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deposition on CMC-544-treated cells also supports this advan-
tage. Although, in this assay, some cases did not show an
increase of compliment deposition, their viable cell counts had
already decreased to 87-71% after the first 30 min of CDC
assay. The cells that trapped more compliment deposition and
were susceptible to CDC might have been damaged in the early
phase of CDC assay. In this study, we could not show the
combination efficacy of rituximab and CMC-544 on ADCC as
CMC-544 might be quickly internalized after binding to CD22.

We showed here the rationale for the advantage of combined
use of CMC-544 and rituximab in BCM. CMC-544 preserved the
level of CD20 and decreased the level of CD55, both of which
are closely related to resistance to rituximab.®® Sequential
combination of these agents, that is, CMC-544 followed by
rituximab, may be a relevant way forward. Such combination
approaches may enable more promising therapeutic approaches
for the treatment of BCM especially in relapse or refractory to
conventional treatments with rituximab.
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Abstract Immunological phenotyping of acute leukemia
have provided enormous and important information for the
classification and lineage determination of leukemia. Forty-
nine patients with CD7" CD56™ acute myeloid leukemia
(AML) were analyzed. There were 17 patients of MO,
which corresponded to myeloid/NK cell precursor acute
leukemia, and 32 patients of AML. other than MO (9 each
for M1 and M2, one for M3, 3 for M4, 4 for M5 and 6 for
M7). Age distribution was similar between these two
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groups, but CD7* CD56" MO showed significant male
predominance than CD7* CD56% M1-M7 (M:F = 15:2
vs. 15:17, P = 0.006). The disease localization and the
hematological manifestations were different, showing
fewer white blood cell counts and circulating leukemic
blasts, less anemia, less thrombocytopenia and more fre-
quent extramedullary involvement in MO group. The
prognosis was poor in both groups, and there was no sta-
tistical difference. These findings suggest that extramed-
ullary involvement of myeloid/NK cell precursor acute
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leukemia is not directly derived from the presence of CD7
and CDS56 antigens on leukemic cells. The poor prognosis
of CD7* CDS6™ M1-M7 suggests that this phenotype may
act as a prognostic factor for AML, but this should be
confirmed in further studies.

Keywords Acute myeloid leukemia -
Immunophenotyping - CD7 - CD56

1 Introduction

Acute myeloid leukemia (AML) comprises a heteroge-
neous group of diseases that differ in their etiology, path-
ogenesis, and prognosis. It was first classified by its
morphology and cytochemical reactions in the French—
American—British (FAB) classification [i] and the World
Health Organization (WHO) classification [2]. In the past
two decades, the immunological classification of AML has
developed on the basis of progress on the use of mono-
clonal antibodies and flow-cytometric analyses [3-5].
Several phenotypic markers have been demonstrated to
have clinical significance other than for diagnosis including
detection of minimal residual disease [6, 7] and prognos-
tication [8-10].

We previously identified an immunophenotypically
novel- AML with the CD7t CD56" myeloid antigen™®
phenotype and termed it “myeloid/natural killer (NK) cell
precursor acute leukemia” [11]. Myeloid/NK cell precursor
acute leukemia presents a similar phenotype to its normal
counterpart (precursor NK cells with myeloid antigens)
[12-4], but shows distinct clinicopathologic features [} 1,
15, 16). Tumor cells of myeloid/NK cell precursor acute
leukemia show immature blastic morphology and are
positive for myeloid antigens, but are negative for the
cytochemical myeloperoxidase (MPO) reaction, suggesting
that this leukemia falls within the category of AML MO
according to the FAB classification. However, apart from
its CD7" CD56% phenotype, its clinical presentation is
quite different from those of other MO leukemias [16].
Patients with myeloid/NK cell precursor acute leukemia
frequently exhibit extramedullary involvement and lym-
phadenopathy with or without a mediastinal mass.
Although they are responsive to AML-type chemotherapy,
the prognosis is extremely poor, even for younger patients
[t1, 16]. In this context, it is necessary to understand
whether the CD7% CD56" phenotype is responsible for
these particular characteristics of myeloid/NK cell pre-
cursor acute leukemia. To clarify this issue, we collected
data from patients with CD7" CD56" AML other than MO
(M1-MT7), and compared their clinical characteristics with
those of patients with myeloid/NK cell precursor acute
leukemia [16].

_@_ Springer

2 Patients and methods
2.1 Patients

A total of 32 patients with CD7* CD56" AML other than
MO (M1-M7) were identified in the collaborating institutes
of the Japan Adult Leukemia Study Group and the Japan
Clinical Oncology Study Group. Data were collected with a
survey form in participating institutions separately from
prospective studies. The diagnosis of AML was based on
the FAB and WHO classification [}, 17, 18]. Cases with
extramedullary leukemia were included in this study, even
though less than 20% of their bone marrow cells were
leukemic [16]. The patients’ records and clinical data were
reviewed retrospectively. As for chemotherapeutic regi-
mens, those containing high dose cytosine arabinoside
(Ara-C) or those involving Ara-C for at least five consec-
utive days accompanied by anthracyclines for at least
3 days were categorized as AML-type chemotherapy. The
clinical characteristics of patients with CD7* CD56" AML
(M1-M7) were compared with those of patents with mye-
loid/NK cell precursor acute leukemia (CD7* CD56" AML
MO) as previously described [15]. This study was approved
by the Ethical Committee as a part of retrospective survey
for NK cell-related tumors (approval #625-3).

2.2 Immunophenotyping

Flow-cytometric analyses were performed as previously
described [11]. The reactivity for the following markers
was analyzed: CD1, CD2, CD3, CD4, CD5, CD7, CD8,
CD10, CD11b, CD13, CD14, CD1S, CD16, CD19, CD20,
CD25, CD33, CD34, CD38, CD4l, CD56, CD57, CD71,
CD117, CD122, HLA-DR, T cell receptor (TCR) o8, TCR
9, IgA, IgG, 1gM, IgD, kappa, lambda, cytoplasmic CD3
(cyCD3), cyCD22, cyCD33, cylgM, cyMPO, and terminal
deoxynucleotidyl transferase (TdT). Cytoplasmic antigens
and TdT were analyzed as previously described with fix-
ation in 50% ethanol with 1% paraformaldehyde. Leuke-
mic cells were judged as positive for each antigen when
more than 20% of the gated cell reacted with the antibody.

2.3 Cytogenetic analysis
Leukemic cells were cultured, and the chromosomes were
banded. Cytogenetic abnormalities were determined
according to the International System for Human Cytoge-
netic Nomenclature [19].

2.4 Statistical analysis

The x* test and Fisher's exact test were used to examine
relationships between two factors, and the Mann—Whitney

—149—



Characteristics of CD7*" CDS6% AML

U test was used to compare graded factors. Survival curves
were estimated with the Kaplan-Meier method and com-
pared by means of the log-rank test. Data were analyzed
with STATA version 9 (College Station, TX) and Fisher
(Nakayama-Shoten, Tokyo, Japan) statistical software.

