report of the Clinical Advisory Committee meeting-Airlie House,
Virginia, November 1997. J Clin Oncol 1999; 17: 3835-3849.

11 Malcovati L, Germing U, Kuendgen A, Porta D, Pascutto C,
Inverinizzi R et al. Time-dependent prognostic scoring system for
predicting survival and leukemic evolution in myelodysplastic
syndromes. J Clin Oncol 2007; 25: 3503-3510.

12 Bennett JM, Catovsky: D; Daniel MT,; Flandrin: G, Galton ‘DA;
Gralnick "HR et -al. Proposals . for the classification  of “the
myelodysplastic syndromes. BrJ Haematol 1982; 51: 189-199.

13 Dastugue N, Payen C, Lafage-Pochitaloff M, Bernard P, Leroux D,

Huguet-Rigal F et al. Prognostic significance of karyotype in de

novo adult acute myeloid leukemia. The BGMT group. Leukemia

1995; 9: 1491-1498.

Mauritzson "N, Johansson B, Albin M, Rylander L, Billstrom R,

Ahlgren T et al. Survival time in‘a population-based ‘conseciitive

series of adult acute myeloid leukemia ' the prognostic impact of

karyotype during the time period 1976-1993. Leukemia 2000; 14:

1039-1043,

15 Grimwade D, Walker .H, Oliver F, Wheatley K, Harrison: C,

Harrison G ‘et al. The importance of diagnostic  cytogenetics on

outcome in AML: analysis of 1612 patients entered into the MRC

AML 10 trial. The Medical Research Cotincil Adult and Children's

Leukaemia Working Parties. Blood 1998; 92: 2322-2333.

Hasle.H, Alonzo TA, Auvrignon A, Behar C, Chang M, Creutzig U

et al. Monosomy 7 and deletion 7q in children and adolescents

with acute myeloid leukemia: an international retrospective study.

Blood 2007; 109: 4641-4647.

Morel P, Hebbar M, Lai JL, Duhamel A, Preudhomme C, Wattel E

et al. Cytogenetic analysis has strong independent prognostic value

in de novo myelodysplastic syndromes and can be incorporated in

a new scoring system: a report on 408 cases. Leukemia 1993; 7:

1315-1323.

18 Toyama K, Ohyashiki K, Yoshida Y, Abe T, Asano S, Hirai H et al.
Clinical * implications : of - chromosomal ~ abnormalities - in~ 401
patients with myelodysplastic syndromes: a multicentric study in
Japan. Leukemia 1993; 7: 499-508.

19 Jacobs RA, Cornbleet M, Vardiman J, Larson R, LeBeau MM,
Rowley JD. Prognostic implications of morphology and karyotype
in primary: myelodysplastic syndromes. Blood 1986; 67: 1765-
1772.

20 Yunis JJ, Lobell M, Amesen MA, Oken MM, Mayer MG, Rydell RE
et al: Refined ' chromosome: study helps " define - prognostic

14

16

17

Nationwide survey of MDS with chromosome 5 abnormality
T Tasaka et af

subgroups in most patients with primary. myelodysplastic syn-
drome and. acute myelogenous leukaemia. Br J Haematol 1988;
68: 189-194.

21 Pierre R, Catovsky D, Mufti G, Swansbury G, Mecucci C,
Dewald GW et al. Clinical cytogenetic correlations in myelo-
dysplasia (preleukemia). ' Cancer Genet Cytogenet 1989; 40:
149-161.

22 Samuels' BL; Larson ‘RL, LeBeau MM, Daly KM, Bitter: MA,
Vardiman JW. et al. Specific. chromosomal abnormalities in acute
nonlymphocytic leukemia correlate. with. drug: susceptibility. in
vivo. Leukemia 1988; 2: 79-83.

23 Kardos G, Baumann I, Passmore ), Locatelli F, Hasle H, Schuitz

KR et al. Refractory anemia in childhood: a retrospective analysis

of 67 patients with particular reference to- monosomy- 7. Blood

2003;:102: 1997-2003.

Lee JH, Lee JH, Shin YR, Lee JS; Kim WK; Chi HS et al. Application

of different prognostic scoring systems and comparison of the FAB

and WHO classifications in Korean patients with myelodysplastic

syndrome. Leukernia 2003; 17: 305-313,

25 Chen B, Zhao WL, Jin J, Xue YQ, Cheng X, Chen XT et al. Clinical
and cytogenetic features of 508 Chinese patients with myelodys-
plastic syndrome and comparison with those in Western countries.
Leukemiia 2005; 19: 767-775.

26 Sokal: G, Michaux JL, van den Berghe H, Cordier A, Rodhain J;
Ferrantr A et al. A new hematologic syndrome. with a distinct
karyotype: the 5g- chromosome. Blood 1975; 46: 519533

27 Dewald GW, Davis MP, Pierre. RV, O'Fallon JR, Hoagland HC.
Clinical - characteristics - and "prognosis’ of 50 'patients ‘with”'d
myeloproliferative syndrome and deletion of part of the long arm
of chromosome 5. Blood 1985; 66: 189-197.

28 Haase D, Germing U, Schanz j, Pfeilstocker. M, Nosslinger T,
Hildebrandt B et al. New insights into the prognostic impact of the
karyotype in MDS and correlation with subtypes: évidence from
a core dataset of 2124 patients. Blood 2007; 110: 4385-4395,

29: Malcovati L, Porta MG, Pascutto C, Invernizzi R;: Boni M,
Travaglino E et al. Prognostic factors and life expectancy ‘in
myelodysplastic syndromes classified according to WHO criteria:
a basis for clinical decision making. J Clin .Oncol 2005; 23:
7594-7603.

30 List AF, Baker AF, Green S, Bellamy W. Lenalidomide: targeted
anemia therapy for myelodysplastic' syndromes. Cancer Control
2006; 13: 4-171.

24

Supplementary Information accompanies the paper on the Leukemia website (hitp://www.nature.cony/leu)

1881

=122~

Leukemia




Biology of Blood and Marrow Transplantation 14:268-281 (2008)
© 2008 American Society for Blood and Marrow Transplantation
1083-8791/08/1403-0001$32.00/0
doi:10.1016/j.bbmt.2007.12.004

ASBMT|

American Society for Blood
and Marrow Transplantation

Growth and Differentiation Advantages of CD4 " 0X40™
T Cells from Allogeneic Hematopoietic Stem Cell

Transplantation Recipients

Takero Shindo, Takayuki Ishikawa, Akiko Fukunaga, Toshiyuki Hori, Takashi Uchiyama

Department of Hematology and Oncology, Graduate School of Medicine, Kyoto University, Kyoto, Japan

Correspondence and reprint requests: Takayuki Ishikawa, MD, Departiment of Hematology and Oncology, Graduate
School of Medicine, Kyoto University, 54 Shogoin-Kawaracho, Sakyo-ku, Kyoto 606-8507, Japan (e-mail: tishi@kuhp.
kyoto-uacijp).

Received June 28, 2007; accepted December 5; 2007

ABSTRACT

0X40 (CD134), an activation-induced costimulatory molecule, is mainly expressed on CD4” T cells. Several re-
ports, including previous reports from our laboratory, suggest that OX40-mediated signaling plays an important
role in the development of graft-versus-host disease (GVHD) after allogeneic hematopoietic stem cell transplan-
tation (Allo HSCT). Here, we show that peripheral blood CD4* OX40" T cells are a unique cell subset as they
possess the homing receptors of lymph nodes, and some of them have an exceptional capacity to produce high
levels of interleukin~2 (IL-2) upon the stimulation through T cell receptors. Stimulation with IL-7 acts selec-
tively on CD4*OX40" T cells not only to induce antigen-independent growth but also teincrease the frequency
of cells with IL-2-producing potential: Simultaneous, but not sequential, ligation of the T cell receptor and OX40
induces CD4*0X40" T cells to produce far more [L-2; which causes them to proliferate abundantly and differ-
entiate readily into Th1- or Th2:biased effector memory T cells, especially in Allo HSCT recipients. Although
not all the CD4*0X40* T cells had TL-2-producing capacity, Allo HSCT recipients with chronic GVHD
(cGVHD) had 1 significantly higher frequency of IL-2-producing OX40™ cells in their peripheral blood CD4"
T cell subset than Allo HSCT recipients without cGVHD. Collectively, CD4* OX40* T cells with IL-2-produc-
ing potential are expected to be privileged for growth and differentiation in lymph nodes upon antigen
presentation, suggesting that they might be involved in the process of inducing or maintaining cGVHD.

