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the candidate molecules for such differential control of Treg-cell
subpopulations is chemokine receptors, which allow Treg cells
to migrate to a specific inflammation site via sensing specific
chemokine milieu (19).

It has been shown that tumor-infiltrating macrophages and
tumor cells produce the chemokine (C-C motif) ligand 22
(CCL22), which chemoattracts Treg cells as well as effector
T cells expressing C-C chemokine receptor type 4 (CCR4) (6, 10,
20). In this report, we have addressed whether CCR4-targeting
treatment is able to selectively reduce a particular Treg-cell
subpopulation, rather than whole Treg population, and thereby
elicit or augment in vitro and in vivo antifumor immune responses
in humans.

Results

Depletion of CCR4™ T Cells Predominantly Depletes eTreg Cells. In
peripheral blood mononuclear cells (PBMCs) of healthy indi-
viduals, CCR4* T cells were present in both FOXP3* and
FOXP3~ T-cell fractions, and FOXP3" cells in particular were
CCR4* (Fig. 14). When FOXP3* T cells were classified into
three populations by the levels of FOXP3 and CD45RA ex-
pression (18), FOXP3MCD45RA™ eTreg cells (Fr. II) pre-
dominantly expressed CCR4 at the protein and mRNA level
(Fig. 14, and Figs. S1 and S24). In contrast, FOXP3°CD45RA™
naive Treg cells (Fr. I) scarcely expressed the molecule, whereas
FOXP3'°CD45RA™ non-Treg cells (Fr. III) exhibited a moder-
ate expression. Among FOXP3~ cells, some CD45RACD4*
memory or activated T cells expressed CCR4, whereas CD45RA™
CD4" naive T cells did not. CD25 expression was well correlated
with CCR4 expression with the highest CD25 expression by eTreg
cells (Fr. I). Analyses of multiple samples of PBMCs from healthy
individuals showed similar patterns of CCR4 expression by
FOXP3 subsets (Fig. 1B). CD8* T cells, natural killer (NK) cells,
CD14" monocytes/macrophages, dendritic cells, and B cells hardly
expressed CCR4 at the protein and mRNA level (Fig. S2). In vitro
depletion of CCR4* cells from PBMCs by magnet-bead sorting

with anti-CCR4 mAb predominantly decreased CD4*FOXP3™
CD45RA™ eTreg cells (Fr. II) and, to a lesser extent, CD4™*
FOXP3°CD45RA™ non-Treg cells (Fr. III), but spared CD4*
FOXP3"°CD45RA* naive Treg cells (Fr. I) and FOXP3™ cells
(Fr. IV and V) (Fig. 1C). In contrast with anti-CCR4 mAb
treatment, similar in vitro cell depletion with anti-CD25 mAb
significantly reduced all of the FOXP3™" subpopulations (Fr I, I,
and III) and, to a lesser extent, FOXP3 CD45RA™CD4™ activated
or memory T cells (Fr. IV), with a relative increase in FOXP3™
CD45RATCD4* naive T cells (Fr. V) (Fig. 1D). PBMCs of mela-
noma patients showed similar patterns of CCR4 expression by
FOXP3* subpopulations and similar changes in the composition
of FOXP3* T-cell subsets after in vitro CCR4™ T-cell depletion
(Fig. S3).

Taking these data together, we find that CCR4 is predomi-
nantly expressed by eTreg cells and depletion of CCR4™ cells
results in selective reduction of eTreg cells, while preserving naive
Treg cells and the majority of FOXP3~CD4* T cells.

Tumor-Infiltrating Treg Cells Exhibit the eTreg-Cell Phenotype and
Can Be Depleted in Vitro by Anti-CCR4 mAb. Although there is ac-
cumulating data that FOXP3™ T cells predominantly infiltrate
into tumor tissues (6, 7, 10, 21), their detailed phenotypes remain
to be determined. Our analysis of TILs in nine melanoma sam-
ples revealed infiltration of a high percentage of CCR4™ T cells,
the majority of which were CD4*"FOXP3"CD45RA™ eTreg cells
(Fr. II), with only a small number of CD4*FOXP3°CD45RA*
naive Treg cells (Fr. I) (Fig. 24). In vitro depletion of CCR4™*
T cells indeed dramatically reduced these tumor-infiltrating eTreg
cells (Fig. 2B), indicating that anti-CCR4 mAD treatment is able to
selectively deplete eTreg cells abundantly infiltrating into tumors.

In Vitro Induction of NY-ESO-1-Specific CD4" T Cells After CCR4™
T-Cell Depletion from PBMCs of Healthy Donors and Melanoma
Patients. With the efficient depletion of the eTreg-cell pop-
ulation by in vitro anti-CCR4 mAb treatment, we next examined
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Fig.2. Predominant infiltration of CCR4" eTreg cells into melanoma tissues.
(A) CCR4 expression by melanoma-infiltrating T cells. CD4* T cells from
melanoma sites were fractionated into subpopulations based on the ex-
pression of CCR4, CD45RA, and FOXP3; CCR4 expression by each fraction was
analyzed. Data from two representative patients are shown. (Right) Sum-
mary of MFI of CCR4 expression by FOXP3~ or FOXP3* cells (n = 9). (B) CCR4™
CD4™ T cells from melanoma tissues (Pt #16) were depleted of CCR4™ T cells
and then analyzed for the proportion of FOXP3" eTreg cells. (Lower) Per-
centages of FOXP3" cells among CD4™ T cells after CCR4* cell depletion or
nondepletion (n = 9). The numbers in A and B indicate the percentage of
gated CD4™ T cells.

whether CCR4™ T-cell depletion from PBMCs of healthy donors
was able to induce tumor antigen-specific CD4™ T cells. We
assessed specific T-cell responses to NY-ESO-1, a cancer/testis
antigen, which is normally expressed by human germ-line cells
and also by various types of cancer cells (4, 22). CCR4~CD4*
T cells or CD25"CD4" T cells were cultured with CD4"CD8”
PBMCs as antigen-presenting cells (APCs), which were pulsed
overnight with series of overlapping peptides covering the entire
sequence of the NY-ESO-1 protein and X-irradiated (35 Gy)
before use, as previously described (23, 24). Fifteen to 20 d later,
NY-ESO-1-specific CD4™ T cells secreting IFN-y were enu-
merated by enzyme-linked immunospot (ELISpot) assay. Sig-
nificant numbers of IFN-y—secreting NY-ESO-1-specific CD4*
T cells were induced in 7 of 16 healthy donors (43.8%), but only
in the cultures with CCR4% or CD25" T-cell-depleted T cells
(Fig. 34, and summarized in Table S1). Furthermore, the fre-
quencies of IFN-y-secreting NY-ESO-1-specific CD4* T cells
were higher after CCR4" T-cell depletion compared with CD25*
T-cell depletion in five of seven healthy donors (71.4%) (Table
S1). This result could be attributed in part to possible depletion
of NY-ESO-1-specific CD25" activated T cells by anti-CD25
mAb treatment. The NY-ESO-1-specific CD4™ T cells produced
IFN-y and TNF-« (Fig. 3B). Those cells induced in vitro after
CCR4™ T-cell depletion recognized NY-ESO-1 peptides at the
concentration as low as 0.1 pM (Fig. 3C), and also NY-ESO-1
peptides produced by natural processing of the NY-ESO-1 pro-
tein by APCs, as previously shown with CD25% T-cell depletion
(22, 24) (Fig. 3D).

We also attempted to determine whether Treg-cell depletion
would evoke anti-NY-ESO-1 responses in apparently non-
responsive melanoma patients. With PBMCs from patients
bearing NY-ESO-1-expressing melanomas, but without detect-
able NY-ESO-1-specific Ab in the sera, in vitro depletion of
CCR4™ or CD25* T cells and subsequent in vitro peptide stim-
ulation induced IFN-y— and TNF-o-secreting NY-ESO-1-spe-
cific CD4* T cells in three of eight patients (37.5%) (Fig. S4 A
and B and Table S2). These NY-ESO-1-specific CD4* T cells
appeared to express high-avidity T-cell receptors that recognized
NY-ESO-1 peptides at a concentration as low as 0.1 uM, as seen
with healthy donor T cells (Fig. S4C).

Thus, in healthy individuals as well as melanoma patients who
had not raised spontaneous NY-ESO-1 immune responses, re-
moval of eTreg cells by CCR4™ T-cell depletion is able to effi-
ciently induce high-avidity NY-ESO-1-specific CD4™ T cells
secreting effector cytokines.

Sugiyama et al.

CCR4™ T-Cell Depletion Augments in Vitro Induction of NY-ESO-1-
Specific CD8™ T Cells from PBMCs of Melanoma Patients. PBMCs
from melanoma patients were subjected to in vitro depletion
with anti-CCR4 mAb or anti-CD25 mAb, and cultured with
NY-ESO-1 peptide capable of binding to HLA class I of each
patient. Seven to 10 d later, NY-ESO-1-specific CD8" T cells
were detected by NY-ESO-1/HLA tetramers and analyzed for
intracellular cytokine production. NY-ESO-1-specific CD8* T
cells were induced in four of six patients (66.7%), and the
responses were markedly augmented after depletion of CCR4™*
or CD25" cells (Fig. 44). In addition, these NY-ESO-1-specific
CD8* T cells recognized an HLA-matched malignant melanoma
cell line and secreted IFN-y and TNF-« (Fig. 4B). For example,
Pt. #9 (HLA-A*02/29, B*44/27, C*03/04) harbored not only
HIA-C*03—restricted NY-ESO-1-specific CD8" T-cells detected
by HLA Cw*0304/NY-ESO-1 tetramers, but also those NY-
ESO-1-specific CD8* T cells that recognized the SK-MEL 37
melanoma line (A*0201*, NY-ESO-1%) in an HLA-A2-
restricted manner.

