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Human bone marrow stromal cells simultaneously support B
and T/NK lineage development from human haematopoietic
progenitors: a principal role for flt3 ligand in lymphopoiesis
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Barly lymphoid differentiation from haematopoietic stem
cells takes place in the bone marrow (LeBien, 2000; Zlotoff
et al, 2008). Ex vivo and in vivo murine studies have led to
significant advances in the understanding of lymphoid differ-
entiation pathways and the regulatory mechanisms involved
(Akashi et al, 2000; Rothenberg, 2010). Within the murine
bone marrow, specific stromal or osteoblastic cells are
thought to be crucial for B lymphopoiesis (Tokoyoda et al,
2004; Zhu et al, 2007; Wu et al, 2009). In mice, besides stem
cell factor (SCF) and interleukin (IL)-7 (Kang & Der, 2004),
flt3 ligand (flt3L) plays an important role in the differentia-
tion of common lymphoid precursors from haematopoietic
stem cells (Sitnicka et al, 2002) and in T and B cell reconsti-
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Summary

The regulation of human early lymphopoiesis remains unclear. B- and
T-lineage cells cannot develop simultaneously with conventional stromal
cultures. Here we show that telomerized human bone marrow stromal cells
supported simultaneous generation of CD197CD34'”~CD10*cyCD79a"CD20"~
VpreB™ pro-B cells and CD7"CD34" CD45RACD56 cyCD3 ™ early T/Natu-
ral Killer (NK) cell precursors from human haematopoietic progenitors, and
the generation of both lymphoid precursors was promoted by flt3 ligand
(flt3L). On the other hand, stem cell factor or thrombopoietin had little or
no effect when used alone. However, both acted synergistically with flt3L to
augment the generation of both lymphoid precursors. Characteristics of these
lymphoid precursors were evaluated by gene expression profiles, rearrange-
ments of IgH genes, or replating assays. Similar findings were observed with
primary human bone marrow stromal cells. Notably, these two lymphoid-
lineage precursors were generated without direct contact with stromal cells,
indicating that early B and T/NK development can occur, at least in part, by
stromal cell-derived humoral factors. In serum-free cultures, flt3L elicited
similar effects and appeared particularly important for B cell development.
The findings of this study identified the potential of human bone marrow
stromal cells to support human early B and T lymphopoiesis and a principal
role for flt3L during early lymphopoiesis.

Keywords: stromal cells, B lymphopoiesis, T lymphopoiesis, haematopoietic
progenitors, Flt3 ligand.

tution after bone marrow transplantation (Buza-Vidas et al,
2007). However, the cytokine-mediated regulation of human
early lymphopoiesis remains uncertain (Blom & Spits, 2006).
The roles of flt3L and IL-7 in haematopoiesis differ between
humans and mice (LeBien, 2000; Blom & Spits, 2006). For
example, flt3 is expressed on human but not murine haemato-
poietic stem cells (Sitnicka et al, 2003). Furthermore, IL-7
signalling is essential for murine B cell development (Pes-
chon et al, 1994; von Freeden-Jeffry et al, 1995), while con-
genital immunodeficiency patients lacking expression of the
common Yy chain or IL-7-specific o chain of the IL-7 receptor
have normal or even elevated numbers of peripheral blood B
cells (LeBien, 2000; Blom & Spits, 2006).
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Human B cell development from haematopoietic progeni-
tors is generally examined by coculture with murine stromal
cell lines, such as MS-5, or human bone marrow stromal cells
(LeBien, 2000). Although it is difficult to assess human T lym-
phopoiesis in vitro, we and others previously showed that the
Notch ligand DLL1 induces the differentiation of multipotent
haematopoietic progenitors into CD7"CD34"CD45RA™ early
T cell precursors (Jaleco et al, 2001; Ohishi et al, 2002).
Thereafter, DLL1 or DLL4, engineered to be expressed in
murine OP9 bone marrow or thymic stromal cell lines, was
shown to induce the differentiation of human multipotent ha-
ematopoietic progenitors into CD4"CD8" or CD1a"CD5" T
cell precursors (Schmitt & Zuniga-Pflucker, 2002; Awong
et al, 2007; Meek et al, 2010). Nevertheless, the potential
utility of these in vitro coculture assays for studying B and T
lymphopoiesis remains limited because it has been thought
that the differentiation of haematopoietic progenitors into
T and B cell lineages cannot be analysed simultaneously in
culture systems.

In this study, we found for the first time that telomerized
(Kawano et al, 2003; Matsunaga et al, 2006; Fujimi et al,
2008) and primary human bone marrow stromal cells sup-
port simultaneous development of early B and T/NK lym-
phoid precursors from human haematopoietic progenitors.
This coculture system led us to identify a principal role for
fit3L in human early B and T/NK cell lymphopoiesis.

Methods

Isolation of haematopoietic progenitors

After obtaining informed consent, human umbilical cord
blood was obtained from full-term deliveries according to a
protocol approved by the Ethics Committee of Mie Univer-
sity Hospital. CD34" cells were isolated from mononuclear
cells using CD34 immunomagnetic beads (MACS; Miltenyi
Biotec, Auburn, CA, USA) according to the manufacturer’s
instructions as previously described (Ohishi et al, 2002; Liu
et al, 2010). CD34™ cells were stained with anti-CD10-fluo-
rescein isothiocyanate (FITC; BD Biosciences, San Jose, CA,
USA), anti-CD19-phycoerythrin (PE; Beckman Coulter,
Fullerton, CA, USA), anti-CD34-peridinin chlorophyll cyanin
55 (PerCPCy5-5; BD Biosciences), anti-CD38-PECy7 (Bio-
Legend, San Diego, CA, USA), and anti-CD7-allophycocya-
nin (APC; Bay Bioscience, Kobe, Japan) mouse monoclonal
antibodies and sorted using a FACSAria flow cytometer (BD
Biosciences).

Recombinant factors

Recombinant human thrombopoietin (TPO) was a gift from
Kirin Brewery (Tokyo, Japan). Recombinant SCF and flt3L
were purchased from R&D Systems (Minneapolis, MN,
USA). IL-7 and IL-15 were purchased from PeproTech
(Rocky Hill, NJ, USA). All cytokines were used at the follow-
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ing concentrations unless otherwise stated: SCF, 10 ng/ml;
TPO, 10 ng/ml; flt3L, 5 or 10 ng/ml; IL-7, 5 ng/ml; IL-15,
10 ng/ml.

Flow cytometric analysis

Immunofluorescence staining was performed as previously
described (Ohishi et al, 2002; Liu et al, 2010), using the fol-
lowing murine monoclonal antibodies: anti-CD1a-FITC
(Dako Japan, Kyoto, Japan), anti-CD5-FITC, anti-CD10-FITC
(both from BD Biosciences), anti-CD14-FITC (BioLegend),
anti-CD45RA-FITC, anti-HLA-DR-FITC (BD Pharmingen,
San Diego, CA, USA), anti-CD2-PE, anti-CD19-PE, anti-CD20-
PE (all from BD Biosciences), anti-CD7-PE, anti-CD56-PE,
anti-VpreB-PE (all from Beckman Coulter), Anti-CD123
(Interleukin-3 receptor o-chain)-PE (BD Pharmingen), anti-
CD14-PECy7, anti-CD4-PECy7 (both from BD Biosciences),
anti-CD1a-APC  (BioLegend), anti-CD3-APC (Beckman
Coulter), anti-CD7-APC (eBioscience, San Diego, CA, USA),
anti-CD79a-APC (BioLegend), anti-CD303 (BDCA2)-APC
(Miltenyi Biotec), and anti-CD8-APC-Cy7, CD11¢c-APC-Cy7,
and CD34-APC-Cy7 (all from BioLegend). IgG;-FITC, 1gG,,-
FITC (both from BD Biosciences), IgG;-PE, 1gG,,-PE, IgGyy-
PE, IgGl-PerCP-Cy5-5, IgG;-APC, or IgG;-APC-Cy7 (all
from BD Pharmingen), IgG;-PECy7 (BioLegend), served as
isotype controls. Dead cells were excluded by staining with
propidium iodide (BD Pharmingen) or 7-Aminoactinomycin
D (BD Biosciences).

Cytoplasmic CD3 and CD79a staining was performed as
previously described (Ohishi et al, 2002) with some modifi-
cations. Briefly, cells were incubated with various antibodies
against surface antigens and streptavidin-conjugated tricolour
(CALTAG, Burlingame, CA, USA) for 30 min at 4°C. After
washing, the cells were permeabilized and fixed with Permea-
Fix (Ortho, Raritan, NJ, USA) for 20 min at room tempera-
ture, washed again, and incubated with APC-conjugated
antibodies against CD3 or CD79a for 30 min at 4°C. Dead
cells were distinguished by positive staining with strepta-
vidin-conjugated tricolour (Levelt & Eichmann, 1994; Ohishi
et al, 2002).

Flow cytometric analysis was performed using a FACS-
Canto II flow cytometer (BD Biosciences) and the data were
analysed using BD FACSDiva software (BD Biosciences).