© 2008 American Society for Blood and Marrow Transplantation
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INTRODUCTION

Chronic graft-versus-host disease (cGVHD) re-
mains a serious complication that affects long-term
survivors of allogeneic hematopoietic stem cell trans-
plantation (Allo HSCT). It is not only the leading
cause of nonrelapse mortality (NRM), it is also associ-
ated with decreased quality of life [1]. To prevent and
treat GVHD, immunosuppressive agents such as calci-
neurin inhibitors are generally used, which increases
the risk of developing opportunistic infections. It has
been shown that GVHD is initiated by donor-derived
CD4' and CD8" T cells that recognize a subset of
host antigens [2,3]. Indeed, it has been shown that ex
vivo depletion of the T cells in the graft effectively re-

268

duces the incidence and severity of acute GVHD
(@GVHD) [4,5]. Unfortunately, this technique is also
associated with increased incidences of graft rejection,
relapses, and infectious complications, which prevents
it from being widely used. Another technique to specif-
ically deplete donor-derived alloreactive T cells that is
currently being developed involves stimulating the
graft with recipient cells in vitro and then depleting
the activated T cells with monoclonal antibodies
(mAb) [6-8]. However, such depletion-based tech-
niques would probably fail to prevent cGVHD be-
cause the alloreactive T cells that cause cGVHD are
believed to be derived from hematopoietic stem cells
(HSC) in the graft rather than already being mature
T cells [9-12]. A better way to prevent and treat
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c¢GVHD would be to first identify which alloreactive
cells are directly responsible for this disease; these cells
could then be readily detected in the blood and specif-
ically depleted within the host.

0X40 (CD134) is a member of the tumor necrosis
factor (TNF) receptor superfamily [13], and is an act-
vation-induced antigen that is predominantly ex-
pressed on CD4" T cells [14]. The ligand for OX40
(OX40L)is mainly expressed on activated antigen-pre-
senting cells (APCs) such as dendritic cells and B cells
[15-17]. OX40 signaling acts as an important costimu-
latory signal, as it augments interleukin 2 (IL-2) pro-
ducton [18,19], prolongs cell survival by
upregulating Bcl-2 and Bcl-x; expression {20], induces
the clonal expansion of naive CD4* T cells [19,21], and
generates memory T cells by promoting the survival of
effector T cells [19,22,23]. OX40-mediated signaling is
also indispensable for expanding memory T cells in
secondary immune responses and prolonging their sur-
vival [24]. A large body of evidence suggests that
OX40-mediated signaling plays a pivotal role in the de-
velopment of several immune-mediated conditions
such as experimental autoimmune encephalomyelitis
[16,25], collagen-induced arthritis [26], allergic lung
inflammation [24,27], inflammatory bowel disease
[28], and GVHD [29,30]. Because the in vivo blockade
of OX40-mediated signals ameliorates these diseases in
murine models, it is possible that targeting OX40 may
also be useful for treating human diseases [14].

Buenafe et al [31] reported that the antigen-spe-
cific T cells in the spinal cord of Lewis rats displaying
experimental autoimmune encephalomyelitis are fre-
quently CD4*OX40" T cells. Tittle etal [32] showed
that CD4*OX40" T cells are the alloreactive T cells
in a murine GVHD model. In addition, we previously
showed that the occurrence of cGVHD correlates
positively with the frequency of peripheral blood
CD4*0OX40" T cells [33]. Consequently, we specu-
lated that the circulating CD4*OX40* T cell subset
of Allo HSCT recipients contains alloreactive T cells
that are involved in the process of inducing and main-
taining ¢cGVHD. To further understand the role
CD4'0X40" T cells play in the development of
c¢GVHD, we here isolated the CD4OX40" T cells
from Allo HSCT recipients and healthy volunteers
(HVs) and assessed their characteristics.

SUBJECTS, MATERIALS, AND METHODS
Subjects

Peripheral blood samples were obtained from 13
HVs and 43 Allo HSCT recipients who had under-
gone transplantation at least 100 days previously.
Each subject gave written informed consent. Allo
HSCT recipients were required to be in complete do-
nor chimerism as well as in complete remission at the
time of sampling. The clinical characteristics of the
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Allo HSCT recipients are summarized in Table 1.
Standard conditioning for patients with hematologic
malignancies consisted of 12 Gy total-body irradiation
(TBI) and cyclophosphamide (Cy; 120 mg/kg), 12 Gy
TBI and melphalan (Mel; 140 mg/m?), or busulfan
(Bw/Cy; 16 mg/kg) and Cy (120 mgrkg). Patients
with aplastic anemia (AA) received 200 mg/kg Cy
and antithymocyte-globulin (ATG), and a patient
with adrenoleukodystrophy was treated with Bu (8
mg/kg), Cy (120 mg/kg), and 7.5Gy total lymphoid ir-
radiation [34]. Reduced-intensity conditioning (RIC)
was performed using 2-4 Gy TBI, fludarabine (Flu;
125 mg/m?), and either Bu (8 mg/kg) or Mel (80-140
mg/m°). The presence of cGVHD in Allo HSCT re-
cipients was defined as the presence of active symp-
toms, for which immunosuppressive therapy was
required [1,35]. In other words, patients defined as
positive for cGVHD included patients with extensive
c¢GVHD and: patients with limited ¢GVHD, which
manifests itself as significant hepatic dysfunction
(value of Alkaline Phosphatase greater than twice the
normal upper limit). All studies involving these blood
samples were approved by the institutional review
board of Kyoto University.

Table 1. Patient Characteristics

Characteristics Data
No. male/no. female 20/23
Median age, years (range) 52 (25-74)
Diagnosis, no. (%)
Acute lymphoblastic leukemia 2(5)
Acute myelogenous leukemia 12(28)
Myelodysplastic syndrome 7(16)
CML/MPD 7(16)
Adult T cell Leukemia (2
Lymphoma 8(19)
Myeloma 3
Aplastic anemia 2(5)
Adreno-leukodystrophy. 1(2)
Donor type, no. (%)
Matched related 19 (44)
Matched unrelated 16 (37)
Mismatched related 5(12)
Mismatched unrelated 37
Conditioning regimen, no. (%)
Standard 24 (56)
Reduced intensity 20 (44)
Stem cell source, no. (%)
Bone marrow 27 (62)
Peripheral blood 14(33)
Cord blood 2(5)
<GVHD, no. (%)
Yes 23.(53)
No 20 (47)
Immunosuppression at the time of 29 (67)
analysis, no. (%)
Median time after Allo HSCT for analysis, 12 (4-149)
mo (range)

CML/MPD indicates chronic myelogenous leuke;ma/myelopml.i-ft
erative disorder; ¢cGVHD, chronic graft-versus-host disease;
Allo HSCT, allogeneic hematopoietic stem cell transplantation.
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mADb and Flow Cytometric Analysis

An anti-OX40 mAb (131, mouse IgG1) was estab-
lished in our laboratory [36]. It was used either as a pu-
rified protein or it was biotinylated by using EZ-Link®
Sulfo-NHS-LC-Biotin (Pierce, Rockford, IL). For
flow cytometric analysis, cells were incubated with ap-
propriate concentrations of fluorescein isothiocyanate
(FTTC)-, phycoerythrin (PE)-, or allophycocyanin
(APC)-conjugated mAbs in the darkat 4°C for 20 min-
utes. The cells were then washed twice and analyzed by
flow cytometry on FACSCalibur (BD Biosciences, San
Jose, CA) with CELLQuest software (BD Biosci-
ences). PE-conjugated anti-OX40 (PE-anti-OX40),
APC-anti-CD45RA; FITC- and PE-anti-interferon
y (IFN-y), PE-anti-interleukin 4 (IL-4), and Alexa
647-anti-IL7Ra (CD127) were purchased from BD
Pharmingen (San Diego, CA). FITC-anti-CD45RO;
FITC-anti-CD25, PE-ant-IL-2, FITC-anti-IL-4,
and all the isotype-matched control mAbs were ob-
tained from eBioscience (San Diego, CA). FITC-
anti-CD62L and FITC-anti-CCR7 were obtained
from Beckman Coulter (Fullerton; CA) and R&D sys-
tems (Minneapolis, MN), respectively. Intracellular
Foxp3 staining was performed by using the PE-conju-
gated anti-human Foxp3 staining set (PCH101, eBio-
science) according to the manufacturer’s instructions.
Staining of cytoplasmic phosphorylated STATS was
performed by using Alexa 488-anti-phospho-STA'TS
(clone 47, BD Biosciences) according to the manufac-
turer’s instructions. To detect apoptotic cells and
dead cells, the cells were stained with 1 pg/mL propi-
dium iodide (PI, Sigma-Aldrich, St. Louis, MO) for 15
minutes at room temperature. For cell proliferation
analysis, the cells were labeled for 10 minutes at
room temperature with carboxyfluorescein succini-
midyl ester (CFSE, Molecular Probes, Eugene, OR)
at a final concentration of 5 pM in phosphate-buffered
saline (PBS) containing 0.1% bovine serum albumin

(BSA, Sigma-Aldrich).