We also examined whether NY-ESO-1-specific CD8" T cells
could be induced by directly adding mAb into cell cultures. Ad-
dition of anti-CD25 mAb or anti-CCR4 mAb reduced the fre-
quency of CD4*FOXP3™MCD45RA™ eTreg cells (Fr. 1) (Fig. S5).
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Fig. 3. Induction of cancer/testes antigen-specific CD4* T cells by depletion

of CCR4- or CD25-expressing T cells in healthy donors. (4) CD4™ T-cell
responses to NY-ESO-1 peptides after depletion of CCR4™ or CD25" T cells.
CD4* T cells prepared from PBMCs of healthy donors were presensitized with
APCs pulsed with NY-ESO-1 peptide covering the entire sequence of NY-ESO-1.
Results of 2 (HD#1 and HD#7) among 16 healthy donors are shown. The
numbers of IFN-y-secreting CD4" T cells were assessed by ELISpot assay. (B)
Intracellular cytokine secretion of CD4™ T cells shown in A. The numbers in
figures indicate the percentage of gated CD4* T cells. (C) Peptide dose-
dependent recognition of NY-ESO-1-specific IFN-y—secreting CD4* T cells.
NY-ESO-1-specific CD4™ T cells derived from CCR4™ or CD25* T-cell-depleted
cells (CCR4 dep and CD25 dep, respectively) were cultured with autologous
activated T-cell APCs pulsed with graded amounts of NY-ESO-1 peptides and
assessed for the number of IFN-y-secreting cells as in A. Triangles indicate
responses to control peptide at 10 pM. (D) Recognition of naturally pro-
cessed NY-ESO-1 protein antigen by NY-ESO-1-specific CD4* T cells derived
from whole CD4*, CCR4™ cell-depleted, or CD25* cell-depleted cells. NY-ESO-
1-specific CD4™ T cells from two healthy donors were cultured with autol-
ogous dendritic cells pulsed with NY-ESO-1 or control protein, or with
NY-ESO-1 or control peptide. The experiments were independently per-
formed twice with similar results.
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Fig. 4. Augmentation of NY-ESO-1-specific CD8*
T-cell induction in melanoma patients by in vitro
CCR4™ T-cell depletion. (4) Induction of NY-ESO-1-
specific CD8% T cells. Unfractionated PBMCs, or
PBMCs depleted of CD25* or CCR4™ cells, were
prepared from melanoma patients (n = 6), and
presensitized in peptides capable of binding to
patients’ HLA, NY-ESO-1-specific CD8" T cells were
analyzed with NY-ESO-1/HLA tetramers (Pt. #9:
A*02/29, B*44/27, C*03/04, Pt. #10: A*02/11, B*35/
44, C*04/05, and Pt. #11: A*02/-, B*13/18, C*06/07).
(B) Cytokine secretion of NY-ESO-1-specific CD8
T cells upon recognition of the HLA-A*0201" mela-
noma cell line SK-MEL 37 (NY-ESO-17), or SK-MEL-21
(NY-ESO-17) analyzed by intracellular cytokine
staining. Data from three representative patients
are shown. (C) Induction of antigen-specific CD8%
T cells by addition (add) of anti-CD25 or anti-CCR4
mAb (KM2160) to cell cultures, or by CCR4* or
CD25™ cell depletion or nondepletion, as shown in A
(Pt. #13 A02/03, B07/41, C07/17). A representative
result (Left) and summary of three melanoma pa-
tients (Right) are shown. The numbers in the panels
indicate the percentage of gated CD8" T cells. These
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Interestingly, although NY-ESO-1-specific CD8" T-cell induc-
tion was augmented in the cell culture containing anti-CCR4
mADb, the addition of anti-CD25 mAb reduced the frequency of
NY-ESO-1-specific CD8" T cells (Fig. 4C), indicating that it
might have killed some CD25"CD8™ activated effector T cells
in addition to CD25*CD4* Treg cells.

These results indicate that depletion of CCR4™ T cells before in
vitro induction or even simple incubation with anti-CCR4 mAb
during the induction effectively augments NY-ESO-1-specific
CD8" T-cell responses by selectively reducing eTreg cells.

Anti-CCR4 mAb Administration into Adult T-Cell Leukemia-Lymphoma
Patients Reduces CD4*FOXP3"CD45RA~ eTreg Cells and Augments
NY-ESO-1-Specific CD8" T-Cell Responses. In adult T-cell leuke-
mia-lymphoma (ATL), which is caused by human T-lympho-
tropic virus 1 infection, ATL cells are CD4* and the majority—if
not all—of them express FOXP3, CD25, CTLA-4, and CCR4,
thus resembling naturally occurring FOXP3™" Treg cells (25-28).
Although it is currently difficult to discriminate whether anti-
CCR4 mAD reduces ATL cells or normal FOXP3* Treg cells
(29), we examined whether in vivo administration of anti-CCR4
mAb (Mogamulizumab), which has a cell-depleting effect by
antibody-dependent cellular cytotoxicity, was able to reduce
FOXP3* cells or a subpopulation thereof. Analysis of PBMCs
from ATL patients collected before and after anti-CCR4 mAb
therapy revealed that CD4*FOXP3™CD45RA™ cells including
both ATL cells and eTreg cells were markedly reduced after the
therapy (Fig. 54). In addition, in a patient whose ATL cells
expressed NY-ESO-1, NY-ESO-1-specific CD8" T cells pro-
ducing IFN-y and TNF-o were induced after several rounds of
anti-CCR4 mAb administration (Fig. 5B). NY-ESO-1-specific
CD8" T cells producing these cytokines were much higher in
frequency than NY-ESO-1-specific CD8" T cells detected by
NY-ESO-1/HLA-B*3501 tetramers, suggesting that this patient
additionally possessed CD8* T cells recognizing other epitopes
of NY-ESO-1. These results collectively indicate that anti-CCR4
mAD therapy for ATL is able to selectively deplete eTreg cells as
well as ATL cells in vivo, and induce/augment tumor antigen-
specific T-cell responses, although it is possible that anti-CCR4
mAb-induced reduction of FOXP3* ATL cells, which reportedly
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experiments were performed independently at least
twice with similar results.

exhibit a Treg-cell-like in vitro suppressive activity (27, 28),
might also contribute to the augmentation of immune responses.

Discussion

Accumulating evidence indicates that effective cancer immuno-
therapy needs to control FOXP3™" Treg cells naturally present in
the immune system and abundantly infiltrating into tumor tissues
(10, 11, 30). Here, we have shown that CD4+*FOXP3MCD45RA™
eTreg cells, which are terminally differentiated and most sup-
pressive, highly express CCR4, that they are predominant among
FOXP3™ T cells infiltrating into tumor tissues (e.g., melanoma),
and that specific depletion of e€Treg cells in vivo or in vitro by
anti-CCR4 mAb evoked tumor antigen-specific immune re-
sponses mediated by CD4* and CD8" T cells in healthy indi-
viduals and cancer patients.

Besides high expression of CCR4 in eTreg cells, CCR4 is
expressed, although to a lesser extent, in non-Treg CD4™ T-cell
fractions [i.e., the FOXP3'°CD45RA™ cells (Fr. III) and
FOXP3~CD45RA™ cells (Fr. IV)]. The former are capable of
secreting cytokines, such as IL-4 and IL-17, as previously
reported with PBMCs of healthy individuals (18). It has also
been shown that Th2 cells and a fraction of central memory
CD8" T cells express CCR4 (31-33). It is thus likely that tumor-
infiltrating activated macrophages, and presumably some tumor
cells produce CCL22, which predominantly chemoattracts and
recruits from peripheral blood both CCR4™ e€Treg and CCR4*
effector T cells that recognize tumor-associated antigens (such as
cancer/testis antigen) and presumably self-antigens released
from tumor cells (6, 10, 21, 34). However, the frequency of IL-4—
or IL-17-secreting CD4" T cells were much lower than eTreg
cells among CCR4*CD4* T cells in PBMCs and TILs in mela-
noma tissues of nontreated patients; and CCR4 expression by
CD8* TILs were limited. Moreover, addition of anti-CCR4 mAb
into in vitro peptide stimulation more effectively induced anti-
gen-specific CD8% T cells than CCR4* T-cell depletion, in-
dicating that anti-CCR4 mAb had reduced eTreg cells but spared
CD8* effector T cells. The result contrasted with the addition of
anti-CD25 mAb, which appeared to deplete CD257CD8" T cells
and cancel the enhancing effect of Treg-cell depletion. These
results taken together indicate that anti-CCR4 mAb treatment to
augment antitumor immunity mainly target CCR4™ eTreg cells

Sugiyama et al.
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Fig.5. Reduction of CD4*FOXP3"CD45RA™ T cells and augmentation of NY-
ESO-1-specific CD8™ T-cell responses in ATL patients after anti-CCR4 mAb
(Mogamulizumab) therapy. (A) FOXP3* Treg-cell subpopulations in PBMCs
from two ATL patients (Pt. #17: acute type, HLA-A*2402/-, B*3901/5401,
C*0102/0702 and Pt. #18: lymphoma type, HLA-A*0201/3101, B*3501/4002,
C*0303/0401) before and after anti-CCR4 mAb therapy. These experiments
were performed at least twice with similar results. The numbers indicate the
percentage of gated CD4* T cells. (B) Analysis of NY-ESO-1-specific CD8*
T-cell induction before and after anti-CCR4 mAb therapy. PBMCs from Pt.
#18 were presensitized in the presence of APCs pulsed with NY-ESO-1g1_110
peptide corresponding to the patient’s HLA. NY-ESO-1-specific CD8" T cells
were detected with NY-ESO-1/HLA tetramers, and cytokine secretion of
these NY-ESO-1-specific CD8* T cells upon recognition of autologous acti-
vated T-cell APCs pulsed with NY-ESO-1g1_110 Or control peptide was ana-
lyzed by intracellular cytokine staining. The numbers in figures indicate the
percentage of gated CD8" T cells. The result was derived from a single assay
because of limited availability of the patient’s samples.

in tumor tissues and the regional lymph nodes, as well as pe-
ripheral blood, which would otherwise be a reservoir of fresh
tumor-infiltrating Treg cells. Further study is warranted to
determine whether depletion of CCR4*CD4* and CD8" effector
T cells in vivo affects antitumor immunity to a clinically signifi-
cant extent.

Both NY-ESO-1-specific CD4* and CD8* T cells induced by
in vitro anti-CCR4 mAb treatment possessed high-avidity T-cell
receptors, and responded to dendritic cells processing tumor
antigens and histocompatible tumor cell lines, respectively. This
finding raises the issue of whether Treg depletion by anti-CCR4
mAb activates and expands already present antigen-primed ef-
fector T cells or newly induces effector T cells from a naive T-cell
pool. We previously showed that in vitro NY-ESO-1-peptide
stimulation following CD257CD4" T-cell depletion could acti-
vate NY-ESO-1-specific naive CD4* T-cell precursors in healthy
individuals and in melanoma patients who possessed NY-ESO-
1-expressing tumors but failed to develop anti-NY-ESO-1 Ab
(23). In contrast, most NY-ESO-1-specific CD4* T cells in
melanoma patients who had spontaneously developed anti-NY-
ESO-1 Ab were derived from a memory population and could be
activated even in the presence of CD25*CD4" Treg cells (23). In
addition, following vaccination of ovarian cancer patients with
a HLA-DP-restricted NY-ESO-1 peptide, development of NY-
ESO-1-specific high-avidity effector T cells from naive T cells
was hampered by the presence of CD25"CD4" Treg cells, al-
though the vaccination could expand low-avidity NY-ESO-1-
specific CD4* T cells that were apparently present in an effector/
memory fraction before the vaccination (24). These results collec-
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tively indicate that elimination of eTreg cells by CCR4™ T-cell
depletion abrogates Treg cell-mediated suppression on NY-ESO-
1-specific high-avidity naive T-cell precursors, allowing their ac-
tivation and differentiation into high-avidity effector T cells ca-
pable of mediating strong antitumor immune responses. This
successful induction of tumor antigen-specific CD4™ and CD8* T
cells indicates that the combination of anti-CCR4 mAb admin-
istration and vaccination with tumor antigens, such as NY-ESO-1,
could be an ideal strategy for immunotherapy of a variety of
cancers including ATL, which express NY-ESO-1 (35).

