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STEM CELLS {N HEMATOLOGY

Loss of Tie2 receptor compromises embryonic stem cell-derived endothelial but
not hematopoietic cell survival

Isao Hamaguchi, Tohru Morisada, Masaki Azuma, Kyoko Murakami, Madoka Kuramitsu, Takuo Mizukami, Kazuyuki Ohbo,
Kazunari Yamaguchi, Yuichi Oike, Daniel J. Dumont, and Toshio Suda

Tie2 is a receptor-type tyrosine kinase
expressed on hematopoietic stem cells
and endothelial cells. We used cultured
embryonic stem (ES) cells to determine
the function of Tie2 during early vascuiar
development and hematopoiesis. Upon
differentiation, the ES cell-derived
Tie2+Flk1+ fraction was enriched for he-
matopoietic and endothelial progenitor
celis. To investigate lymphatic differentia-
tion, we used a monoclonal antibody

against LYVE-1 and found that LYVE-1+
cells derived from Tie2*Flk1* cells pos-
sessed various characteristics of lym-
phatic endothelial cells. To determine
whether Tie2 played a role in this pro-
cess, we analyzed differentiation of
Tie2~'- ES cells. Although the initial num-
bers of LYVE-1* and PECAM-1* cells de-
rived from Tie2-/- cells did not vary sig-
nificantly, the number of both decreased
dramatically upon extended culturing.

Such decreases were rescued by treat-
ment with a caspase inhibitor, suggesting
that reductions were due to apoptosis as a
consequence of a lack of Tie2 signaling.
Interestingly, Tie2~'~ ES cells did not show
measurable defects in development of the
hematopoietic system, suggesting that Tie2
is not essential for hematopoietic cell devel-
opment. (Blood. 2006;107:1207-1213)

© 2006 by The American Society of Hematology

Introduction

A close cell lineage relationship between hematopoietic and
endothelial cells has long been recognized.!? During embryogen-
esis, both cell types emerge in the yolk sac, and primitive
erythrocytes differentiate juxtaposed to endothelial precursors
by embryonic day 7.5 (E7.5).% In the mouse embryo, Tie2* cells
in the aorta-gonad-mesonephros (AGM) region generate both
blood and endothelial cells.* From studies of embryonic stem
(ES) cell differentiation, vascular endothelial growth factor
(VEGPF)-responsive bipotent precursors of hematopoietic and
endothelial cells, known as hemangioblasts, have been identi-
fied.> Hemangioblast-derived endothelial cells form vascular
vessels through vasculogenesis and angiogenesis. Lymphatic
development starts when a subset of vascular endothelial cells of
the cardinal vein commit to a lymphatic lineage and sprout to
form the primary lymph sacs at around E9 or 10.57 Mouse
molecular genetic experiments indicate that Prox-1 (a ho-
meobox transcription factor) and the VEGF receptor 3
(VEGFR-3) are crucial for the commitment of endothelial cells
to a lymphatic lineage.®'0 Since lymphatic vessel-specific
molecules are being identified, the molecular mechanisms
underlying development of lymphatic cells as well as vascular
and hematopoietic cells can now be analyzed.

Many studies report that expression of FIk! is crucial for early
establishment of endothelial and hematopoietic lineages and per-
haps for their common progenitor.>!12 Flkl encodes a receptor

tyrosine kinase for the vascular endothelial growth factor family of
ligands.!® Single FIk1* cells from embryoid bodies can give rise to
blast colonies (blast lymphocyte colony-forming cells [BL-CFCs]),
which produce both hematopoietic and endothelial cells in vitro.?
Loss of Flk! in mice results in selective defects in generating both
blood and blood-vessel endothelial cells (BECs).!! In addition to
Flk1, Fitl and Tie2 tyrosine kinases are also expressed in immature
hematopoietic cells and BECs.1+17

The expression pattern of Tie2 suggests a function in both
vascular endothelial and hematopoietic cells. Recently we deter-
mined the function of Angl/Tie2 signaling, which maintains
long-term repopulating hematopoietic stem cells in the bone
marrow niche, suggesting that Tie2 signaling is crucial for adult
bone marrow hematopoiesis.'® In the mouse vitelline artery at E9.5,
Tie2* hematopoietic cells aggregate and adhere to endothelial
cells.!? In vitro culture of Tie2 ™ cells isolated from the AGM region
generates both blood and endothelial cells.* In fetal liver, the Tie2 ™~
fraction contains an enriched fraction of long-term repopulating
cells.”® Based on these findings, Tie2 signaling was thought to
regulate embryonic development and differentiation of hematopoi-
etic cells. However, more recently, Puri and Berstein have demon-
strated that Tie2 is dispensable for embryonic hematopoiesis using
ES cell mouse chimeras.?! This finding suggests that Tie2 function
in developmental hematopoiesis differs from its role in bone
marrow hematopoiesis.
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By contrast, Tie2 function in BECs has been intensively
analyzed at both developmental and adult stages. In vivo and in
vitro experiments show that Tie2 signaling potently induces
sprouting. chemotaxis, and network formation.*>% Furthermore,
the Tie2 ligand Angl is a potent survival factor for BECs under
serum deprivation.™ A role for Tie2 signaling in blood vessel
endothelial survival in vivo has also been illustrated using condi-
tional rescue of Tie2~'~ embryos, further supporting a role of this
signaling system in endothelial cell survival.

Recently it has been demonstrated in mice that Tie2 is expressed
and functions in lymphatic vessels embryonically2 and in adults.?’
Tie2-deficient mice exhibit severe defects in vascular and heart
development and die by E9.5,2% making analysis of the lymphatic
system difficult. Therefore, here we analyzed the function of Tie2
in lymphatic endothelial cells (LECs) and hematopoietic cells as
well as in developing BECs using differentiation of cultured ES
cells. We identify ES cell-derived LECs as well as BECs and
hematopoietic cells, and demonstrate that Tie2 signaling is
essential for development of BECs and LECs, but not for
hematopoietic cells.

Materials and methods

Cell preparation and culture conditions

TT230 E14.3 and R13? ES cells were maintained on mouse embryonic
fibroblast (MEF) feeder cell layers in knockout Dulbecco-modified Eagle
medium (Gibco BRL, Carlsbad, CA) containing 15% fetal bovine serum
(Intergen, Purchase, NY), 100 U/mL leukemia inhibitory factor (LIF:
Chemicon International. Temecula, CA), 0.1 mM nonessential amino acids
(Gibco BRL), 1 mM sodium pyruvate (Gibco BRL), 2 mM L-glutamine
(Gibco BRL), and 100 uM 2-mercaptoethanol (Sigma-Aldrich, St Louis,
MO). After removal of LIF. ES cells were cultured on collagen type IV
plates (Becton Dickinson. San Jose. CA) at 1 X 10* cells/mL for 2 days.
Cells were then disaggregated by trypsin and seeded on OP9 cells at
1 X 10° cells/mL. After 5 days of culture, OP9 cells were removed from ES
cells through a Sephadex G10 column (Amersham Bioscience, Uppsala,
Sweden), and the ES cells were fractionated by Flkl and Tie2 expression
using FACSvantage (Becton Dickinson). Sorted cells were seeded on OP9
cells at 1000 to 15 000 cells/mL and cultured in the presence of VEGF-C
(100 ng/mL; R&D Systems, Minneapolis. MN). VEGF-D (100 ng/mL.:
R&D Systems). or the caspase inhibitor Z-VAD-fimk (10-100 nM; Calbio-
chem, La Jolla, CA). When indicated, sorted cells were cultured with
recombinant soluble Tie2-Fe fusion protein (30 pg/mL)'? or recombinant
soluble CD4-Fe fusion protein (30 pg/mL).1¢