T Cell Isolation and Sorting

Peripheral blood mononuclear cells (PBMC) were
isolated from HVs and Allo HSCT recipients by using
Ficoll-Hypaque Plus (Amersham Pharmacia Biotech,
Piscataway, NJ) density gradient centrifugation. The
CD4" T cells were isolated with CD4 Multisort Kit
(Miltenyi Biotec Bergisch Gladbach, Germany) and
their purity exceeded 97%. CD4 " T cells were stained
with biotinylated anti-OX40 mAb followed by APC-
streptavidin (eBioscience) and sorted into OX40*
and OX40" fractions by FACSAria (BD Biosciences)
with FACSDiVA 4.1 software (BD Biosciences). In
some experiments, the cells were also stained with
PE-anti-CD45RA (BD Pharmingen) and sorted into
0X40" memory (CD45RA0X40") and OX40~

T. Shindo et al.

memory (CD45RA™0X407) cells. The sorted T cell

subsets were more than 90% pure.

Flow Cytometric Analysis of Intracellular
Cytokines

For intracellular cytokine staining, cells were sus-
pended in culture medium consisting of RPMI 1640
(Invitrogen, Carlsbad, CA), 10% fetal calf serum
(FCS, Hyclone, Logan, UT) and 1% penicillin-strep-
tomycin-glutamine mixture (Invitrogen) and stimu-
lated for 6 or 16 hours in plates coated with
anti-CD3 mAb (OKT3, 10 pg/mL) with or without
anti-OX40 mAb (131, 10 pg/mL) in the presence of
2 pg/mL soluble anti-CD28 mAb (H046, mouse
IgGl, agonistic antibody established in our laboratory;
T. Hori, unpublished data) (2CD3/28 or aCD3/28/
OX40 stimulation). Brefeldin A (BFA, Sigma-Aldrich)
was added at a concentration of 10 pg/mL for the last 4
hours. In some experiments, cells were stimulated with
PMA (50 ng/mL, Sigma-Aldrich) and ionomycin (500
ng/mL, Sigma-Aldrich) for 4 hours in the presence of
BFA (PMA/Iono stimulation). After stimulation, the
cells were washed twice, surface stained with the ap-
propriate mAbs, and fixed with 2% formaldehyde
(Wako Pure Chemical Industries, Osaka, Japan) di-
luted in PBS. The cells were then permeabilized with
0.2% saponin (Sigma-Aldrich)-containing buffer and
intracellular cytokine levels were measured by using
the relevant mAbs.

Assessment of Cytokine Release by ELISA

To detect IL-2 in the culture supernatants, cells at
a concentration of 5 x 10°/mL were stimulated for 24
hours with aCD3/28 or aCD3/28/0OX40 as described
above. The IL-2 levels in the medium were measured
by enzyme-linked immunosorbent assay (ELISA) us-
ing a rabbit anti-human IL-2 polyclonal Ab (Pierce
Biotechnology, Rockford, IL), a biotinylated-anti-hu-
man IL-2 mAb (BGS, mouse IgG1, Pierce Biotechnol-
ogy), and a recombinant human IL-2 standard (Pierce
Biotechnology) according to the manufacturer’s
instructions.

T Cell Culture and Stimulation

For experiments using interleukin 7 (IL-7), cells
were suspended in culture medium in the presence or
absence of 1 ng/mL IL-7 (Peprotech, Rocky Hill,
NJ) for 5 days. For polyclonal stimulation and expan-
sion, isolated CD4" T cell subsets were suspended in
culture medium at a concentration of 5 x 10°/mL
and stimulated for 12 hours with aCD3/28 or
aCD3/28/0X40 in 48- or 96-well plates. The
cells were then harvested, washed, and cultured for
4 days in culture medium. In some experiments, after
12 hours of stimulaton followed by washing, the
cells were cultured in plates coated with anti-OX40
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mAb or control mouse IgG1 mAb (eBioscience) for
4 days.

Statistical Analysis

Results are expressed as means * standard devia-
tion (SD). The statistical significance of differences
was determined by using a 2-sided paired ¢-test or Stu-
dent’s t-test. Differences with P <.05 were considered
to'be significant.

RESULTS

The CD4*OX40" T Cell Subset Shares the
Characteristics of Central Memory T Cells

We first tested the frequency of OX40-expressing
peripheral blood CD4" T cells in Allo HSCT recipi-
ents and HVs by multicolor flowcytometry. Although
0X40 is an activation-induced antigen; we found it
was expressed on a considerable number of peripheral
blood CD4" T cells from both groups. However, Allo
HSCT recipients showed  higher frequencies "of
OX40* cells (Figure 1A). Further analysis revealed
that nearly all of the CD4"0OX40" T cells belonged
to the CD45RO* memory subset and most also ex-
pressed CCR7 and CD62L. (Figure 1B and C), which
indicates that they are central memory T cells. There
were no significant differences in the CD4"OX40*
T cells from HVs and Allo HSCT recipients in terms
of their CD45R0O, CCR7, and CD621L, expression. As
CD4*CD25" regulatory T cells are also reported to
express OX40 [37-41], we determined the intracellular
Foxp3 levels in the CD4"CD25* T cells and
CD4'0X40" T cells. Although a considerable pro-
portion of the CD4'CD25"* T cells were Foxp3*,
fewer than 10% of the CD4'0X40* T cells from
both Allo HSCT recipients and HVs were Foxp3*
(Figure 1D). Recent reports indicated that regulatory
T cells have reduced expression of CD127 (IL-7R al-
pha chain, IL-7Ra) [42]. We also found that the major-
ity of CD4'CD25"8" T cells were IL-7Ra'°".
However, CD4*OX40" T cells were almost all IL-
7Ra™E® (Figure 1D). Collectively, CD4"OX40" T
cells include a minor population of regulatory T cells.

To further characterize the CD4"0X40" T cells,
CD4" T cells that were freshly isolated from HVs and
Allo HSCT recipients were sorted into OX40* and
OX40™ fractions (Figure 2A), stimulated with
a.CD3/28 for 6 hours, and then subjected to intracellu-
lar cytokine staining (Figure 2B and C). There were no
differences in the frequency of IL-2-producing cells in
the CD4" T cell population upon «CD3/28 stimula-
tion when CD4" T cells were isolated with magneti-
cally labeled anti-CD4 mAb or negatively selected to
enrich for CD4* T cells (data not shown). In addition,
we confirmed that the binding of anti-OX40 mAb,
clone 131, to the cell surface was not enough to affect
the I1.-2-producing capacity of the cells, because the
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addition of soluble and-OX40 mAb to CD4" T cells
did not alter the frequency of IL-2-producing cells
after subsequent aCD3/28 stimulaton (data not
shown). There were marked differences between Allo
HSCT recipients and HVs in terms of the cytokine
profiles of their OX40™ cells. Although there were
very few IL-2-, IFN-y-, or IL-4-producing cells in
the OX40~ cells from HVs, a large proportion (over
30%) of the OX40~ cells from Allo HSCT recipients
produced IFN-v; a small population of these IFN-y-
producing cells (about 5%-10%) also produced IL-2.
In contrast, about 10% of the OX40" cells from
both the Allo HSCT recipients and HVs produced
IL-2, whereas very few cells produced IFN-y or IL-
4. As we could not detect cells that produce IFN-y
and IL-4 simultaneously (data not shown); we defined
the cells that produce IL-2 but not IFN-v or IL-4 as
T cells. The frequency of Ty 5 cells was calculated
as follows: (the frequency of all IL-2-producing cells) -
(the frequency of IFN-y- and IL-2-producing cells) -
(the frequency of IL-4- and IL-2-producing cells). As
shown in Figure 2C, Ty, cells were only detected
in the OX40™ fraction of both Allo HSCT recipients
and HVs.

Signaling from IL-7R and Crosslinking of OX40
Robustly Augments IL-2 Production by OX40™
Memory T Cells

As OX40" cells exclusively exist within the mem-
ory cell fraction, we next compared the characteristics
of OX40" memory cells and OX40™ memory cells. To
this end, CD4" T cells of HVs were stained with PE-
anti-CD45RA and biotinylated-anti-OX40 Ab before
adding streptavidin-APC and sorting them into
CD45RA OX40" T cells and CD45RA OX40™ T
cells. We regarded the former as OX40" memory cells
and the latter as OX40" memory cells.