Cocultures

Human telomerase reverse transcriptase (WTERT)-transduced
telomerized stromal cells were obtained from the Riken Bio-
Resource Centre (Tsukuba, Japan). Before cocultures, the
telomerized stromal cells were plated in a 25 cm? cell culture
flask (Corning, NY, USA), or 12- or 96-well tissue culture
plates (Nunc, Roskilde, Denmark) with Dexter-type long-
term culture medium comprising minimum essential med-
ium-o (aMEM; Gibco-Invitrogen, Grand Island, NY, USA),
12:5% horse serum (Invitrogen, Carlsbad, CA, USA), 12:5%
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fetal calf serum (FCS; Invitrogen), and 1 x 10~° mol/l hydro-
cortisone (Sigma-Aldrich, St Louis, MO, USA) as previously
described (Kawano et al, 2003, 2006; Fujimi et al, 2008).
Human primary bone marrow stromal cells derived from
healthy adults were purchased from Lonza (Walkersville,
MD, USA), and plated in a 25 cm?® cell culture flask with
long-term haematopoietic progenitor cell culture medium
(MyeloCult; Stem Cell Technologies, Vancouver, BC, Can-
ada). On the first day of coculture, the stromal cells were
washed with oMEM. Five or ten thousand sorted haemato-
poietic progenitors were then seeded onto a pre-established
monolayer of telomerized stromal cells along with 5-10 ml
of aMEM supplemented with 20% FCS, 50 U/ml of penicil-
lin, and 50 pg/ml of streptomycin in the presence or absence
of cytokines. Half of the medium was exchanged for fresh
medium containing the same concentrations of cytokines
every 4-5 d. For single-cell cultures, individual cells were cul-
tured in 96-well tissue culture plates (Nunc) containing a
pre-established monolayer of telomerized stromal cells, in the
presence or absence of flt3L. Cell culture inserts for 6-well
plates with 0-4-um pores (BD Biosciences) were used to sep-
arate haematopoietic progenitor cells from stromal cells in 6-
well tissue culture plates (BD Biosciences). For serum-free
cultures, o-MEM/20% FCS was replaced with serum-free
medium (StemSpan; Stem Cell Technologies).

To induce T cell differentiation, cells were cocultured with
a monolayer of OP9. stromal cells expressing the Notch
ligand DLL1 (OP9-DL1; a gift from Dr. Juan Carlos Zafiiga-
Pfliicker, Department of Immunology, University of Toronto,
Toronto, ON, Canada) pre-established in a 25 cm? cell cul-
ture flask for 28 d in the presence of 5 ng/ml of flt3L and
5 ng/ml of IL-7 (Schmitt & Zuniga-Pflucker, 2002; Awong
et al, 2007). A stabilized form of vitamin C, phosphorylated
ascorbate (100 ng/ml; Sigma-Aldrich), was added during the

Table I. RT-PCR primers and conditions.

last 14 d of culture to enhance T «cell differentiation
(Manning et al, 2010). On days 3—4, the cocultures were
disaggregated by vigorous pipetting, filtered through a 70 um
nylon filter (BD Biosciences) to reduce stromal cell aggre-
gates and contamination with OP9-DL1 cells, and replated to
new flasks containing fresh medium and the same concentra-
tions of cytokines (Schmitt & Zuniga-Pflucker, 2002; Awong
et al, 2007). Viable cells were counted using the trypan blue
exclusion method.

Cytokine concentrations

Concentrations of flt3L, IL-7, and IL-15 in the culture media
were analysed, using MILLIPLEX MAP Human Cytokine/
Chemokine Panel I (Millipore, Billerica, MA, USA) with the
manufacturer’s recommended method.

Reverse transcription-polymerase chain reaction (RT-
PCR)

Total cellular RNA was extracted using an RNeasy Micro Kit
(Qiagen, Valencia, CA, USA). Total RNA (1 pg) was reverse-
transcribed in a total volume of 20 pl using a QuantiTect
Reverse Transcription Kit (Qiagen). The PCR amplifications
were performed for 35 cycles under the conditions shown in
Table I, using either EX Taq (Takara, Shiga, Japan) or KOD
FX (ToYoBo, Osaka, Japan) DNA polymerase. Primers for
the following genes were prepared, as previously reported by
others: PAX5 (Reynaud et al, 2003); early B cell factor 1
(EBF1) (Gisler et al, 2000); GATA3 (Garcia-Peydro et al,
2006); transcription factor 12 [TCFI2; also termed
Hela E-box-binding factor (HEB)] (Schotte ef al, 2010);
inhibitor of DNA binding 2 (ID2) (Gudmundsson et al,
2007); pre-T cell receptor-a PTCRA) (Hao et al, 2001); and

Forward primer Reverse primer

Gene (5-3" (53" Application condition Size (bp) *

PAX5 AGCAGGACAGGACATGGAGGA ATCCTGTTGATGGAACTGACGC 98°C 65°C 72°C 377 (1)
10s 30 s 30 s

EBF1 CAGGAAAGCATCCAACGGAGTGG TGAGCAAGACTCGGCACATTTCTG 98°C 61°C 68°C 454 (2)
10 s 30 s 30 s

GATA3 GAAGGCATCCAGACCCGAAAC ACCCATGGCGGTGACCATGC 95°C 62°C 72°C 255 (1)
30 s 30s 20 s

TCF12 CCGTGGCAGTCATCCITAGT GCCGATACGGCAGAAACTT 98°C 57°C 68°C 109 (2)
10 s 30 s 10 s

ID2 CCCAGAACAAGAAGGTGAGC AATTCAGAAGCCTGCAAGGA 95°C 68°C - 200 (2)
10s 60 s

PTCRA TCCAGCCCTACCCACAGGTG ATGAAGCCTCTCCTGACAGATGCAT 98°C 65°C 72°C 350 (1)
10 s 30 s 30 s

B2M CCAGCAGAGAATGGAAAGTC GATGCTGCTTACATGTCTCG 98°C 65°C 72°C 269 (1)
10s 30 s 30s

*(1) ExTaq or (2) KOD FX DNA polymerase was used.
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fo-microglobulin (B2M) (Cerdan et al, 2000). The sequences
of the primers and the product lengths are also shown in
Table I.

The PCR products were electrophoresed in a 2% agarose
gel in conjunction with a molecular weight ladder, visualized
by ethidium bromide staining, and viewed under ultraviolet
illumination.

Quantitative RT-PCR analysis

Total cellular RNA was extracted from hTERT-transduced
stromal cells, using an RNeasy Micro Kit (Qiagen), and total
RNA was reverse-transcribed, using a QuantiTect Reverse
Transcription Kit (Qiagen). Specific ¢cDNA fragments were
amplified for DLLI (Buchler et al, 2005) and DLL4 (Nijjar
et al, 2002) by using previously described primers. For DLLI,
the primer set was 5-CCTACTGCACAGAGCCGATCT-3'
and 5-ACAGCCTGGATAGCGGATACAC-3'. For DLL4,
the primers were 5-TGACCACTTCGGCCACTATG-3' and
5'-AGTTGGAGCCGGTGAAGTTG-3". As a standard, GAPDH
gene expression was amplified using the primers 5'-CCATC
ACCATCTTCCAGGAGCGAG-3' and 5'-CACAGTCTTCTG
GGTGGCAGTGAT-3". Equal amounts of cDNA were used
for 45 cycles of amplification. Absolute Quantitative PCR
was performed using a QIAGEN Quantitect SYBR Green
PCR Kit (Qiagen) and the Mx3000p Real-Time QPCR Sys-
tem (Agilent Technologies, La Jolla, CA, USA), and then
analysed with MXPRO software (Agilent Technologies). The
reaction conditions were as follows: an initial denaturation
step at 95°C for 15 min was followed by 45 cycles of dena-
turation at 94°C for 15 s, annealing at 60°C (DLLI, GAPDH)
and at 57°C (DLL4) for 30 s and extension at 72°C for 30 s.
Transcript quantification was performed in duplicate for each
of the four samples. DLLI and DLL4 values were reported as
the normalized quotient, derived by dividing the DLLI or
DLL4 copy number by the GAPDH copy number.

Variable, diverse, and joining (VD]) rearrangements in
the immunoglobulin heavy chain (IGH®@) gene

VD] rearrangements of IGH@ were assessed using Rearrange-
ment and Translocation Assays (In VivoScribe Technologies,
San Diego, CA, USA). The genomic DNA between the primers
targeting the conserved framework 3 (FR3) of the immuno-
globulin variable heavy chain (VH) and the joining region
(JH) consensus regions was amplified by PCR and analysed
by capillary electrophoresis on an ABI 310/3100 capillary
electrophoresis instrument (Applied Biosystems, Foster City,
CA, USA) (van Krieken et al, 2007). Human normal tonsil
tissue was used as a positive control.

Statistical analysis

Statistical comparisons were made using Student’s ¢ test.
Values of P < 0-05 were considered significant.
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Results

Telomerized stromal cells support the generation of early
lymphoid precursors from haematopoietic progenitors

It has been reported that the CD19", CD10%, or CD7* popu-
lations within CD34" cells in cord blood predominantly
exhibit B or T lymphoid differentiation potential (Haddad
et al, 2004; Blom & Spits, 2006), and that the expression of
cytoplasmic CD79a (cyCD79a), a component of the B cell
receptor complex, is detected from an early stage of B cell
differentiation (Dworzak et al, 1998; Reynaud et al, 2003).
To isolate human haematopoietic progenitors negative for
these surface and cytoplasmic lymphoid antigens, we first
examined the expression of CD19, CD10, or CD7, and the
relationships of these lymphoid antigens with the differentia-
tion marker CD38 on CD34" cells. The relationships between
the surface expressions of these lymphoid antigens and
cyCD79a were also assessed. The CD34" cell populations that
were positive for CD19, CD10, or CD7 tended to express
higher levels of CD38. Most CD19" or CD10" cells over-
lapped with each other, expressed cyCD79a, and were mutu-
ally exclusive of CD7" cells (Fig. S1). These findings suggest
that CD19" or CD10" cells within the CD34" cells coexpress
cyCD79% and high levels of CD38, and that isolation of the
surface CD38'”~CD197CD10"CD7~ fraction from CD34*
cells leads to the exclusion of cyCD79a™ cells.