Immunocytochemistry

Immunocytochemistry was performed essentially as described.® Differenti-
ated ES cells cultured on OP9 cells were fixed with 4% parvaformatdehyde at
4°C and stained with a rat monoclonal anti-mouse platelet—endothelial cell
adhesion molecule 1 (PECAM-1) monoclona antibody (mAb) (MEC13.3;
Becton Dickinson) or a rat monoclonal anti-mouse LYVE-1 antibody
(ALY7%) by the indirect immunoperoxidase method using horseradish
peroxidase~conjugated anti-rat IgG. Peroxidase activity was visualized
using 3,3"-diaminobenzidine (Dojindo, Kumamoto, Japan). To determine
whether Prox-1 was expressed in LYVE-1" cells, we stained cells with
biotinylated ALY7 and anti-Prox-1 antibody (Covance. Berkeley, CA).
LYVE-1 and Prox-1 expression was detected by reacting with Alexa
488—conjugated Streptavidin (Molecular Probes, Eugene, OR) and Alexa
546-conjugated goat anti-rabbit antibody (Molecular Probes). respectively.
For nuclear staining, cells were treated with TOTO3 (Molecular Probes).
Stained cells were visualized by fluorescence microscopy. Stained and
unstained cells were visualized by fluorescent microscopy (IX71) with
either UplanApo 4x/0.13 NA. 10X/0.40 NA. or 20X/0.70 NA objectives
(Olympus. Tokyo, Japan). Images were further processed with Adobe
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Photoshop (Adobe Systems, San Jose, CA). For Dil labeling, 10 pg/mL
Dil-Ac-LDL (Molecular Probes) was added to differentiated ES cells on
OPY cells and adherent cells were incubated for 4 hours at 37°C. After
removing the media containing Dil-Ac-LDL. cells were washed and stained
with anti-PECAM-1 (FITC-conjugated; Becton Dickinson) or anti—
LYVE-1 (biotin-conjugated) plus FITC-conjugated Streptavidin (Becton
Dickinson). Uptake of Dil-Ac-LDL by blood vessel endothelial cells
(PECAM-1" cells) and lymphatic endothelial cells (LYVE-1" cells) was
visualized using a standard rhodamine excitation emission filter (Olympus,
Tokyo, Japan).

RT-PCR analysis

Total RNA was extracted from cells using RNeasy Kit (Qiagen, Hilder,
Germany). Isolated RNA was reverse-transcribed using an reverse transcrip-
tase (RT) for polymerase chain reaction (PCR) Kit (Clontech, Pajo Alto,
CA). cDNAs were amplified using Taq polymerase (TaKaRa. Kyoto,
Japan). Scquences of gene-specific primers for RT-PCR were as follows:
GATA2, 5'-(acacaccacccgatacecacctat), 3'-(cctacgecatggeagicaccatget);
SCL. 5'-(cgeggatecacggageggeegeegagegeg). 3'-(cggaattecgegecgeactactt-
tggrgte); c-myb, 5'-(gacagaagaggaggacagaatca). 3'-(tctcagggicticgtegt-
tatag); AMLI, 5'-(ccageaagetgaggageggeg), 3'-(cggatitgtaaagacggtga);
Tie2, 5'-(ttagtictelgtggagteag), 3'-(aggecetgagticticacte); Flkl, 5'-(agaacac-
caaaagagaggaacg). 3’-(geacacaggcagaaaccagtag); VEGFR3, 5'-(getaccact-
getactacaag), 3'-(gataatcccagtegaaggtg); Prox], 5'-(aagtggttcageaatttceg),
3'-(tgacctigtaaatggeettc); LYVEI, 5'-(ticctegeetetatitggac), 3'-(tctgttgtct-
gegtttcatee); Pdpn, 5'-(gigecagtgttgttetgggt), 3'-(tetgtigtctgegtitcatee); Evil.
5’-(aatatgagteatgecaacee), 3'-(ctiggtgtactgacatcatc); and GAPDH, 5'-
(aatcccatcaccatetteca), 3'-(ccaggggtettacteettg).

PCR products were separated on a 1.2% agarose gel and gels were
stained with ethidium bromide.

Quantitative RT-PCR analysis

Total RNA was isolated from 10* cells and cDNA was reverse-transcribed
using Superscript HI (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions. The expression levels of Angl. Ang2, and Ang3 were
analyzed by quantitative (Q) RT-PCR using a LightCycler instrument
(Roche Diagnostics, Mannheim, Germany) with LightCycler software
version 3.5. ¢DNA was amplified for Q-PCR using SYBR Green |
{Sigma-Aldrich) to detect PCR product. cDNA (2 pL) was used in a 20-uL
final volume reaction containing 10 pL, SYBR Premix Ex Taq (TaKaRa),
0.4 uM Angl forward (5'-GCCTTTGCACTAAAGAAGGTGTTTT-3").
and 0.4 pM Angl reverse (53'-ATACATCCGCACAGTCTCGAAATG-3").
The LightCycler was programmed to run an initial denaturation step at
95°C for 10 seconds followed by 45 cycles of denaturation (95°C for 5
seconds) and extension (60°C for 20 seconds), monitoring the synthesis of
product at the end of the extension step of each cycle. The same conditions
were used with primers Ang?2 forward (5'-AGGAGATCAAGGCCTACTGT-
GACA-3") and Ang2 reverse (5'-GCTCCCGAA GCCCTCTTTG-3"), and Ang3
forward (5'-GTTCCAGGACTGTGCAGAGATCA-3") and Ang3 reverse (5'-
TCTCCATGTCACAGAACACCTTGAG-3). The Angl. Ang2. and Ang3
values were normalized against mouse B-actin (forward 5'-CAGCCTTCCTTCT
TGGGTATGG-3'; reverse 5'-CTGTGTTGGCATAGAGGTC TTTACG-3).

Flow cytometric analysis and cell sorting

The following mAbs used for flow cytometry were purchased from Becton
Dickinson: anti-CD34 (RAM34), anti-c-Kit (ACK45), anti-Sca-1 (E13-
161.7), anti-CD45 (30-F11), anti-Flk1 (Avasi2al). anti~PECAM-1
(MECI13.3), anti-Mac-1 (M1/70), anti-Gr-1 (RB6-8C5). and anti—-TER-
119. Also used were anti-Tie2 mAb (TEK4)™ and anti-LYVE-1 mAb
(ALY7).2* Fluorescence-activated cell sorting (FACS) analysis was per-
formed on a FACSvantage (Becton Dickinson).