IL-7 is known to be critically involved in maintain-
ing memory CD4" T cell homeostasis through its
ability to induce antigen-independent proliferation in
the periphery [43,44]. We found that the addition of
IL-7 to culture medium sustained and augmented
OX40 expression on CD4* T cells (data not shown).
We then investigated the association between surface
expression of OX40 and its ability to produce IL-2.
First, freshly sorted OX40" memory cells were cul-
tured in growth medium unsupplemented with cyto-
kines. Five days later, the cells had lost OX40
expression as well as IL-2-producing capacity in re-
sponse to oCP3/28 stimulaton (the left row of
Figure 3A). After sorting and CFSE-labeling,
OX40* memory cells from HVs were then cultured
for 5 days in the presence of IL-7. The cells showed en-
hanced expression of OX40 and an increased fre-
quency of IL-2-producing cells. Meanwhile, culture

-of OX40™ memory cells with IL-7 neither induced

the expression of OX40 nor enhanced the capacity of
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Figure 1. The CD4* OX40" T cell subset contains central memory T cells. (A-C) Peripheral blood CD4" T cells of Allo HSCT recipients and
HVs were analyzed for OX40, CD4SRO, CCR7, and CD62L expression. (A) The frequencies of OX40-positive cells in the CD4" T cell subset
from 36 Allo HSCT recipients and 13 HVs are shown as means * SD.*P < .01 (B) The dot plots shown are representative of 25 Allo HSCT
recipients. (C) The frequencies of CD45RO-, CCR7-, and CD62L-positive cells in the 0OX407 T cell subset from 4 Allo HSCT -recipients and 3
HVs are shown as means * SD. (D) CD4" T cells from Allo HSCT recipients and HVs were analyzed for correlations in their expression of
CD25, OX40, intracellular Foxp3, and IL-7Ra. The dot plots shown are representative of 6 Allo HSCT recipients (upper) and 3 HVs (lower).

these cells to produce IL-2 (the right row of
_ Figure 3A). Taken together, there seems to be a close
association between the expression of OX40 and IL-2-
producing capacity. In addition, a significant propor-
tion of OX40* memory cells treated with IL-7 showed
a decreased CFSE staining intensity, indicating that
they had begun to proliferate. To determine whether
IL-7 differentially delivered signals downstream of
IL-7R, the phosphorylation status of cytoplasmic
STATS was analyzed. As shown in Figure 3B,
STATS was phosphorylated equally well in OX40*

memory cells and OX40™ memory cells upon IL-7
stimulation.

As previously reported [18], crosslinking of OX40
in addition to alCD3/28 stimulation resulted in a re-
markable increase in the amount of IL-2 production
by OX40" memory cells (Figure 4A). When we exam-
ined the IL-2 production of OX40" memory cells at 2-
6 and 12-16 hours after stimulation, the costimulation
through OX40 increased the frequency of IL-2-pro-
ducing cells over time from 7% at 2-6 hours to about
13% at 12-16 hours (Figure 4B).
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OX40-Mediated Signaling Enhances the Survival
and Proliferation of OX40* Memory T Cells

Having demonstrated that OX40" memory cells
produce massive amounts of IL-2 when the OX40-me-
diated signal is present during antigenic stimulation,
we next examined the effects of OX40-mediated sig-
naling on the survival and proliferation of OX40*
memory cells. For this, sorted OX40" memory cells
from Allo HSCT recipients were labeled with CFSE,
stimulated with aCD3/28 or aCD3/28/0X40 for 12

hours, washed, and then cultured for 4 days in growth
medium without exogenous cytokines. As a control,
OX40 memory cells were treated similarly. The in-
tensity of the CFSE signal was analyzed to determine
the degree to which the cells had proliferated, while
their positivity for propidium iodide was analyzed to
determine their susceptibility to apoptosis. The
OX40" memory cells of Allo HSCT recipients did
not proliferate and lost their viability during the course
of cell cultivation (the left row of Figure 5A and B).
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(pSTATS). Data are representative of 3 HVs.

In contrast, OX40" memory cells showed substantial
cell growth and high viability in response to aCD3/
28 stimulation (the middle row of Figure 5A and B).
When OX40 ligation was present during aCD3/28
stimulation, the OX40* memory cells showed explo-
sive proliferation without impairment of cell viability
(the right row of Figure 5A and B).

OX40 is transiently expressed upon TCR trigger-
ing, peaking at 48 hours and disappearing after 72 to
96 hours in vitro [19]. We also found that 12-hour
stimulation with oCD3/28 induces the expression of
OX40 on OX40  memory cells with similar kinetics.
‘We next evaluated the effect of delivering the OX40-
mediated signal after «CD3/28 stimulation
(Figure 5C). For this, 0X40' memory and OX40~
memory cells from HVs were labeled with CFSE,
and then stimulated with aCD3/28 or aCD3/28/
OX40 for 12 hours. After washing, the cells were cul-
tured in plates coated with mouse IgG1 (Figure 5C,
upper dot plots and histograms) or anti-OX40 Ab
(Figure 5C, lower dot plots and histograms) for an ad-
ditional 4 days. When the OX40" memory cells were

stimulated with aCD3/28 before incubation with
anti-OX40 Ab, a marginal increase in the proportion
of CFSE-low and PI-negative cells was seen (the mid-
dle row of Figure 5C). As for OX40 memory cells, de-
spite the acquisition of OX40, they neither showed
enhanced proliferation nor increased cell viability
when the OX40-mediated signal was subsequently
added (the left row of Figure 5C). Thus, for CD4"*
T cells to maintain their viability and expand effi-
ciently, antigenic and OX40-mediated signals must
be present simultaneously.

Effect of OX40-Mediated Signaling on
Differentiation into Effector Memory T Cells

As CD4Y0X40" T cells are central memory T
cells, we next investigated whether OX40-mediated
signaling promotes their differentiation into effector
memory T cells. For this, OX40" memory and
OX40* memory cells were stimulated for 12 hours
with aCD3/28 or aCD3/28/0X40, washed, cultured
in medium without exogenous cytokines for 4 days,
and then analyzed for their cytokine profiles. As shown
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analyzed. The data shown are representative of 3 independent exper-
iments.

in the right row of Figure 6A, the majority of OX40*
memory cells from HVs given aCD3/28/0X40 stimu-
lation did not produce IFN-y or IL.-4. In contrast, the
aCD3/28/0X40-stimulated OX40" memory cells
from Allo HSCT recipients showed substantial differ-
entiation into effector memory T cells (the right row of
Figure 6B). Interestingly, the directions of polarization
differed between the patients: OX40" memory cells
from Case 1, a patient with refractory multiorgan
c¢GVHD, mainly differentiated into the Thi direction,
whereas those from Case 2, a patient with pulmonary
c¢GVHD, differentiated mainly into Th2-type cells.
These results suggest that OX40-mediated signaling
induces OX40" memory T cells from Allo HSCT re-
cipients not only to proliferate, but also to differentiate
into effector memory T cells.

Allo HSCT Recipients with cGVHD Have Much
Higher Frequencies of IL-2-Producing OX40™ Cells
among CD4" T Cells Than Allo HSCT Recipients
without cGYHD

As for the detection of intracellular cytokines,
PMA/Iono stimulation has been widely used [45].
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Compared with «CD3/28 stimulation, we could detect
cytokine-producing cells more frequently when CD4*+
T cells from Allo HSCT recipients and HVs were
stimulated with PMA/Iono. As shown in Figure 7A,
PMA/Iono stimulation of CD4" T cells resulted in
massive IL-2 production not only in OX40" cells but
also in OX40™ cells, which was not observed upon
aCD3/28 stimulation. This suggests that PMA/Tono
stimulation could promote IL-2-production even in
cells that are not prepared for TCR-mediated signal-
ing. Notably, we found that the CD4*OX40" T cells
were heterogeneous in their ability to produce IL-2 in
response to. PMA/Iono stimulation. We then exam-
ined the frequency of OX40™" cells capable of produc-
ing IL-2 in Allo HSCT recipients with (n = 15) or
without (n = 10) cGVHD. As BFA was continuously
present during the stimulation, there was no increase
in cell surface OX40 molecules during PMA/Tono
stimulation. Consequently, we not only examined
how OX40 expression on its own relates to cGVHD
(left panel of Figure 7B), we also examined the correla-
tion between the frequency of IL-2*0X40™" cells and
the occurrence of cGVHD (right panel of Figure 7B).
Higher frequencies of OX40™ cells were observed on
average in the cGVHD patients, which is consistent
with our previous observations (P = .032) [33]. How-
ever, a closer correlation with ¢cGVHD was detected
when we examined the frequency of IL-2-producing
OX40* cells (P = .007).