Next, we examined whether telomerized human bone
marrow-derived stromal cells support the generation of B or
T lineage cells from human haematopoietic progenitors.
CD34*CD38'"CD7"CD19™CD10~ cells were isolated
(Fig. 1A) [the purity after sorting was 96-1 + 1-5% (n = 8)],
and incubated on the stromal cells (5 x 10> cells/well) in the
absence of exogenous cytokines. After 3 weeks, the cultures
produced only 65 + 1-8 x 10* (n =4) cells but contained

. CD19%, CD7" and CD14% cells (Fig. 1B). Some of the

CD19" cells became negative for CD34 and positive for
CD10, CD20 and cyCD79a, but all of the CDI19" cells
remained negative for VpreB, a component of the pre-B cell
receptor complex. These phenotypes of the CD19" cells were
consistent with those of early B cell precursors at the pro-B
stage. In addition to CD197cyCD79a" cells, CD19 " cyCD79a™
cells were observed, which represent B cell precursors in an
early stage of B cell development. Some CD7" cells became
negative for CD34 but coexpressed CD34 and CD45RA. The
CD7" cells were partially positive for CD2, but low or negative
for the NK marker CD56 and pre-T cell-related antigens
including CD5, CD1a and cyCD3. These phenotypes of the
CD7" cells corresponded to those of early T/NK cell precursors
(Blom & Spits, 2006). These cocultures also contained a signifi-
cant population of CD14" cells [35-2 + 20:7% (n = 5)], and a
portion of the CD14" cells expressed CDla (Fig. 1C). These
CD1la" cells were positive for HLA-DR, CD11c and IL-3Ra,
indicative of myeloid dendritic cells. We also observed the pres-
ence of CDI14 HLA-DR'CDllc CDla”IL-3Ro™®"CD303"
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cells, which are phenotypically considered to be plasmacytoid
dendritic cells (Rossi & Young, 2005; Ueno et al, 2011)
(Fig. 1C).
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Flt3L enhances the generation of CD19"cyCD79a",
CDI19"cyCD79a" and CD7" cells from haematopoietic
progenitors cocultured on telomerized stromal cells

Several mouse studies have demonstrated that flt3L plays an
important role in early lymphopoiesis (Sitnicka et al, 2002;
Buza-Vidas et al, 2007). To examine the role of flt3L in the gen-
eration of early B and T/NK cell precursors from human hae-
matopoietic ~ progenitors, CD34"CD38~CD19~CD10~CD7~
cells were cultured on the telomerized stromal cells for 3 weeks
in the presence of various concentrations of flt3L. As shown in
Fig. 2A, flt3L increased both the percentages and absolute
numbers of cyCD79a*, CD19"cyCD79a* and CD7" cells in
the cultures in dose-dependent manners. These effects
reached a plateau at 10 ng/ml. Flt3L also promoted the gen-
eration of CD1a"HLA-DR™CD11c* myeloid (Fig. S2A) and
CD14 HLA-DR'CD11¢7IL-3Ra™8CD303*  plasmacytoid
dendritic cells (Fig. S2B).

Next, we investigated the effects of flt3L (10 ng/ml) on the
generation of CD197cyCD79a", CD19 ¢cyCD79a" and CD7*
cells from more immature haematopoietic progenitors cul-
tured on telomerized stromal cells. For this, CD38™ cell sub-
set from the CD34"CD197CD107CD7" cell population was
sorted (Fig. 2B) and cultured with or without flt3L at 10 ng/
ml. The results showed that, even in the absence of flt3L, the
stromal cells supported the generation of CD19¥cyCD79a",
CD197¢yCD79a" and CD7" lymphoid precursors from
CD347CD387CD197CD10~CD7~ haematopoietic progenitor
cells, which was considerably enhanced by flt3L (Fig. 2B).

To clarify the effects of flt3L on B- and T/NK-lineage
precursors in more detail, similar experiments were per-
formed wusing single-cell assays. To this end, single
CD34"CD387CD197CD10™CD7~ cells were individually cul-
tured on telomerized stromal cells, either with or without
10 ng/ml of flt3L (288 wells per group), and the numbers of
wells containing 50-99, 100499, 500-999 and > 1000 cells
were counted. As shown in Fig. 2C, the numbers of wells
showing significant cell proliferation were markedly higher in
cultures containing flt3L. The generated cells in the wells that
contained more than 50 cells (nine wells with flt3L and two
wells without flt3L) were harvested and their phenotypes
were analysed by flow cytometry. A significant portion of
these wells contained either CD19" or CD7" cells in addition

Fig 1. Expression of lymphoid-lineage antigens in cells cultured with
telomerized stromal cells. (A) Phenotype of the CD38l"
~CD197CD107CD7" cell fraction before and after sorting of immu-
nomagnetically-enriched ~ CD34* cells. (B) CD34*CD38""
~CD197CD107CD7~ cells (5 x 10° cells/well) were cocultured for
3 weeks with telomerized stromal cells without cytokines. The
expression of B and T/NK lymphoid antigens after excluding CD14"
cells (R1 gate) is shown. (C) The expression of CD14, HLA-DR,
CD1lc and IL-3Ra in CD1a* cells was analysed to assess the pres-
ence of myeloid dendritic cells (upper row). For plasmacytoid den-
dritic cells, CD14 HLA-DR" cell fractions were gated, and analysed
for the presence of IL-3Ra"8'CD11c¢~CD303™ cells (lower row).
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Fig 2. Effects of flt3L, SCF and TPO on lymphopoiesis. The effects of flt3L on CD347CD38°"~CD19™CD10~CD7~ (1 x 10* cells/well) (A) and
CD34"CD38~CD19~CD107CD7™ (1 x 10* cells/well) (B) cultured on telomerized stromal cells. The percentage and number of CD19¥cyCD79a",
CD197CD79a* and CD7" cells were assessed. The percentages after excluding CD14" cells are shown. Data represent means of duplicate (A) and
means + SD of triplicate (B) cultures. ¥*P < 0-05 compared with control cultures. Data are representative of five independent experiments. (C)
CD34*CD38~CD197CD10~CD7™ cells were individually cultured with or without 10 ng/ml of flt3L (288 wells for each group), and the number of wells
containing 50-99, 100-499, 500-999, or > 1000 cells was scored by observation on an inverted microscope. (D) CD34*CD38°*'~CD19~CD10~CD7~
cells (5 x 10% cells/well) were cocultured with telomerized stromal cells in the presence of flt3L (10 ng/ml), SCF (10 ng/ml), TPO (10 ng/ml)
alone, or in various combinations. Data represent the mean + SD of triplicate cultures. *P < 0-05 compared with control cultures (without cyto-
kines); TP < 0-05 compared with cultures containing fit3L. Data are representative of three independent experiments.

to CD14" cells, and in some wells both CD19" and CD7* SCF and TPO are potent growth factors for human hae-
cells were detected (Table SI). These findings indicate that matopoietic progenitors (Heike & Nakahata, 2002). To
flt3L enhances the growth of both CD19" and CD7* lym- examine the roles of SCF, TPO and flt3L in the generation of
phoid precursors from primitive haematopoietic progenitors. lymphoid precursors from haematopoietic progenitors,
© 2012 Blackwell Publishing Ltd 679
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CD34*CD38"~CD197CD107CD7~ cells were incubated
with SCF, TPO, flt3L, or various combinations of these three
cytokines, for 3 weeks. Unlike flt3L, TPO and SCF showed
little or no effect when used alone. However, SCF or TPO, in
combination with flt3L, significantly increased the generation
of CD19%cyCD79a", CD19 ¢yCD79a” and CD7" cells
(Fig. 2D). The percentages of CD19 and CD7 appeared rela-
tively higher in the wells containing flt3L than those without
3L (Pig. S3). Nevertheless, CD19" cells did not express
VpreB and CD7" cells showed little or no expression of
CDla (data not shown). Thus, the differentiation stage of
the generated cells did not appear to be different under the
various culture conditions. To assess the generation of lym-
phoid cells from haematopoietic progenitors in the presence
of SCF, fit3L and TPO more precisely, single CD347CD38'’
“CD197CD107CD7"~ cells were individually cultured across
768 wells with SCF, flt3L and TPO. Wells that contained more
than 300 cells (n = 43) were analysed (Table SITA). Although
cyCD79a" and CD14" cells were detected in the majority of
wells (n = 24), all of cyCD79a*, CD7" and CD14™ cells were
generated in some wells (n = 5) (Table SIIB). These data indi-
cate that flt3L plays a central role in early B and NK/T cell
generation from haematopoietic progenitors, and that SCE
and TPO act synergistically with flt3L to promote the genera-
tion of both lineages of lymphoid precursors.

