the upper part of each panel. (d) /n vivo inhibition
of leukemia. RJ mice were s.c. coinjected with mixtures of K562-
A24-WT1 minigene cells and either saline or WT1-specific CTLs.
Where indicated, mixtures of SK cells and DCs +b3a2 peptide were
i.p. injected into mice at day — 1. The average tumor size for each
group from day O to day 35 is shown. Error bars, s.d.; *P<0.05,
one-way ANOVA; NS (e) Kaplan—-Meier survival curves plotted for
treated and control mice. *P<0.05, log-rank (Mantel-Cox) test;
NS. (WT1-CTL, n=8; WT1-CTL+SK+DC, n=8; WT1-CTL+SK+DC
+b3a2, n=8; no treatment, n=7). ANOVA, analysis of variance;
CTL, cytotoxic T Iymphocyte; DC, dendritic cell; i.p., intra-
peritoneally; NS, not significant; s.c., subcutaneously; RFI, relative
fluorescence intensity; WT1, Wilms tumor 1.

yielded a survival advantage to the group (Figures 6d and e).
However, the antileukemic effect was not further enhanced
following the additional injection (i.p.) of b3a2-peptide-loaded
DCs and SK cells, which suggested that the SK-DC interaction
critically functions at the stage of WT1-peptide-specific CTL
priming, but not thereafter. These data indicate that leukemia
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antigen-specific CTL priming by the SK-DC interaction can
exert potent antileukemic effects.

DISCUSSION

The treatment outcome of patients with chronic-phase CML
has improved considerably since the advent of TKI therapy.
However, several challenges remain, including the poor treat-
ment outcome of patients with advanced-phase CML and the
lifelong dependence on TKIs because of the presence of minimal
residual disease. The b3a2 junction region of BCR-ABL p210 is a
leukemia-specific neoantigen that is expressed only in CML cells,
and thus represents an optimal target for T-cell-mediated
immunotherapy. Here we have demonstrated for the first time
that b3a2-specific CD4" Th cells hold considerable potential for
use in CML therapy because they can elicit a CTL-mediated
antileukemic immune response, and further that TKIs and IFN-
«a inhibit this antileukemic immune response.

In our analysis performed using a BCR-ABL p210-
transduced THP-1 model, we found that the b3a2 epitope
can be naturally processed from endogenous and exogenous
BCR-ABL p210 and presented to b3a2-specific Th cells
(Figures 1d and e). These findings agree with previous results
showing that b3a2-specific Th cells recognize the BCR—ABL
fusion peptide that is naturally processed and presented by
CML cells or APCs.!!-1?

Previously, a WT1-specific CD4" T-cell clone was reported
to play a crucial role in the expansion of WT1-specific CTLs,*?
but the precise mechanisms through which the CD4" T-cell
clone produced additive effects on CTL priming were not
identified. Our results here have demonstrated that the priming
of antigen-specific CTLs was facilitated by the interaction of
b3a2-specific CD4" T cells with DCs. The costimulatory signals
that licensed DCs provided are crucial for effectively stimulat-
ing and increasing the survival of antigen-specific CD8"
T cells.® By contrast, cross-presentation by ‘unlicensed’ or
immature DCs triggers a CD8" T-cell response that is abortive
and results in deletion or anergy and not in effector—CTL
induction.** Our results indicate that CD4" T lymphocytes
specific for leukemia antigens can harness DC licensing and
lead to a subsequent antileukemic CTL response (Figure 3).
In the leukemia environment in vivo, b3a2-specific Th cells are
considered to condition the DCs that uptake leukemia cells and
cross-present diverse leukemia-derived antigens, which results
in the activation of diverse CTLs that are specific for distinct
leukemia antigens. As compared with the adoptive transfer of
single antigen-specific CTLs, this strategy might lower the risk
of tumor evasion through immunoediting.’

We successfully primed CTLs specific for a mutant WT1
epitope that was used as a model (Figure 3g). By contrast, we
failed to prime CTLs specific for the wild-type WT1 epitope
(data not shown), which could be because of the comparatively
lower frequencies in peripheral blood of CD8% T cells expres-
sing high-affinity TCR. A previous study provided evidence
suggesting that immunogenic CTL epitopes can be generated
from diverse mutations in the kinase domain of BCR—-ABL that
arise owing resistance to TKIs during CML treatment.>® The
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antigenicity of these mutation-derived CML neoantigens might
be comparable to that of the mutant WT1 epitope used in this
study, and these neoantigens might function as potent epitopes
and induce multiple high-avidity CTLs.