On the other hand, it was noted that not all healthy individuals
or melanoma patients developed NY-ESO-1-specific T cells in
vitro after Treg depletion for several possible reasons. For ex-
ample, individuals who do not have a proper HLA haplotype
may fail to select NY-ESO-1-reactive T cells thymically (22),
hence possessing few NY-ESO-1-specific T-cell precursors. Other
types of suppressor cells (such as myeloid-derived suppressor
cells, immunosuppressive macrophages, and Foxp3™~ Treg cells)
might contribute to inhibiting the induction of the responses
(30). Alternatively, T cells specific for NY-ESO-1, a cancer/testis
antigen, may also be subjected to other mechanisms of immu-
nological self-tolerance—for example, anergy—hence being
hyporesponsive to the antigen (36). These possibilities are under
investigation to make anti-CCR4 mAb therapy more effective.

Would in vivo anti-CCR4 mAbD treatment to deplete Treg cells
elicit harmful autoimmunity? It has been shown in animal
models that a longer period and a more profound degree of
Treg-cell depletion is required to elicit clinically and histologi-
cally evident autoimmunity than evoking effective antitumor
immunity (37, 38). In humans, naive Treg cells are generally well
preserved in peripheral blood in cancer patients, even if they are
low in frequency in tumor tissues. Furthermore, CCR4™ T-cell
depletion selectively eliminates eTreg cells but spares naive Treg
cells. Assuming that effective tumor immunity can be evoked
without significant autoimmunity via controlling the degree and
duration of Treg-cell depletion, it is likely that, although anti-
CCR4 mAb administrations reduce eTreg cells in the immune
system during the treatment, the residual CCR4™ eTreg cells (as
shown in Fig. 2), including those which have newly differentiated
from naive Treg cells, are sufficient to prevent deleterious au-
toimmunity. Supporting this notion, only a minor population of
ATL patients treated with anti-CCR4 mAb experienced severe
immune-related adverse events, except skin rashes (29). Anti-
CCR4 mAbD therapy can therefore be a unique cancer immu-
notherapy aiming at depleting eTreg cells without clinically se-
rious adverse effects that would be incurred by total Treg-cell
depletion or functional blockade (39).

The critical roles of CCR4 in Treg-cell recruitment to tumors
have been reported with various types of human cancers, such as
malignant lymphomas, gastric, ovarian, and breast cancers (10).
CCR4™ eTreg cells abundantly and predominantly infiltrated
into gastric and esophageal cancers as observed with melanoma.
Although it remains to be determined whether every cancer
tissue has predominant infiltration of CCR4™ eTreg cells, it is
envisaged that possible combination of anti-CCR4 mAb treat-
ment, tumor antigen immunization, and antibody-mediated im-
mune checkpoint blockade will further increase clinical efficacy
of cancer immunotherapy.

Materials and Methods

Donor Samples. PBMCs were obtained from healthy donors, malignant
melanoma patients with NY-ESO-1 expression, and ATL patients. To collect
tumor-infiltrating T cells, melanoma tissues were minced and treated with
gentleMACS Dissociator (Miltenyi Biotec). All healthy donors were subjects
with no history of autoimmune disease. All donors provided written informed
consent before sampling according to the Declaration of Helsinki. The
present study was approved by the institutional ethics committees of Osaka
University, Osaka, Japan and Landesarztekammer Hessen, Frankfurt,
Germany.

PNAS | October 29,2013 | vol. 110 | no.44 | 17949




)
B
b
g
i

ATL ZRICEDIEREORREE SEBRTEEICE & D<HENEHESRIOBEICET DR 143

Antibodies and Peptides. The information of antibodies and synthetic pep-
tides is provided in SI Materials and Methods.

Preparation of CD25~ or CCR4™ Cells. PBMCs or CD4™ T cells were treated with
biotin-anti-CD25 mAb (BC96) or bioctin-anti-CCR4 (1G1) mAb (0.01 mg/mL),
otherwise specified, for 15 min at 4 °C. Subsequently, anti-Biotin MicroBeads
(Miltenyi Biotec) were added as described in the manufacturer’s protocol,
then washed using PBS containing 2% (vol/ivol) FCS. CD25~ or CCR4™ cells
were separated on autoMACS Pro Separator (Miltenyi Biotec).

In Vitro Sensitization of NY-ESO-1-Specific CD4* T Cells. NY-ESO-1-specific
CD4* T cells were presensitized as previously described (23, 24) and in S/
Materials and Methods.

In Vitro Sensitization of NY-ESO-1-Specific CD8* T Cells. For in vitro sensiti-
zation of NY-ESO-1-specific CD8" T cells, 1.5-2 x 10° cells were cultured with
NY-ESO-1 peptides (NY-ESO-1157165 for HLA-A*0201 restricted, NY-ESO-1g3_100
for HLA-Cw*0304 restricted, NY-ESO-1g4_11 for HLA-B*3501 restricted, 10 pM)
(22, 23) in a 48-well dish or round-bottom 96-well plate. After 8 h, one-half of
the medium was replaced by fresh medium containing IL-2 (20 U/mL) and IL-7
(40 ng/mL) and repeated twice per week. In some assays, purified anti-CD25
(M-A251) mAb or anti-CCR4 (KM2160) mAb (1 pg/mL) was included in some
wells during the entire period of culture.

ELISpot Assay. The number of IFN-y-secreting NY-ESO-1-specific CD4* T cells
was assessed by ELISpot assay as previously described (23, 24) and in S/
Materials and Methods.

Intracellular Cytokine Secretion Assay. The presensitized CD4* and CD8*
T cells were restimulated with peptide-pulsed autologous activated T-cell
APCs, SK-MEL-21 cells (NY-ESO-1", HLA-A*0201%), or SK-MEL-37 cells (NY-
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ESO-1%, HLA-A*0201%) for 1 h, after which GolgiStop reagent (BD Bio-
sciences) was added. Subsequently, cells were cultured for another 6-8 h at
37 °C. Cells were stained for cell surface markers and then for intracellular
cytokines using BD Cytofix/Cytoperm Buffer and BD Perm/Wash Buffer (BD
Biosciences). Results were analyzed by flow cytometry (BD LSRFortessa; BD
Biosciences) and FlowlJo v9.6.2 software (TreeStar).

Tetramer Assay. Tetramer staining was performed as previously described (35,
40) and in S/ Materials and Methods.

Preparation of Dendritic Cells. Dendritic cells were prepared as previously
described (24) and in SI Materials and Methods.

Statistical Analysis. The significance of the difference in each data between
two groups was assessed by a Mann-Whitney test using Prism version
6 software (GraphPad). P values less than 0.05 were considered significant.
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Almost 40 years ago, Takatsuki et al. recognized the existence
of a peculiar T cell leukemia in Kyoto, Japan that they named
Adult T Leukemia (ATL). They reported a series of 13 patients
in 1976 (Uchiyama et al., 1977). In 1980, the group of Gallo
reported the discovery of a human oncogenic retrovirus that they
named Human T cell Leukemia Virus type 1 (HTLV-1) in cells
obtained from two US patients classified as mycosis fungoides and
Sezary syndrome (Poiesz et al., 1980), but who were, in retrospect,
probably suffering from ATL [for an historical perspective see
(Takatsuki, 2005)]. Shortly after, the groups of Hinuma (Miyoshi
et al.,, 1981) and of Yoshida (Yoshida et al., 1982) uncovered
the presence of HTLV-1 in cells obtained from ATL patients.
In 1985-1986, two groups independently reported that a neu-
rological disease named HTLV-1 Associated Myelopathy/Tropical
Spastic Paraparesis (HAM/TSP) was also caused by HTLV-1
(Gessain et al., 1985; Osame et al., 1986). Since then, other
inflammatory diseases (uveitis, infective dermatitis) have also
been linked to this viral infection. Other members of the HTLV
family (i.e., HTLV-2, HTLV-3, and HTLV-4 have also now been
reported, none of them being clearly associated so far with an
oncogenic process or a neurodegenerative disease (Kalyanaraman
et al., 1982; Calattini et al., 2005; Wolfe et al., 2005).

Almost 10 years ago, ours colleagues Kuan Teh Jeang and
Mitsuaki Yoshida organized a special issue on HTLV infection in
Oncogene. In setting up this issue, we cannot forget the memory
our friend Teh.

We called upon the expertise of different research groups from
Europe, Japan, and USA. However, we regret that the format of
this issue prevented us from soliciting many other colleagues. The
following reviews will deal with many fascinating aspects of viral
cycle, but summarizes also new approaches that should allow a
better integrated research.

A first group of articles provides information about HTLV-
1 epidemiology and associated-pathogenesis. The article from
Gessain and Cassar provides an updated view on HTLV-1 dis-
tribution, based on data obtained from 1.5 billion individuals
originating from endemic areas (Gessain and Cassar, 2012).
Iwanaga et al. focused their review on ATL epidemiology and
show its peculiar characteristic [age at onset, risk factor, provi-
ral load, etc. (Iwanaga- et al., 2012)]. Yamano and Sato provide
an interesting perspective on HAM/TSP physiopathology, and
remind us that optimal therapeutic treatments are still lacking

for those patients (Yamano and Sato, 2012). The review by
Kamoi ad Mochizuki summarizes our current knowledge on
HTLV-1 uveitis, which is the most common cause of uveitis
in endemic areas (Kamoi and Mochizuki, 2012). Going deeper
in the pathological mechanisms linked to HTLV-1 infection,
Yamagishi and Watanabe summarize recent data showing that
ATL cells express abnormally low levels of a cellular oncosup-
pressor miRNA and display some epigenetic changes on the
promoter of genes critical for cell cycle (Yamagishi and Watanabe,
2012).

A second group of articles summarizes the interaction between
the virus and the host’s cells. Before causing diseases, HTLV-1
has to enter the cell. However, the mechanisms of HTLV-1 trans-
mission and cell entry have remained elusive for a long period
of time. Pique and Jones have summarized recent insights about
those mechanisms both at the cell level but also between indi-
viduals (Pique and Jones, 2012). HTLV-1 associated diseases are
linked to the fact that HTLV-1 evades both adaptative and innate
immune responses. Kannagi et al. provide us with an exciting
review, which explains us how the virus evades the interferon
response, but also that dysfunction of the CTL response might be
arisk factor for disease development in infected carriers (Kannagi
et al., 2012).

A third group of articles reports data on individual viral pro-
teins that play important roles in the viral cycle and/or in patho-
genesis. Nakano and Watanabe remind us the important role
played by Rex, which uses cellular pathways to export unspliced or
singly spliced viral mRNAs in the cell cytoplasm, therefore allow-
ing expressing of structural proteins (Nakano and Watanabe,
2012). Currer et al., Zhao and Matsuoka focused their attention
on Tax and HBZ, two viral proteins that play important roles in
the control of viral transcription and oncogenesis (Currer et al.,
2012; Zhao and Matsuoka, 2012). Finally, Bai and Nicot provide
an overview on 4 auxiliary viral proteins (p12, p8, p30, and p13),
which are required for establishing a persistent infection in vivo
(Bai and Nicot, 2012).