3 Results
3.1 Patient characteristics
A total of 49 AML patients with the CD7* CD56% pheno-

type were identified in the collaborating institutes. Of these,
17 MO patients had previously been reported as having

myeloid/NK cell precursor acute leukemia. The clinical
features of the 32 patients with CD7* CD56" AML (M1-
M?7) are listed in Table 1. The CD7* CD56™ phenotype was
recognized in all FAB subtypes except M6. Notably, 6
patients were found with AML M7. No recurrent structural
abnormalities were identified by chromosome examinations.
One patient showed t(15;17), but none presented with
t(8;21), inv(16), or 1123 translocations. Trisomy 4 was
found in 3 patients. Total or partial deletions in chromosome
7 were seen in 4 patients. A comparison of the patients’
characteristics with those of patients suffering from CD7%
CD56" MO is shown in Table 2. The median age of the
patients was 49 years, and their age distribution was not
statistically different from that of the CD7* CD56% AML

Table 1 Patient characteristics of the CD7™ CDS56% AML (M1-M7) group

No. Age Sex FAB WBC Blast (%) RBC Plt BM blast (%) MPO (%) Exwa-medulla LN  Others
t 21 M Ml 91,100 86.0 298 58 855 99.9 N -
2 21 M Ml 17,000 970 250 62 89.2 99.9 N -
3 36 M Ml 39,200 775 480 210 916 3.0 N -
4 45 F Ml 43,800 98.0 278 0.6 835 90.0 N -
N 47 M Ml 4,600 560 325 0.8  Drytap 99.9 N —
6 50 M Ml 35,800 820 454 39 892 5.0 Y +
7 53 F Ml 149,300 940 377 28 850 90.0 N -
8 54 M M1l 203,600 93.0 240 35 86.6 28.0 N -
9 70 M Mi 3,000 0 369 238 4.0 11.0° Y + Spieen
10 26 F M2 2,800 0 348 130 04 95.0* Y + Tonsil
i1 29 F M2 31,400 754 439 20 619 99.2 N -
12 32 F M2 1,700 0 309 237 557 61.5 N -
13 49 F M2 10,100  13.0 369 1.6 53.6 50.0 N -
14 63 F M2 3,600 540 367 39 488 100.0 N -
5 63 M M2 13,200 935 359 1.7 879 90.0 Y +
16 70 M M2 22,200 900 170 0.6 49.0 98.0 Y - Skin
17 74 F M2 3,600 540 203 2.1 852 96.0 N -
18 7% F M2 1,800 13.0 109 22 432 41.0 Y - Spleen
197 37 F M3 4,300 90.0 213 04 500 80.0 N -
20 34 F M4 3,000 140 104 1.7 876 99.0 - N -
21 59 M M4 55,290 390 246 57 614 81.5 Y - Skin
22 86 F M4 211,900  60.0 264 42  79.0 80.0 N -
23 21 F MSa 269,700 96.0 248 5.7 988 90.0 Y + Gingiva
24 23 F MSa 540,000 980 210 44  99.0 10.0 Y e Meningeal
25 53 M MSa 13,320 79.0 376 70 89.0 80.0 N —
26 17 M MSb 3,900 200 409 188 835 0 N -
27 31 M M7 600 20.0 344 222  83.0 0 N -
28 42 M M7 2,100 240 239 116 815 18.0 N -
29 48 F M7 17,000 92.0 215 378 705 20 N -
30 68 F M7 2,800 69.0 350 26 540 10.0 N -
31 70 M M7 2,600 L5 229 9.9 200 0 N -
32 74 F M7 3,600 320 400 6.0 324 0 N -
* Examined at the time of recurrence/progression
@ Springer
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Table 2 Comparison of CD7*

CD7* CD56%

., : CD7* CD5s6* P value
g}f:f:ctegx; fgvtl‘g“‘fersus AML MI-M7 (1 =32)  AML MO (» = 17)
M1-MT7) Age (years), median (range) 49 (17-86) 46 (15-81) 0.32
Sex (male/female) 15/17 1572 0.002
Peripheral blood count
WBC (/ul), median (range) 11,650 (600-540,000) 4,500 (1000-51,000) 0.04
PB blast (%), median (range) 64.5 (0-98.0) 5.0 (0-95.0) 0.0006
Hb (g/dl), median (range) 9.7 (4.1-14.2) 13.1 (5.5-17.0) 0.004
PLT (x10*ul), median (range) 4.3 (0.4-37.8) 12.8 (3.9-38.5) 0.002
Sites of involvement
Bone marrow
Median blast (%) 81.5% 80.0% 0.59
No marrow involvement 2 5 0.04
Extramedullary 9 (28%) 14 (82%) 0.0004
Lymph node 5 12 0.0002
Mediastinum 1 4 0.04
Liver and/or spleen 2 2 0.43
Skin 2 1 0.73
WBC white blood cell, PB Others 3 3 0.34

peripheral blood, PLT platelets

MO patients. There was almost an equal sex distribution for
CD7t CD56% M1-M7 (male:female = 15:17), and the
male:female ratio was significantly different from that of
CD7% CD56* MO (P = 0.006). The peripheral blood cell
count at diagnosis showed a significantly higher white blood
cell count (P = 0.04) and higher leukemic cell percentage
(P = 0.0006) inthe CD7* CD56* M1-M7 patients than in
the CD7" CD56" MO patients. In addition, the red blood cell
and platelet counts for the former were significantly lower
than those for the latter (Table 2). Overall, the CD7+ CD56"
MI1-MT7 patients showed many peripheral blood count
abnormalities, which is comparable to standard AML.

Two CD7* CD56* M1-M7 patients did not show bone
marrow (BM) involvement at the initial diagnosis, but the
other cases showed a high percentage of BM leukemic
cells. However, both of the 2 cases without BM involve-
ment at the initial presentation progressed predominantly in
the BM with manifestations of acute leukemia. Extra-
medullary involvement was recognized in 9 patients of the
CD7* CD56" M1-M7 group (28%), which was signifi-
cantly lower than the number in the CD7" CD56% MO
group (P =0.0004). Although lymph node involvement
was the most common manifestation of the extramedullary
diseases of the CD7+ CDS6* M1-M7 group, the absolute
incidence was significantly lower than that in the CD7%
CD56% MO group (P = 0.0002), as was the incidence of
mediastinal involvement (P = 0.04).

In summary, no clinical manifestations of “myeloid/NK
cell precursor acute leukemia” were recognized in the
CD7" CD56" M1-M7 group.

@ Springer.

3.2 Immunophenotyping

The immunophenotypic characteristics of the patients are
summarized in Table 1. By definition, all patients were
positive for both CD7 and CD56 antigens. Most of the
cases were positive for CD13, CD33, CD34, CD117, and
HLA-DR, while all were negative for lymphoid-specific
markers including CD16 and CD57. CD41 was expressed
in all 6 cases of megakaryoblastic leukemia (AML MT7).
Several lymphoid markers that are known to be also
expressed in AML, such as CD2, CD4, CDS, CD10, and
TdT were expressed in some of the patients. The incidence
was higher in the M1 and M7 cases.

3.3 Therapeutic response and prognosis

In the CD7* CD56" AML M1-M7 group, 20 of the 29
patients that were initially treated with AML-type che-
motherapy attained complete remission (CR), whereas
none of the two cases treated with CHOP chemotherapy
did (Table 4). Because of the low numbers of patients, the
difference was not statistically significant. Another patient
could not receive any chemotherapy due to their poor
condition. The CR rate was 67% (6 of 9) for M1, 56% (5 of
9) for M2, 100% (1 of 1) for M3, 67% (2 of 3) for M4, 75%
(3 of 4) for M5, and 50% (3 of 6) for M7. Of the 20 patients
who achieved CR, two received allogeneic hematopoietic
stem cell transplantation in first CR, and both are alive
without disease. Eight of the 20 patients experienced dis-
ease recurrence.
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Table 3 Phenotypic