Progenitor assay by methyicellulose culture

Tie2* Flk1* or FIk1™ cells derived from ES cells were embedded in 1 mL
alpha medium containing 1.3% methylcellulose (1500 cp; Sigma-Aldrich).
30% fetal calf serum (FCS). 1% deionized bovine serum albumin (BSA:
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Sigma-Aldrich), 0.1 mM 2-mercapto-ethanol (Sigma-Aldrich), 10 ng/mL
stem cell factor (SCF; PeproTech EC, London, United Kingdom), 10 ng/mL
recombinant mouse interleukin-3 (IL-3; PeproTech EC). 10 ng/mL recom-
binant human IL-6 (PeproTech EC), and 2 U/mL recombinant human
erythropoietin (Epo; Chugai Pharmaceutical. Tokyo, Japan). Cells were
colored in a 35-mm culure dish and incubated at 37°C in a humidified
atmosphere with 3% CO,.

Statistics

Data are expressed as means plus or minus standard deviation (SD).
Statistical analysis was conducted using the Student ¢ test. Statistical
significance was defined as a P value less than .05,

Resulis
in vitro differentiation of ES cells

In order to analyze the function of Tie2 in the development of LECs
as well as BECs and hematopoietic cells, we developed a cell
culture system for ES cell differentiation. After removal of LIF,
El4 ES cells were cultured on collagen type IV plates for 2 days to
initiate differentiation to a mesoderm lineage; subsequently, cells
were transferred to OP9 stromal celis. Markers of both endothelial
and hematopoietic cells, Sca-1, c-kit, and CD34, were expressed in
undifferentiated ES cells (Figure 1A). Although 1% of ES cells
expressed Flk1 on collagen plates. Tie2 was not expressed in Flkl '

A ES day 0 OPSg day 9

OrPaday3 OPS8 day 5
‘ T, 0BG S

[

L 30%

Fiki

2 R5: TiezsFlkt-  R3: Tie2s+Flkt+

AML1
c-myh
Tie2
Flk-1
GAPDH

RS: Tie2-Fiki-

A4 Tie2-Fiki+

Figure 1. Mesodermal differentiation of ES cells on OP9 stromal cells. (A) E14
ES cells were cuitured on collagen type IV plates for 2 days, and then all cells were
cultured on OP9 celis for 9 days. The expression of CD34, ¢-Kit, Sca-1, CD45, Flk1,
and Tie2 in ES cell-derived cells was analyzed at the indicated time points by fiow
cytometry. Stained Tie™'~ cells are represented by purple shaded histograms.
Unstained controls are represented by green lines. The percentages of cells in each
quadrant are indicated. (B) Gene expression of fractionated cells shown in A (R3-R6)
was analyzed by RT-PCR. (C) Fractionated cells (20 000; R3-R6) were cultured on
OPg cells. On day 7 of culture, hematopoietic clusters {red arrowheads) were
developed only from the R3 fraction. In other fractions (R4-R6) hematopoietic
clusters were not developed, but embryoid body—like colonies (blue arrowheads)
developed from RS and R6 fractions. Cells were analyzed at low (<40} magnification.

Tie2 1S ESSENTIAL FOR LYMPHATIC VESSEL DEVELOPMENT 1209

cells (data not shown). Following transfer of cells on collagen
plates to OP9 cells, 8% of Flk1 ™ cells expressed Tie2 on day 3 of
culture. Numbers of Tie2™ cells increased until day 5 of culture,
when Tie2 expression was maximal: thereafter, both expression
levels and numbers of Tie2* cells gradually decreased. At day 9 of
culture, cells cocultured with OP9 cells began expressing CD45, a
marker of all hematopoietic cells except mature erythrocytes. Since
Tie2* cells appeared just before CD45~ hematopoietic cells, Tie2 ™
cells in the Flkl* cell fraction may represent hematopoietic
progenitor cells. We examined other ES strains, such as TT2 and
R1 cells, using the same culture conditions, and confirmed that
these strains showed a similar mesodermal phenotypes as El4 cells
(data not shown).

Development of hematopoietic, lymphatic endothelial, and
blood vessel endothelial cells from Fik1+Tie2* cells

To analyze the differentiating potential of ES-derived cells, we
fractionated cells on day 5 of culture using Tie2 and Flk1 mAb as
shown in Figure 1A (bottom panel, R1-R4). Expression profiling of
wanscription factors specific for hematopoietic or endothelial cells
was undertaken by RT-PCR (Figure 1B). Expression levels of
GATA-2, SCL, and AML-1{ in the Tie2 “Flki* fraction (R3) were
1.7-, 2.5-, and 1.7-fold higher than those in the Tie2'Flkl ~ fraction
(R4), respectively. In the Flk1~ fraction (RS and R6), expression
levels of these genes were much lower compared with the
Tie2"Flkl* fraction (R4), suggesting that the Tie2*Flk1* fraction
may contain committed progenitors of hematopoietic and endothe-
lial lineages. Cells (20 000) fractionated by Fik1 and Tie2 expres-
sion were cultured on OP9 cells (Figure 1C), and hematopoietic
clusters formed only from the Tie2"Flkl* fraction (R3) (Figure
IC, red arrowheads). Hematopoietic clusters were not detected in
Flk17Tie2™ (R4), Flk1~Tie2* (R3), or Flk1~Tie2~ fractions (R6).
The number of hematopoietic progenitors in each fraction was
estimated by colony-forming assays in methylcellulose culture
(Figure 2A-B). BECs were detected by staining with PECAM-1
mAb (Figure 2C). PECAM-1* endothelial cells were spindle
shaped and took up an acetyl-LDL (Figure 2D). To detect LECs, we
generated a nAb against LYVE-1 (ALY7), a receptor for extracel-
lular matrix glycosaminoglycan. Using this mAb, we detected
LYVE-17 cells on OP9 cells (Figure 2E). These cells also took up
acetyl-LDL (Figure 2F), and 65% of them expressed Tie2 (Figure
21). The tymphatic identity of these cells was further demonstrated
by RT-PCR. using primers specific for LEC-enriched genes,
namely, Pdpn, VEGFR3, and Prox] (Figure 2J). Furthermore,
LYVE-17 cells coexpressed Prox-1 (Figure 2K). The presence of
VEGFR-3 transcripts in these cultures provided the impetus for us
to add the lymphatic growth factors, VEGF-C and VEGF-D. The
addition of these factors resulted in a marked increase in the
number of LYVE-1 7 cells (Figure 2L) and an increase in the size of
monolayers (VEGF-C, Figure 2G; VEGF-D, Figure 2H). These
findings suggest that LYVE-1"* cells derived from ES cell differen-
tiation cultures express many genes that are restricted to or
enriched in LECs.