Besides flt3L, IL-7 and IL-15 are considered to be impor-
tant cytokines for lymphopoiesis (Alpdogan & den Brink,
2005). Indeed, we observed the presence of low levels of
fit3L (114 pg/ml), IL-7 (55 pg/ml), and IL-15 (4'5 pg/ml)
in the culture medium of haematopoietic progenitor cells
cocultured with telomerized stromal cells. We therefore
examined the effect of IL-7 and IL-15 on the generation of
early lymphoid precursors. Neither IL-7 alone nor IL-7+
flt3L  affected the generation of CD197cyCD79a",
CD197cyCD792a", or CD7" cells (Fig. S4). Similarly, IL-15
did not affect the differentiation of B-lineage cells (Fig.
S5A). While IL-15 remarkably increased the population of
CD77CD56" NK cells, CD7" cells remained negative for
CDla (Fig. S5B). Total cell numbers were not significantly
different (Fig. S5C).

Characteristics of CD19* and CD7" cells generated by
stromal cells in the presence of flt3L

We characterized the generated CD19" and CD7™ cells, which
were phenotypically equivalent to pro-B and T/NK precur-
sors, respectively. RT-PCR analyses showed that cultured
CD197CD7~ cells expressed the genes for PAX5 and EBFI,
which are critical transcription factors for B cell development
(Blom & Spits, 2006; Rothenberg, 2010). However, little or no
expression was seen in freshly isolated CD34*CD38"/~
CD197CD10"CD7" cells (Fig. 3A). Moreover, we analysed
whether VDJ rearrangements of IGH®@ occurred in the gener-
ated CD19"CD7™ cells using Rearrangement and Transloca-
tion Assays and primers for the VH-FR3 and JH consensus
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regions of IGH@ (van Krieken et al, 2007). As expected, nor-
mal tonsil tissue, in which heterogeneous VDJ rearrangements
of IgH occur, showed a bell-shaped curve for the PCR-ampli-
fied products (amplicons) within the valid size range. Similar
observations were made for CD19°CD7~ cells (Fig. 3B),
indicating polyclonal VDJ rearrangements of IGH®@. These
findings are consistent with the characteristics associated with
the pro-B stage of B cell precursors (LeBien, 2000; Blom &
Spits, 2006). These amplicons were not observed with
CD34"CD38"~CD19"CD10™CD7~ cells, suggesting that
VDJ rearrangements of IGH@ did not occur in these cells
before cultures.

On the other hand, GATA3 (Blom & Spits, 2006; Hosoya
et al, 2010), TCF12 (Blom & Spits, 2006; Braunstein & Ander-
son, 2011), and ID2 (Blom & Spits, 2006) were reported to
be essential transcription factors for T or NK cell develop-
ment. The gene expression of these transcription factors
was maintained from CD347CD38''~CD19"CD10"CD7~ to
CD7"CD56~ cells. The expression of PTCRA, which is
involved in early T cell development (Yamasaki & Saito,
2007), was detected in CD77CD56 cells, but not in
CD34*CD38"~CD19"CD10™CD7~ cells (Fig. 3C). Recom-
bination of TRG®@, TRD®@ or TRB@ was not detected in
CD7"CD56~ cells by the Rearrangement and Translocation
Assays (data not shown).

Next, we examined the potential of CD7*CD56™ cells to
differentiate toward T and NK lineage cells. Following cocul-
ture with OP9-DL1 cells in the presence of flt3L, IL-7 and
phospho-ascorbate for 28 d, CD7*CD56 cells gave rise to
CD7°CD5" or CD5"CD4" cells, which correspond to early T
cell precursors (Napolitano et al, 2003; Blom & Spits, 2006),
and a portion of these cells differentiated into the
CD4"CD8™ or CD4"CD8" stage of T cells (Fig. 3D).
CD56"CD3~ NK cells were generated after incubation of
CD7°CD56™ cells with telomerized stromal cells in the presence
of flt3L (10 ng/ml), IL-7 (10 ng/ml) and IL-15 (10 ng/ml) for
11 d (Fig. 3D).

Early B and T/NK lymphopoiesis occurs on primary bone
marrow stromal cells

The characteristics of teJomerized stromal cells were reported
to be similar to those of primary human bone marrow stro-
mal cells (Kawano et al, 2003; Kobune et al, 2005). Early B
cell differentiation is observed in cocultures of human hae-
matopoietic progenitors with primary bone marrow stromal
cells (LeBien, 2000), but the generation of T lineage cells has
not been described. Therefore, we investigated whether not
only early B but also early T/NK cell generation occurred
and whether the same effects of flt3L were observed, when
CD34*CD38"~CD19"CD10"CD7~ cells were cocultured
with primary bone marrow stromal cells in the presence or
absence of flt3L. As shown in Fig. 4A,B, CD197cyCD79a",
CD197¢cyCD792a" and CD77CD56™ cells were generated in
cocultures with primary stromal cells even in the absence of

© 2012 Blackwell Publishing Ltd
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Fig 3. Characteristics of generated CD19% and CD7*CD56™ cells. (A) Gene expression of PAX5, EBFI and B2M in CD34*CD38'°*/~CD19~
CD107CD7~ and CD19"CD7~ cells. (B) VD] rearrangements of IGH®@ genes. (C) Gene expressions of GATA3, TCF12, PTCRA and B2M in
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flit3L, although the generation of these cells was lower com-
pared with cocultures with telomerized stromal cells. The
generation of these lymphoid precursors was promoted by
ftI3L on primary stromal cells, as observed on telomerized
stromal cells. These data indicate that the findings observed
with telomerized stromal cells can be seen with primary stro-
mal cells.

© 2012 Blackwell Publishing Ltd
British Journal of Haematology, 2012, 157, 674-686

Early B and T/NK cell precursors develop without direct
contact with stromal cells

To elucidate the mechanism by which the lymphopoiesis
occurs on stromal cells, we examined whether direct contact
between haematopoietic progenitors and stromal cells is
required for the generation of early B and T/NK lineage pre-
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cocultured with primary or telomerized stromal cells, with or without flt3L, and analysed for the cell phenotypes (A) and numbers (B). The
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Representative data of three independent experiments are shown.

cursors. To this end, CD34*CD38'”~CD19~CD10~CD7~ cells
were incubated separately from the stromal cells using cell cul-
ture inserts of 0-4-um pore size, or without inserts, in the
presence or absence of flt3L. In the absence of flt3L, low cell
numbers were detected after culture with or without inserts
(25 + 15 x 10* cells with inserts; 78 + 70 x 10* cells
without inserts). FIt3L similarly increased the total cell num-
bers in the cultures with or without inserts
(60 + 05 x 10° cells with inserts; 27 + 0-5 x 10° cells
without inserts). By phenotypical analysis, in the cultures with
inserts but without flt3L, only a low number of
CD19%cyCD79a" and CD19 cyCD79a” B and CD7'CD19™ T
lineage cells were detected. However, the percentage and num-
ber of these lymphoid cells were significantly increased by
flt3L (Fig. 5A,B). Similar results were obtained in the cultures
without inserts (data not shown). These data imply that early
B and T/NK cell development can be induced, at least in part,
by soluble factors produced from the stromal cells, which is
enhanced by flt3L.

Effect of fit3L in serum-free cultures

To investigate the role of flt3L during early B and T/NK cell
generation more precisely, we analysed its effects in serum-
free cultures. Without flt3L, low numbers of CD7" cells were
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observed, but no CD19"cyCD79a" cells were seen. Even
CD19 7 cyCD79a" cells were rarely detected (Fig. 6A,B). These
findings indicate that B cell differentiation is minimally sup-
ported in serum-free cultures. Nevertheless, CD19"7cyCD79a*
as well as CD197cyCD79a" cells developed in the presence of
flt3L. The number of CD7" cells was also increased by flt3L.
These observations support the notion that flt3L plays a cru-
cial role during early B and T/NK cell generation from
haematopoietic progenitors, and indicate that flt3L is partic-
ularly important for early B cell differentiation. We also
tested the effect of SCF and TPO under serum-free culture
conditions. As in serum-containing cultures, SCF or TPO
alone exerted little or no effect but, in combination with
flt3L, enhanced the generation of CD19cyCD79%a",
CD197cyCD79a" and CD7" cells (Fig. S6). These data con-
firmed our notion that flt3L plays a central role in early B
and T/NK cell generation from haematopoietic progenitors,
which is promoted by SCF and TPO.

Discussion

The results of the present study show that human bone mar-
row stromal cells simultaneously support the ex vivo genera-
tion of early B and T/NK lineage precursors from human
haematopoietic progenitors. These findings enabled us to

© 2012 Blackwell Publishing Ltd
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demonstrate that flt3L plays a principal role in the genera-
tion of early B and T/NK lymphoid precursors from human
haematopoietic progenitors.

Early B cell differentiation has been observed during co-
cultures with human or murine bone marrow stromal cells
(LeBien, 2000). However, to the best of our knowledge, this
is the first culture system in which B- and T/NK-lineage lym-
phoid precursors simultaneously developed from haemato-
poietic progenitors seeded on human bone marrow stromal
cells. We postulate that the T/NK-lineage precursors were
generated from primitive multipotent haematopoietic pro-
genitors, and not merely from T-lineage committed precur-
sors, cultured on the stromal cells because of the following
reasons. Firstly, PTCRA, which is expressed in T cell precur-
sors, was not observed in CD34*CD38/~CD7~
CD197CD10™ cells, but was detected in the CD77CD56™
cells after coculture with telomerized stromal cells. Secondly,
CD7*CD56~ cells were generated not only from

© 2012 Blackwell Publishing Ltd
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CD347CD38'~CD7"CD10"CD19” but also from more
primitive CD34"CD38 CD7 CD10”CD19~ haematopoietic
progenitors. Thirdly, both B- and T-lineage cells were gener-
ated from single haematopoietic progenitors.