DISCUSSION

Since the concept of central memory and effector
memory T cells was proposed [46], the heterogeneity
of memory T cells has been an active area of research.
Although the origin of central memory and effector
memory T cells remains relatively poorly understood
[47], it is generally accepted that central memory T
cells produce IL-2, show high proliferative potential,
and differentiate into cytokine-producing effector cells
upon TCR triggering [48]. In this study, we found that
circulating CD4*0OX40"* T cells show these charac-
teristics of central memory T cells, and they contain
the cells that produce a large amount of IL-2 in re-
sponse to aCD3/28 stimulation. Not only central
memory T cells but also naive and effector memory
T cells have been shown to express OX40 in vivo
[49,50]. However, we could not detect OX40 on any
circulating naive and effector memory CD4* T cells
from Allo HSCT recipients or HVs. Although it is un-
clear why there is preferential expression of OX40 on
central memory T cells in the circulating CD4* T
cell population, we speculate as follows: naive and cen-
tral memory CD4 " T cells that received activating sig-
nals in the lymphoid organs become effector cells or
OX40" “activated” central memory T cells depending
on the inflammatory status of the lymphoid tissues.
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Figure 5. The presence of OX40-mediated signaling during antigenic stimulation results in explosive cell growth. (A,B) OX40™ memory T cells
anid OX40~ memory T cells from Allo HSCT recipients were labeled with CFSE, stimulated with aCD3/28 or «CD3/28/0X40 for 12 hours,
washed, and cultured in growth medium for 4 days. (A) Upper dot plats show the PI-negative cells (viable cells) and lower histograms show the
division profile of each cell population. The data shown are representative of 3 experiments, (B) The proportions of viable cells and proliferating
cells are shown as means + SD. *P < 01 #P < (02 (C) OX40" memory T cells and OX40™ memory T cells from HVs were labeled with CFSE,
stimulated with «CD3/28 or aCD3/28/0X40 for 12 hours, washed, and then cultured in plates coated with mouse IgG1 (upper dot plots and
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The data shown are representative of 3 experiments.

Some of the latter cells return to the circulation as Surprisingly, IL-7, a cytokine critically involved in
0X40" central memory T cells. In contrast, effector regulating the homeostasis of naive and memory
memory T cells that received antigenic stimulation CD4" T cells, selectively upregulated the expression
would not return into circulation because they become of OX40, enhanced IL-2-producing potential, and
effector cells and cannot survive long enough. promoted antigen-independent proliferation in
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Figure 7. Allo HSCT recipients with cGVHD have much higher
frequencies ‘of [L-2-producing CD4*0X40* T cells than Allo
HSCT recipients without cGVHD. Peripheral blood mononuclear
cells from Allo HSCT recipients were stimulated with PMA/Iono
stimulation for 4 hours in the continuous presence of BFA. (A) Arep-
resentative dot plot of surface OX40 and intracellular IL-2 is shown.
The gates were setat the CD4* lymphocytes. (B) Comparison of the
frequencies of OX40-expressing and IL-2-producing OX40" cellsin
the CD4* T cell populations of Allo HSCT recipients with (n = 15)
and without (n = 10) cGVHD is shown.

OX40* memory cells. Interestingly, both OX40*
memory and OX40 memory cells are positive for
IL-7R«, and IL-7 stimulation results in similar levels
of STATS phosphorylation in both cell subsets. The
selective action of IL-7 on OX40" memory cells im-
plies that IL-7 in OX40" memory cells invokes a set
of transcription factors that is not induced by IL-7 in
OX40 memory cells. In other words, the expression
of OX40 in CD4* T cells may guide IL-7 toward its
cellular target. Although IL-7 is known to enhance T

T. Shindo et al.

cell reconstitution after Allo HSCT [51,52], several re-
ports have raised the concern that exogenous IL-7 ad-
ministration to Allo HISCT recipients exacerbates
GVHD [53,54]. In addition, endogenous IL-7, which
is produced by the stromal cells in bone marrow, thy-
mus, and lymph nodes [55], is suspected to ameliorate
not only GVHD after Allo HSCT but also the rejec-
tion reaction after solid organ  transplantation
[56,57]. In any case, the significance of the increased
sensitivity of OX40" memory cells to IL-7 will con-
tinue to be investipated.

We found that CD4*OX40™ T cells have a marked
potential for proliferation and differentiation in vitro,
especially if TCR ligation and costimulation through
OX40 are provided simultaneously. Although we pre-
viously reported that OX40-mediated signaling on its
own activates nuclear factor kappa B through a TNF
receptor-associated factor-mediated pathway [58,59],
sequential delivery of OX40-mediated signaling after
the removal of TCR ligation did not result in cell
growth or differentiation at all. Endl et al [60] have
suggested that the expression of OX40 in vivo seems
to be restricted to CD4" T cells that are exposed to
high-affinity ligands. In addition, it takes at least
a day for CD470X40™ memory T cells to express
OX40 after antigenic stimulation in vitro. As activated
dendritic cells have been shown to express OX40L
[17,61], CD4"OX40" T cells that enter the secondary
lymphoid organs would have great advantage over
CD4'0X40™ T cellsin their clonal expansion and dif-
ferentiation into effector memory T cells after their
first encounters with APCs. In this study, there were
some differences between CD4"0X40" T cells of
Allo HSCT recipients and those of HVs. Although
CD4*0X40" T cells of Allo HSCT recipients explo-
sively proliferated and functionally differentiated in re-
sponse to «CD3/28/0X40 stimulation, those of HVs
did not (Figures 5A, the upper half of Figure 5C, and
Figure 6). As the lymphopenic conditions seen in the
Allo HSCT recipients promote the production of
IL-7 [62], CD4TOX40" T cells from Allo HSCT re-
cipients might already have more of the IL-7-mediated
signal than the CD4"OX40" T cells from HVs before
sampling. In addition, it is interesting that OX40*
memory cells of some patients differentiated mainly
into Thi-typed cells, whereas others showed Th2-
biased differentiation.

Although the CD4*0X40* T cell population con-
tains cells that produce a large amount of IL-2, it also
includes cells without IL-2-producing capacity. T cells
with IL-2-producing capacity have been reported to
actively proliferate and differentiate in vivo [63,64].
These results are meaningful when taken together
with our finding that the frequency of IL-2-producing
CD470X40" T cells is much higher in Allo HSCT
recipients with cGVHD than those without it. Recent
studies on murine GVHD models have suggested
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that donor-derived alloreactive T cells are activated in
secondary lymphoid tissues before they migrate into
target organs and cause tissue damage [65,66]. Al-
though further studies are needed, the findings that
CD4"0X40" memory T cells with IL-2-producing
capacity have increased sensitivity to IL-7 and can
home to lymphoid organs and easily expand and differ-
entiate into effector cells in response to antigenic stim-
ulation, suggesting that they might have a role to play
in the process of development and maintenance “of

c¢GVHD.
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Kpm/Lats2 is linked to chemosensitivity of leukemic cells through the

stabilization of p73
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Down-regulation of the Kpm/Lats2 tumor
suppressor is observed in various malig-
nancies and associated with poor progno-
sis in acute lymphoblastic leukemia. We
documented that Kpm/Lats2 was mark-
edly decreased in several leukemias that
were highly resistant to conventional che-
motherapy. Silencing of Kpm/Lats2 ex-
pression in leukemic cells did not change
the rate of cell growth but rendered the
cells more resistant to: DNA damage-
inducing agents. Expression of p21 and

PUMA was strongly induced by these
agents in control cells,; despite defective
p53, but was: only slightly induced in
Kpm/Lats2-knockdown cells. DNA damage—
induced nuclear accumulation of p73 was
clearly observed in control cells but hardly
detected in Kpm/Lats2-knockdown cells.
Chromatin immunoprecipitation (ChiP) as-
say showed that p73 was recruited to the
PUMA gene promoter in control cells but
not in Kpm/Lats2-knockdown cells after
DNA damage. The analyses with transient

coexpression: of Kpm/Lats2, YAP2, and
p73:showed that Kpm/Lats2 contributed
the stability of YAP2 and p73, which was
dependent on the kinase function of Kpm/
Lats2 and YAPZ2 phosphorylation at serine
127. Our resuits suggest that Kpm/Lats2
is invoived in the fate of p73 through the
phosphorylation of YAP2 by Kpm/Lats2
and the induction of p73 target genes that
underlie - chemosensitivity: of leukemic
cells. (Blood. 2008;112:3856-3866)