That Tie2 is required for these cell types is supported by the
more than 10-fold increase in hematopoietic, blood vessel endothe-
lial, and lymphatic endothelial colonies from Tie2*FlkI* cells
compared with Tie2 FIk1™ or Tie2"Flk1~ cell fractions (Table 1),
To determine which cells produce the Tie2 ligands Angl, Ang2,
and Ang3 in order to support Tie2” cells, we performed quantita-
tive expression analysis for Angl, Ang2, and Ang3. As shown in
Figure 2M, OP9 cells and LYVE-1~ ES-derived cells expressed
Angl but not Ang2 or Ang3. Although low expression levels of
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Figure 2. Development of lymphatic endothelial cells from ES cells. The
Tie2'Fiki fraction of ES cell-derived celis formed erythroid colonies (A) and
granulocyte-macrophage colonies (B) in methylcellulose. Vascular and lymphatic
endothelial celis were stained with PECAM-1 mAb (C) and LYVE-1 mAb (D),
respectively. PECAM-17 cells (green, panel E) and LYVE-1* cells (green, panel F)
took up acetyl-LDL {red, panels E and F). Scale bars, 10 um. (I} Expression of
LYVE-1 and Tie2 in differentiated cells derived from ES celis on OP3 cells on day 6 of
culture was analyzed by flow cytometry. The percentages of cells in each quadrant
are indicated. (J) Lymphatic-specific genes, Pdpn, VEGFR-3, and Prox-1 in LYVE-1"
and LYVE-1" cells were analyzed by RT-PCR. (K) Immunostaining at high magnifica-
tion (% 200) showed that LYVE-1" cells (green) coexpressed Prox-1 (red). TOTO3
{blue) was used to stain nuclei. (L} In the presence of VEGF-C and VEGF-D (100
ng/mL. each), the number of LYVE-1* colonies increased to 2 times that of
mock-treated cells. Colonies were also larger in the presence of VEGF-C and
VEGF-D (panels G and H, respectively). Results are expressed as the mean = SD.
(M) OP9 and ES cell-derived LYVE-1~ cells expressed Angi. LYVE-17 cells
expressed low levels of Angt and Ang2. Ang1, Ang?2, and Ang3 were not detectable in
ES cells and lymphatic precursors (Flk1* cells derived from ES cells).

Angl and Ang2 were detected in LYVE-17 cells. ES cells and
lymphatic precursor cells (ES cell-derived Flk1* cells) did not
express Ang’s. These results suggest that Angl derived from OP9
cells might affect the growth or survival of Tie2™ cells.

Table 1. Frequency of hematopoietic and endothelial progenitors of
differentiated ES celis

Vascular Lymphatic
Erythroid endothelial endothelial
colonies GM colonies colonies colonies
from 30 from 30 000 from 1500 from 2000
000 cells cells celis cells
Tie2*Flk1* 11.3x 6.4 1.7 221 47.5 =53 243=25
Tie2 Flk1~ 0 0 52x18 0
Tie2*Flk1~ Q 0 0 o]
Tie2Flk1~ 0 0 0 o]
Bulk [¢] 0 2715 1.3=0.6
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Development of hematopoietic and endothelial cells from
Tie2-deficient ES cells

To clarify the function of Tie2 during hematopoietic and endothe-
lial differentiation from ES cells, the differentiation capacity of
Tie2 ™'~ ES cells was examined using our culture system. 7ie2 "/~
ES cells grew normally on MEF feeder layer cells (data not shown),
and differentiated cells grown on OP9 cells were analyzed by flow
cytometry. The frequency of cells expressing FIkl in the Tie2™"~
ES cells was similar to that seen in Tie27/~ cells (Figure 3A).
RT-PCR of RNA from this fraction for expression of the genes
involved in development of hematopoietic and endothelial cells
revealed no remarkable differences between Tie2 ™~ and Tie2™/~
cells (Figure 3B). To analyze hematopoietic development of
Tie2™/~ ES cells, we calculated the number of hematopoietic
clusters formed on OP9 cells at day 7 of culwure. The number and
size of hematopoietic clusters of Tie2 ™~ ES cells were the same as
those of Tie2*'" cells (Figure 3C, and data not shown). When the
Tie2~/~ hematopoietic clusters were transferred to fresh OP9 cells
for an additional week, normal proliferating hematopoietic cells
were detected by flow cytometry. Mature Mac-1—, Gr-1—, and
Ter119-positive hematopoietic cells were differentiated from
Tie2™'~ ES cells (Figure 3D), and the frequency of mature
hematopoietic cells was similar to that seen in 77e2*/~ cells (data
not shown), suggesting that Tie2 is not essential for development of
hematopoietic cells. By contrast, 7ie2™/~ ES cells were severely
defective in forming blood vessel and lymphatic endothelial
colonies on OP9 cells at day 6 of culture. The number of such blood
vessel and lymphatic endothelial colonies was approximately one

A B Tie2* Tien*
AMLI
Tiez™ GATAZ
s SCL
-]
= Evi-i
Prox-1
Tiez™
GAPDH
D
CD4s
C ‘-‘-gw-
o -~
gz'® Mac-1
810
2o 4
=5 °
sg 6.
\—.\ £
R <
R a
Tia2¥-  Tiezs

Figure 3. Normal development of hematopoietic cells from Tie2~/~ ES cells. (A)
FACS analysis of the expression of Flk1 and Tie2 in Tie2~'~ and Tie2'~ ES
cell-differentiated cells. Red squares show the Fiki™ fraction. The percentages of
cells in each quadrant are indicated. (B) Expression of genes associated with
mesoderm in FIk1* cells shown in panel A (red squares) was analyzed by RT-PCR.
(C) Flk1* cells {20 000) were cultured on OP@ celis. The number of hematopoietic
clusters from Tie2 '~ and Tie2~'~ cells at day 7 of culture was calculated. Resuits are
expressed as the mean = SD. (D) Tie2~'~ hematopoietic clusters were cultured for
an additional 7 days on fresh OP9 cells. The expression of CD45, Mac-1, Gr-1. and
Ter119 was analyzed by flow cytometry. ES cell—derived hematopoietic cells are
represented by purple shaded histograms; unstained controls, by green lines.
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Figure 4. Lymphatic and blood vessel endothelial cell development from
Tie2-'— ES cells. (A} Fik1 cells (2000) were cultured on OP9 cells. At day 7 of
culture, the number of vascular endothelial colonies developed from Tie2™~ {{7) and
Tie2~'~ (@) ES cells was calculated. (B) Vascular endothelial colonies were stained
with PECAM-1 mAb and analyzed at low (< 40} and high (X 100) magnification. (C)
The number of lymphatic endothelial colonies developed from Tie2 '~ (L) and
Tig2-~ (@) ES celis was calculated. {D) Lymphatic endothelial colonies were stained
with LYVE-1 mAb and analyzed at low (x 40) and high {Xx 100) magnification. Scale
bars in paneis B and D, 20 pm. In the presence of Tie2-Fc (30 ug/mL), the number of
vascular and lymphatic endothelial colonies was decreased (panels E and F,
respectively). (G) Hematopoietic cluster formation was not affected by exogenous
soluble Tie2-Fc (30 ug/ml). Exogenous soluble CD4-Fc (30 pg/mlb) served as the
control. Results in panels A, C, and E-G are expressed as the mean = SD.

third that observed from Tie2*/~ cells (Figure 4A-B), and colony
size was smaller than that seen from Tie2*/~ cells (Figure 4C-D).
These results suggest that Tie2 function is required for develop-
ment of BECs and LECs, but not of hematopoietic cells. To confirm
these findings. we added soluble Tie2-Fc fusion protein to the
culture media of wild-type ES cells to block Tie2 signaling. As
shown in Figure 4E-G, the number of vascular and lymphatic
endothelial cell colonies derived from wild-type ES cells in the
presence of soluble Tie2-Fc fusion protein decreased 1o one half to
one third of the mock-treated cells, while the number of hematopoi-
etic clusters was not affected by soluble Tie2-Fc fusion protein. We
did not detect such inhibition in the presence of soluble CD4-Fc
fusion protein (Figure 4 E-F).