Finally, Duc Dodon and colleagues remind us that study-
ing HTLV-1 pathogenesis requires animal models (Dodon et al.,
2012). Rabbits, rats, transgenic mice, and monkeys have been
used in the past. However, recent approaches using human-
ized mice might represent an interesting alternative for studying
HTLV-1 associated diseases.
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SUMMARY

How hematopoietic stem cells (HSCs) produce
particular lineages is insufficiently understood. We
searched for key factors that direct HSC to lympho-
poiesis. Comparing gene expression profiles for
HSCs and early lymphoid progenitors revealed that
Satb1, a global chromatin regulator, was markedly
induced with lymphoid lineage specification. HSCs
from Satb1-deficient mice were defective in lympho-
poietic activity in culture and failed to reconstitute
T lymphopoiesis in wild-type recipients. Further-
more, Satb1 transduction of HSCs and embryonic
stem cells robustly promoted their differentiation
toward lymphocytes. Whereas genes that encode
lkaros, E2A, and Notch1 were unaffected, many
genes involved in lineage decisions were regulated
by Satb1. Satb1 expression was reduced in aged
HSCs with compromised lymphopoietic potential,
but forced Satb1 expression partly restored that
potential. Thus, Satb1 governs the initiating process
central to the replenishing of lymphoid lineages.
Such activity in lymphoid cell generation may be
of clinical importance and useful to overcome
immunosenescence.

INTRODUCTION

To maintain the immune system, hematopoietic stem cells
(HSCs) differentiate to lymphoid-primed multipotent progeni-
tors (LMPPs) and then to lymphoid-specified progenitors in a
process accompanied by the loss of erythroid-megakaryocyte
and myeloid potential (Adolfsson et al., 2005; Lai and Kondo,
2008). Accumulating evidence has suggested that combina-
tions of transcription factors coordinately and sequentially

e
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regulate lymphopoiesis. Five transcription factors, PU.1, karos,
E2A, EBF, and Pax5 are hierarchically involved in the early
steps of B-lineage differentiation (Medina et al., 2004). Whereas
EBF and Pax5 specifically act in B-lineage-determined progen-
itors, PU.1 and lkaros are expressed in earlier hematopoietic
progenitors and involved in multiple lineage decision processes
(Scott et al., 1997; Yoshida et al., 2006). E2A, an indispensable
factor for B lymphopoiesis, can also affect T lymphocyte
formation by regulating Notch1 expression (lkawa et al.,
2006). Furthermore, recent reports have shown that E2A pro-
teins are expressed in primitive hematopoietic progenitors
and play a critical role in early lymphoid specification (Dias
et al., 2008; Yang et al., 2008; Semerad et al., 2009). However,
whether the initiation of lymphoid differentiation is regulated
entirely by transcription factors in a hierarchical manner
remains unclear.

The immune system changes qualitatively and quantitatively
with ontogeny and age (Miller and Allman, 2005; Montecino-
Rodriguez and Dorshkind, 2008). Indeed, lymphocyte pro-
genitors expand substantially in the fetal liver (FL), but their
production shifts to bone marrow (BM) and becomes stable after
birth. With age, replenishment of the adaptive immune system
declines (Rossi et al,, 2005; Sudo et al., 2000). Qualitative
changes in lymphopoietic activity of HSCs are reflected in
in vitro cell-culture experiments. If key inducers in early lymphoid
lineages can be identified, they will be useful for expanding lym-
phocytes in culture for clinical purposes. Additionally, manipu-
lating the expression of relevant genes might boost the immune
system of immunocompromised and elderly people.

We have developed a method to sort early lymphoid progeni-
tors (ELPs) from Rag1-GFP reporter mice (Igarashi et al., 2002;
Yokota et al., 2003a). ELPs expressing Rag1 are present in the
Scai*c-kit" HSC-enriched fraction; they displayed high B and
T lymphopoietic potential, but limited myeloerythroid potential
and self-renewal ability. In contrast, Rag1~Sca1*c-kit" HSCs
effectively reconstitute and sustain the lymphohematopoietic
system for long periods in lethally irradiated recipients. We con-
ducted gene array comparisons between those two fractions

Immunity 38, 1105-1115, June 27, 2013 ©2013 Elsevier Inc. 1105



ATL =RRICED TERADERKEE SEBRRITERICE & D RN S EH DEBEICRT DR

147

[] Young

[ Young
M od

H oid

0

>

w
Satb1 expression

Satb1 expression

N

5 ]
0~ T CD150% CD150-
Rag1-GFP- Rag1-GFp+ 2D150% CD150
LSK LSK  Ragl-GFP LSK

0
O/ R ALK R R

Figure 1. Sath7 Expression Levels Change with Differentiation and
Aging of HSCs

HSCs, LMPP, ELP, CLP, and the myeloid progenitor-enriched fractions were
sorted from BM of 8- to 10-week-old Rag1-GFP knockin or WT mice according
to cell surface markers and GFP expression (see Experimental Procedures),
and transcripts for Satb1 were quantitatively evaluated with real-time RT-PCR.
(B) The LSK Rag1-GFP~ and LSK Ragl1-GFP* fractions (left panel) or the
CD150* LSK Rag1-GFP~ and CD150~ LSK Rag1-GFP™ fractions (right panel)
were sorted from 6-week-old or 2-year-old Ragl1-GFP knockin mice,
respectively. Then Satb7 expression was evaluated with real-time RT-PCR.
The Satb1 expression values were normalized by Gapdh expression and
shown in each panel. Each data represents two independent examinations
that showed essentially the same results (Figure 1; see also Figure S1 and
Table 81).

with the goal of discovering molecules involved in the transition
of HSCs to lymphoid lineages.

Herein, we showed that special AT-rich sequence binding 1
(Satb1), a nuclear architectural protein that organizes chromatin
structure, plays an important role in lymphoid lineage specifica-
tion. In parallel with or ahead of key transcription factors, the
expression of Satb1 increased with early lymphoid differentia-
tion. In functional assays, lymphopoietic activity was compro-
mised in Satb1-deficient hematopoietic cells, but the induced
expression of Satb1 strongly enhanced lymphocyte production
from HSCs. Furthermore, exogenous Satb1 expression primed
lymphoid potential even in embryonic stem cell (ESC)-derived
mesoderm cells and aged BM-derived HSCs. Global analysis
of potential Satb1.target genes identified a number that may
have critical roles in early lymphopoiesis. The findings demon-
strate that the earliest steps in lymphopoiesis are regulated by
an epigenetic modifier and indicate how modulation of the pro-
cess might be used to induce or rejuvenate the immune system.

RESULTS

Profiling Gene Expression of Rag1® ELP in Fetal Liver

We sorted the Rag1'® c-kit" Scat* ELP fraction and the Rag1™~
c-kit" Sca1* HSC-enriched fraction with high purity from E14.5
FL of Rag1-GFP knockin heterozygous embryos and performed
gene arrays. We found that transcripts of Trbv14 and Ighm genes
were upregulated even in very early lymphoid progenitors (see
Table S1 available online). Furthermore, we detected increased
expression of li7r, Notch1, and FIt3 genes encoding cell surface

1106 Immunity 38, 1105-1115, June 27, 2013 ©2013 Elsevier Inc.
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receptors important for B or T lymphocyte differentiation in the
ELP fraction. In addition to discovering many signal transduction
kinases with unknown functions in lymphopoiesis, our search
identified Lck and Xir4b genes as being involved in lymphoid
differentiation signals. Transcripts for some of these lymphoid-
related genes had already been detected in the Rag1™ HSC-
enriched fraction (see the microarray data; accession number
CBX73). These results suggest that lymphoid-lineage specifica-
tion begins even before the emergence of Rag1'® ELP. Addition-
ally, the microarray data identified new candidate genes that
might be important for early lymphoid development.

Expression of Sath1 Increases with Early Lymphoid
Specification and Declines with Age

Our major goal was to find key genes involved in the specification
of lymphoid fates. Because the microarray data showed that
expression of various lymphoid-related genes was activated
before the ELP stage, we hypothesized the existence of a modu-
lator that synchronously regulates multiple genes. Among the list
in Table S1, Satb?1 attracted attention because it was originally
identified as a protein binding to the enhancer region of the Igh
gene and later shown to play a critical role in T cell development
(Alvarez et al., 2000; Dickinson et al., 1992). Additionally, recent
studies had demonstrated that it serves as a master regulator for
many genes, including cytokines, cytokine receptors, and tran-
scription factors (Cai et al., 2006; Han et al.,, 2008; Notani
et al., 2010; Yasui et al., 2002).

To explore possible relationships between Satb1 and early
lymphopoiesis, we examined its expression in primitive hemato-
poietic progenitors. The HSC-enriched Rag1-GFP™ Flt3~ lineage
marker-negative (Lin") Scal* c-kit" (LSK) fraction, the LMPP-
enriched fraction, the ELP-enriched fraction, the common
lymphoid progenitor (CLP)-enriched fraction, and the myeloid
progenitor-enriched Lin~ c-kit" Scal~ fraction were sorted
from BM of 8- to 10-week-old mice. Transcripts for Satb7 were
then quantitatively evaluated with real-time RT-PCR. Satb?
expression increased substantially when HSC differentiated
into LMPP and ELP (Figure 1A). This trend matched that of other
early lymphoid lineage-related genes including those that
encode PU.1 (SfpiT), lkaros (lkzf1), E2A (Tcf3), and Notch1 (Fig-
ure S1). Importantly, in contrast to its expression in the lymphoid
lineage, Satb1 expression was shut off when HSC differentiated
to committed myeloid progenitors. These results suggest that
Satb1 is potentially involved in early lymphoid differentiation.

Lymphopoietic activity becomes compromised during aging.
Accumulating evidence suggests that the earliest lymphoid
progenitor pools proximal to HSC are deficient in aged BM
(reviewed by Miller and Allman, 2005). Indeed, the Rag1™ ELP
population markedly decreases with age (data not shown). The
downregulation of genes mediating lymphoid specification and
function is likely a major cause (Rossi et al., 2005). Because
Satb1 has been listed in microarray panels as a downregulated
gene in aged HSC (Chambers et al., 2007; Rossi et al., 2005),
we sorted Rag1-GFP~ LSK and ELP-enriched Rag1-GFP* LSK
from BM of 6-week-old or 2-year-old Rag1-GFP heterozygous
mice and examined their expression. In agreement with previous
studies, our real-time RT-PCR identified an approximate 50%
reduction of Satb1 transcripts in aged Rag1-GFP~ LSK cells (Fig-
ure 1B, left panel). The few ELP recovered from aged mice
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expressed amounts of Satb7 comparable to those in ELP from
young mice. Recent purification methods for HSC with CD150,
a SLAM family receptor that marks HSC even in aged BM (Yiimaz
et al., 2006), identified an approximate 80% reduction in Satb?1
transcripts in aged HSC compared with ones from young mice
(Figure 1B, right panel). These observations suggest that Satb7
may be a key molecule related to immunosenescence.