Introduction

The: Warts (Wis) tumor suppressor gene (also termed Lafs after
large tumor suppressor) was first identified by mitotic recombina-
tion of somatic cells and screening for homozygous mutants with
overproliferation phenotype in Drosophila melanogaster.'* This
discovery initiated a series of genetic studies in Diosophila that led
to the delineation of a new signaling network named the Hippo
pathway, which is now known to regulate cell growth; cell survival,
and organ size in developing animals.™ This pathway. consists of a
kinase cascade in its core where Hippo (Hpo) phosphorylates and
activates Wts/Lats,5 which then in turn phosphorylates and inacti-
vates Yorkie (Yki), a tianscription coactivator. Inactivation of Yki
results in control of cell survival and cell growth through down-
regulation of Drosophila: inhibitor of apoptosis: 1 (Diapl) and
Cyclin E.7 Salvador (Sav),’? a scaffold protein for Hpo, and Mats
(mob as tumor suppressor),'"'2 a partner and potentiater of Wts, are
also’ essential components: of this pathway. Furthermore, recent
evidence has placed Expanded (EX), Merlin (Mer),'* both 4.1
family - proteins. and Fat (FT),'*!? the atypical cadherin, in the
upstream of the Hippo pathway although their connection to the
kinase cascade is largely based on genetic epitasis. The Hippo
pathway is believed to be conserved throughout species because
some of the mammalian homologues have been shown to compen-
sate the corresponding defects in the Drosophila Hippo pathway. At
present, however, only a small part of the mammalian Hippo
pathway has been experimentally substantiated.

Kpni (alternatively named Lats2) is one of ‘the 2 human
homologues of Drosophiila Wis.'®'? In parallel to Drosophila Wts,
we and others have shown the critical involvement of Kpm/Lats2 in
regulation of cell growth and survival. Kpm/Lats2 overexpression

results in ‘the ‘cell cycle arrest in. G2/M phase via inhibition of
Cde2-Cyclin' B kinase activity leading eventually ‘to- apoptosis,?
inhibition of G1/S transition via down-regulation of Cyclin E/Cdk2
kinase activity,2! or apoptosis via down-regulation of Bcl-2 and
Bcl-xL.22 Kpm/Lats2 binds to Mdm?2 and inhibits its E3 ubiquitin
ligase activity, resulting in the stabilization of p53 and leading to
the pS3-dependent G1/S arrest in nocodazole-treated cells.* More-
over, Kpm/Lats2 is a target gene of p53 both in mammalian as well
as‘in Drosophila cells,** suggesting that Kpm/Lats2 may be a
positive-feedback-loop regulator: of 'p53. Kpm/Lats2- knockout
mice are embryonically lethal and fibroblasts isolated from these
mice appear. to’ be defective in contact inhibition' and display
genomic instability through multipolar mitotic spindles.?62” Mst-2,
one of the mammalian orthologues of Drosophila Hippo, has been
reported to phosphorylate Kpm/Lats2 as well as its related kinase,
Tats1.2® However, the downstream function of Kpm/Lais2 has not
been elucidated in the Hippo pathway in mammals, because the
interaction between Kpm/Lats2 and Yes-associated protein (YAP),
the mammalian orthologue of Yki, has not been shown.

Yes-kinuse associated protein (YAP) was initially isolated by
virtue of its binding to the Src family member, 4 nonreceptor
tyrosine kinase Yes.”>>" The cloning of YAP revealed a new
modular protein domain, known today as the WW domain, which
recognizes a specific set of proline-rich ligands. The YAP gene
encodes at least 2 isoforms: YAPI and YAP2, which are generated
by differential splicing and differ in the number of WW domains
they contain. YAP1 has one WW domain and YAP2 has 2 WW
domains 3! In human epithelial cells, YAP plays a potentially
oncogenic role through several signaling interactions with potent
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signaling proteins.*?3¢ Furthermore, a region of human chromo-
some 1l at position q22 has been reported to be frequently
amplified in various cancers, and this amplicon contains YAP and
cIAP2 Joci ™% Curiously, YAP has also been shown to regulate
apoptosis. For example, YAP forms a signaling complex with
p53-binding protein-2, a known regulator of the apoptotic activity
of p53.3%4 YAP interacts: with and. couctivates p73 to induce
transcription of its target genes, leading to apoptosis and cell ¢ycle
arrest.* In sum, YAP has a capacity to function either as an
oncogene or as a proapoptotic factor.

Recent clinical studies have indicated that the expression level
of Kpm/Lats2 correlates with clinical course of some malignancies.
Down-regulation of Kpm/Lats2 was associated with larger tunior
size -and high number  of ‘metastatic - lymph ‘nodes in  breast
cancers,*? and it was significantly associated with poor prognosis in
acute  lymphoblastic' leukemia (ALL).** The relitive Tevel of
Kpm/Lats2 expression was shown with high confidence as the most
important prognostic tactor in predicting disease-free survival in
ALL, even compared with the BCR-ABL gene fusion, which is so
far the most significant factor for poor prognosis. However, the
molecular-and cellular: mechanisms underlying the poot clinical
course in leukemias that have a relatively low level of Kpm/Lats2
expression have not been investigated in detail.

In the present study, we documented  that Kpm/LdtsZ was
down-regulated also in adult T-cell leukemia (ATL). and natural
killer (NK) leukemia/lymphoma, both of which are known to be
highly resistant to conventional chemotherapy. Then we addressed
the molecular mechanism underlying the chemoresistance associ-
ated with low Kpm/Lats2 expression. We herewith teport that
down-regulation of Kpm/Lats2 leads fo chemoresistance through
insufficient nuclear accumulation of p73, resulting in poor induc-
tion of its target genes p2l and p53 wp-regulated modulator of
apoptosis (PUMA).

Methods

Cells and cell culture

Leukemic cell lines including KG-1a* were cultured in  10% heat:
inactivated fetal bovine serum (FBS; Invitrogen, Paisley, United Kingdom)
containing Iscove moditied Dulbecco medium (IMDM; Invitrogen) with
2 mM - glutamine and antibiotics (Invitrogen), and only ED-40515 145 was
cultured in the same medium with 100 1U/mL recombinant human intetleu-
kin-2 (rhIL-2; Shionogi, Osaka, Japan). Adherent cell lines including 293T;
GP2-203, and HeLa were cultured using Dulbecco modified Eagle medium
(DMEM; Invitrogen) instead of IMDM. All cells were maintained at 37°C
in-a 5% CO; humiditied incubator. Clinical samples from patients with
leukemia were cryopreserved in our laboratory as described previously.16-48
Normal peripheral mononuclear cells (PBMCs) were purified from héalthy
donor with informed: consent; normal CD4* T cells and normal €D56*
cells were purified using magnetic-activated cell sorting (MACS) CD4*
Tecell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and
MACS CD56? isolation kit (Miltenyi Biotec), respectively. All the clinical
samples were taken with informed consent and used only for in vitro study
following the guideline of the institutional review board of Kyoto Univer-
sity. This study: was’ conducted 'in ‘accordance with the: Declaration’ of
Helsinki.

Isolation of total RNA and quantitative real-time PCR

The isolation of total RNA was performed using RNeasy Mini kit (Qiagen,
Valencia, CA). The ¢DNA was synthesized from I g tofal RNA by
ImProm-11 Reverse Transcription system (Promega, Madison, W1). Quanti-
tative. real-time polymerase chain reaction (PCR) was: analyzed using
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Table 1. Primer sequence for real-time PCR or semiquantitative
RT-PCR

Gene

Primer sequence

lbm (for RT-PCR) ) ; .
©  GOTGACTTIGECCATTCAGACTETC
CATCTACGGGETCGAAATTCCAGET

Reverse
Kom (£or real-time)
CGACAG’I'PAGACACATCATCCCA

Reverse
Latel
Forwara |
Reverse
ne
Forvard

TGGTCATATTAAATTGACTGAC .
CCACATCGACAGCTTGAGCG

Reverse
cIAP] ;

Forward -

Reverse
CIAP2

Forward

Reverse
survivin

Forward . -

ACACTGGA'I’I“I"I‘GAGTCCCACCATC

-CAAGCCACCATCACAACARAA

TCTCCTGGGCTG’I‘C‘TGATG'I‘Q

Reverse
XIAR ,
Forward .. |

Reverse CCGCACGGTATCTCCTTCA
bcl—2

Fozward e
Raverse
pa1 .
Forward

GCTCAGTTCCAGGACCAGE

Reverse
PUMA : :
Foma.rd R
Reverse
m’IS

Fomrd
Reverse
B-acl:i:n
Foxward

GCAGATTGAACTGGGCCATCA

Reverse GAAGCA'I’I‘TGCGGI‘GGACGAT

Reverse

gapdh

GGTCCT'.["I"I‘CACCAGCAAGCT

GAAGATGGTGATGGGAM

Reverse

SYBR Green (Invitrogen) on an ABI Prism 7900HT instrument (Applied
Biosystems, Foster City, CA). More than one intemal control was always
used in each analysis. and only when relative amounts of internal controls
were: constant for ‘each sample, were data considered valid. The list of
gene-specific primers is provided in Table 1.