characteristics of CD7* CDS6* 18 ?;”z 9 xzz 9) XB: n 1(\34= 3 XS: 4 1(\:1[7: 6 3;:)2132) %
AML patients (M1-M7) :
CDI1 0/3 0/2 ND 0/2 0/1 0/3 0/12 0
D2 0/8 0/9 /1 0/3 0/3 1/6 2/30 7
CD3 0/9 /8 0/1 0/3 0/4 0/6 0/31 0
CD4 0/9 0/s o1 0/3 0/3 2/6 2/27 7
CDS 2/9 0/7 0/t 0/3 0/4 176 3/30 10
CD7 9/9 9/9 1/1 3/3 4/4 6/6 32/32 100
CD8 0/9 /5 0/1 0/3 0/3 o5 0/26 0
CD10 2/9 0/8 i1 0/3 0/4 1/6 4/31 13
CDl11b 17 0/2 171 172 12 4/4 8/18 44
CD13 19 9/9 1/1 2/3 4/4 3/6 26/32 81
CDl4 0/9 0/8 171 173 0/4 1/6 3131 10
CD15 1/5 173 /1 12 R 0/4 4/17 24
CD16 0/1 0/4 ND 0/1 ND 0/5 0/11 0
CD19 0/9 0/9 0/1 0/3 0/4 0/6 0/32 0
CD20 0/9 0/9 0/1 0/3 0/4 -0/6 0/32 0
CD25 0/6 072 0/1 072 0/3 0/4 0/18 0
CD33 8/9 9/9 11 3/3 4/4 6/6 31/32 97
CD34 9/9 I i 2/3 4/4 4/6 27/30 90
CD41 077 0/4 0/1 0/3 0/2 6/6 o/17 35
CD56 9/9 9/9 /1 3/3 4/4 6/6 32/32 100
CD57 0/3 0/2 ND ND ND 0/3 0/8 0
CD117 2/2 11 ND ND 1/1 ' 12 5/6 83
HLA-DR 779 8/8 1/1 2/3 4/4 4/6 26/31 84
TdT 173 ND ND ND ND 0/2 1/5 20
MD not determined
Table 4 Therapy and response involvement, which is a typical manifestation of myeloid/
CD7* Chse* CD7* CDs6+ NK cell. precursor acute leukemia, th doias. have a Poor
AML (M1-MT) AML MO prognosis. The reason for the peculiar clinical manifes-
tation of myeloid/NK cell precursor acute leukemia
CR rate remains unclear, but our current results suggest that it is
AML chemotherapy 20129 (68%) 19 (18%) not caused by the expression of two key molecules, CD7
NHL chemotherapy 0/22 (0%) 0/5 (0%) and CDS6.
P value 0.12 0.02

CR complete remission, AML acute myeloid leukemia, NHL non-
Hodgkin’s lymphoma

* Both patients presented with extramedullary myeloid leukemia

The overall survival (OS) and disease-free survival (DFS)
curves are shown in Fig. 1a. The prognosis of the CD7*
CD56% M1-M7 patients was also poor, and no statistical
difference was found from that of the CD7* CD56* MO
(myeloid/NK cell precursor acute leukemia) group.

4 Discussion

In this study, we demonstrated that CD7* CD56% AML

M1-M7 does not show extramedullary leukemic

The low incidence of extramedullary involvement in our
CD7% CD56" AML MI1-M7 cases is consistent with the
findings of previous large-scale studies that investigated
CD56 expression in AML [20, 21]. We could not identify
any specific features for the CD7* CD56" AML M1-M7
group except for a preference for FAB M7 (6 of 32 cases).
The association of CD56 expression and megakaryoblastic
leukemia has been documented in a study with a small
number of the cases [22], but was not examined in a recent,
larger study [23]. Although several similarities exist
between AML MO and M7, such as male predominance,
negativity for the cytochemical MPO reaction, myeloid
antigen expression, and poor prognosis [23], other clinical
characteristics were different between the AML MO and
M7 CD7* CD56" phenotypes. This is particularly impor-
tant for the correct diagnosis of myeloid/NK cell precursor
acute leukemia. In the CD7* CD56% MI-M7 group, we
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Fig. 1 Overall survival (a) and disease-free survival (b) curves of
CD7% CD56" AML patients. Thick lines indicate survival curves of
CD7*+ CD56% MO and broken lines indicate those of CD7* CD56*
AML M1-M7. No statistical differences were found between the two
groups

identified one case with AML M3. This case showed the
t(15;17) karyotype and responded to therapy with all-trans
retinoic acid, indicating that the patient did not have
myeloid/NK cell acute leukemia [24, 25] but typical M3.

The reason for the difference in extramedullary
involvement between myeloid/NK cell precursor acute
leukemia and CD7' CD56" AML MI1-M7 remains
unclear. Because CD56 was expressed in every case by
definition, the extramedullary tumorigenesis does not
directly derive from the hemophilic adhesion by CDS56.
Other adhesion molecules or chemokine/chemokine
receptor might be responsible for this difference, which
needs further investigations. Another hypothesis is that
differentiation status of these leukemias is different. Since
the origin of myeloid/NK cell precursor acute leukemia
has been speculated as myeloid antigen-positive T/NK
bi-potential progenitor {12, 13], the leukemic cell may
retain affinity to lymph node or mediastinum.
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The, appropriate therapeutic approach for CD7* CD56*
M1-M7 patients remains unknown. Expression of CD56
has been documented in various types of AML [20, 21],
including specific subtypes, i.e., AML M2 with t(8;21)
[26], AML M3 [27-25]. It is currently accepted as a marker
of poor prognosis in AML [30-32]. Furthermore, the
prognosis for NK cell malignancies, which are generally
positive for CD56, is mostly poor [3%-15], as is that for
anaplastic large cell lymphoma [36], but not for those of
peripheral T cell lymphoma, unspecified [37] or diffuse
large B cell lymphoma. In this context, CD56 does not
seem to cause the poor prognosis, but is rather a surrogate
marker of poor prognosis. Hematopoietic stem cell trans-
plantation, which was performed in several of our cases, is
a treatment option [38], but this approach needs to be
examined further in prospective studies. New agents such
as CD56 monoclonal antibody conjugated with toxin or
radio isotope are also good candidates [39, 4C].

In summary, we found that CD7+ CDS6" M1-M7 shows
a low incidence of extramedullary involvement, which is
different from CD7* CD56" MO or myeloid/NK cell pre-
cursor acute leukemia, but it still has a poor prognosis.
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Abstract

Objective: We investigated the mechanism responsible for imatinib (IM) resistance in Philadelphia chromo-
some-positive acute lymphoblastic leukemia (Ph* ALL) celt lines. Methods: We established cell lines from
a patient with Ph*™ ALL at the time of first diagnosis and relapsed phase and designated as NPhA1 and
NPhA2, respectively. We also derived IM-resistant cells, NPhA2/STIR, -from NPhA2 under gradually
increasing IM concentrations. Results: NPhA1 was sensitive to IM (ICso 0.05 um) and NPhA2 showed mild
IM resistance (ICso 0.3 um). NPhA2/STIR could be maintained in the presence of 10 um IM. Phosphoryla-
tion of MEK and ERK was slightly elevated in NPhA2 and significantly elevated in NPhA2/STIR compared
to NPhA1 cells. After treatment with IM, phosphorylation of MEK and ERK was not suppressed but rather
increased in NPhA2 and NPhA2/STIR. Active RAS was also increased markedly in NPhA2/STIR after IM
treatment. The expression of BCL-2 was increased in NPhA2 compared to NPhA1, but no further increase
in NPhA2/STIR. Proliferation of NPhA2/STIR was significantly inhibited by a combination of MEK inhibitor
and IM. Analysis of tyrosine phosphorylation status with a protein tyrosine kinase array showed increased
phosphorylation of EphB4 in NPhA2/STIR after IM treatment. Although transcription of EphB4 was sup-
pressed in NPhAT and NPhA2 after IM treatment, it was not suppressed and its ligand, ephrinB2, was
increased in NPhA2/STIR. Suppression of EphB4 transcripts by introducing short hairpin RNA into
NPhA2/STIR partially restored their sensitivity to IM. Conclusions: These results suggest a new mecha-
nism of IM resistance mediated by the activation of RAS/MAPK pathway and EphB4. 4
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The treatment of BCR-ABL-positive leukemia changed
dramatically after the development of imatinib (IM). It
has become a first-line agent in chronic phase chronic mye-
logenous leukemia (CML), and the 5-yr survival rate has
improved greatly, together with a decrease in the rate of
transformation to blastic crisis (1, 2). Acute lymphoblastic
leukemia with Philadelphia chromosome (Ph* ALL) also

© 2009 John Wiley & Sons A/S

arises from BCR-ABL positive progenitors, and use of IM
in combination with conventional chemotherapy helps in
extending the survival time (3). However, the effect of IM
as a single agent for Ph* ALL is limited, and therefore
relapse and resistance are continuing problems (4, 5).