Tie2 signaling is crucial for antiapoptotic signaling in the
development of lymphatic and blood vessel endothelial cells

To further analyze the mechanisms underlying defective proliferation of
BECs and LECs from 7ie2™'~ ES cells, we analyzed expression of
blood vessel— and lymphatic-specific markers PECAM-1 and LY VE-1,
respectively, by flow cytometry at days 2, 4. and 6 of culture
{Figure 5A). Cells expressing PECAM-1 and LYVE-1 in Tie27/~
ES cells decreased over 6 days. PECAM-17 cells in Tie2™/~ cells
were approximately one third the number of those in Tie2*/~ cells
at day 6 of culture, as was the case with LYVE-1 7 cells (Figure
5B-C). This finding suggested that 7Tie2™/~-mediated signaling
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protects endothelial cells from cell death. To test this possibility, we
weated Tie2™'~ cells with the caspase inhibitor Z-VAD-fmk. As
shown in Figure 5B and C, lymphatic and blood vessel endothelial
colony formation was rescued in the presence of Z-VAD-fink in a
dose-dependent fashion. In the presence of 50 nM of Z-VAD-fmk,
the number of lymphatic endothelial colonies from 7ie2~/ cells
was rescued to 60% of that from Tie2*/~ cells (Figure 5C),
although the size of Tie2™/~ lymphatic endothelial colonies re-
mained small (Figure 5D). The formation of blood vessel
endothelial colonies was similar in the presence of Z-VAD-fmk
(50 nM; Figure 5C). These findings suggest that Tie2 signaling
is crucial for LEC and BEC development and mediates antiapop-
totic signaling during ES cell differentiation.

Discussion

Although we have demonstrated that Tie2 is expressed in the
vitelline artery,'® the AGM region,* and fetal liver,?® the function of
Tie2 in development has not been elucidated. The early death of
Tie2~/~ embryos precludes detailed analysis of the role of Tie2 in
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Figure 5. Tie2 signaling in blood vessels and lymphatic endothelial cells
protected from apoptosis. (A) Expression of PECAM-1 and LYVE-1 in ES
cell-derived cells was analyzed by flow cytometry at days 2, 4, and 6 of culture. The
percentages of cells in each quadrant are indicated. (B) Addition of the caspase
inhibitor Z-VAD-fmk (50 nM}) to the culture media rescued the number of LYVE-1'
colonies from Tie2~'~ ES cells (B). (C) The number of PECAM-1* colonies from
Tie2~'~ ES cells () was also rescued in the presence of Z-VAD-fmk {50 nM). Results
are expressed as mean = SD. (D) In the presence of Z-VAD-fmk, the size of Tie2~/~
lymphatic endothelial cells was unchanged, although the number of lymphatic
colonies was partially rescued. Scale bars, 20 pm.
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development of hematopoietic and endothelial lineages. Using an
ES cell differentiation system, we have analyzed the development
of hematopoietic cells as well as BECs and LECs from 7ie2™/~ ES
celis. At day 8 of culture on OP9 cells, the normal formation of
hematopoietic clusters from 7ie2™'~ cells suggests that Tie2
signaling does not contribute to development of hematopoietic
cells from precursors. Furthermore, differentiation of myeloid cells
from Tie2™'~ hematopoietic clusters was normal. These results
indicate that Tie2 is not essential for development of hematopoietic
cells from ES cells. Recently, Puri and Bernstein?! used combined
mosaic analysis to demonstrate that Tie receptors are not required
for differentiation and proliferation of definitive hematopoictic
lineages in the embryo and fetus. Their findings are consistent with
what we show in this study. Although our in vitro differentiation
experiments suggest that Tie2 is not essential for hematopoiesis
during development, Angl/Tie2 signaling in hematopoietic cells
has been reported to function to maintain hematopoietic stem cells
in the bone marrow niche where Angl is expressed by osteo-
blasts.'® Thus Tie2 function in hematopoiesis would seem to be
specific for adult bone marrow.

Although much is known about normal and pathologic develop-
ment of the vascular system.® the lack of specific markers has
made it difficult to follow the development of the lymphatic
system. In order to identify LECs, we recently generated a
LEC-specific mAb against LYVE-1.2¢ This mAb allowed us to
detect LECs in mouse embryos at midgestation and purify these
cells. ES cell-derived LYVE-17 cells express LEC-specific genes,
such as Proxl, Pdpn, and VEGFR3. and exhibit Dil-Ac-LDL
uptake. Furthermore, VEGF-C and VEGF-D, lymphatic growth
factors, increased the number of LYVE-I-positive endothelial
colonies from ES cells. These findings indicate that LYVE-17 cells
isolated from these cultures have many characteristics of LECs.
Lymphatic vasculature of the thoracic and abdominal viscera have
been proposed to arise by endothelial spreading from lymph
sacs.%3 This proposal is supported by the finding that budding of
endothelial cells from the veins of Prox-! mutant embryos is
arrested. ™% To clarify the mechanisms of lymphangiogenesis in
vitro, we analyzed the function of Tie2. In this study LECs were
differentiated from ES cell~derived Tie2 "Flk 1~ cells. and approxi-
mately 1% of Tie2 Flkl™ cells formed lymphatic endothelial
colonies on OP9 cells. Our in vitro differentiation assay allows us
to clarify the mechanisms of LEC development from its precursor.