Interestingly, we found that the early B and T/NK line-
age cell development was able to take place without direct
contact with the stromal cells. These findings suggest that
early lymphopoiesis can be induced, at least in part, by sol-
uble factors produced from human bone marrow stromal
cells. Consistent with our study, it was recently reported
that human mesenchymal stem cells support human B cell
development without direct cell-to-cell contact (Ichii et al,
2010). In serum-free cultures, B cell development was
severely reduced, indicating that other factors present in the
serum were involved in the B cell development. These find-
ings point to the importance of humoral factors in the reg-
ulation of human early lymphopoiesis. Besides flt3L,
telomerized stromal cells produced low levels of IL-7 and
IL-15. However, IL-7 showed little or no effect on the gen-
eration of CD19" B cells and CD7*CD56~ T/NK cell pre-
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cursors, as previously reported (Prieyl & LeBien, 1996;
Napolitano et al, 2003; Parrish et al, 2009). IL-15 mainly
stimulated the CD7 CD56" NK cell generation. Notch
ligands DLL1 and DLL4, which are important for T cell
development in mice (Koch ef al, 2008; Koch & Radtke,
2011), were expressed in hTERT stromal cells (DLLI/
GAPDH, 862 + 072 x 10™% DLL4/GAPDH, 665 + 6:60 x
107°). However, the soluble form of Notch ligand has been
shown to be much less effective in activating Notch signal-
ling than membranous or immobilized forms of Notch
ligand (Varnum-Finney et al, 2000). Consistently, the
expression level of one Notch target gene, HESI, in haemat-
opoietic progenitors was not remarkably changed by cocul-
ture with the stromal cells (data not shown). Further
studies are required to identify the critical factors required
for early B and T/NK lymphopoiesis.

The coculture assays allowed us to demonstrate that flt3L
simultaneously promotes the generation of not only early B
and T/NK lymphoid precursors but also myeloid and plas-
macytoid dendritic cells from haematopoietic progenitors on
stromal cells. FIt3L has a positive effect on the generation of
CD19* B cell precursors (Rawlings et al, 1997; Parrish et al,
2009), CD34"CD7~CD122 (IL-2/15 receptor B)" NK cell pre-
cursors (Yu et al, 1998), and myeloid or plasmacytoid den-
dritic cells (Chen et al, 2004; Rossi & Young, 2005; Ueno
et al, 2011). The present study confirms these observations,
and further demonstrates that flt3L also enhances the devel-
opment of CD7" lymphoid precursors with T cell potential
without significantly affecting their differentiation. The sin-
gle-cell assays suggest that flt3L may directly stimulate the
growth of lymphohaematopoietic progenitors. The plasma
concentrations of flt3L are as low as approximately 20 pg/ml
under steady-state conditions, but increase by more than 100
times during the haematopoietic recovery phase after chemo-
therapy or transplantation (Wodnar-Filipowicz et al, 1996).
From these findings, we speculate that flt3L is a critical stim-
ulator of B and T/NK lineage cell generation, at least when
large numbers of B, T and NK cells need to be rapidly regen-
erated after myelosuppression. Notably, in the serum-free
cultures, even CD197cyCD79a™ early B cell precursors were
rarely observed in the absence of cytokines, whereas
CD197cyCD79a" pro-B cells, in addition to a significant
number of CD19 cyCD79a" cells, were generated in the
presence of flt3L. These observations imply that flt3L is
particularly important for human B cell development from
haematopoietic progenitors.

SCF and TPO are involved in the survival and prolifera-
tion of primitive haematopoietic progenitors (Heike & Na-
kahata, 2002). Unlike fit3L, SCF or TPO alone had little or
no effect on the generation of B and T/NK lymphoid precur-
sors. However, SCF or TPO, in combination with flt3L,
significantly augmented the generation of B and T/NK lym-
phoid precursors without considerably affecting their differ-
entiation. These findings indicate that flt3L is a principal
cytokine involved in early B and T/NK cell development, and
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that SCF and TPO act synergistically with flt3L to enhance
lymphoid lineage development, presumably by stimulating
the growth of primitive haematopoietic progenitors with
lymphoid differentiation potential.

Not only telomerized but also primary bone marrow
stromal cells supported the generation of early B and T/NK
cell precursors from human haematopoietic progenitors,
and similar stimulatory effects by flt3L were observed in
cocultures with both types of stromal cells. These data are
consistent with the notion that the telomerized human
bone marrow stromal cells maintain the phenotype of pri-
mary human bone marrow stromal cells (Kawano et al,
2003; Kobune et al, 2005). Altogether, our findings indicate
that the telomerized stromal cells provide an excellent cul-
ture system for assessing the lymphoid differentiation
potential of primary or leukaemic haematopoietic progeni-
tors. For example, in single cell assays with the telomerized
stromal cells, we observed that B and/or T/NK lymphoid
precursors were generated in accompaniment with CD14"
cells. These findings are consistent with the observation
that human multipotent lymphoid progenitors retain the
potential to generate monocytic cells (Doulatov et al,
2010). These investigations will yield novel insights into the
mechanisms involved in human normal and malignant
haematopoiesis.
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Adoptive cell therapy with lymphocytes that have been genetically
engineered to express tumor-reactive T-cell receptors (TCR) is a
promising approach for cancer immunotherapy. We have been
exploring the development of TCR gene therapy targeting cancer/
testis antigens, including melanoma-associated antigen (MAGE)
family antigens, that are ideal targets for adoptive T-cell therapy.
The efficacy of TCR gene therapy targeting MAGE family antigens,
however, has not yet been evaluated in vivo. Here, we demon-
strate the in vivo antitumor activity in immunodeficient non-obese
diabetic/SCID/yc™! (NOG) mice of human lymphocytes genetically
engineered to express TCR specific for the MAGE-A4 antigen. Poly-
clonal T cells derived from human peripheral blood mononuclear
cells were transduced with the af TCR genes specific for MAGE-A4,
then adoptively transferred into NOG mice inoculated with MAGE-
A4 expressing human tumor cell lines. The transferred T cells main-
tained their effector function in vivo, infiltrated into tumors, and
inhibited tumor growth in an antigen-specific manner. The combi-
nation of adoptive cell therapy with antigen peptide vaccination
enhanced antitumor activity, with improved multifunctionality of
the transferred cells. These data suggest that TCR gene therapy
with MAGE-Ad-specific TCR is a promising strategy to treat
patients with MAGE-A4-expressing tumors; in addition, the acqui-
sition of multifunctionality in vivo is an important factor to predict
the quality of the T-cell response during adoptive therapy with
human lymphocytes. (Cancer Sci 2012; 103: 17-25)

T -cell receptor (TCR) gene transfer using retroviral vectors
has been shown to be an attractive strategy to redirect the
antigen specificity of polyclonal T cells to create tumor- or path-
ogen-specific lymphocytes."'® This approach is a promising
method for the treatment of patients with malignancies that
might overcome the limitations of current adoptive T-cell thera-
pies that have been hampered by difficulties in the isolation and
expansion of pre-existing, antigen-specific lymphocytes in
patients.”'?’ For the treatment of metastatic melanoma, clinical
trials using autologous lymphocytes that have been retrovirally
transduced with melanoma/melanocyte antigen-specific TCR
have reported objective cancer regression.!"'* These reports
suggest that adoptive cell therapy using TCR gene-modified
lymphocytes is a promising approach to immunotherapy in can-
cer patients; such reports have encouraged the development of
novel TCR gene therapy-based approaches.

On-target adverse events, however, have been reported for
TCR gene therapies targeting melanocyte differentiation anti-
gens, such as melanoma antigen recognized by T-cells (MART)-
1 or gpl00. Normal tissues in which melanocytic cells exist,
such as the skin, eyes, and inner ears, exhibited severe histologi-
cal destruction, especially when high-avidity TCR were used.""®
Gene-modified T cells targeting carcinoembryonic antigen also

doi: 10.1111/.1349-7006.2011.02111.x
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induced a severe transient inflammatory colitis that served as a
dose-limiting toxicity for all three patients enrolled.'® Case
reports exploring the severe adverse events seen in patients
receiving T cells transduced with chimeric antigen receptors
bearing the variable regions of human epidermal growth factor
receptor type 2 (HER2)/neu- or CD19-reactive antibodies have
suggested that these adverse events might be related to the
release of cytokines from transferred cells.'*'> These observa-
tions highlight the potential risk in the usage of receptor genes
that render T cells reactive to both tumor cells and a subset of
normal cells.

Cancer/testis antigens are particularly attractive targets for
immunotherapy, because of their unique expression profiles.
While these antigens are highly expressed on adult male germ
cells or placenta, they are typically completely absent from
other normal adult tissues, and demonstrate aberrant expression
in a variety of malignant neoplasms.(](”m As adult male germ
cells do not express MHC class I, CD8" effector cells theoreti-
cally ignore these cells.'® MAGE-A, -B, and -C genes exhibit
such an expression pattern, and their immunogeniciq}/ as targets
for cancer immunotherapy has been well studied.”**"” MAGE-
A4 expression was reported in 56.6% of serous carcinoma of
the ovary, 61.4% of melanoma, 28.4% of non-small cell lung
carcinoma, 20% of hepatocellular carcinoma, 22.3% of colorec-
tal carcinoma, 90.2% of esophageal squamous cell carcinoma,
and 6.7% of esophageal adenocarcinoma.®*® These results
suggest that TCR gene therapy targeting the MAGE family of
antigens, including MAGE-A4, represents a promising
treatment for malignancies that minimizes the risk of severe
on-target toxicity. The feasibility of TCR gene therapy target-
ing MAGE family antigens ir vivo, however, has not previously
been evaluated.