Most prevalent mechanisms of IM resistance are point
mutations in the kinase domain of ABL that preclude
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the binding of-IM (6, 7) and kinase inhibitors that over-
come the effects of ABL kinase domain mutations have
been developed (8). Many other mechanisms have also
been reported to contribute to IM resistance; these
include BCR-ABL gene amplification, BCR-ABL protein
overexpression (9, 10), decreased intracellular IM con-
centration (11, 12), activation of other protein tyrosine
kinases (PTKs) (13), and overexpression of BCL-2 (14).
It has been reported that malignant hematopoietic pro-
genitor cells from patients with CML are insensitive to
IM and that CML stem cells remain in CD34 " CD38~
fractions in bone marrow (BM) even after successful IM
therapy (15, 16). Therefore, a strategy for overcoming
BCR-ABL-independent- IM resistance is an important
requirement.

Although the mechanism of IM resistance in CML has
been intensively investigated, fewer studies have exam-
ined IM resistance in Ph™ ALL (17). Here, we investi-
gated the mechanism of non-specifically induced mild
resistance and IM-induced strong resistance in Ph™ ALL
cell lines.

Materials and methods

Patient and cell culture

The patient was a 64-yr-old woman who was diagnosed
with Ph* ALL in 2002. She received chemotherapy and
achieved remission, but relapsed 2 yr later. The karyotype
was 46,XX,1(9;22)(q34;q11) at first diagnosis and relapsed
phase. She had never been treated with IM. Heparinized
BM samples were obtained with informed consent at ini-
tial diagnosis and during the relapse phase. Mononuclear
cells were separated by Ficoll-Conray gradient centrifu-
gation. The cells were cultivated in RPMI 1640 medium
(Sigma, St. Louis, MO, USA) containing 20% fetal
bovine serum (FBS) (Gibco-BRL, Grand Island, NY,
USA), 100 IU/mL penicillin G (Meiji Seika, Tokyo,
Japan), and 100 pug/mL streptomycin (Meiji Seika) and
maintained in RPMI 1640 with 10% FBS. Cultures were
performed at 37°C in a 5% CO,-humidified atmosphere
in an incubator. K562 cells were maintained in RPMI
1640 with 10% FBS.

Cell proliferation assay and reagents

To investigate the effect of kinase inhibitors on NPhAI,
NPhA2, and NPhA2/STIR cells (2 x 10* per well) were
added to 96-well plates in 100 uL. RPMI containing 10%
FBS with varying concentrations of IM, PI3-K inhibitor
LY294002 (Promega, Madison, WI, USA), MEK inhibi-
tor U0126 (Promega), SRC kinase inhibitor PP2 (Calbio-
chem, San Diego, CA, USA), or JAK2 inhibitor AG490
(Calbiochem). IM (Gleevec, STI-571) was provided by
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Novartis Pharmaceuticals (Basel, Switzerland). Tetra-
Color One cell proliferation assay (Seikagaku Co.,
Tokyo, Japan) was performed as described previously
(18). Briefly, the plates were incubated at 37°C for
72-96 h before the addition of a mixture of tetrazolium
[2-(2-methoxy-4-nitrophenyl)- 3-(4-nitrophenyl)-5-(2,4-di-
sulfophenyl)-2H-tetrazolium, monosodium salt] and an
electron carrier (1-methoxy-5-methylphenazium methyl-
sulfate) (final volume 110 uL. per well). The cells were
incubated for an additional hour at 37°C, and absorption
at 450 nm was measured using an ELISA plate reader.

Antibodies

The antibodies used were as follows: anti-phospho-AKT
antiserum (Cell Signaling Technology, Beverly, MA,
USA), rabbit anti-AKT antiserum (Cell Signaling Tech-
nology), rabbit anti-phospho-p44/42 MAPK antiserum
(Cell Signaling Technology), rabbit anti-p44/42 MAPK
antiserum (Cell Signaling Technology), rabbit anti-phos-
pho-MEK 1/2 antiserum (Cell Signaling Technology),
rabbit anti-MEK 1/2 antiserum (Cell Signaling Technol-
ogy), rabbit anti-STAT3 antiserum (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), rabbit anti-phospho-
STATS5 antiserum (Cell Signaling Technology), rabbit
anti-STATS5A antiserum (R&D Systems, Minneapolis,
MN, USA), rabbit anti-phospho-JAK2 antiserum
(Upstate Biotechnology, Temecula, CA, USA), rabbit
anti-JAK2 -antiserum (Upstate Biotechnology), anti-
phosphotyrosine mAb 4G10 (Millipore, Billerica, MA,
USA), anti-EphB4 antiserum (R&D Systems), BCL2
(Cell Signaling Technology), BCL-Xp (Cell Signaling
Technology), HRP-linked whole anti-mouse IgG anti-
body (GE Healthcare Bio-Sciences, Tokyo, Japan), and
HRP-linked whole anti-mouse and anti-rabbit IgG anti-
body (GE Healthcare Bio-Sciences).

Flow cytometry

Cell surface antigens were determined by staining with a
combination of phycoerythrin (PE)-conjugated antibodies
and FITC-conjugated antibody, and analyzed by FAC-
SCalibur (Becton Dickinson, Franklin Lakes, NJ, USA)
according to the manufacturer’s instructions. Samples
were mixed and incubated with an appropriate volume of
antibodies for 30 min on ice. The PE-conjugated antibod-
ies used were anti-human CD13, CD33, CDS56 antibodies
(BD Biosciences, San Jose, CA, USA); anti-human CD2,
CDS5, CD7, and CD8 antibodies (Beckman Coulter, San
Jose, CA, USA); and anti-CDI10 antibody (Dako Cyto-
mation, Fort Collins, CO, USA). The FITC-conjugated

“antibodies used were anti-human HLA-DR antibody

(BD Biosciences), and anti-CD3, CD4, CD19, CD34,
and CD41 antibodies (Beckman Coulter). An additional

© 2009 John Wiley & Sons A/S
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reaction with FITC and PE-labeled isotype control anti-
bodies (BD Biosciences) was performed as a negative con-
trol. A PE-conjugated monoclonal antibody of a murine

anti-human Pgp (BD Biosciences) was used to determine’

the expression of the MDRI gene product. Analyses were
performed using CELLQUEST software (BD). For DNA
histograms, cells were washed with phosphate-buffered
saline (PBS) and re-suspended in PBS containing 0.2%
Triton X-100 and 50 g/mL propidium iodide (Sigma).
Then, the DNA histograms were quantified by flow
cytometry as described previously (19).

Western blotting

Cells were washed in PBS at 4°C and solubilized in a
lysis buffer: 10 mM Tris—HCI (pH 7.8), 150 mm NaCl,
1% NP-40, 1 mM EDTA, CompleteMini™ protease
inhibitor cocktail (Roche, Mannheim, Germany); and
phosphatase inhibitor cocktail 1 and 2 (Sigma). The cell
lysates were centrifuged, and the supernatants were cor-
rected. For immunoblotting, cell lysates were boiled
with electrophoresis SDS sample buffer for 3 min, sepa-
rated by SDS/PAGE, and transferred onto polyvinyli-
dine difluoride (PVDF) membranes (Bio-Rad, Hercules,
CA, USA). The membrane blots were blocked with 5%
skim milk in Tris-buffered saline (TBS) containing
0.1% Tween 20 (TBS-T) or with blocking buffer
(15 mmol/L NaCl; 10 mmol/M malic acid; and 1%
blocking reagent, pH 7.5, for the detection of 4G10)
for 1 h at 37°C followed by incubation with primary
antibodies in TBS-T for 2 h at room temperature. Fol-
lowing washing, the membranes were incubated with
HRP-linked whole anti-mouse IgG antibody (GE
Healthcare Bio-Sciences) in TBS-T for 2h at room
temperature. After washing, an enhanced chemilumines-
cence assay was performed and positive bands were
detected on X-ray films.