Thus far, Tie2 signaling has been reported to be required for
proper development and function of the vascular system. Mice
lacking Ang?2 exhibit lymphatic vessel defects, strongly suggesting
a role of Tie2 signaling in lymphangiogenesis.’ In this study we
have shown that LECs and BECs can be differentiated from
Tie2"Flkl™ cells, and that 65% of LYVE-1* LECs express Tie2.
To analyze the function of Tie2 in the development of lymphatic
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endothelial cells, we performed FACS analysis and immunocyto-
chemistry during differentiation of 7ie2~/~ ES cells. FACS analysis
revealed that Tie2 ™~ cells expressing LY VE-1 decreased over time
as did PECAM-1* BECs. Treatment with a caspase inhibitor,
which specifically inhibits apoptosis. partially rescued defective
formation of lymphatic and blood vessel endothelial colonies from
Tie2™'~ cells, suggesting that both endothelial cells undergo
apoptosis in the absence of Tie2 signaling. Although Tie2 signaling
contributed to the survival of both LECs and BECs on OP9 cells,
treatment with the caspase inhibitor did not affect the size of
Tie2™'~ colonies. Based on these findings, we propose that Tie2
cooperates with other signaling pathways involved in growth.
Although we do not identify these pathways, OP9 cells are known
to secrete several growth factors, including VEGF-C and VEGF-
D.*® FACS analysis also revealed that at day 2 of culture, the
frequency of LYVE-1* and PECAM-1" cells derived from Tie2 '~
cells was comparable with frequencies seen in 7ie2™~ cells,
suggesting that lymphatic and blood vessel endothelial precursors
develop normally from 7ie2~/~ cells. A gene expression study
clearly showed that expression levels of Prox-1 in lymphatic precursors
(the FIk17 cell fraction) of Tie2/~ cells were comparable with those
seen in Tie2*'~ cells, suggesting that Tie2 deficiency does not affect
Prox-1 expression. These findings suggest that Tie2 is not essential for
development of lymphatic and blood vessel endothelial precursors,
although both types of endothelial cells from 7ie2~/~ cells undergo
apoptosis due to lack of Tie2 signaling.

Regarding vascular endothelial cells, in vivo study has shown
that mice lacking Angl and Tie2 develop a fairly normal primary
vasculature, but that this vasculature fails to undergo further
normal remodeling.?®¥4% We have demonstrated that lymphatic
endothelial cells express Tie2 in both embryonic and adult settings,
and that the activation of Tie2 signaling by Angl stimulates both in
vivo lymphatic angiogenesis in mouse cornea and in vitro colony
formation of lymphatic endothelial cells.?® Data from both in vitro
ES cell differentiation and in vivo embryonic development suggest
that Ang/Tie2 signaling may contribute to regulation of lymphatic
vessel formation in the development of lymphatic vessels.

In summary, our results derived from induction studies of ES
cells have revealed that Tie2 is expressed in the precursors of
mesodermal lineages. hematopoietic cells, and endothelial cells.
We have also shown that Tie? is not essential for development of
hematopoietic cells, but that it plays an important role in antiapo-
ptotic signaling in lymphatic and blood vessel development.
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How to comply with ¢cGMP during early phase
of translational cell therapy at academia

Taira Maekawa, Dept of Transfusion Medicine and Cell Therapy,
Center for Cell & Molecular Therapy, Kyoto University Hospital

Professor Taira Maekawa, M.D.,
D.M.Sci., Dept of Transfusion Medi-
cine and Cell Therapy, & Director,
Center for Cell & Molecular Therapy,
Kyoto University Hospital

1. Cell Processing Center - Concept
This caricature roughly represents the con-

cept of a cell processing center or CPC (Fig. 1).
The CPC is mandatory for cell therapy as shown
here, in which donors or patients provide their own
cells to a reception area. Those cells are then di-
vided or separated into different components and
then we introduce a gene or expand them with
cytokines by sequencing in order to develop it.
Then the quality control unit confirms the safety
and sterility of new product and after that we hand
it over to the clinical ward. This is the concept of
CPC.

2. KUH - Center for Cell &
Molecular Therapy
In order to develop the CPC in Kyoto Univer-

sity, we kept a 200-square meter wide space (Fig.
2). My previous office and secretary's room were
located in this building. To keep adequate space,
. I removed my office and secretary’s room and
some laboratory room to make way for CPC, called
the Center for Cell & Molecular Therapy (CCMT).

The CCMT is located on the third floor of the Clini-
cal Building of Kyoto University Hospital, just next
door to the Department of Transfusion Medicine.

3. Layvout/Floor plan of CCMT

I will now give you a virtual tour of the inside
of CCMT (Fig. 3). The entrance to the Center is
accessible only to authorized personnel. This is

the entrance with security card system (Fig. 4).
This is the monitoring room where we can moni-
tor everything. We can monitor the room pressure
and temperature and CO: levels of incubators and
everything else in each room (Fig. 5). We can also
monitor the cleanliness of the air in each room.
We've installed particle counter in every room so
we can monitor easily for any type of air contami-
nation. The air direction is one-way pass through.
So this is the room where we prepare pancreatic
islet cells. This is the incubator, safety cabinet, and
this is COBE 2991 machine. This is the cryo-stor-
age room (Fig. 6). Unlike in your laboratory in
France, we have only two liquid-nitrogen tanks in
our lab because of limited space. We store samples

using two-directional bar-cord system.

4. Products developed in CCMT
We now have about 5 or 6 products (Fig. 7).

Two of them have already reached the clinic. One
is islet pancreatic transplantation. The other one

is dendritic cells for immunotherapy to leukemia
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patients. And then we have cardiovascular regen-
eration, bone tissue regeneration for bone necro-
sis disease and culture of inner skin. We have al-
ready finished the SOP (Standard Operating Pro-
cedures) of these two and we are now waiting of
the acceptance by the IRB (Institutional Review
Board) in our university hospital. Each projects
are going to proceed by the responsible doctors
of each clinical department, and medical doctors
shown in this slides of my department usually con-
sult with these doctors from the corresponding
department.

5. News coverage on success of pan-
creatic islet cell transplantation

Lastyear we succeeded in performing pancre-

atic islet cell allo-transplantation from a living do-
nor (Fig. 8). This procedure was done by Dr.
Matsumoto as chief of the pancreatic islet cell

transplantation team. An article about this success

appeared in the online edition of Lancet on April
19 last year. On the same day, Nature Journal cited
this study in one of its articles. And then BBC, USA
Today, Forbes and other major print and broad-
cast media around the world made mention of this
successful study. Finally, Aljazeera Broadcast of

Iraq reported this therapeutic strategy.

6. CGMP elements
Current GMP or ¢GMP consists of ten ele-

ments (Table 1), namely, facility and equipment,

production and process controls, personnel man-
agement, recordkeeping, calibration, validation,
error management, SOPs, labeling and quality
control and auditing. So in order to satisfy these
ten elements of cGMP, we have to do a lot of very
tough work. However, conventional cGMP rules
can be preferentially applied for drugs or tablets

produced in big pharmaceutical companies.

Fig. 1 CPC is mandatory for Cell Therapy
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Fig. 2 Center for Cell & Molecular Therapy
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Fig. 5 Inside of CCMT (continue)

COOOSDTVEITEY o amenne g E o

RN DaeMg O D3 S3 QLW £
L TERE L AN DT URNOI T T PRI A PTY

| A a—

B Db A
L INELEL NN

Py

- 572 —
—-150 -



F

Fig. 6 Inside of CCMT (continue)
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Table 1 Ten Elements of ¢cGMP

. Record-keeping

. Calibration

. Validation

. Error management

W o =1 O U o W DN

. Labeling

fu—
<o

. Facility and equipment
. Production and process controls
. Personnel management

Apply for...