In the present study, we isolated rearranged TCRuf genes
from a human CD8" T-cell clone that recognizes a MAGE-
Ad-derived peptide, MAGE-A443_15;, in the context of
HLA-A*2402." Polyclonal human lymphocytes that were ret-
rovirally transduced with these TCR genes demonstrated stable
transgene expression and specific Cgtotoxicity against MAGE-
Ad-expressing tumor cells in virro.***" These results prompted
us to confirm the efficacy of the TCR gene-modified T cells
in vivo prior to clinical evaluation.

In this study, we investigated if human lymphocytes geneti-
cally engineered to express this MAGE-A4-specific TCR could
inhibit the growth of MAGE-A4-expressing tumors when adop-
tively transferred into immunodeficient non-obese diabetic/
SCID/yc™" (NOG) mice. We evaluated the in vivo function
of the transferred cells, as well as their migration to the tumor
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site, and the resultant antitumor effect. We addressed if the
combination of adoptive cell therapy and vaccination with pep-
tide antigen could influence the antitumor activity of transferred
cells.

Materials and Methods

Peripheral blood mononuclear cells. Peripheral blood mono-
nuclear cells (PBMC) were isolated from healthy donors who
provided informed consent. Peripheral blood mononuclear
cells were cultured in GT-T503 media (Takara Bio, Otsu, Japan)
supplemented with 1% autologous plasma, 0.2% human serum
albumin (HSA; Sigma-Aldrich, St. Louis, MO, USA),
2.5 mg/mL fungizone (Bristol-Myers Squibb, New York, NY,
USA), and 600 IU/mL interleukin-2. This study was approved
by the ethics review committees of Mie University Graduate
School of Medicine (Tsu, Japan) and Takara Bio.

Mice. Studies were conducted using 8-week-old female NOG
mice (Central Institute for Experimental Animals, Kawasaki,
Japan) that had been established as described previously.®?
Mice were maintained at the Animal Center of Mie University
Graduate School of Medicine. All experimental protocols were
approved by the Ethics Review Committee for Animal Experi-
mentation (of Mie University Graduate School of Medicine).

Cell lines. The KE4 (MAGE-A4"HLA-A#2402% human eso-
phageal carcinoma), QG56 (MAGE-A4"HLA-A*2402" human
lung carcinoma), and T2-A*2402 (Zhuman T, B hybridoma trans-
fected with HLA-A*2402 cDNA)®? cell lines were maintained
in RPMI-1640 media (Sigma-Aldrich) supplemented with 10%
FCS, penicillin (100 U/mL), and streptomycin (100 mg/mL).

Retroviral transduction. A retroviral vector encoding MAGE-
Ad-specific TCRo. (TRAVS-1) and TCRf (TRBV7-9) genes (MS-
bPa retroviral vector) was described previously.®” Peripheral
blood mononuclear cells were stimulated with 30 ng/mL OKT-
3 (Janssen Pharmaceutical, Titusville, NJ, USA) and 600 TU/mL
interleukin-2 prior to transduction with MS-bPa particles.
Briefly, retroviral solutions were preloaded onto RetroNectin-
coated plates and centrifuged at 2000qg for 2 h, then rinsed with
PBS, according to the RetroNectin (Takara Bio)-bound virus
infection method. Cells were then applied onto preloaded plates;
PBMC transduced with the MS-bPa retroviral vector were
designated as gene-modified cells. Control PBMC were treated
similarly, except that MS-bPa was omitted from the cultures;
these specimens were designated as unmodified cells.

Tumor challenge. KE4 tumor cells (2.5 X 10° in 0.2 mL
PBS) were subcutaneously inoculated into the right flanks of
mice. In the indicated experiments, QGS56 tumor cells (2.5 X 108
in 0.2 mL PBS) were subcutaneously inoculated in a similar
manner. Tumor size was determined by the product of perpen-
dicular diameters measured with calipers. The mice were killed
before the mean diameter of the tumor reached 20 mm, accord-
ing to institutional guidelines. The statistical significance of the
difference between groups in tumor growth was evaluated at
the last time point.

Adoptive cell transfer. After two washes in saline containing
1% human serum albumin (HSA), gene-modified or unmodified
cells (1 x 108) were suspended in 0.3 mL saline and intrave-
nously injected into a lateral tail vein of the NOG mice. Prior to
injection, gene-modified cells were analyzed for staining with
MAGE-A443_151/HLA-A*2402 tetramer and antihuman CDS
mAb to calculate the proportion of tetramer*CD8* T cells
infused. When indicated, HLA-A*2402-positive PBMC were
pulsed with 1 pM MAGE-A4,4;_y5; peptide and co-adminis-
tered intravenously as a peptide vaccination.

In vitro stimulation and staining of cells. Cells were incubated
for 2 h at 37°C with irradiated (45 Gy) stimulator T2-A%2402
cells, which had been pulsed with 1 uM MAGE-A4,,;_;53 or
HER243.7; (an irrelevant peptide with HLA-A*2402 binding
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activity) peptide, at an effector/stimulator ratio of four in the
presence of 0.1 mg/mL phycoerythrin (PE)-conjugated
anti-CD107a (BD Bioscience, San Diego, CA, USA). We then
incubated samples for an additional 6 h in 1 mL/mL GolgiStop
(BD Bioscience). The cells were then stained with FITC-conju-
gated anti-CD8 (BD Bioscience) mAb. After permeabilization
and fixation using a Cytofix/Cytoperm kit (BD Bioscience)
according to the manufacturer’s instructions, the cells were
stained intracellularly with allophycocyanin (APC)-conjugated
anti-y-interferon (IFN-y) (BD Bioscience) and PE-Cy7-conju-
gated antitumor necrosis factor (TNF) (BD Bioscience) mAb.

Flow cytometric analysis. PE-conjugated MAGE-A443 15/
HLA-A*2402 tetramer (provided by the Ludwig Institute for
Cancer Research, New York, NY, USA) and FITC-conjugated
antihuman CD4 (BD Bioscience), human CD8 (BD Bioscience),
and PerCP-Cy5.5-conjugated antihuman CD3 (BD Bioscience)
mAb were used to detect transduced TCR in specific cell popu-
lations. Polychromatic analyses were performed as previously
described.® Cell staining data were acquired using a FACS
Cantol flow cytometer (Becton Dickinson, Franklin Lakes, NJ,
USA), and analyzed using FACSDiva (Becton Dickinson) and
Flow] (Tree Star, Ashland, OR, USA) software.

Immunohistochemical analysis. Formalin-fixed and paraffin-
embedded specimens were used. After deparaffinization, tissue
sections were pretreated with antigen retrieval solution (DAKO
high pH solution, DAKO, Glostrum, Denmark) at 95°C for
20 min. As a primary antibody, antihuman CD8 (clone
C8/144B; DAKO) was used. Dextran polymer method with
EnVision plus (DAKO) was adopted for secondary detection.
3,3’-Diaminobenzidine was used as chromogen, and hematoxylin
counterstain was performed. Infiltrated CDS8-positive tumor
infiltrating lymphocytes (TIL) were counted in the selected 10
independent areas with most abundant TIL infiltration. Tumor-
infiltrated, CD8-positive cells per high power field (0.0625 mm?)
were counted using an ocular grid at X400 magnification. Three
independent counts were performed by a board-certified patholo-
gist (E.S) with no knowledge of the earlier results. The average
TIL counts of 10 fields was used for the statistical analyses.

Statistical analyses. Data were expressed as mean = SD.
Differences between groups were examined for statistical
significance using the Student’s r-test. A P-value less than 0.01
denoted a statistically-significant difference.

Results

Adoptive transfer of MAGE-A4-specific, TCR-transduced
lymphocytes inhibits tumor progression in a dose-dependent and
antigen-specific manner. We previously reported the successful
retroviral transduction of TCRaf genes recognizing the MAGE-
Ad 43157 peptide in an HLA-A*2402-restricted manner into
polyclonally-activated human CD8" T cells. The TCRoB-trans-
duced CD8" T cells exhibited IFN-y production and cytotoxic
activity against both peptide-loaded T2-A*2402 cells and human
tumor cell lines, such as KE4, that express both MAGE-A4 and
HLA-A*2402.%% To confirm the efficacy of these gene-modi-
fied T cells in vivo prior to clinical evaluation, we examined the
antitumor efficacy of adoptive cell therapy with MAGE-A4-
specific TCR gene-modified lymphocytes into NOG mice. We
anticipated that a clinical trial to evaluate this therapy would
involve the transduction of polyclonally-activated PBMC with
TCR genes, followed by the transfer of these cells into patients
without purification of the CD8" T-cell subset. To mimic these
conditions, the NOG mice received TCR gene-modified lympho-
cytes without further purification. The 7CR gene-modified and
unmodified cells used for the transfer experiments were stained
with anti-CD8 mAb and a MAGE-A443_;5;/HLA-A*2402 tet-
ramer that specifically detected the transduced TCR (Fig. 1A).
As we reported previously, this TCR bound the tetramer in a
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Fig. 1. Transduction of melanoma-associated anti-
gen (MAGE)-Ad-specific T-cell receptor (TCR) in
human lymphocytes. Peripheral blood mononuclear
cells from healthy donors were stimulated with
anti-CD3 mAb and interleukin-2. Cells were
cultured with or without retroviral vector encoding
MAGE-A4-specific TCR, designated gene-modified 1ot
or unmodified cells, respectively. (A) Representative
staining for gene-modified and unmodified cells
with MAGE-A4443_151/HLA-A*2402 tetramer and
antihuman CD8 mAb are shown. (B,C) Gene-
modified and unmodified cells were stimulated
with T2-A*2402 cells pulsed with the MAGE-Ad443_
151 peptide (B) or HLA-A*2402-binding irrelevant
control peptide (C). Representative specific
intracellular interferon (IFN)-y staining is displayed.
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CD8 molecule-dependent manner.®® These T cells were tested
for specific reactivity against antigen peptide presented on
HLA-A*2402 (Fig. 1B,C).