RAS activation assay

pGEX-Raf-Ras binding domain (RBD) was a generous
gift from Drs. Michinari Hamaguchi and Takashi Senga,
Nagoya University. GST-Raf-RBD was purified and
RAS activation was measured as described previously
(20). In brief, the cells were treated with or without
10 uM IM for 4 h and then lysed with lysis buffer con-
taining 25 mm Tris—HCl (pH 7.2), 150 mMm NaCl, 1%
NP-40, 1 mM dithiothreitol, 5 mMm MgCl,, 5% glycerol,
1 mm phenylmethylsulfonyl fluoride, and 10 ug/mL of
aprotinin and 10 pug/mL of leupeptin at 4°C. The cell
lysates were then centrifuged and supernatants were
transferred to chilled Eppendorf tubes containing 20 ug
of GST-Raf-RBD immobilized beads, and incubated for
1 h at 4°C. Small amounts (20 pL) of lysates were used as

© 2008 John Wiley & Sons A/S
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the loading control. The samples were washed four times
with 1 mL lysis buffer, and eluted with 2x SDS loading
buffer with 2% 2-mercaptoethanol. The samples were
separated by 13% SDS-PAGE and transferred to PYDF
membrane and then the immunoprecipitates were probed
with anti-RAS antibody (Upstate Biotechnology).

Phosphorylation of tyrosine kinase protein array

Expression of phosphorylated PTKs was detected using
the Phosphorylation Antibody Array kit (RayBiotech,
Norcross, GA, USA). NPhAl, NPhA2, NPhA2/STIR,
and IM-treated cells of these lines were washed and solu-
bilized in cold cell lysis buffer. Samples were centrifuged,
and supernatants were collected. One hundred micro-
grams of each sample was incubated with PTK array
membranes spotted with various anti-PTK antibodies.
Procedures were according to the manufacturer’s proto-
col. Array signals were visualized by chemiluminescence
detection using X-ray film. Densitometric quantifications
of spot intensity were performed using an LAS-4000 mini
image analyzer (Fujifilm, Tokyo, Japan).

Detection of EphB4 and ephrinB2 mRNA by reverse
transcription (RT)-PCR

Total RNA was extracted from each cell line using RNA
STAT-60™ (Tel-Test, Inc. Friendswood, TX, USA).
First-strand ¢cDNA was reverse-transcribed using oli-
go(dT) primers and moloney murine leukemia virus
reverse transcriptase. PCR amplification was performed
with TaKaRa Taq™ (Takara, Otsu, Japan) for 26 or 30
cycles using oligonucleotide primers (95°C for 30 s, 60°C
for 30 s, 72°C for 1| min). The EphB4 primers used were
EphB4-1554F (§-CGGCCAGGAACATCACAGCCA-
GAC-3) and EphB4-1848R (5-CACCTGCACCAATC-
ACCTCTTCAATC-3"). The ephrinB2 primers are
ephrinB2-288F (5-CCCTCTCCTCAACTGTGCCAAA-
CC-3") and ephrinB2-727R (5-CAGCAAGAGGACCA-
CCAGCGTGAT-3). PCR reaction products were
electrophoresed on 1.5% agarose gels and stained with
ethidium bromide. Densitometric quantification of band
intensity was analyzed as described earlier.

Induction of short hairpin {(sh)RNA

Oligonucleotides for shRNA were designed and provided
from iGENE Therapeutics (Tokyo, Japan). The oligonu-
cleotides for EphB4-shl were sense (5-GATCCGGGC-
AAATACGGATAGTATACGTGTGCTGTCCGTATA-
CTGTCCGTGTTTGTCCTTTTTAT-3) and antisense
(5-CGATAAAAAGGACAAACACGGACAGTATA-
CGGACAGCACACGTATACTATCCGTATTTG-
CCCG-3").

231

—157—



Imatinib resistance in Ph-positive acute lymphoblastic leukemia cell line

The oligonucleotides for EphB4-sh2 were sense (5'-G-
ATCCGAGGGGACTTGTTTCGCTAACGTGTGCTG-
TCCGTTAGTGAAACAGGTTCCCTCTTTTTAT-3)
and antisense (5-CGATAAAAAGAGGGAACCTGTT-
TCACTAACGGACAGCACACGTTAGCGAAACAA-
GTCCCCTCG-3).

To construct shRNA-expressing retrovirus vectors, each
set of primers was annealed and inserted between BamHI
and Clal sites of the pSINsi-hU6 retroviral vector (Taka-
ra). Control vector carrying scramble oligonucleotide
(pSINsi-hU6-SO) was purchased from Takara. To
generate pseudotype viruses, we co-transfected 10 pg of
pSINsi-hU6-SO, pSINsi-hU6/EphB4-shl  or pSINsi-
hU6/EphB4-sh2 with 10 ug pCGCGP using calcium
phosphate co-precipitation, as reported previously (21).
Culture medium was replaced with 8 mL fresh medium
8 h after transfection, and pseudotype virus was collected
48 h after transfection. To establish NPhA2/STIR/shl
and NPhA2/STIR/sh2 cells, NPhA2/STIR cells were
infected with 4 mL of each virus supernatant in the
presence of 5 pg/mL protamine. After 48 h, the shRNA-
expressing cells were selected with 1 mg/mL G418 (Sigma)
in RPMI medium, and at 3 wk, the surviving cells were
analyzed. :

Results

Establishment of Ph* ALL cell lines and IM-resistant
cell line

Continuously growing cells were obtained from BM
samples at first diagnosis and in the relapse phase and
were named NPhA1 and NPhA2, respectively; doubling

A
120
100}
g so}
2
8 60}
Q
8 40
g 0T _o-kse2
—8— NPhAT
20 b —m-NPRAZ
—d— NPhAZ/STIR

Imatinib (um)

0 001003 01 03 1 3 10 30

Suzuki et al.

times were 36 and 30 h, respectively, We cultured
NPhA1 and NPhA2 cells with increasing concentrations
of IM to generate IM-resistant sublines. The concentra-
tion of IM was initially 1 nM and increased gradually to
10 um. Highly IM-resistant cells, named NPhA2/STIR
cells, were obtained from NPhA2 after 6 months and
maintained in the presence of 10 yM IM. Under this con-
dition, the doubling time of the NPhA2/STIR line was
about 36 h. IM-resistant cells could not be established
from NPhAl. NPhA1l and NPhA2 were maintained over
1 yr and NPhA2/STIR was maintained over 6 months in
the presence of 10 uM of IM before starting this study.
These cell lines carry minor BCR-ABL and showed
similar surface antigen expression: CD2~, CD3~, CD4",
CD5~, CD8~, CD10*, CDI13"°% CDI19*, CD33,
CD347, CD417, CD56". The karyotypes of NPhAL,
NPhA2 and NPhA2/STIR in the metaphase
cells were 45XX, der(8;12)(q10;q10),1(9;22)(q34;q11)
(6/6), 46,XX,1(9;22)(q34;q11)(18/18), and 46,XX, add(2)
(q33),4(9;22)(q34;q11)(20/20), respectively. NPhA1l with
additional chromosomal abnormality was clonally
selected from the primitive leukemia cells at first diagno-
sis, but NPhA2 has the same abnormality with the primi-
tive leukemia cells at relapse phase. NPhA2/STIR
obtained additional chromosomal abnormality of

"~ add(2)(q33) to NPhA2, which may relate with IM
resistance.

Characterization of IM resistance in NPhA2 and
NPhA2/STIR cells

Tetra Color One cell proliferation assays were performed
on cells exposed to 0.01, 0.03, 0.1, 0.3, 1, 3, or 10 uM IM

Imatinib

B No treatment (5 ym, 36 h)
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Figure 1 Characterization of imatinib (IM) sensitivity of NPhA1, NPhA2, and NPhA2/STIR celis. (A} IM sensitivity of cell lines derived from a
Philadelphia chromosome-positive acute lymphoblastic ieukemia patient. Each cell line was incubated with IM at the indicated concentration for
96 h. The cell proliferation assay was performed in triplicate, and mean absorption values with standard deviations are represented. Three repeat
experiments showed similar results. (B) Cell cycle analysis by propidium iodide staining after treatment with IM. Each cell line was cultured in the
presence or absence of 5 uM IM for 36 h. The cell cycle and cell death were evaluated by FACS analysis.

232

© 2009 John Wiley & Sons A/S

—158—



Suzuki et al.