. Standard operating procedures (SOPs)

. Quality control and auditing

drugs or tablets
produced in pharm.

7. Cell processing - special characteristic

I would like to explain the special character-

istic of cell processing (Table 2). Cell processing
is not the production of conventional pharmaceu-
tical drugs like tablets or injections. And, unlike a
pharmaceutical company, the academic institution
has not adequate size of staffs for cell processing
in general.

8. Special validations in cell processing
We have some impossible validations for cell
processing if we apply cGMP regulations used for

conventional pharmaceutical drugs (Table 3). For

example, performance qualification (PQ) - PQ for
worst case validation using pancreas tissue from
donor is impoésible, although dry-run or water-run
is possible. Another example is process validation.
Process validation is required to confirm the qual-
ity of products using at least three batches of the
product. However, in most cases, cell processing
products do not comprise the batch. And there are
more.

9. Characteristics of early phase TR
cell therapy

In these kinds of research in the academia

(Table 4), only very small number of patients is
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enrolled in most cases - 5 or 10 patients. We have
to support multiple clinical trials - pancreatic islet
cells, dendritic cells and so on. But we have to ef-
ficiently manage our projects with limited or inad-

equate size of staffs.

10. Stepwise approach in ¢GMP
development in cell therapy
Rather than cGMP, I propose to adopt the in-

stitutional GMP or iGMP in cell therapy. Stepwise

approach (Fig. 9) is necessary for development of

novel gene and cell therapy of early phase I or
translational stage in the academia as regulatory
requirements increase with product development.
And therefore I think that iGMP is specifically re-

Clin Eval 33 (3) 2006

quired of cell processing for early phase I study
or translational research and should be appropri-
ate for academia.

We tried to develop this iGMP but authori-
ties are concerned that there will be double stan-
dard of GMP and they do not like to complete the
documentation for this iGMP. But I believe that
iGMP should be established to advance transla-
tional or exploratory cell therapy in academia. So
under this concept, we will develop the cell prod-
ucts in our facility. In future, when these novel
therapies could be truly confirmed to be effective
after Phase 3 and thereafter patients would be rou-
tinely received these treatments, most of these cell

products will be produced in a blood center and in

Table 2 Cell Processing is Unique by its “Boutique” Quality

® Cell processing is

© Academic institution is

ﬁ; Production of conventional pharmaceutical drugs

# Pharmaceutical company

Table 3 Impossible Validations for Cell Processing

Process Validation (PV)

most cases.

...and more

Performance Qualification (PQ)
e.g. PQ for worst case validation using pancreas tissue
from donor is impossible, although dry-run or

water-run is possible

e.g. PV requires to confirm the quality of products using
at least three batches of them. However, Cell
Processing Products do not consist the batch in

Table 4 Characteristics of Early Phase (TR) Cell Therapy in Academia

© Enroll very small numbers of patients
@ Support multiple clinical trials
© Manage projects with inadequate size staff
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some companies and then distributed to the gen-

eral hospitals like blood products.

11. FDA guidance
Very recently FDA launched a couple of guid-

ance for industry for early phase clinical trials (Fig.
10). One is entitled INDs-Approaches to Comply-
ing with ¢cGMP during Phase 1. This guidance is
specific for early phase clinical trials. Another one
is Guidance for Industry, Investigators and Review-
ers - Exploratory IND studies. But the former docu-
ment is still in draft form and it is currently open

for public comment.

12. FDA guidance for special
production situations

This new guidance (Fig. 11) for industry in-

cludes approaches similar to iGMP for Phase 1.
There is one section for special production situa-
tions which covers multi-product facilities, biologi-
cal and biotechnological products such as gene
therapy or cellular therapy products. So in this
guidance, they have included regulations that are
more appropriate for cell therapy studies. For ex-
ample, they say that“we understand that products

with a short shelf-life may have to be released

Fig. 9 Stepwise approach: regulatory requirements increase with product development
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while results of the sterility test are pending based
on results from other relevant tests.” So I think
that this is similar to the concept of iGMP or
stepwise approach using ¢GMP for translational
studies.

13. Situation of drug development
in Japan

In Japan, it is usually the pharmaceutical com-

panies who decide the priority of projects and only
initiate the preferential project worth while devel-
oping for the clinical settings, that means it prom-
ise to have a large market value (Fig. 12). How-

ever, the academia has a number of seed com-

Clin Eval 33 (3) 2006

pounds that can be developed into therapeutic
products with interests by researchers or physi-
cian scientists. Even if we could successfully pro-
ceed the appropriate project as a translational re-
search, we could not proceed to the next stage
such as phase 2 or phase 3 on the basis of fruitful
results of translational research unless we would
apply this clinical trials beforehand to the Phar-
maceuticals and Medical Devices Agency (PMDA)
for review of the protocol. When we would not
apply to the PMDA for review of the protocol be-
forehand, we have to return to the beginning of
preclinical or phase 1 studies even though we ob-
tained the good results in the translational re-

Fig. 11 VI. Special production situations
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search and we intended to develop this new thera-
peutic procedures to conventional treatment. The
reason of this return may be lack of reliability,
safety, and ethical aspects of the protocol even if
we apply this to the IRB (institutional review
board), because most of university IRB has no
ability to review the protocol according to the
guideline of ICH-GCP and cGMP

However, in the United States, this kind of
project can go to Phase 2A clinical development
because the FDA has GMP guidance for transla-
tional cell therapy research appropriate for
academia. They require IND package at the be-
ginning of the translational research, and they re-
view the protocol beforehand to check its reliabil-
ity, safety, and ethical aspects of the project ac-
cording to the guideline of ICH-GCP and ¢cGMP.

In Japan, if we do this kind of project without
application for and reviewed by the PMDA, it will
be considered to be a non-registered clinical trial.
The PMDA and the Ministry of Health, Labour and
Welfare do not accept such non-registered clini-
cal trials and do not allow us to proceed for fur-
ther development. There are one exception called
“in house product”. When we produce cellular
products in the university hospital and administer
them to the patients of the university hospital un-
der our responsibility, there are no regulations
governed by the PMDA or authority. In such situ-
ations, the quality of the “in house” cellular prod-
ucts should be solely assured by and depend on
the investigators of the university. If we take this

track, we cannot bring this therapeutic strategies

Table 5 iGMP~+IND

iGMP + IND

appropriate regulations for Translational Cell Therapy

Simple is best !

to the public clinical settings covered by health
insuarance in Japan.

Recently, we were able to conduct investiga-
tor-initiated clinical trials Under the present laws
and regulations in Japan, I think we had better to
intelligently and flexibly use this track for the de-
velopment of novel cellular therapy. And in order
to do so, we must prepare cellular products under
cGMP guideline considering the characteristics of
cell processing and early development stage of the
project (Table 5).