Satbh1 Deficiency Reduces the Lymphopoietic Activity

of Hematopoietic Stem and Progenitor Cells

T cell development in the thymus is impaired in Satb7 mice
(Alvarez et al., 2000). Although the profile of B220, immunoglob-
ulin M (igM), and IgD expression appears to be unaffected in
the Satb1~'~ spleen, the total number of B cells is reportedly
reduced to approximately 25% of wild-type (WT) at 2 weeks of
age (Alvarez et al., 2000). We have determined that the number
and frequency of cells that can be recovered from lymphoid
organs were reduced in E18.5-19.5 Satb?7™/~ fetuses. Body
sizes of Satb7~/~ fetuses were not different from WT and hetero-
zygous littermates (Figures S2A and S2B).

We then sorted Lin~ cells from FL of Satb7™/~ mice or their
WT littermates and cultured them with stromal cells that support
lymphopoiesis. T cell differentiation can be recapitulated in vitro
with hematopoietic cells cultured with OP9 expressing the Notch
ligand Delta-like 1 (OP9-DL1). Under these coculture conditions,
the differentiation patterns of WT and Satb7~/~ Lin™~ cells differed
significantly (Figures 2A and 2B). The majority of Satb? ™/~ cells
were arrested in the CD44~CD25" stage and did not differentiate

/=

into CD44~CD25~ cells. Reduction of
IL-7 from culture media normally induces
maturation of the CD4~CD8~ double-
negative (DN) into CD4*CD8* double-
positive (DP) cells and subsequently into
either the CD4* or the CD8" single-positive cells. However,
more than half of the Satb7~'~ cells were arrested in DN stages
even after the IL-7 reduction, and their differentiation to the DP
stage was aberrantly skewed toward CD4*CD8™ (Figure 2C).

Substantial differences were also observed in B-lineage cell
production. In coculture with MS5, which supports B and
myeloid lineages in the presence of SCF, Flt3-ligand, and IL-7,
Satb1~/~ progenitors exhibited significant reductions in B-lym-
phopoietic potential (Figures 2D and 2E). Coculture with OP9,
which originated with M-CSF-deficient mice and supported the
B lineage predominantly, also yielded reduced B/myeloid ratios
with Satb7~/~ progenitors (Figure $2C). Essentially the same
results were obtained when cultures were initiated with LSK
FlIt3~, more stringently purified HSC (Figure S2D, 2E). In addition,
B cell lineage output was also reduced when Satb?~~ LMPP
or CLP were cultured (Figure S2F). In contrast, the myeloid
potential was retained in Satb1~/~ progenitors (Figures 2D
and 2E). Indeed, the Lin~ fraction of E14.5 Satb1™~ FL
contained more myeloid-erythroid progenitors than that of the
WT control (Figure 2F).

In transplantation experiments, we observed that CD45.2*
Satb1™/~ HSC sorted from 2-week-old BM did not effectively
reconstitute CD3* T-lineage cells in lethally irradiated CD45.17
WT recipients (Figure 3A). Peripheral blood CD3* T-lineage
recoveries from Satb7™~ HSC were decreased approximately
90% compared with that from WT HSC (Figure 3B). Conversely,
we observed varied amounts of reconstitution of the B lineage
and no reduction in reconstitution of the myeloid lineage

CFU-G BFU-E CFU-GEM
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Figure 3. Defective T Lymphopoiesis from

Satb1”

Transplanted Satb1™~ HSC

(A and B) One thousand stem-cell-enriched FIt3~
LSK cells were sorted from BM of 2-week-old
Satb1 deficient or littermate mice (CD45.2). They
were then mixed with 4 x 10° adult BM cells

2197
<1l <t

obtained from WT (CD45.1) mice and were trans-
planted into lethally irradiated WT CD45.1 mice. At

A 8 weeks after transplantation, peripheral blood

cells of the recipients were identified with anti-

CD45.1 and anti-CD3. Numbers in each panel of

o (A) represent percentages of CD3* CD45.17 cells
34 among the total leukocytes and are shown as
21 averages with SD (n = 4 in each). Chimerisms of

CD45.17 cells in the CD3* T-lineage, the CD45R/
B220" B lineage, or the Gr1* myeloid lineage were

o w0 1% 1

108 determined. Statistical significance is *p < 0.05.
(C and D) One thousand Fit3~ LSK cells sorted

Satb 1+ from E14.5 FL of Satb1 homodeficient or their WT

littermates (CD45.2) were transplanted into lethally
irradiated WT CD45.1 mice. At 8 weeks after
transplantation, T-lineage reconstitution in the
thymus and the spleen was analyzed. The CD4
and CD8 profiles of CD45.2* thymocytes (C, upper

A Satb 1+ Satb1+ c
<
3 8
S 1.00.8 | . .
o o @ o 0102  10° 1wt 1
ey
Ccbs
B 50
T lineage B lineage Myeloid B 40
(%) * (%) (%) 'g
30 50 2%
L] o 20
o
- " s . ‘0 3
g | a b ] 0
B2{ o [ [ ] 612 w0t
E 30 : —_— 20| g D c-kit
.% 1] = WT
-‘_g 0 2 . 108 74] <
3 10 3128
O
¢ [
[} ’
0 <«
WT  Satb1* WT Satp1* WT Satb1# 8 [w?
o

panels) and the c-kit expression of CD45.2* CD3~
CD4~ CD8™ CD44* CD25~ thymocytes (C; lower

resulted from Satb1 ablation (Figure 3B). Compromised T cell
lineage contributions of Satb1~'~ HSC were also evident in the
thymus and spleen (Figures 3C and 3D). Although T lymphopoi-
esis in the thymus was replaced by either WT or Satb7~/~ donor
cells when FL HSCs were transplanted, thymocytes were
reduced in the Satb7~/~ recipients and their differentiation was
affected. Besides apparent stagnation at the DP stage and
marked reduction of the DN population (Figure 3C, upper
panels), c-kit" cells in the CD44*CD25~ DN1 stage were rare
in Satb7~~ recipients (Figure 3C, lower panels). The reduced
contribution of Satb7~/~ cells was also evident in CD3* splenic
T lymphocytes. Interestingly, T cells in the spleens of Satb7~/~
recipients contained substantial percentages of DP and DN
cells. Such T cell lineage cells are extremely rare in normal
mouse spleens (Figure 3D).

Taken together, these results demonstrate that Satb1 is indis-
pensable for normal T lymphopoiesis, but not for myelopoiesis.
The factor may normally have a lesser role in B-lineage differen-
tiation. Furthermore, our data indicate that abnormalities of
lymphoid development observed in Satb7™~ mice are intrinsic
to Satb7~/~ hematopoietic cells.

Forced Expression of Satb1 in HSC Induces
Lymphopoiesis

" Next we conducted overexpression experiments to define the
role of Satb1 in lineage-fate decisions of HSCs. LSK Fit3~ cells
were sorted from BM of adult WT mice and then retrovirally
transduced with either a fluorescence-alone expressing control
or a native Satb1 construct combined with a GFP-expressing
vector. Successfully transduced cells were sorted according to
GFP expression. Real-time RT-PCR and immunoblots revealed
that Satb1-transduced cells expressed more than 10-fold

1108 Immunity 38, 1105-1115, June 27, 2013 ©2013 Elsevier Inc.

panels) are shown. (D) Representative CD4 and
CD8 profiles are shown for CD45.2* CD3* cells in
recipient spleens.

Satb1 transcripts and Satb1 proteins compared to control cells
(Figure S3A).

The sorted cells were cultured with stromal cells that sup-
ported lymphopoieisis. Results from these experiments comple-
mented the observations with Satb 1/~ cells. Satb1 transduction
enhanced T cell lineage growth in OPS-DL1 cocultures
(Figures 4A and 4B). By day 10 of the culture, cells had been
increased more than 5-fold by Satbi-transduction, and a
majority of the recovered cells had progressed to the DN2 and
DN8 stages. Differentiation to the DP stage was also advanced
by the Satb1-transduction (Figure 4A). The kinetics of cell differ-
entiation and expansion in the B cell lineage showed more
changes. Whereas both control and Satbi-transduced cells
produced substantial numbers of B-lineage cells, the latter
produced B220*CD19* cells more quickly and efficiently (Fig-
ure S3B). Specifically, the Satb1 transduction resulted in approx-
imately 50- to 300-fold and B5-fold greater recovery of
B2207CD19" cells on day 10 in the MS5 and OP9 cocultures,
respectively (Figures 4C and 4D). Notably, Satb1 transduction
negatively influenced the output of myeloid cells, particularly
Mac1°Gr1* granulocytes (Figure S3C). In addition, CFU-GM
formation of HSC was decreased by Satbi transduction
(Figure S3D).

In stromal-free cultures containing SCF, Flt3-ligand, and IL-7,
Satb1 expression strongly induced CD19" cell production from
the LSK fraction (Figure S3E). When calculated on a per-cell
basis, one LSK cell with Satb1 overexpression produced
approximately 450 CD19* cells, whereas only 50 cells with this
B-lineage marker were produced from control progenitors. As
for other hematopoietic lineages, DX5*CD3e™ NK cells emerged
when IL-15 was added to the stromal cell-free cultures. Coex-
pression of NK1.1 and/or CD84 confirmed the NK-lineage, and
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Figure 4. Satb1 Overexpression Promotes
Lymphopoiesis
LSK Fit3™ cells obtained from WT BM were

Control Satb1

el e retrovirally transduced with either a fluorescence-

alone expressing control or a native Satb1 com-

bined with GFP expressing vector. Successfully

[Total WCD19" (y1qs)0 B220*CD19" g B220+CD19*
* 14

Hematopoietic cell growth  B-lineage cell growth
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indicated period.

(A and B) Time-course analyses were performed
for T-lineage cell generation in the OP9-DL1
coculture. Absolute numbers of recovered cells
were divided by the numbers of transduced LSK
FIt3~ cells used to initiate the cultures to obtain
the fold expansion values. Data are shown as
mean =+ SE.

(C) CD19 and Mac1 profiles are shown for cells
recovered from M85 cocultures on day 10. The
left panel shows data obtained from fresh LSK
FIt3™ cells that did not undergo the retroviral
infection.
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their numbers were also enhanced by Satb1 overexpression
(Figure S3F). Interestingly, the same Satb1-transduced LSKs
differentiated to neither conventional nor plasmacytoid dendritic
cells (Figure S3G).