(Fig. 1A). On day 4, we evaluated the concentration of
IM necessary to induce a 50% decrease in the number
of viable cells as measured by the OD index. The ICs,
was 0.05 um for NPhAIl, 0.3 um for NPhA2, and
30 umv  for NPhA2/STIR. NPhA2 cells acquired
non-specifically induced IM resistance after a series of
conventional chemotherapy without IM. NPhA1 cells
were more sensitive but NPhA2 cells were more
resistant to IM than K562 cells. Moreover, the concen-
tration of IM needed for 50% reduction in the number
of viable cells after 4 d of exposure to IM was about
100 times higher in the resistant NPhA2/STIR
line compared to that in NPhA2 cells. Lines
NPhAl and NPhA2 did not show cell cycle-specific
arrest, but the subGl fraction increased after treatment
with IM (Fig. 1B). IM did not affect the cell cycle
distribution in NPhA2/STIR  cells. Surface
expression of MDRI1 was not detected in NPhA2 and
NPhA2/STIR cells by FACS analysis. No mutation
was detected by direct sequencing with RT-PCR in
kinase domain of the BCR-ABL gene (data not
shown).

NPhA2  NPhA2/STIR
+

Imatinib resistance in Ph-positive acute lymphoblastic leukemia cell line

Phosphorylation of molecules involved in cell
proliferation after IM treatment

We examined the phosphorylation of molecules that are
involved in cell proliferation after IM treatment (Fig. 2A).
Each cell was treated with IM for 6 h, and cell lysates
were subjected to western blot analysis. The phosphoryla-
tion of BCR-ABL was decreased in NPhA2 cells, and
phosphorylation of STATS5 paralleled with that of phos-
pho-BCR-ABL after IM treatment. The phosphorylation
level of MEK, ERK, and STAT3 was higher in NPhA2
compared with NPhA1 cells and was higher in NPhA2/
STIR cells than in NPhA2 and NPhAI cells. In particular,
although phosphorylation of ABL was completely absent
in all cells and phosphorylation of STATS was also
suppressed, phosphorylation of MEK and ERK was
increased in NPhA2, and especially in NPhA2/STIR cells,
when treated with 10 um IM for 6 h. Phosphorylation of
AKT did not show any difference after IM treatment. We
also examined expression of BCL-2 and BCL-X, and
found that BCL-2 was increased but BCL-X; was not
altered in NPhA2 and NPhA2/STIR cells.

K562 NPhA1 NPhAZ  NPhA2/STIR

BCL-2 %
BCL-X_
a-B-actin 3
M4 PBCR-ABUBCR-ABL PMEKMEK PERK/ERK PAKTIAKY PIAKZ/JAK2 pSTATS/STATS PSTATISTATI
NPhA2/STIR  + PRI i) PR
NPhAZ/STIR - g il —— —maa]
NPhAZ + _— r—— ——————)
NPhA2 - (RN i EEnewt—
NPhAL + i d -
NPhAt - e R pR—
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K562 - |y |
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Figure 2 Phosphorylation and expression of molecules involved in cell proliferation and survival after imatinib (IM) treatment. (A) Phosphorylation
.and expression of signal molecules were analyzed by western blotting. Each cell line was treated or not treated with 10 um IM for 6 h. Phosphor-
ylation of ABL, MEK, ERK, AKT, JAK2, STATS, and STAT3 was detected by phosphospecific antibodies. Expression of BCL-2 and BCL-X_ proteins
is also shown. The experiments were repeated three times and showed similar results. {B) For quantification of band intensities, western blots
were scanned with a high-resolution scanner, and the density of bands was quantified using IMaceJ software (NIH, Bethesda, MD, USA). The
data were shown as phosphorylated to total protein ratio that was calculated as relative value to the data of NPhA1 without IM as 1.
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Figure 3 RAS activation assay. Each cell line was treated or not trea-
ted with 10 um imatinib for 4 h and then the RAS assay was per-
formed. Band intensities were determined as described before and
shown as the value of GTP-RAS to total RAS ratio.

MEK/ERK is a downstream signaling protein of the
RAS pathway. Therefore, we next examined RAS activ-
ity after IM treatment. We found that RAS was
activated in NPhA1l, NPhA2, and NPhA2/STIR cells,
and that active RAS was decreased in NPhAI, but sig-
nificantly increased in NPhA2/STIR cells after 4 h of
exposure to 10 um IM, although the basic level of
expression of RAS protein was decreased in NPhA2/
STIR cells (Fig. 3). These results indicate that the

Suzuki et al.

enhanced activation of MEK-MAPK pathway by IM in
NPhA2/STIR cells occurred downstream of RAS
activation.

Sensitivity to kinase inhibitors

We analyzed the sensitivity of NPhA1, NPhA2, and
NPhA2/STIR cells to the kinase inhibitors MEK inhibi-
tor (U0126), PI3K inhibitor (LY249002), SRC family
kinase inhibitor (PP2), and JAK2 inhibitor (AG490). As
shown in Fig. 4A, U0126 partially inhibited cell prolifer-
ation, especially in NPhA2/STIR cells. LY249002 and
AGA490 partially inhibited proliferation, but there was no
specificity for IM-resistant cells. PP2 did not have any
significant effects.

Combined treatment with the MEK inhibitor and IM
had a synergistic effect on the suppression of NPhA2
proliferation, but synergism was not observed when the
PI3K inhibitor was combined with IM (Fig. 4B).

Analysis of phosphorylation of PTKs

Phosphorylation of PTKs may contribute to IM resis-
tance. To explore this possibility, the phosphorylation
level of PTKs was determined using the Phosphorylation
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0 00100301 03 1 33 10 0 001003 01 63 1 33 10 0 0.01 01 1 10
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Figure 4 Sensitivity to kinase inhibitors and their combination. (A} Effect of MEK inhibitor {U0126), PI3K inhibitor (LY249002), SRC family kinase
inhibitor (PP2), and JAK2 inhibitor (AG490) in K562 {O), NPhA1 (@), NPhA2 (@), and NPhA2/STIR (A) cells was examined with the Tetra Color
One assay. (8) Combined effect of imatinib (IM) with LY249002 or U0126. NPhA1 (@), NPhA2 @, and NPhA2/STIR (A) cells were incubated with
1 pm IM and LY249002 or U126 at the indicated concentration for 96 h. The cell proliferation assay was performed in triplicate, and mean

absorption values with standard deviations are represented.
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Antibody Array kit with cell lysates of NPhAT, NPhA2,
and NPhA2/STIR cells and corresponding IM-treated
cells. This phospho-PTK array can simultaneously profile
71 different known human phosphorylated PTKs. The
assay conserves time and samples because a large num-
ber of PTKs can be evaluated simultaneously using the
same quantity of sample. Phosphorylation status was
analyzed by densitometric quantification, and data for
representative PTKs are shown in Fig. 5. The quality of
the array was confirmed by the phosphorylation level of
BCR-ABL, which was suppressed after the IM treatment
and was consistent with the data of western blotting
(Fig. 2). Phosphorylation of many Src family kinases,
LYN, HCK and FGR, was suppressed after treatment
with IM, and this suppression was paralleled by phos-
phorylation of BCR-ABL (Fig. 5). Phosphorylation of
JAK2 was also inhibited by IM in three NPhA cell lines
(Figs 2 and 5). Note that phosphorylation of EphB4 was
increased in NPhA2/STIR cells after treatment with IM,
but decreased in NPhA1 and NPhA2 cells. We therefore
analyzed the role of EphB4 in the IM resistance of
NPhA2/STIR celis.