Previously, b3a2-specific Th cells were demonstrated to
promote CML colony growth.!! Moreover, in a murine CML
model, IFN-y secreted from leukemia-specific CD8" CTLs was
shown to induce CML stem cell proliferation.’” These reports
suggest the possible exacerbation of CML by b3a2-specific
Th cells. By contrast, we have demonstrated that b3a2-specific
Th cells produce a beneficial effect in terms of the anti-CML
immune response (Figure 3). However, we used an in vitro CTL
priming model here to demonstrate the antileukemic effect, and
thus additional studies are required to ascertain whether these
antileukemic effects of b3a2-specific Th cells are reproduced
in vivo.

In b3a2-specific Th cells, PD-1 was highly expressed following
TCR stimulation, presumably owing to the ex vivo expansion
process required for establishing antigen-specific T-cell clones
(Figure 2e). In CML patients, the PD-1/PD-L1 interaction is
involved in CTL activity inhibition and disease progression.*®
Thus, concomitant checkpoint blockade could potentially
enhance the antileukemic efficacy of b3a2-specific Th cells.

TKIs inhibit not only ABL but also numerous other kinases,
some of which are recognized to be critical for immune system
functions.*® Although TKIs are reported to inhibit various
T-cell immune responses, the effect of TKIs on DC function
remains poorly understood.> Intriguingly, our results showed
that dasatinib strongly suppressed the function of both CTLs
and DCs; dasatinib treatment almost completely inhibited the
expansion of antigen-specific CTLs (Figure 4h) and, notably,
eliminated dendrite formation in mature DCs (Figure 4j). This
agrees with a previous report showing that dasatinib-dependent
inhibition of the phosphorylation of cytoskeletal proteins
induced marked changes in carcinoma cell morphology
(the cells shrank and contracted, and became less stretched).0
The impaired cytoskeletal rearrangements of mature DCs might
hamper the establishment of efficient DC-T-cell interaction and
the proliferation of antigen-specific CTLs.*! Thus, at least
in vitro, TKIs, particularly dasatinib, counteract the antileukemic
CTL responses induced through DC maturation. Conversely,
dasatinib might be useful for controlling DC-mediated adverse
responses such as acute GVHD.

Recently, IFN-a maintenance therapy was reported to
increase the rate of TKI discontinuation in CML patients.?
IFN-a treatment has been shown to be associated with the
emergence of proteinase-1-specific CTLs.*! However, we
unexpectedly found that IFN-a attenuated the leukemia
antigen-specific CTL responses elicited by b3a2-specific CD4"
T cells (Figures 5g and h). Type I IFN was reported to inhibit
the production of proinflammatory cytokines, including
IL-12p70, from Mycobacterium tuberculosis-infected macro-
phages in an IL-10-mediated manner.*? In this study, IFN-a
markedly reduced IL-12p70 production from DCs, which,
coupled with the inhibition of T-cell proliferation, explains
the compromised antigen-specific CTL response following



IFN-a treatment (Figures 5d and i). Although these findings
are based on in vitro data, the inhibitory effect of IFN-a must
be taken into account when considering therapeutic use of
b3a2-specific Th cells.

For refractory CML, a promising treatment is adoptive T-cell
therapy performed using a large amount of ex vivo-expanded
b3a2-specific Th cells. Here b3a2 peptide stimulation led to
20-50-fold expansion of b3a2-specific Th cells relative to the
initial cell number (data not shown). However, repeated
stimulation resulted in exhaustion and an anergy state of the
T-cell clone (Figure 2e). Together with the complex procedures
required to isolate CD4" T cells specific for relevant antigens,
these technological issues hamper the general application of
b3a2-specific Th cells in adoptive T-cell therapy.

One helpful strategy here could be to use induced pluripo-
tent stem cells (iPSCs) derived from T cells. In our recent
study, iPSCs were established from mature antigen-specific
T cells and then redifferentiated into T cells that exhibited
identical antigen specificity as the original T cells.*> Passage
through pluripotency might provide an unlimited source of
antigen-specific CD4" T cells. As an alternative strategy, T cells
could be genetically engineered to express tumor antigen-
specific TCR.** These approaches should yield large amounts of
leukemia antigen-specific CD4* T cells from a single elite CD4*
T-cell clone possessing antileukemic potential.

In conclusion, we have demonstrated that b3a2-specific Th
cells exhibit effective antileukemic properties by inducing DC
maturation and downstream activation of leukemia antigen-
specific CTLs. Thus, these Th cells can be used to establish
novel immunotherapies for refractory CML. Moreover, we
found that TKIs and IFN-a inhibit the CTL responses, and
thus we suggest that b3a2-specific Th cells should be used after
reducing the leukemia burden using these anti-CML agents and
then terminating their use. Last, the use of our CD4% T-cell
clone in combination with other recently developed technol-
ogies might represent a promising approach for establishing
effective immunotherapies for refractory CML in the future.
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