The results from in vitro bulk cultures and assessment of
lymphoid lineage cell numbers might reflect enhanced survival
of lymphoid progenitors rather than priming or expansion of
lymphoid potential in individual clones. Notably, no obvious
increase in apoptotic cells occurred in any tested cultures with
Satb1~~ cells or Satb?™~ lymphopoietic organs (data not
shown and Figure S3H). Additionally, Satb1 overexpression
conferred growth advantages to hematopoietic progenitors
without influencing their viability in any of the cultures we used
(data not shown). To investigate further the mechanisms through
which Satb1 exerts its effect on early progenitors, we performed
limiting dilution assays. On average, 1in 3.1 control cellsand 1 in
2.6 Satbi-transduced cells gave rise to blood cells, indicating
that both are highly potent progenitors for hematopoietic cell

CD19" B-lineage cells was evaluated in the OP9
coculture (right panel). Cultures were established
in triplicate. Data are shown as mean + SE. Sta-
tistical significance is *p < 0.05, **p < 0.01.

(E) Limiting-dilution analyses were performed to
determine the frequencies of hematopoietic pro-
genitors that could give rise to CD19* B-lineage
cells. Input cell numbers corresponding to each
37% negative value are shown in rectangles.

(F) One thousand LSK FIt3™ cells (CD45.1)
transduced with either Satbi-expressing or
control vectors were transplanted to lethally
irradiated WT mice (CD45.2) with 1 x 10% adult
BM cells (CD45.2). Two weeks after trans-
plantation, peripheral blood was collected to
determine the proportion of CD4/CD8* T lineage
and CD19* B lineage in CD45.1* cells. Data are
shown as mean x SE. Statistical significance is
*p < 0.05. (n = 5 in each group) (Figure 4, see also
Figure S3).

growth (Figure 4E, left). Nevertheless, we observed significant
differences between them regarding the frequencies of progen-
itors with lymphopoietic potential. While 1 in 41 Satb1-trans-
duced FIt3™ LSK cells produced B cells, only 1 in 143 control
cells were lymphopoietic under these conditions (Figure 4E,
right). In the same experiment, fresh Flit3™ LSK cells without
retroviral transfection produced hematopoietic cells and B cells
at a frequency of 1in 6.7 cellsand 1 in 61 cells, respectively (data
not shown).

These results suggest that Satb1 expression affects early line-
age decisions in individual HSC and expands the growth and
differentiation of lymphoid cells in vitro. To evaluate whether
these findings were of practical value, we performed in vivo
transplantation experiments with SATB1-transduced LSK FIt3~
cells. We observed enhanced contribution of the SATB1-trans-
duced cells to both T and B lineages in short-term engraftment
(Figure 4F). To assess whether the overexpression of SATB1
induces tumors, we evaluated long-term and short-term

Immunity 38, 1105-1115, June 27, 2013 ©2013 Elsevier Inc. 1109
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A Figure 5. Genes Affected by Satbi
Transcription factors Expression

A microarray experiment was performed to
compare gene expression in Satb1 and control-
transduced LSK FIt3™ cells. Upregulation in Satb1-
transduced cells is shown as positive in each
figure. (A) Transcription factors, (B) cytokine and
cytokine receptors, and (C) other lymphoid lineage-
related genes are summarized (Figure 5; see also
Tables S2 and S3).
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Satb1 Regulates Lymphoid Lineage-
Related Genes in HSC
During early lymphocyte differentiation,
several transcription factors have been
shown to play roles in a hierarchical
manner. To identify the target genes
of Sath1, we first examined whether
the exogenous expression of Satb1 influ-
ences the expression of lineage-relevant
transcription factors in LSK Fit3™ cells.
Although high Satb1 expression was
achieved, no significant upregulation
was observed in the expression of SfpiT,
Ikzf1, Tcf3, or Notch1 (data not shown).
The expression of Cebpa, which is
T " " T T T " 1 important for myeloid differentiation, was
* * * also not significantly affected (data not
shown).
B Next, to find candidate genes involved
Ftokdines and oytokine receptors in the Satb1 induction of lymphopoie-
sis, we performed a microarray com-
paring gene expression between Satb1-
and control-transduced LSK FIt3~ cells
(Table S2). In accordance with the re-
sults described above, the data showed
no significant changes in the expres-
sion of Sipit, Ikzf1, Tcf3, Notchi, or
Cebpa. However, several transcription
factors involved in lymphoid differen-
tiation, Sp4, Maf, Fos, and Id3, were
upregulated in Satbi-transduced cells
(Figure 5A). Cytokines such as /I7 and
c Kitl, which are critical for lymphocyte
differentiation and generally believed to
be stromal cell products, were induced
in hematopoietic progenitor cells them-
selves by ectopic expression of Satb1
(Figure 5B). While receptors for IL-4 or
IL-17 were induced, Csf3r, encoding the
G-CSF receptor, was downregulated.
Interestingly, among lymphoid-related
genes, Rag7, which is indispensable for
both T and B cell differentiation, was
strongly induced by Satb1 (Figure 5C).
lymphohematopoiesis after transplantation. In eight trans- Expression of the CD86 gene that correlates with lymphoid
planted mice, SATB1-overexpressing cells did not induce competency (Shimazu et al.,, 2012) was also significantly
tumors, at least during 3 months of observation. elevated.
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As a complementary experiment, we performed a set of micro-
array analyses comparing gene expression signatures between
WT and Satb7~/~ cells (Table S3). We again observed no direct
correlations between Satb1 expression and lkzf1, Tcf3, or
Notch1, but confirmed that the expression of numerous line-
age-related genes was influenced. The expression of /I7 and
Kitl was detectable in WT hematopoietic progenitors, and their
levels were significantly lower in the Satb?™'~ progenitors. Of
note, Satb2, which is a homolog of Satb1, as well as Bright,
which codes a B cell-specific AT-rich sequence binding protein
(Herrscher et al., 1995), were upregulated in Satb7™~ HSC. In
addition, the Satb7™'~ HSC aberrantly expressed Rag? and
Pax5, whose levels decreased with differentiation to LMPP.
These results indicate that Satb1 expression globally influences
many genes involved in lineage-fate decisions during the speci-
fication of HSC toward lymphoid lineages.

Satb1 Induces Lymphopoiesis in ESCs

Next, we examined whether the exogenous expression of Satb1
is sufficient to promote lymphopoiesis in ESCs. In the OP9 cocul-
ture system (Nakano et al., 1994), ESCs can produce mesoderm
cells in 4.5 days, which have potential to become hematopoietic
and endothelial cells. After a short period of retroviral transduc-
tion with the control-GFP or the Satb1-GFP vector, ES-derived
mesoderm cells were cultured with OP9 in the presence of
SCF, Fit3-ligand, and IL-7. As shown in Figure 8A, although
both control- and Satb1-transfected cells contained substantial
numbers of GFP* cells, the latter produced CD45* hematopoiet-
ic cells efficiently. Further phenotype revealed that most of the
CD45™ GFP™ cells produced from the Satb1-transfected cells
expressed B220 and CD19 (Figure 6A, right panels). Notably,
those cells were also positive for AA4.1, CD11b, and CD5, sug-
gesting that they were likely B1-B-lineage cells (Figure 6B).

Next, we established ESC clones, which can be induced to
express Satb1-GFP on removal of tetracycline (Tet) from the
culture medium. Eight days after Tet deprivation (day 12.5; Fig-
ure 8C), approximately 15% of the recovered cells were GFP*
(data not shown). Thirty-five percent of these cells expressed
CD45 and included substantial numbers of AA4.17 CD19" B-line-
age cells (Figure 8D, right panels). Conversely, in the presence of
Tet, the proportions of AA4.1* and CD19" cells among the
CD45™ faction were very low (Figure 6D, left panels). A majority
of the CD19™ cells among the Satb1-GFP* ES-derived cells
were positive for Mac1 or CD5, again indicating a preference
for the B1-B lineage (Figure 6E). In cytospin preparations,
many of the ES-derived cells cultured with Tet showed myelo-
monocytic morphology, whereas Satb1/GFP* cells exhibited
lymphocyte-like morphology (Figure 6F). Finally, a PCR-based
Igh rearrangement assay confirmed Dy-Jy recombination in
the Satb1-GFP* ES-derived cells (Figure 8G).

To test T-lineage potential, we transduced the control-GFP
or the Satb1-GFP vector to ES-derived mesoderm cells and
cultured them with OP9-DL1 cells. The Satb1-transduced cells
effectively produced CD4* CD8* DP cells with rapid kinetics (Fig-
ures BH and 6l). Substantial numbers of ES-derived T-lineage
cells expressed TCR-yd or TCR-B, and Satb1-transduced cells
were advanced in this regard (data not shown). Taking these
results together, we conclude that Satb1 expression directs
even ES-derived cells toward lymphoid lineages.

Ectopic Satb1 Expression in Aged HSC Restores
Lymphopoietic Potency

As shown in Figure 1B, the Satb7 expression in HSC declines
with age. This decline might be correlated with the age-depen-
dent impairment of lymphopoiesis. Therefore, we examined
whether Satb1 expression restores the lymphopoietic activity
of progenitors from aged mice. Rag1-GFP~ LSK cells of
2-year-old mice were transduced with control or Satb1-DsRed
vectors. After 72 hr of transduction, DsRed” cells were sorted
and cultured on OP9 in the presence of SCF, Flt3-ligand, and
IL-7. The Satb1-transduced cells produced a percentage of
Rag1-GFP* B220" cells that was significantly higher than that
of control cells (Figure 7A). Indeed, most of the aged Rag1-
GFP~ LSK cells were prone to differentiate into Rag1-GFP™ cells
as a result of exogenous Satb1 expression. With respect to the
recovered B-lineage cell counts, approximately 3-fold more
B220* Rag1-GFP* Mac1™ cells were obtained through Satb1
overexpression (Figure 7B).

Conversely, fewer B-lineage cells were generated from aged
ELP than from young ELP despite their similar expression
of Satb1 (Figure 1B; Figure S4A). B-lineage differentiation of
aged ELP also showed decreased Rag1 expression (Figure S4B).
Nonetheless, aged ELP showed substantial lymphopoietic activ-
ity in MS5 cocultures, in which aged HSC scarcely produced
B-lineage cells (Figure S4A). These results suggest that the
downregulation of Satb1 expression is involved in the compro-
mised lymphopoietic potential of aged HSC and that ectopic
induction of Satb1 can at least partially restore the activity.

DISCUSSION

Despite accumulating evidence that multiple transcription fac-
tors support lymphocyte differentiation, ones that specifically
direct HSC to the lymphoid lineage have remained elusive.
One aim of this study was to describe molecular signatures of
early stages of lymphopoiesis by comparing gene expression
patterns between HSC and ELP. While we observed that many
genes specific for the lymphoid lineage including Tcr, Igh and
117r were highly induced at the ELP stage, some lymphoid genes
were already expressed at low levels in the HSC-enriched frac-
tion. Among them, we were particularly interested in chromatin
modifiers because of their ability to control spatial and temporal
expression of essential genes. Our screen identified Satbt,
whose expression was previously linked to T lymphocyte dif-
ferentiation (Alvarez et al., 2000). We show that Satb1 plays a
critical role in directing HSC to lymphoid lineages.