Expression of EphB4 and ephrinB2 and phosphoryla-
tion of EphB4 in each cell line

We analyzed the mRNA expression of EphB4 and
ephrinB2 in NPhA1, NPhA2, and NPhA2/STIR cells
before and after treatment with IM (Fig. 6A). The
expression of EphB4 was inhibited in NPhA1l and
NPhA2, but was not changed in NPhA2/STIR cells
after treatment with IM. The expression of ephrinB2
was increased in NPhA2 cells, which showed mild IM
resistance, but the EphB4 was inhibited after IM treat-
ment. NPhA2/STIR cells showed higher expression of
EphB4 and ephrinB2 than NPhA1l cells, with no
decrease even after IM treatment. The phosphorylation

250

Imatinib resistance in Ph-positive acute lymphobiastic leukemia cell line

of EphB4 was inhibited in NPhAland NPhA2 cells but
increased in NPhA2/STIR cells after treatment with IM
(Fig. 6B).
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Figure 6 Expression of EphB4 and ephrinB2 and phosphorylation of
EphB4. (A) Expression of EphB4 and ephrinB2 transcripts was com-
pared by reverse transcription-PCR among NPhA1, NPhA2, and
NPhA2/STIR cells before and after treatment with imatinib. Band inten-
sity on gel electrophoresis was quantified using computer software as
described in the text. (B) Expression and phosphorylation of EphB4
were analyzed by Western blotting. Whole-celt lysates were separated
by SDS-PAGE, transferred to Hybond-C Extra membranes (GE Health-
care Bio-Sciences) and detected with the indicated antibodies.
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Figure 5 Phosphorylation antibody array analyses. Phosphorylated protein tyrosine kinases were detected using an antibody array. Imatinib-trea-
ted or untreated cell lysates were added to the antibody array membrane. Then, the membranes were washed and biotinylated anti-phosphotyro-
sine antibody was used to detect phosphorylated tyrosines on activated receptors. After incubation with HRP-conjugated streptavidin, array
signals were visualized by chemiluminescent detection using X-ray film, and spot intensity was measured densitometrically.
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Figure 7 Analysis of EphB4 as a target of imatinib {IM) resistance. (A) Expression of EphB4 transcript was inhibited with short hairpin {sh)RNA.
We transduced the shRNA§~sequence for EphB4 or scramble oligonucleotide (SO) into NPhA2/STIR cells with a retroviral vector. Expression of
EphB4 transcript was analyzed by reverse transcription-PCR. (8) Surface expression of EphB4 was detected by FACS analysis. (C) Sensitivity of
NPhA2/STIR/SO, NPhA2/STIR/sh1 and NPhA2/STIR/sh2 cells to IM. NPhA2/STIR/SO, NPhA2/STIR/sh1, and NPhA2/STIR/sh2 cells were
added to 96-well plates with different concentrations of IM. Plates were incubated at 37°C for 96 h before addition of a mixture of tetrazofium
and electron carrier. The cell proliferation assay was performed in triplicate, and mean absorption values are shown with their standard deviations.

Three repeat experiments showed similar results.

Inhibition of EphB4 with shRNA

To analyze the role of EphB4 in IM resistance, EphB4
was knocked down with shRNA expressed by a retrovi-
ral vector. We tried two kinds of sh sequence, and estab-
lished NPhA2/STIR/shl and NPhA2/STIR/sh2 cells in
which the expression of EphB4 RNA was suppressed
(Fig. 7A). FACS analysis showed that surface expression
of EphB4 was reduced (Fig. 7B). The growth of
NPhA2/STIR/shl and NPhA2/STIR/sh2 cells was
inhibited by IM at concentrations above 3 um; these cells
were more sensitive than NPhA2/STIR but less sensitive
than NPhA?2 cells (Fig. 7C).

Discussion

We established cell lines derived from a patient with Ph™
ALL and designated them NPhA1 (cells recovered at
first diagnosis) and NPhA2 (cells recovered in the relapse
phase). We also developed the IM-resistant cell line
NPhA2/STIR from NPhA2 cells. NPhA2 cells showed
mild IM resistance, and NPhA2/STIR proliferated in the
presence of 10 uM IM, indicating strong IM resistance.
We examined the intracellular signaling pathway of
these cell lines before and after IM treatment. NPhA2
cells acquired non-specific IM resistance in the relapse
phase after conventional chemotherapy. Phosphorylation
of LYN, HCK, EGR and JAK2, which were possible to
be activated downstream of BCR-ABL (22, 23), was
inhibited by IM, so that they were not likely to relate
with IM-resistance in NPhA2 and NPhA2/STIR. Mild
increases in MEK, ERK, and STAT3 phosphorylation
and BCL-2 expression may be responsible for the mild
IM resistance of NPhA2 cells. After IM treatment,
NPhA2/STIR cells showed increased phosphorylation of
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MEK and ERK and a marked increase in RAS activa-
tion, which may play a role in BCR-ABL-independent
strong IM resistance. Persistent activation of EphB4 after
treatment with IM may be a partial contributor to the
IM resistance of NPhA2/STIR cells.

The RAS signaling pathway plays an essential role in
cancer cell growth. RAS activation leads to the phos-
phorylation and activation of downstream signaling pro-
teins such as MEK and MAPK. Activation of the
MAPK pathway was suggested as an explanation for the
incomplete effect of IM on CML (24, 25). The RAS-
independent activation of the MEK-MAPK pathway
after IM administration was reported in pancreatic can-
cers, and addition of MEK inhibitor enhanced the inhibi-
tory effect of IM on cancer cell growth (26). In our
study, RAS was activated upstream of the MEK-MAPK
pathway, but NRAS and KRAS mutations were not
detected (data not shown). We obtained evidence that
the induction of MEK-MAPK activation was induced
after treatment with IM. IM may cancel negative feed-
back directed to the RAS-MAPK pathway or stimulate
upstream RAS signaling. These results suggest a poten-
tial role for combined therapy with MEK inhibitor and
IM in patients with BCR-ABL-independent IM resis-
tance.

EphB4 is a member of the largest family of trans-
membrane receptor tyrosine kinases and has been
shown to be related to the survival signal in several
types of human malignant cells (27, 28), such as breast
cancer, ovarian cancer, and squamous cell carcinoma
cells. The significance of EphB4 and ephrinB2 coexpres-
sion in tumor advancement has also been described (29,
30). EphB4 is expressed in immature hematopoietic cells
and its ligand ephrinB2 is expressed on BM stromal
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cells and arterial endothelial cells (31). In this study, we
screened 71 kinds of tyrosine kinase to determine their
phosphorylation status using a tyrosine kinase antibody
array and found that EphB4 was activated in Ph™ cell
lines. Activation of EphB4 was suppressed after IM
treatment in NPhAl and NPhA2 but not in NPhA2/
STIR cells with increased expression of EphB4 and
ephrinB2 transcripts. Although partial restoration of
sensitivity to IM in NPhA2/STIR cells was observed
after the introduction of EphB4 shRNA, the sensitivity
of shRNA-containing NPhA2/STIR cells was not com-
pletely restored to the NPhA2 level. This may be a
result of insufficient EphB4 suppression or the cumula-
tive effects of other resistance mechanisms. The rela-
tionship between EphB4 and RAS activation remains to
be elucidated in future studies.

We present here a new mechanism of IM resistance,
i.e., the induction of RAS/MAPK activation, possibly
related to EphB4. The results of this study also suggest a
potential role of combined therapy with RAS/MAPK
inhibitors and IM for Ph* ALL.
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The interactions between chemokines and their receptors
may have an important role in initiating GVHD after
allogeneic hematopoietic SCT (allo-HSCT). CCL25 and
CCRSY are unique because they are exclusively expressed
in epithelial cells and in Peyer’s patches of the small
intestine. We focused on rs12721497 (G926A), one of the
non-synonymous single nucleotide polymorphisms (SNPs)
in the CCRY gene, and analyzed the SNP of donors in 167
consecutive patients who received allo-HSCT from an
HLA-identical sibling donor. Genotypes were tested for
associations with acute and chronic GVHD in each organ
and transplant outcome. Multivariate analyses showed
that the genotype 926AG was significantly associated with
the incidence of acute stage >2 skin GVHD (hazard
ratio: 3.2; 95% confidence interval (95% CI): 1.1-9.1;
P=0.032) and chronic skin GVHD (hazard ratio: 4.1;
95% CI: 1.1-15; P =0.036), but not with GYHD in other
organs or with relapse, non-relapse mortality or OS. To
clarify the functional differences between genotypes, each
SNP in retroviral vectors was transfected into Jurkat
cells. In chemotaxis assays, the 926G transfectant showed
greater response to CCL25 than the 926A transfectant. In
conclusion, more active homing of CCR9-926AG T cells
to Peyer’s patches may produce changes in Ag presenta-
tion and result in increased incidence of skin GVHD.
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doi:10.1038/bmt.2009.131; published online 15 June 2009
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Introduction

Acute GVHD is a severe complication of allogeneic
hematopoietic SCT (allo-HSCT).! After Ag presentation
in secondary lymphoid tissues, migration of activated
donor T lymphocytes to target organs has a central role
in its induction. Recent studies have shown that the
migration of lymphocytes to secondary lymphoid tissues
or target organs, such as the skin, liver and
gut, is regulated by specific chemokines.>® Chemokines
are a group of small molecules that regulate the
trafficking of leukocytes through interactions with a
subset of seven transmembrane, G protein-coupled
receptors (chemokine receptors).** Their interactions
may have an important role in initiating organ-specific
GVHD.