Plasmids

The plasmids for expression of HA-tagged Kpm wild-type (wt) form and
Kpm-kinase dead (kd) form (mutant form K697 .to A) were described
before.!® FLAG-tagged YAPI, YAPI-S127A (mutant forn S127 to A; S127
is Akt-phosphorylation site), YAPI-WW* (mutant form of WW domain}.
YAP2, YAP2-S127A,; YAP2-IWW* (mutant form of first WW. domain);
and: YAP2-2WW* (mutant form' of second - WW domain) inserted: into
PFLAG-CMV2 vector were described previously 33. TAp73« inserted into
pcDNA3 vector, described elsewhere* was a gift of Dr Yoshihide Ueda
(Kyoto- University).  The plasmid expressing’ Kpm/Lats2 shRNA ' was
generated by insertion of target sequence (loop sequenice; CTGTGAAGC-
CACAGATGGG) and target antisense sequence intothe retrovirus (RV)
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vector, pSINsi-hU6 (Takara, Kusatsu, Japan). Kpm/Lats2 target se-
quence is. TTCACCTTCCGAAGGTTCT; control sequence is TCG-
TACTCTCGTCTTCGAT. Control sequence was constructed by shuf-
fling Kpm/Lats?2 target sequence, and it was confirmed using BLASTN
that control sequence did not farget any other genes.’® p73 target
sequence is. GGATTCCAGCATGGACGTCTT, as ‘described else-
where.>! pVSV-G was used as the envelope plasmid.

Plasmid transfection and retrovirus vector transduction

Plasmids were transfected into 293T cells using CalPhos' mammalian
transfection kit (Clontech, Mountain View, CA) of FuGENE-HD (Roche,
Basel, Switzerland) for coimmunoprecipitation assays. Retroviruses were
generated by cotransfection. of shRNA containing retrovirus, vector and
pVSV-G into GP2-293 packaging cells with CalPhos kit and collected by
ultracentrifugation. Retronectin'(Takara) was used to transduce Jeukemic
cells with retroviruses. After transduction. pools of cells‘in bulk selected
with: 0.5 mg/mL G-418: (Nacalai Tesque, Kyoto; Japan) were used in the
following assays.

MTT assay

To evaluate cell viability, an appropriate number of cells were seeded with

doxorubicin-(DXR; Pharmacia, Milan,: Italy): or etoposide. (ETP; Bristol-:

Myers, New York, NY) in appropriate concentrations. Next MTT assays
were performed using WST-8 (Nacalai Tesque) according to the manufactur-
er’s protocol and analyzed: with. microplate reader Benchmark' (Bio-Rad,
Hercules, CA) as described previously.?®

Antibodies; immunoprecipitation, and Western blotting

The following antibodies: were: purchased or prepared in our laboratory:
anti-FLAG mouse monoclonal antibody (Sigma-Aldrich, St Louis, MO},
anti-HA mouse monoclonal antibody (Roche), anti-YAP rabbit polyclonal
antibody, - anti—phospho-YAP(Ser127) rabbit polyclonal antibody, anti-
PUMA rabbit polyclonal antibody, anti-p21 mouse monoclonal antibody
(Cell ‘Signaling; Beverly,: MA), ‘anti-p73 mouse monaclonal antibody
(Ab-4; Lab Vision, Fremont; CA), antiactin goat polyclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA), HRP conjugated anti-mouse IgG
and anti—rabbit IgG (GE Healthcare, Uppsala. Sweden), and anti-goat 16G
(Santa- Cruz Biotechnology). Anti-Kpm rabbit polyclonal antibody was
generated in our laboratory as described previously.'® For immunoprecipita-
tion assay, cells were lysed on ice for 30 minutes with Triton X-based lysis
buffer (50 mM Tris-HCI at pH 8.0, 150 mM NaCl, 1% Triton X, I mM
PMSE 1 mM EDTA, and protease inhibitor cocktail; Nacalai Tesque), with
the optional addition of phosphatase inhibitor cocktail | and 2 (Sigma-
Aldrich) to ‘detect phosphorylation’ status of YAP. The lysate, after
centrifugation and precleaning, was incubated with 1 jug indicated antibod-
ies overnight at 4°C and precipitated with protein G-sepharose beads (GE
Healtheare) at 4°C for 3 hours; After washing 5 times with lysis buffer, the
precipitate was boiled in 2 X sample butfer. Phosphatase treatment of the
frmmunoprecipitates was done by incubating beads with 0.2 U/uL calf
intestine phosphatase (CIP; Sigma-Aldrich) in 10 pL of 100 mM Tris-HCl
{pH 8.0 at 37°C for 1 hour. Western blottiig was performed according to
the manufacturer’s protocol for each antibody, and the protein bands were
detected using the enhanced chemiluminescence (ECL) detection system
(GE Healthcare).

immunofluorescence microscopy

KG-1a'cells were treated with (.1 pg/ml ETP for 2.5 days. Then cells were
cytospun on glass slides and fixed in ice-cold acetone for 3 minutes. After
blocking; cells were incubated with 4 pg/mL anti-p73 mouse monoclonal
antibody (Lab Vision) or mouse control IgG (Santa Cruz Biotechnology) in
1% bovine serum albumin comtaining PBS for 1 hour at room temperature.
After extensive wash, cells were  incubated  with Alexa Fluor-488—
conjugated anti-mouse 1gG (Invitrogen), and 4,6-diamino-2-phenylindole
(DAPI; Sigma-Aldrich) ‘staining  was finally performed. Analysis was
performed with fluorescence microscopy. BIOZERO B8-8100. (Keyence,
Osaka, Japan) that was equipped with a camera as an all-in-one type and
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with objective lenses (4/0.2 NA and 20X/0.75 NA). B2-Viewer versus 1.0
{(Keyence) and B2-Analyzer BZ-HIA versus 3.5 (Keyence) were used for
image acquisition and image processing, respectively.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay of p73 binding to sites in the
PUMA promoter region was done using ChIP-IT enzymatic kits (Active
Motif. Carlsbad, CA) according to the manufacturer’s instructions. Briefly,
cells were fixed with 1% formaldehyde for 10 minutes, lysed at 4°C for
30 minutes, homogenized by passing through 27-gauge needles, and
centrifuged. Pelleted nuclei were then subjected to enzymatic sharing for
the optimized time. One-tenth volume was stored as the input and the
remaining was diluted and incubated with 2 pg anti-p73 antibody (Ab-4;
Lab Vision) or control IgG (Santa Cruz Biotechnology) at 4°C overnight.
Immune complexes were precipitated with protein G-sepharose beads.
After intensive. washes, beads were treated with elution buffer. The
supernatants and the stored input solutions were reverse cross-linked and
treated with RNase and proteinase K, and chromatin DNA was purified
using the kit-included DNA minicolurnns. The following PCR primers were
used to amplify the PUMA gene promoter: 5'-tgactgggacccacagateca-3’
(forward) and 5'-tccaggggaccetgttagtgag-3’ (reverse).

Resuits
Kpm/lats2 is down-regulated in various leukemias

The: down-regulation of Kpm/Lats2 has been linked to poor
prognosis of ALL. To evaluate the significance of Kpm/Lats2
expression in other types of leukemia, we measured the expression
level of Kpm/Lats2 by real-time PCR in leukemic cells that were
available in our: laboratory.. The expression of Kpm/Lats2 was
markedly decreased in all adult T-cell leukemia (ATL)~derived cell
liriés and all clinical samples from ATL patients in comparison with
the normal counterpart. CD4* T cells: (Figure ‘1A). Similarly,
down-regulation of Kpm/Lats2 was observed in one NK cell line
and most: of the clinical samples - from patients with: NK.: cell
leukemia/lymphoma; compared with the normal counterpart CD3~
CD56* NK cells (Figure 1B). Both types of leukemias are known
to- be clinically aggressive and resistant to conventional chemo-
therapy. In other leukemic cell lines derived from acute myeloid
leukemia (AML) except for KG-14, B-ALL (Burkitt leukemia),
T-ALL. and T-chronic lymphocytic leukemia (I-CLL), the expres-
sion level of Kpm/Lats2 was very low of hardly detectable,
compared with normal peripheral blood mononuclear cells (PB-
MCs; Figure S1, available on the Blood website; see the Supplemen-
tal Materials link at the top of the online article). These results
suggest that the down-regulation of Kpm/Lats2 is rather common
in hematologic malignancies and the degree of decrease may be
associated with poor prognosis.