Satb1 was originally identified as a protein that binds spe-
cifically to genomic DNA in a specialized DNA context with
high base-unpairing potential (termed base-unpairing regions;
BURs) (Dickinson et al., 1992). Satb1 is predominantly ex-
pressed in the thymus and subsequent studies revealed critical
roles in thymocyte development (Alvarez et al., 2000), T cell acti-
vation (Cai et al., 2006), and Th2 differentiation (Notani et al.,
2010). In thymocyte nuclei, Satb1 has a cage-like distribution
and tethers BURs onto its regulatory network, thus organizing
3-dimensional chromatin architecture (Cai et al., 2003). By
recruiting chromatin modifying and remodeling factors, Satb1
establishes region-specific epigenetic status at its target gene
loci and regulates a large number of genes (Yasui et al., 2002;
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Figure 6. Satb1 Promotes Lymphoid Differentiation from ES-Derived Cells

E14tg2a ESCs were deprived of leukemia inhibitory factor and seeded onto OP9 cells. After 4.5 days, the differentiated mesoderm cells were infected with
retroviral supernatants containing control-GFP or Satb1-GFP expressing vectors. Subsequently, the cells were cultured on OPS for 8 days. At the end of culture,
all cells were harvested and stained with the antibodies indicated in each panel.

(A) Total recovered cells were divided according to GFP expression (left panels). The percentages of CD45* cells in GFP™ (upper panels) and GFP* populations
(lower panels) are shown. CD45R/B220 and CD19 profiles of the CD45™ celis corresponding to the left panels (right panels) are shown.

(B) Representative AA4.1 and CD19 or Mac1 and CD5 profiles of the GFP* CD45" cells recovered from control or Satb1-transduced culture.

(C) The experimental design used with a Tet-off system (upper panel). ESCs, which inducibly express Satb1 by Tet deprivation, were established. After 4.5 days
of culture without leukemia inhibitory factor in the presence of Tet, the differentiated cells were reseeded onto new OPS9 stromal cells with or without Tet.
Subsequently, FACS analysis was performed after 8 days of culture (day 12.5).

(D) Tet (+) indicates profiles of GFP™ cells cultured with Tet (left panels). Tet () panels show profiles of Satb1/GFP* cells cultured without Tet (right panels).
(E) Mac1 and CD5 expression on the Satb1/GFP* CD19* cells grown without Tet.

(F) Morphology of ES-derived hematopoietic cells on day 12.5.

(G) DNA PCR assays of germline (GL) or Dy-Jy rearranged /gh chain (DJ) genes were performed with the Satb1/GFP* CD19™ cells recovered without Tet (right
panel). Splenocytes were used as a positive control for the Dy-Jy recombination (left panel). On each gel, a size marker was loaded in the left lane.

(Hand ) E14tg2a ESCs were differentiated to mesoderm cells for 4.5 days and then infected with the retroviral supernatant containing control-GFP or Satb1-GFP
expressing vectors for 3 days. Subsequently, the cells were cultured on OP9-DL1 and T-lineage output was evaluated on the indicated days. Data are shown as
mean + SE, Statistical significance is *p < 0.05.

Cai et al., 2003). Increased Satb1 expression in hematopoietic  been conducted concerning the role of Satb1 in differentiation
progenitors compared with HSC has been observed by others  of HSC to either lymphoid or myeloid progenitors. Our results
(Forsberg et al., 2005; Ng et al., 2009); however, no study has clearly show a tight association of Satb1 expression with
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* Figure 7. Satb1 Overexpression Restores
Lymphopoietic Activity of Aged HSC
(A) Rag1/GFP~ LSK cells were sorted from 2-year-
old mice and retrovirally transduced with control or
Satb1-DsRed vectors. Successfully transfécted
cells were cultured on OP9 cells. Cultures were
established in friplicate. Numbers in each panel
indicate the frequency of Rag1/GFP* CD45R/
B220* cells.
(B) Yields of CD45R/B220* Ragl1/GFP* Mac1™
B-lineage cells per 1 input control- or Satbi-
transduced Rag1/GFP-LSK cells were calculated
and given as averages with SD bars. Statistical

T

Rag1-GFP

lymphoid lineages even at the earliest stages. In addition,
Satb1~'~ HSCs are hindered in producing lymphocytes in vitro
and in vivo that are consistent with the phenotypes originally
described in Satb?™/~ mice, suggesting an indispensable role
of Satb1 in physiological lymphopoiesis.

Although we have previously identified molecules regulating
early lymphoid differentiation, information about ones that
initiate the process has been elusive (Oritani et al., 2000; Yokota
et al., 2003b, 2008). The present study demonstrates that
ectopic expression of Satb1 strongly induces differentiation
toward lymphoid lineages and promotes lymphocyte growth
from primitive progenitors, even when they are derived from
aged BM or ESCs. We believe that these findings are important
because they reveal that the earliest step of lymphopoiesis is
affected by a global chromatin organizer. In addition, our results
suggest that Satb1 expression could be a useful biomarker of
aging and be manipulated to reverse immunosenescence.

Lymphoid-fate decisions are not necessarily determined by a
few transcription factors or cytokines that positively regulate the
differentiation in a hierarchical manner. The process should
involve “closed windows” and “open opportunities.” Gene array
studies comparing HSC and ELP have shown that various
lymphoid-related genes appear to be synchronously upregu-
lated in ELP, whereas stem cell-related or myeloid-related
ones are downregulated. From these observations, we specu-
lated that a master regulator is present and involved in the syn-
chronicity along with the hierarchical factors; further, we focused
on the function of SATB1 in this process. Our results show that
once Satb1 is substantially expressed in HSCs, it regulates
hundreds of genes, including Rag1?, /i7, kitl, and Csf3r, which
together determine the lymphoid lineage fate. Satb1 itself has
the determinant role in regulating a set of genes to exhibit the
phenotype that we observed in vitro and in vivo experiments.

Increasing Satb1 beyond physiologic levels in HSCs and ESCs
strongly augmented B lymphopoiesis, while depleting Satb1
from HSC dominantly impaired T lymphopoiesis in vivo. Satb1
overexpression in HSCs by itself induces an expression profile
that favors B cell production. Conversely, Satb1 deficiency might
have disrupted the delicate balance of Satb1 and other BUR-
binding proteins such as Satb2 or Bright. We detected minimum
levels of Sath2 and Bright expression in WT HSC, and their
expression levels significantly increase with B-lineage differenti-
ation (data not shown). Interestingly, both genes were aberrantly
induced in Satb1-deficient HSC (Table S2). Satb2 has a binding

Control  Satb1

significance is *p < 0.05 (Figure 7; see also
Figure S4).

specificity similar to that of Satb1, and its expression is more
predominant in the B lineage than in the T lineage (Dobreva
et al., 2003). In ESCs, Satb2 function is antagonistic to Satb1
in regulating some target genes (Savarese et al., 2009). Whether
these BUR-binding proteins are antagonistic or sometimes
function synergistically, depending on cell differentiation or line-
age remains unknown. Further studies of their functional correla-
tion could yield important information about gene regulation in
T and B lymphopoiesis.

Although our data provide evidence of a lymphocyte-inductive
role of Satb1, an important question remains; that is, what regu-
lates Satb1 expression? Depletion of long-lived mature B cells
rejuvenates B-lymphopoiesis in old mice, suggesting that age-
associated accumulation of aged B cells seems to be sensed
by HSCs or early progenitors in BM (Keren et al., 2011). It will
be interesting to learn whether such environmental cues influ-
ence Satb1 expression in HSCs. New strategies for boosting
lymphocyte regeneration or protecting this capability during
aging might emerge from studies of Satb1-related molecular
mechanisms.

EXPERIMENTAL PROCEDURES

Animals

Animal studies were performed with the approval of the Institutional Review
Board of Osaka University. Rag1-GFP knockin mice were previously described
(Kuwata et al., 1999). Satb7~/~ mice were also previously established (Alvarez
et al., 2000). WT C57BL/6 mice and the congenic C57BL/6SJL strain (CD45.1
alloantigen) were obtained from Japan Clea (Shizuoka, Japan) and The
Jackson Labs (Bar Harbor, ME), respectively. To obtain mouse fetuses, we
considered the morning of the day of vaginal plug observation as EO0.5.

Flow Cytometry and Cell Sorting

Cells were stained with Abs indicated in each experiment and analyzed with
FACScanto or FACSaria (BD Bioscience). Adult BM cells from Rag1-GFP
heterozygotes were used to isolate Lin~ c-kit" Sca-1* FIt3~ Ragi-GFP~
IL-7Re™ (HSC-enriched), Lin~ IL-7Ra~ c-kit" Sca-1* FIt3* Ragi-GFP~
(LMPP-enriched), Lin~ IL-7Ra~ c-kit" Sca-1* FIt3* Ragl-GFP* (ELP-
enriched), Lin™ c-kit® Sca-1'° FIt3* Rag1-GFP* IL-7TRa" (CLP-enriched), and
Lin~ c-kit" Sca-1~ IL-7Ra~ myeloid progenitors (Adolfsson et al., 2005; Igara-
shi et al., 2002; Kondo et al., 1997). For culture experiments, we also sorted a
HSC-enriched fraction from WT C57BL/6 or Satb?~/~ mice according to the
cell surface phenotype of Lin~ c-kit" Sca-1* FIt3™.

Stromal Cell Coculture
Murine stromal cell lines MS5 and OPS were generous gifts from Dr. Mori
(Niigata University) and Dr. Hayashi (Tottori University), respectively. Freshly
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isolated or transduced cells were cocultured with stromal cells in «-MEM sup-
plemented with 10% FCS, rm SCF (10 ng/mL), rm Fit3-ligand (20 ng/mL), and
rm {L-7 (1 ng/mL). The cultures were fed twice a week and maintained for the
indicated periods in each experiment. OP8-DL1 cells originated by Dr. Kawa-
moto (Riken, Japan) were obtained from Riken Cell Bank (Tsukuba, Japan) and
used to produce T-lineage cells. in this case, cells were cultured in the pres-
ence of rm Fit3-ligand (5 ng/mL) and rm IL-7 (1ng/mL) for 14 days, and rm
Flt3-ligand (5 ng/mL) alone thereafter. At the end of culture, cells were counted
and analyzed by flow cytometry.

Competitive Repopulation Assay

The CD45.1/CD45.2 system was adapted to a competitive repopulation assay.
One thousand FIt3™ LSK cells sorted from FL or BM of WT, Satb1 heterodefi-
cient, or Satb1 homozygous-deficient mice (CD45.2) were mixed with 4 x 10%
unfractionated adult BM cells obtained from WT C57BL/6-Ly5.1 (CD45.1) mice
and were transplanted into C57BL/6-Ly5.1 mice lethally irradiated at a dose of
920 rad. At 8 weeks after transplantation, engraftment of CD45.2 cells was
evaluated by flow cytometry.