Sites of expression are ubiquitous in many chemokines.
For example, CCL17, which is well known as a skin-
homing chemokine, is also expressed in many other organs,
including the adrenal gland, bronchus, cerebellum, colon,
heart and liver.* CCL28 is expressed by epithelial celis
in several mucosal tissues, including the trachea, small
intestine, colon, rectum, salivary gland and mammary
gland.%” By contrast, CCL25 (thymus-expressed chemo-
kine) and its receptor CCR9 are unique because, outside
the thymus, they are almost exclusively expressed by
epithelial cells and Peyer’s patches in the small intestine*°
Therefore, we focused on CCR9 because it may influence
the onset of intestinal GVHD or Ag presentation in Peyer’s
patches.

The CCR9 gene is located on chromosome 3p21.3. A
variety of single nucleotide polymorphisms (SNPs) in the
CCRY gene have been reported, although their functional
differences are not yet known. Within these SNPs,
rs12721497 (G926A) is non-synonymous in exons, and it
is the sole SNP whose frequency and linkage disequilibrium
have been reported. This SNP alters the CCR9 amino acid
sequence of the third exoloop from Val272 to Met272.
We hypothesize that this SNP may have an effect on
the onset of GVHD and transplant ocutcome because
of the differences in the tissue-specific migration of
T lymphocytes.
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Materials and methods

FPatients

A total of 186 consecutive patients received allogeneic BM
or PBSC transplantation from an HLA-identical sibling
donor at the Nagoya University Hospital and the Japanese
Red Cross Nagoya First Hospital between 1987 and 2006.
HLA matching among donor-recipient pairs was con-
firmed by either family study or genotyping in all patients.
Of these 186 patients, 167 who received T-cell-replete
transplantation and CYA in combination with short-term
MTX as a GVHD prophylaxis were selected to participate
in the study. CYA was administered daily at 3.0 mg/kg
from day 1 as an i.v. infusion, and then switched to an oral
dose at twice the i.v. dose when oral intake resumed. MTX
was administered at 10 mg/m? on day 1 and, on days 3 and 6,
was administered at 7mg/m>2 Informed consent was
obtained from all patients and donors, and the study was
approved by the ethics committees at the Nagoya
University Hospital and Japanese Red Cross Nagoya First
Hospital.

Allellic discrimination of the polymorphism G926 A in the
CCRY gene

The CCR9-G926A polymorphism (rs12721497) was deter-
mined by the PCR-RFLP method using genomic DNA
obtained from donor PBMCs. The primers used for PCR
were 5-CACACCCTGATACAAGCCAA (forward) and
5-CTCCAGCAACATAGACGACA (reverse). Sequences
of interest were amplified by PCR, using Advantage II
Polymerase Mix (Clontech Laboratories, Mountain View,
CA, USA) in reaction mixtures containing 0.5ul of
genomic DNA and 10pmol of each primer in a volume
of 20 ul. Amplifications were performed using 35 cycles of
denaturation at 95°C for 30s, annealing at 65°C for 15s
and elongation at 72°C for 30s on a model 9600
thermocycler (Perkin-Elmer, Norwalk, CT, USA). After
amplification, the 369-bp CCR9 fragment was digested for
2h at 37°C with 5U of NLAIII (New England BioLabs,
Ipswich, MA, USA) in a 20pul reaction mixture. The
digested products were analyzed by electrophoresis on a
1.5% agarose gel. Wild-type (AA) individuals were
identified by the presence of only a 369-bp fragment,
heterozygotes (AG) by the presence of both 231/138- and
369-bp fragments and homozygotes (GG) by the presence
of only the 231- and 138-bp fragments. To rule out the
incomplete digestion of the AG genotype, PCR products of
this genotype were directly sequenced using the Applied
Biosystems 310 automated DNA sequencer (Applied
Biosystems, Foster City, CA, USA) following the manu-
facturer’s instructions.

Site-directed mutagenesis and construction of CCR9-926 4
and 926G expression vectors

Site-directed mutagenesis of the human wild-type CCR9
c¢DNA in pFIK vector (purchased from Kazusa DNA
Research Institute, Kisarazu, Chiba, Japan) was carried out
using the Quickchange Kit (Stratagene, La Jolla, CA,
USA). Synthetic oligonucleotide primers containing the
corresponding 926G point mutation had the following
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sequences: 5-CCATTGACGCCTATGCCGTGTTCATC
TCCAACTGT (forward) and 5-ACAGTTGGAGA
TGAACACGGCATAGGCGTCAATGG (reverse). The
oligonucleotide was amplified with Pfu turbo DNA
polymerase (Stratagene), and the template plasmid was
digested by Dpnl. Each sequence of CCRY9 ¢cDNA was
amplified by PCR with primers containing the following
EcoRI/Noil sites: 5-CGCGGAATTCATGACACCCAC
AGACTTCACA (forward) and 5-ATCGGCGGCCGC
TCAGAGGGAGAGTGCTCCTGAGGT (reverse). Each
product was cut at EcoRI/NotI sites, and ligated into pMX-
IRES-Puro (a kind gift from Dr Toshio Kitamura,
University of Tokyo), which had been digested with- EcoR1
and Notl. The final construct used for cell transfection was
sequenced entirely to verify the presence of the mutation
and to ensure that no other variant was accidentally
introduced during DNA amplification.

Retrovirus transfection

PLAT-A packaging cells (a kind gift from Dr Toshio
Kitamura, University of Tokyo) were used to produce
recombinant retrovirus particles.!"! PLAT-A cells were
transfected with retroviral vectors using FuGENE6
(Roche, Indianapolis, MN, USA). Jurkat cells were
infected with each of the pMX-CCR9-926A-IRES-Puro,
pMX-CCR9-926G-IRES-Puro and pMX-IRES-Puro (con-
trol) retroviruses. The cells were washed once and
resuspended in the fresh selection medium containing

500 ng/ml of puromycin (Cayla, Toulouse, France), 48h

after transfection .

Flow cytometric analysis

Phycoerythrin-labeled monoclonal anti-CCR9 (112509)
was purchased from R&D Systems (Minneapolis, MN,
USA). Analyses were carried out on FACSAria (BD
Biosciences, San Jose, CA, USA) using the FlowJo
software (Treestar, San Carlos, CA, USA).

Chemotaxis assays

Chemotaxis assays were carried out as previously de-
scribed' using 6.5-mm-thick Transwell tissue culture
inserts with a 5-um pore size (Corning, Corning, NY,
USA). The transfected cell lines were starved overnight in
the plain RPMI 1640 medium, suspended at 1 x 107 cells
per ml in this medium with 0.1% of BSA, and 100 pl of
cell suspension was added to an upper insert in a lower well
with 600 pl of the medium. After equilibration’at 37 °C for
2h, various concentrations (0~2000 ng/ml) of recombinant
human CCL25 (R&D Systems) were added to the lower
wells, and the plates were incubated for an additional
90 min before migrated cells inthe lower well were counted.

Statistical analysis

OS was calculated from the date of transplantation to the
date of death from any cause using the Kaplan-Meier
method, and P-values were calculated using a log-rank test.
Non-relapse mortality (NRM) was defined as mortality due
to any cause other than relapse or disease progression.
Cumulative incidences of NRM and relapse were estimated
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