Before transfer, we stained the cells with the MAGE-
A4143,151/HLA-A*2402 tetramer to calculate the number of
tetramer*CD8" cells. The growth of implanted MAGE-A4*HLA-
A*2402" KE4 tumor cells was significantly inhibited when
9 x 10° of tetramer'CD8* cells were intravenously injected
into NOG mice on day O (Fig. 2A). The inhibition of KE4
growth required specific recognition of the MAGE-A441 153/
HLA-A*2402 complex by the TCR, because unmodified cells
derived from the same donor did not alter KE4 growth. In this
experiment, 1 x 10% gene-modified or unmodified lymphocytes
derived from the same donor were administered to mice.
Although the CD4/CDS8 ratio of the in vitro expanded lympho-
cytes depends on the donor, gene-modified and unmodified
cells derived from the same donor demonstrated similar pheno-
types, determined by the expression of cell surface markers,
including CD3, CD4, CD8, CD45RA, CD45RO, CD62L,
CCR7, CD152, CD25, CD27, and CD28 (data not shown). The
growth of the QG56 tumors, which expressed MAGE-A4, but
lacked HLA-A*2402, was indistinguishable in mice receiving

Shirakura et al.

CcDs

either gene-modified or unmodified cells (Fig. 2D). Only a
modest 1nh1b1t10n of KE4 growth was seen when mice received
only 3 x 10° of tetramer"CD8" cells (Fig. 2B) while no effect
was seen upon administration of 1 x 10° of tetramer*CD8*
cells (Fig. 20).

We addressed the effect of the adoptive transfer of the
gene-modified cells into the mice with established tumors. We
adoptively transferred TCR-engineered T cells into NOG mice
that were inoculated with KE4 tumor cells 3 days earlier.
On the day of adoptive T-cell transfer, we observed the estab-
lishment of a KE4 tumor mass in the mice. As shown in
Figure 2(E), the administration of gene-modified cells signifi-
cantly inhibited the growth of KE4 tumors, although the effect
was limited and appeared later compared to the treatment on
day 0. Taken together, the adoptive transfer of MAGE-A4-spe-
cific TCR gene-modified lymphocytes inhibited human tumor
growth in NOG mice in a dose-dependent and TCR-specific
manner.

Adoptively-transferred human lymphocytes persist in NOG
mice. We monitored the persistence of transferred human lym-
phocytes in peripheral blood by staining Ficoll-purified PBMC
from NOG mice with mAb specific for human CD8 and CD4.
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Fig. 2. Adoptive transfer of lymphocytes genetically engineered to express MAGE-Ad-specific T-cell receptor inhibits human tumor progression
in non-obese diabetic/SCID/y¢™" mice. Non-obese diabetic/SCID/yc<™! mice (n = 4 per group) were subcutaneously inoculated with 2.5 x 10°

KE4 (A-C) or QG56 (D) tumor cells, and intravenously administered ~1 x 10® gene-modified (@) or unmodified (4) cells or PBS alone (control, O)
on day 0. Total of 9 x 10° (A,D), 3 x 10° (B), or 1 x 10° (C) tetramer*CD8* cells were confirmed to be adoptively transferred; we subsequently

monitored tumor growth over time. (E) Non-obese, diabetic/SCID/yc"

ull

mice (n =4 per group) received the treatment 3 days after the

subcutaneous inoculation of 2.5 x 10° KE4. Total of 9 x 10° tetramer*CD8* cells were transferred. Mean tumor size for each group is represented
as the average + SD of four mice. Results are representative of three independent experiments. Differences between groups were examined for
statistical significance using the Student’s t-test. *P < 0.01. Numerical value indicates the number of tetramer*CD8" cells administrated.

Human CD8" T cells persisted in NOG mice for more than
40 days after transfer (Fig. 3A). The transferred human CDg8"*
cells comprised between 10% and 30% of the total peripheral
mononuclear cells in NOG mice at almost all time points
following transfer of 1 x 10° human Iymphocytes. In these
experiments, approximately 9 x 10® of the transferred 1 x 10
gene-modified cells were tetramer'CD8*. The percentage of
specifically staining cells in the total peripheral mononuclear
cell population was significantly less when mice received
5 x 107 human lymphocytes (Fig. 3B). There was no significant
difference in transferred cell survival or percentages between
mice receiving gene-modified and unmodified cells (Fig. 3A,B).
Human CD4" cells comprised less than 10% of all lymphocytes
for the first 2 weeks following transfer, but a rapid increase in
this population was evident after day 21(Fig. 3C,D). This obser-
vation was consistent with reports suggesting that CD4" T cells
play a dominant role in the induction of graft-versus-host
(GVH) reactions in hosts receiving transfusions.”*>~® The NOG
mice receiving human lymphocyte transfers demonstrated
significant weight loss after day 21, a sign of GVH reactions
(Fig. 3E).

Transferred TCR gene-modified T cells retain their ability to
recognize specific antigens in NOG mice. Lymphocytes
harvested from the peripheral blood of NOG mice administered
TCR gene-modified lymphocytes were tested for their anti-
gen-specific reactivity by intracellular cytokine staining with
anti-IFN-y mAb after incubation with peptide-loaded T2-
A*2402 cells. Antigen-specific IFN-y secretion was detectable
by peripheral blood CD8" cells isolated from mice throughout
the 40-day period after adoptive transfer with either 1 x 108
(Fig. 4A) or 5 x 107 (Fig. 4B) gene-modified cells. No reactiv-
ity of these lymphocytes was seen against T2-A*2402 cells
without loaded peptide (data not shown). Cells from mice
that received unmodified lymphocytes did not demonstrate a
specific response (Fig. 4A,B). These results indicate that
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transferred TCR gene-modified cells remained functional
in vivo, recognizing the MAGE-A4,4,_;53 peptide in the context
of HLA-A*2402. When 5 x 107 cells were transferred, these
cells expanded more rapidly in the early phase compared to the
group with 1 x 108 cells transferred. We speculate that the adop-
tive transfer of a lower number of antigen-specific T cells
might induce these cells to expand more rapidly in vivo in the
early expansion phase. At the later time points, more antigen-
specific cells persisted in mice receiving 1 x 10® cells.
Intratumor infiltration of transferred human CD8* T cells. To
confirm the- infiltration of transferred cells into tumor tissue, we
examined implanted KE4 and QG56 tumors by immunohisto-
chemical analysis. As antibodies specifically recognizing the
transferred TCR (TCRa V8-1 or TCRB V7-9) are not available,
we stained tumor specimens with a mAb against human CDS.
Significant infiltration of human CD8" cells was detectable in
KE4 tumors harvested from mice as early as 2 weeks after the
transfer of gene-modified cells (Fig. 5A,B). CD8" cell infiltra-
tion in KE4 tumor specimens in the mice that received gene-
modified cells was slightly better than in the mice that received
unmodified lymphocytes. However, the difference was not sta-
tistically significant (Fig. 5A.B). A similar degree of infiltration
was also observed in QGS6 tumors. These data were consistent
with previous reports analyzing the migration of tumor-specific
T cells by two-photon laser microscopy that indicated
tumor-specific T cells accumulate in both antigen-positive
and -negative tumor tissues to comparable extents, but at differ-
ent rniT%ratory velocities, according to tumor antigen expres-
sion.®”” The KE4 tumors in mice that did not receive human
Iymphocytes lacked any positive staining (Fig. 5B).
Combination of TCR gene therapy and peptide vaccine
enhances antitumor efficacy. In animal models of adoptive
cell therapy examining the effects against murine tumors with
tumor-specific CD8" T cells, in vivo vaccinations using
agents, such as antigen-peptide or antigen-encoding viruses,
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Fig. 3. Persistence of adoptively transferred (E)
human lymphocytes in non-obese, diabetic/SCID/ 25 r

yc™" (NOG) mice. Non-obese, diabetic/SCID/yc™"
mice (n=4 per group) were subcutaneously
inoculated with 2.5 x 10° KE4 tumor cells, then
intravenously administered 1 x 10® (A,C) or 5x 107
(B.D) gene-modified (@) or unmodified (O) cells on
day 0. Mononuclear cells were purified from
peripheral blood collected from mice on the
indicated days. We evaluated the proportion of
human CD3*CD8" (A,B) or CD3*CD4" (C,D) cells
among the mononuclear cell population. (E) We
also monitored the body weight of NOG mice
administered  1x 10® gene-modified (B) or
unmodified (O) cells or PBS {control, A) over time.
Results are representative of three independent
experiments. PBMC, peripheral blood mononuclear
cells.