Retrovirus Transfection

Murine Satb1 expression vector was purchased from OriGene (Rockville, MD).
A retrovirus expression vector for Satb1 was generated by subcloning into the
pMYs-IRES-GFP or DsRed vector (a gift from Dr. Kitamura, University of
Tokoyo). Conditioned medium containing high tighter retrovirus particles was
prepared as reported previously (Satoh et al., 2008). Sorted HSC were cultured
in D-MEM containing 10% FBS, rm SCF (100 ng/ml), rm TPO (100 ng/ml), and
rm Flt3-ligand (100 ng/ml) for 24 hr. Then, the cells were seeded into the culture
plates coated with Retronectin (Takara Bio, Shiga, Japan) and cultured with
conditioned medium containing retrovirus. After 24 hr, cells were washed
and performed second transfection by the same condition. After 48 hr from
the second transfection, GFP or DsRed-positive cells were sorted by FACSaria.

Limiting Dilution Assays

The frequencies of lymphohematopoietic progenitors were determined by
plating cells in limiting dilution assays by using 96-well flat-bottom plates.
Pre-established MS5 layers were plated with 1, 2, 4, 8, or 16 cells each by
using the Automated Cell Deposition Unit of the FACSaria. Cells were cultured
in a-MEM supplemented with 10% FCS, rm SCF (10 ng/mL}, rm Flt3-ligand
(20 ng/mL), and rm IL-7 (1 ng/mL). At 10 days of culture, wells were inspected
for the presence of hematopoietic clones. Positive wells were harvested and
analyzed by flow cytometry for the presence of CD45" hematopoietic cells
and CD45R/B220* CD19* Mac1~ B-lineage celis. The frequencies of progen-
itors were calculated by linear regression analysis on the basis of Poisson dis-
tribution as the reciprocal of the concentration of test cells that gave 37%
negative cultures.

Lymphocyte Development from Murine ESCs

To induce differentiation toward hematopoietic cells, we deprived E14tg2a
ESCs of leukemia inhibitory factor and seeded onto OP9 cells in 6-well plates
at a density of 10* cells per well in o-MEM supplemented with 20% FBS
(Nakano et al., 1994). After 4.5 days, the cells were harvested and whole-cell
suspensions were transferred into a new 10 cm dish and incubated in 37°C
for 30 min to remove adherent OP3 cells. The collected floating cells were
infected with the retroviral supernatant in Retronectin-coated plates by 2 hr
spinoculation (1100 g) (Kitajima et al., 2006). Subsequently, the cells were
cultured on OP9 or OPS-DL1.

Tetracycline-Regulated Inducible Expression of Sath1 in ESCs

To inducibly express Satb1 in ESCs, we utilized a Tet-off system as reported
previously (Era and Witte, 2000), in which transcription of the target gene is
initiated by the removal of Tet from the culture medium. Briefly, we initially
introduced pCAG20-1-tTA and pUHD10-3-puro by electroporation and
selected one clone designated E14 by culture with 1 pg/mi of Puro and/or
1 pg/ml of Tet. We further transfected pUHD10-3-Satb1-GFP, which can indu-
cibly express Satb1 and GFP as a single mRNA through the internal ribosome
entry site in response to the Tet removal, together with the neomycin-resistant
plasmid pcDNAS3.1-neo. After the culture with G418, we selected clones that
can inducibly express GFP in response to the Tet deprivation.
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DNA PCR Assays for Igh Rearrangement

DNA PCR assays were performed as reported previously (Schiissel et al.,
1991). PCR was performed by using genomic DNA extracted from splenocytes
or ES-derived cells as a template. Dy-Jy recombination was detected as
amplified fragments of 1,033 bp, 716 bp, and 333 bp by using a primer
DyL(5’) and J3(3). Germline alleles were detected as an ampilified fragment
of 1,259 bp by using a primer MuO(5’) and J3(3'). The sequence of primers
are as follows: DyL(5"), GGAATTCG(AorC)TTTTTGT(CorG)AAGGGATCTACTA
CTGTG; Mu0(5"), CCGCATGCCAAGGCTAGCCTGAAAGATTACCG; and J3(3'),
GTCTAGATTCTCACAAGAGTCCGATAGACCCTGG.

Statistical Analyses
Unpaired, two-tailed t test analyses were used for intergroup comparisons,
and p values were considered significant if they were less than 0.05.
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The microarray data in Tables S2 and S3 has been deposited in NCBI GEO
database under the accession numbers GSE45566 and GSE45299.
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ABSTRACT

In 2010, the first Japanese edition of guidelines for the management of cutaneous lymphoma was published
jointly by the Japanese Dermatological Association (JDA) and the Japanese Skin Cancer Society (JSCS) — Lym-
phoma Study Group. Because the guidelines were revised in 2011 based on the most recent data, we summarized
the revised guidelines in English for two reasons: (i) to inform overseas clinicians about our way of managing
common types of cutaneous lymphomas such as mycosis fungoides/Sézary syndrome; and (i) to introduce Japa-
nese guidelines for lymphomas peculiar to Asia, such as adult T-cell leukemia/lymphoma and extranodal natural
killer/T-cell lymphoma, nasal type. References that provide scientific evidence for these guidelines have been
selected by the JSCS - Lymphoma Study Group. These guidelines, together with the degrees of recommendation,
have been made in the context of limited medical treatment resources, and standard medical practice within the
framework of the Japanese National Health Insurance system.

Key words:
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INTRODUCTION

A number of guidelines on the management of cutaneous
lymphoma have already been published in Europe and North
America. However, the prevalence and clinical types of cutane-
ous lymphoma vary among different ethnic groups, and
medical systems vary from country to country. As a result, the
unmodified European/US guidelines may not be well-suited for
use in Japan. We wanted to provide a “best treatment”

adult T-cell leukemia/lymphoma, cutaneous lymphoma, guideline, mycosis fungoides, Sézary

consensus on clinical practice guidelines for cutaneous
lymphoma, based on the actual situation in Japan.

In these guidelines, the diagnosis of cutaneous lymphoma
is based on classifications from the World Health Organization
(WHO) and European Organization for Research and Treat-
ment of Cancer, Cutaneous Lymphomas Task Force (EO-
RTC),' and on the 4th edition of the WHO classification
published in 2008.2 The staging and classification of mycosis
fungoides (MF)/Sézary syndrome (SS) are based on the tumor
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-node-metastasis (TNM) staging from the International Society
for Cutaneous Lymphomas (ISCL) group.® For cutaneous
lymphomas other than MF/SS, we decided to use the TNM
staging system proposed by the ISCL* rather than the
conventional Ann Arbor classification system.

The British group,® EORTC® and European Society for Medi-
cal Oncology (ESMO)’ each issued treatment guidelines for
MF/SS. In 2009, using published work and overseas guidelines
for references, we published the first edition of guidelines
based on the actual situation of cutaneous lymphoma in
Japan.® Because the guidelines were revised in 2011 based on
the most recent data, we summarized the revised guidelines in
English for two reasons: (i) to inform overseas clinicians about
our way of managing common types of cutaneous lymphomas
such as MF/SS; and (i) to introduce Japanese guidelines for
lymphomas peculiar to Asia, such as adult T-cell leukemia/lym-
phoma and extranodal natural killer (NK)/T-cell lymphoma
(ENKL), nasal type. References that provide scientific evidence
for these guidelines have been selected by the Japanese Skin
Cancer Society (JSCS) - Lymphoma Study Group. These
guidelines, together with the degrees of recommendation, have
been made in the context of limited medical treatment
resources, and standard medical practice within the framework
of the Japanese National Health Insurance system. The
evidence level and degree of recommendation used for the
current version are shown in Table 1.

BASIS FOR THE CURRENT GUIDELINES

The cutaneous lymphomas listed in the present guidelines are
basically in accordance with the WHO-EORTC classification

Guidelines for cutaneous lymphomas

(2005)," but it is difficult to precisely define “primary cutane-
ous” lymphoma. Ordinarily, a condition is defined as “primary
cutaneous” lymphoma if appropriate procedures show no
extracutaneous lesions at the time of diagnosis. The present
guidelines include lymphomas and hematopoietic malignancies
with marked affinity for the skin (Fig. 1, Table 2). The diagnos-
tic nomenclature follows the 4th edition of the WHO classifica-
tion (2008).2

To describe the skin lesions of cutaneous lymphoma, typi-
cally MF/SS, uniform terminology is needed. Without consistent
terminology, accurate disease staging is impossible, and
inconsistencies may develop in prognostic analysis. The ISCL/
EORTC group has defined terminology for MF/SS.° Those defi-
nitions are adopted in the present guidelines (Table S1), and
representative clinicopathological findings of various types of
cutaneous lymphoma are provided in supporting information
(Figs $1-87).

STAGING

Staging for MF/SS (ISCL/EORTC 2007, modified in
2011)
For the staging of MF/SS, we previously used the categories
developed by Bunn et al.'® and Sausville et a.’ In 2007, a
new staging system was proposed by the ISCL/EORTC
group,® which was modified in 2011 (Tables S2 and $3).'2

In the ISCL/EORTC staging system, peripheral blood find-
ings are classified into three categories: By (atypical lympho-
cytes accounting for <5% of peripheral blood lymphocytes),
By (atypical lymphocytes accounting for >5% of peripheral
blood lymphocytes, but <1000/pL), and B, (atypical lymphocyte

Table 1. Standards for the determination of evidence level and degree of recommendation

Classification of evidence level
| Systematic review and/or meta-analysis

Staging/classification proposal and treatment recommendation or consensus paper from WHO, EORTC and ISCL

I One or more randomized comparative studies
I Non-randomized comparative studies

\Y Analytical epidemiology studies (cohort research and case-control studies)
Case series studies (> 5 cases)

\ Descriptive studies (case reports and case series studies [<5 cases])

Vi Opinions of expert committee and individual specialists”

Degree of recommendation classification’

A Strongly recommended for implementation (efficacy shown by at least 1 report providing level | or high-quality
level Il evidence)

B Recommended for implementation (efficacy shown by >1 reports providing low-quality level Il, high-quality level IlI, or
very high-quality level IV evidence)

B-C1 Recommended for implementation, but less strongly supported than B

C1 Implementation can be considered, but evidence* is insufficient (low-quality ll-IV, high-quality multiple V, or
committee-approved VI evidence)

Cc2 No evidence!; cannot be recommended (no evidence of effectiveness, or evidence available of ineffectiveness)

D Recommended not to implement (high-quality evidence of ineffectiveness or harmfulness)

*Data from basic research and theories derived from such data are placed at this level. 'Some of the “degree of recommendation” statements in
these guidelines are not in complete agreement with the above table. Evidence” refers to knowledge from clinical trials and epidemiological
research. This is because these “degree of recommendation” grades were based on a consensus among the committee members, taking feasibility
into account. This consensus was reached after due consideration of the shortage of evidence internationally on the treatment of skin cancer and the

fact that the evidence from overseas is not directly applicabie in Japan.
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