Down-regulation of Kpm/Lats2 by shRNA does not affect the
growth rate in 2 different leukemic cell lines

To: delineate: the cellular changes caused by Kpm/Lats2 down-
regulation in leukemic cells, we made pools of Kpm/Lats2-
knockdown KG-14 cells, a myeloid cell line, and ED-405157 cells,
an ATL-derived cell line, using Kpm/Lats2-specific SIRNA expres-
sion retrovirus vector. The reason why we chose these cell lines
was because KG-1a and ED-40515" - expressed relatively high
levels of Kpm/Lats2 among myeloid and lymphoid cell lines,
respectively (Figure 1A; Figure S1). Real-time PCR analyses of
Kpnv/Lats2 mRNA revealed that the expression levels of Kpm/
Lats2 in Kpm/Lats2-knockdown KG-1a cells and ED-40515% cells
was approximately 20% and approximately 30% of basal levels,
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Figure 1. Quantitative analysls of Kpm/Lats2 mRNAn clinical samples and cell
lines. (A) The amount of Kpm/Lats2 mRNA was measured in ATL cell lines; ATL
clinical samples, normal PBMCs, and normal CD4* T cells. Data normalized to hprt
are shown representatively in scale that the value for normal PBMC is 1. Normaliza-
tion to gapdh gave similar resulis. The: highest one among the ATL celf: lines
represents ED-405157. Analyses were performed in duplicate independently 3 times
and representative data are shown (Welch ttest: *P < .001; **P < .005). (B) The
amount of KpnyLats2 mRANA was measured in NK cell line (YT), NK cell leukemia
clinical samples, normal PBMCs (lanes 1-2), and normal CD3-56* NK cells (lanes
3-4), NK cellline (YT, lane 5), and NK cell leukemia clinical samples (lane 6-12). Data
normalized to gapdh are shown as mean plus or minus SD in scale that the value for
normal PBMGs (lane1}is 1. Normalization to hprt gave similar results. Analyses were
performed in triplicate independently twice, and representative data are shown.

respectively. There was no difference in' the expression level of
Latsl, the other human homologue of Drosophila Wis/Lats,
between Kpm/Lats2-knockdown cells and wild-type or ‘control
cells (Figure 2A). We confirmed that Kpm/Lats2 expression was
decreased also at the protein level in Kpn/Lats2-knockdown cells
with Western blotting (Figure 2B).

Next we analyzed the growth rates of wild-type, Kpm/Lats2-
knockdown, and control KG-1a cells as well as ED-40515" cells
to determine whether the expression level of Kpm/Lats2 af:
fected the duration of cell cycle. It has recently been reported
that cell number of mouse embryonic fibroblasts (MEFs) from
Kpn/Lats2 knockout: mouse (Kpm/Lats2™/") was approxi-
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mately 1.25-fold more than those from wild-type mouse (Kpm/
Lats2*/*) at day 4.7 Contrary to this, there was no difference
between growth rate of Kpm/Lats2-knockdown cells and that of
wild-type or control cells during 96 hours as measured by MTT
assay (Figure 2C) and cell counting assay with trypan blue dye
exclusion (data not shown).

Down-regulation of Kpm/Lats2 by shRNA in 2 different
leukemic cell lines renders them resistant to DNA
damage-inducing agents

To address whether down-regulation of Kpm/Lats2. renders
leukemic cells resistant to DNA damage—inducing agents, we
measured . the cell viability: of wild-type,. Kpm/Lats2-knock-
down, and control cells by MTT assay after the treatment with
anticancer drugs, doxorubicin (DXR) or etoposide (ETP), which are
used in standard chemotherapy for leukemia. The viability of these cells
decreased after treatment of DXR or ETP in a dose-dependent and
time-dependent mannier but that of Kpm/Lats2-knockdown KG-1a cells
was approximately 20% to 30% higher than that of wild-type or coritrol
KG-1a cells (Figure 2D). This tendency was also observed in ED-
40515* cells, although the proportion of dead cells increased faster and
the difference in viability was slightly smaller than in KG-1a cells
(Figure 2E). In addition, flow cytometric analysis with annexin V-PI
dual staining revealed that treatment with ETP induced fewer apoptotic
or dead cells in Kpm/Lats2-knockdown KG-1a cells than in control cells
(Figure S2). Similar results were obtained with KG-1a cells transduced
with microRNA-373,% which is known to down-regulate Kpm/Lats2 or
those transfected with Kpm/Lats2-specific sRNA, althongh' these
reagents down-regulated Kpny/Lats exptession less efficiently than the
shRNA-expressing retrovirus vector (Figure S3A,B). These resulis
clearly indicate that down-regulation of Kpny/Lats2 renders leukemic
cells resistant to DNA damage.

Down-regulation of Kpm/Lats2 inhibits transcriptional
induction of p21 and PUMA without affecting the IAP family
members

We next examined the expression of several key molecules
involved in cell survival. We searched for those genes whose
expression level in Kpm/Lais2:-knockdown KG-1a cells was
significantly different from that in control cells after DNA
damage siress. Two genes, p21 and PUMA, were identified by
real-time PCR analysis—based screening. The expressions of p21
and PUMA were clearly induced by DNA damage-inducing
agents in control KG-1a cells, although KG-1a line was p53
null,? whereas their inductions were strongly inhibited in
Kpm/Lats2-knockdown KG-1a cells (Figure 3A). This finding
was also confirmed at the protein level (Figure S4). Since p21
induces cell-cycle arrest™ and PUMA can make Bax localize
onte’ mitochondrial membrane fo' trigger apoptosis,>>36 these
results seemed to be in agreement with what we observed in cell
viability assay. On the other hand, none of the members of the
IAP family, the major inhibitors of apoptosis,?’ was up-
regulated by silencing of Kpm/Lats2 despite treatment with ETP
(Figure 3B). Of note is that in Drosophila the Hippo signals end
up with the inhibition of Yki leading to apoptosis via down-
regulation of Diupl.” In addition, although Bcl-2 was reportedly
decreased by ectopic expression of Kpm/Lats2,22 there was no
significant difference in its expression level between Kpm/Lats2-
knockdown and control cells (Figure 3B).
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Figure 2. Down-regulation of Kpm/Lats2 renders cells resistant to DNA damage-inducing agents. (A) KpmjLats2-knockdown cells were established in KG-1a or
ED-40515" cells using retrovirus (RV) vector containing Kpm/lats2-specific shRNA. Wild type represents non-RV-transduced cells and control IANA represents control
shRNA:containing RV-transduced cells. Efficiency of KpnvLats2-specific shRNA was measured by real-ime PCR analyses. Data nomalized to gapdh are shown as mean
pltis orminus SD in scale that the value for wild type is 1. Analyses were performed in triplicate independently twice and representative data are shown. Western blot analysis of
Kpm/Lats2 in wild-type, knockdown, or controf cells in KG-1a. Analyses were performed independently twice and representative data are shown. (B) Simple growth curve
without agents was measured by MTT assay. The assays were performed in quadruplicate independently 3 times and representative data are shown as mean plus or minus
SD. (C) Cell viabllity after treatment with doxorubicin (DXR) or etoposide (ETP) in each KG-1a line was measured by MTT assay. The assays were performed in quadruplicate
independently 3 times and representative data are shown as mean plus or minus SD (Welch ftest: *P < .01; 7P < ..05). (D) Cell viability after treatment with DXR or ETP.in
each ED-40515% line was measured by MTT assay (Welch ttest: *P < .05; ** P < .01; ***P < .005). The assays were performed independently in quadruplicate 3 times; and

representative data are shown as mean plus or minus SD.

Nuclear accumulation of p73 was suppressed in
Kpm/Lats2-knockdown cells

We considered p73 as a miolecule that replaced p53 in pS3-null cells
suich as KG-1a and ED-40515" because p73 is a homologue of p53 and
a transcriptional factor for p21 and PUMA expression. Therefore, we

measured the amount of p73 at the protein level by Westeri blot analysis
of whole-cell Iysates. p73 was hardly detectable under normal condi-
tions but becanie visible in control cells after treatment with ETP. In
contrast, such increase in p73 protein was not observed in Kpm/Lats2-
knockdown cells after the sanie treatment (Figure 4A). There was little
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