Body weight {g)

can increase the antitumor efficacy of adoptive cell ther-
apy.®>® Therefore, we explored if a peptide vaccination in
conjunction with TCR gene-modified cell transfer could
increase the inhibition of tumor growth seen in this model.
As the administration of 1 x 10° tetramer*CD8" cells alone
was incapable of inducing tumor growth inhibition in this
model (Fig. 2C), we examined if the combination of an in
vivo peptide vaccination with cell transfer under these condi-
tions could enhance tumor inhibition. As NOG mice do not
possess endogenous antigen-presenting cells capable of pre-
senting peptide in an HLA-A*2402-restricted manner, we
used HLA-A%*2402-positive human PBMC pulsed with the
MAGE-A4143_15; peptide. Tumor-inoculated NOG mice
receiving gene-modified cells were also administered peptide-
loaded HLA-A*2402-positive PBMC derived from the same
donor on days 2 and 8 of the tumor challenge. KE4 tumor
growth was significantly inhibited in the mice receiving a
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combination of cell therapy and peptide vaccination in com-
parison to mice treated by cell therapy alone (Fig. 6A). The
peptide vaccination did not alter KE4 growth when combined
with the transfer of unmodified cells. The growth of the
HLA-A*2402-negative QGS56 tumor was identical in both
groups (Fig. 6B).

Increased multifunctionality in adoptively-transferred cells
when inoculated with peptide vaccine. We previously reported
that the multifunctionality of effector cytotoxic T cells (CTL) is
a critical determinant of the quality of the T-cell response and
the resultant immunological control of tumor.*>*? We therefore
compared the multifunctionality of transferred cells from NOG
mice treated with TCR gene-modified cells and peptide vaccina-
tion with that from mice treated by TCR gene cell therapy alone.
We assessed IFN-y and TNF-o production and CD107a mobili-
zation by CD8" T cells at the single-cell level in specimens
harvested from mice on days 2, 7, and 14 after transfer. We
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Fig. 4. Lymphocytes genetically engineered to express MAGE-Ad-specific T-cell receptor-maintained specific reactivity after in vivo passage. Non-
obese, diabetic/SCID/yc™" mice (n=4 per group) were subcutaneously inoculated with 2.5 x 10° KE4 tumor cells, then intravenously
administered 1 x 10% (A) or 5 x 107 (B) gene-modified (@) or unmodified (O} cells on day 0. Mononuclear cells were purified from peripheral
blood collected from mice on the indicated days. Intracellular y-interferon (IFN-y) production by these cells was assessed after being stimulated
with 1 pM MAGE-A444,_53 peptide for 6 h. Data are shown as the percentage of IFN-y-producing cells within the total human CD8" cell
population. Results are representative of three independent experiments.
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Fig. 5. Adoptively-transferred human CD8" T cells infiltrate into tumor tissues. Tumor specimens were harvested from non-obese,
diabetic/SCID/yc™!! mice 14 days after subcutaneous inoculation with 2.5 x 10° KE4 or QG56 tumor cells, and intravenous administration of
1x 10® gene-modified or unmodified cells or PBS (control). We stained formalin-embedded tumor specimens with an antihuman CD8
monoclonal antibody, clone C8/144B. Average CD8" TIL counts = SD in KE4 or QG56 (A) and the representative images from KE4 tissue sections

(B) are shown.

selected these functional measures because multifunctionality
assessed by these factors defines a sensitive correlate of the
immunological control of tumors.???%

The mice received human lymphocytes with or without pep-
tide vaccination; isolated peripheral blood specimens were
tested for their antigen-specific reactivity of component CD8* T
cells at the indicated time points. On day 2 or 7 after adoptive
transfer, we were barely able to detect cells with two or three
functions in mice receiving gene-modified cells without peptide
vaccination (Fig. 7); cells with three functions comprised 3.7%
of all CD8" T cells, while bifunctional cells comprised 2.4%
on day 14. In contrast, mice receiving combination therapy
with gene-modified cells and peptide vaccination exhibited a
population of cells with three and two functions of 1.4% and 2%
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of the total CD8" cells, respectively, as early as day 2. There-
fore, multifunctional effector CD8" T cells appear earlier in
mice receiving combination therapy in comparison to those
receiving cell therapy alone. On day 7, trifunctional and bifunc-
tional cells in mice receiving combination therapy comprised
1.7% and 4.8% of all cells, respectively. The cells with three or
two functions were retained as part of the peripheral mono-
nuclear cell population in these animals on day 14.

Discussion

Successful clinical responses using adoptive cell therapy with
tumor-reactive T cells in patients with advanced melanoma have
encouraged the development of genetic engineering approaches

doi: 10.1111/.1349-7006.2011.02111.x
© 2011 Japanese Cancer Association



(A) Mign admirigtrated with ’ (B) Mice administeated with

By~ Geneemoditiod colls gy 0 Gene-modifed cells
-8 Gene-modified calis + pephde ~#e Gene-modifed colis + petide
o~ Unmodilied oells + poplide - R Unmoddied cefls « peplide -
& /
B -
& *
44
£ @
= .
HOH 43
w
5
g 30
2 @
&
0
0
g g
& 5 18 14 F 2% 9 5 10 15 il 25

Days post-tumor challenge

Fig. 6. Peptide vaccination enhanced the antitumor efficacy of adoptive therapy using T-cell receptor, gene-modified cells. Non-obese,
diabetic/SCID/yc™!" mice (n = 4 per group) were subcutaneously inoculated with 2.5 x 10° KE4 (A) or QG56 (B) tumor cells, and intravenously
administered 1 x 10% gene-modified ({J) or unmodified (®) cells on day 0. Gene-modified population included 1 x 10° tetramer*CD8* cells. We
pulsed 4 x 107 peripheral blood mononuclear cells derived from the same donor (HLA-A*2402 positive) with 1 uM MAGE-A4441_153 peptide, and
intravenously administered these cells into the animals on days 1 and 8 (@ and @). Results are representative of three independent experiments.

Mice administrated with recent clinical trial for metastatic synovial cell sarcoma and mel-
anoma, patients were administered autologous lymphocytes
genetically engineered to express a high-avidity TCR against
NY-ESO-1; objective clinical responses were observed in four
(60%) of six patients with synovial cell sarcoma, and five (45%)
of 11 patients with melanoma.*® In this trial, the transferred
TCR contained two amino-acid substitutions in the third com-
plementary determining region of the native TCRa chain that
conferred CD8* T cells with an enhanced avidity. No on-target
toxicities were seen in this trial, in contrast to previous obser-
vations of vigorous on-target toxicity in patients receiving lym-
phocytes engineered to express melanocyte differentiation
antigen-specific TCR. Genetic engineering also offers the means
to endow T cells with enhanced function, as well as resistance to
tumor-mediated immunosuppression through the addition of
genes encoding homeostatic or pro-inflammatory cytokines,***>
chemokine receptors,*® anti-apoptotic molecules,*” and
costimulatory molecules,**” as well as the silencing of
co-inhibitory molecules,®” although these modifications await
clinical evaluation. As increased effector function and/or
in vivo persistence of cells bearing these modifications might
increase on-target toxicity during therapy, the selection of
appropriate target antigens is critical to induce favorable anti-
tumor effects and avoid severe adverse events.

The establishment of an animal model suitable for evaluating
the in vivo efficacy and safety of human adoptive cell therapy is

Geng-modified celis  Gene-modified cells Unmodified cells
+ peplide + peplide

Day 2

Day 7

Day 14

Number of functions an important challenge to facilitate the development of these
Bz B2 B1 Bo therapies and prevent toxicity. Non-obese diabetic/SCID/

ye™Limmunodeficient mice that lack T, B, and natural killer

Fig.7. Peptide vaccination increased the multifunctionality of  cells, and demonstrate impaired dendritic cell activity, are a
transferred gene-modified cells. Mice were subcutaneously inoculated ~ helpful animal mode] to evaluate the in vivo activity of human
with 2.5x 10° KE4 tumor cells, then intravenously administered  hematopoietic cells.®? The NOG mouse model, however, still
1x 10° gene-modified or unmodified cells with or without peptide  hags limitations, including a homeostatic expansion effect on
vaccination. Two, 7, and 14 days after transfer, we collected  j,p,064 T cells, an allo-reactive response between infused effec-

peripheral blood from mice. After purifying the mononuclear cells in ) . . 3
these samples, we evaluated their multifunctionality by measuring y- 1O cells and transplanted target cells, and potential GVH reac-

interferon (IFN-y) and tumor necrosis factor-o. (TNF-0) production and tion.s.. In this StUd)/, nice receiying human lymPhOCyteS
CD107a mobilization. Data are summarized in the pie chart, where  exhibited severe weight loss, consistent with GVH reaction,

each wedge represents the frequency of human CD8" cells expressing  which worsened after day 21. Therefore, antitumor efficacy in
all three functions (3), any two functions (2), a single function (1), or  this model is best evaluated before day 21. Future studies will
prgﬁr?f;ﬁ? (0). Results are representative of three independent 0.4 1 evaluate if the homeostatic proliferation of infused cells
’ and/or a suboptimal allo-reactivity influenced the treatment

effect seen in this model. The lack of an effect by unmodified

cells (Fig. 2) and the increased efficacy upon co-administration

using patient lymphocytes; these studies aim to extend the range  of an antigen-peptide vaccine (Fig. 6), however, strongly sug-
of tumor types that can be treated with this techniq‘ue and to  gest that the observed antitumor effect was achieved in a
improve the quality of the lymphocytes employed.( 042 1n a MAGE-A4-specific, TCR-mediated manner. The future devel-
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