So it is the aim of this symposium today to
find a way for the academe to conduct early phase
drug development of seed compounds originated
by the academe, that is, we are allowed to control
also the early phase development to produce clini-
cal grade compound or well-controlled cell pro-
cessing according to phase 1 ¢cGMP guideline. So
I think iGMP or phase 1 ¢cGMP plus IND regis-
tered system are the appropriate regulations for

translational cell therapy.
COMMENTS / Q & A

Larghero: I would just like to add a comment: in
France, we have to observe two regulatory rules.
The first is regulation that is applied for any clini-
cal trial, The other one is a specific regulation for
cell therapy products that ask a full description,
for each trial, of the cell therapy product (which
cell types are present in the product, what are the
controls performed during its production, what are
the results of pre clinical studies, what are all the
medium, growth factors and raw materials used
for the production, and so on) and of the cell
therapy unit by itself (description of the unit, plan
of the lab, controls performed to ensure the safety
of the persons and of the product......). Thus cell
therapy activities are probably the most regulated
field of medical research.
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Mismatch of minor histocompatibility antigen contributes to a
graft-versus-leukemia effect rather than to acute GVHD), resulting in
long-term survival after HILA-identical stem cell transplantation in Japan
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We determined the alleles of five polymorphic molecules
including HA-1 and four adhesion molecules for 106
patients transplanted with HLA-identical stem cell grafts
and investigated the association of mismatches as
correlates of relapse and graft-versus-host disease
(GVHD). All 106 recipients underwent stem cell trans-
plantation (SCT) after myeloablative conditioning bet-
ween 1985 and 2002. Risk status of disease at SCT was
standard (7 =63) and high (n =42). After SCT, 36, 49
and 33 developed acute GVHD, chronic GVHD and
relapsed, respectively. Our patients relapsed at rates of
16.7 and 38.6% with one or more and without incompat-
ibilities (P =10.013). The relapse rates of patients with
CD62L, CD31 codon 563, CD31 codon 125, HA-1 and
CD49%b incompatibilities were 5.9, 11.8, 15.4, 16.0 and
33.3%, respectively. The frequency of acute GVHD did
not differ regardless of incompatibilities. In standard-risk
group, the accumulated relapse rates of 19 and 44 patients
with and without minor histocompatibility antigen in-
compatibility were 22% and unexpectedly 66%, respec-
tively (P =0.02). The probability of 12-year survival was
88% in the former and 66% in the latter patients
(P=0.03). Owr data suggest that incompatibility of
CD62L, CD31 codon 563 and CD31 codon 125 con-
tributes to a graft-versus-leukemia effect rather than to
GVHD, resulting in prolonged survival after HLA-
identical SCT.
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Introduction

Donor-derived T lymphocytes that cause graft-versus-host
disease (GVHD) might also induce graft-versus-leukemia
(GVL) reactivity in an HLA-identical combination. Minor
histocompatibility antigens (mHags) that induce GVHD
are potential candidates for a GVL effect after allogeneic
stem cell transplantation (SCT)."?

HA-1 is an established mHag that was discovered by
Goulmy er al'? and polymorphic adhesion molecules
including CD31, CD49b and CD62L are immunodominant
mHags that contribute to acute GVHD (a-GVHD) in
Japanese® and Caucasian’® populations.

As GVL effects are similar in both the populations,
whereas the incidence and severity of a-GVHD is low
among Japanese after allogeneic SCT and donor leukocyte
infusion (DLI),'*!! the roles of mHags in Japanese patients
might differ from those of Western SCT patients. We
therefore investigated the association of mHag mismatches
with a-GVHD, as well as relapse and survival rates.

Materials and methods

Patients

During May 1998, 2002 and 2004, we collected various
samples from donors and recipients before myeloablative
SCT to analyze HA-1 and four polymorphic adhesion
molecules. Patients underwent the procedure at Kanazawa
University Hospital, Niigata University Medical and
Dental Hospital and the University Hospital of Occupation
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and Environment Health. Patients transplanted before May
1998 were also enrolled in this study. Peripheral blood cells
from patients after SCT were of donor origin, and nail or
buccal membrane samples were collected as host cells.
Primary physicians were asked to report three times
regarding the outcomes of SCT. All patients were followed
up for at least 2 years after SCT.

Data included patient age, sex, diagnosis, stage of disease
at transplantation, donor sex, date of transplant, con-
ditioning regimen, GVHD prophylaxis, severity of acute
and chronic GVHD, other major complications after
transplantation, time of relapse, HLA serologically identi-
fied antigens and allele type in 35 out of the 106 patients.
For patients with CML, type of relapse (molecular,
cytogenetic or hematological) during stable, accelerated
or blast phases was included. Treatment-related informa-
tion included DLI, chemotherapy and g-interferon therapy.
Treatment outcome was assessed according to the severity
of GVHD and the response of leukemia to DLI. Survival,
morbidity and recurrence of leukemia were also evaluated.
Table | shows the characteristics of 65 male and 41 female
patients who were transplanted with stem cells from 60
HLA-A, -B, -DR matched related donors and from 46
HLA-A, -B, -DR matched unrelated donors, where five of
the 60 and 30 of the 46 were allele type-compatible donors.

Conditioning regimens consisted of 12 Gy fractionated
TBlas3Gy x4o0r2Gy x6in99 of 106 patients and seven
of the 106 patients received a non-TBI regimen. Stem cell
sources were BM (88), PBSC (15) and both (three). Post
transplant immunosuppression consisted of short-term
MTX+ CyA (98), short-term MTX + FK (five) and CyA
alone (three). None of the patients received T-cell-depleted
Marrow.

Table 1 describes patients’ characteristics. Patients at
standard risk were defined as those transplanted at first
complete remission of acute leukemia, in chronic phase of
chronic myeloid leukemia and refractory anemia of
myelodysplastic syndrome.'? High-risk patients consisted
of those who were not assessed as being of standard risk.
Patients with complications included 36 who developed
a-GVHD (>2), 53 who developed chronic GVHD and 33
who relapsed after allogeneic SCT.

Methods

Samples. The Institutional Review Board of Kanazawa
University Hospital has approved the use of DNA analysis
for mHag typing. We obtained written, informed consent
of patients and donors to obtain DNA from their
peripheral blood samples before transplantation. Periph-
eral blood and nail or buccal membranes were obtained
from post transplant patients. The former was used as
donor cells, and nail or buccal membrane, as host cells.

Allele typing of HA-1 and four polymorphic adhesion
molecules. Alleles of HA-1 and four polymorphic mole-
cules were typed as described by Maruya et al.® Briefly,
purified genomic DNA for HA-1 and the polymorphic
adhesion molecules were amplified by PCR using sequence-
specific primers (Table 2). Amplification proceeded in 50 ul
of PCR buffer (Applied Biosystems, Foster City, CA,
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Table 1 Characteristics of mHag-incompatible and -compatible
patients
mHag compatibility
c C

All patients 106 36 70
Sex, n (%)

Male 65 21 (58.3) 44 (62.9)

Female 41 15 (40.5) 26 (37.1)
Diagnosis, n (%)

ALL 27 7 (19.4) 20 (28.6)

AML 29 11 (29.7) 18 (25.7)

CML 34 9 (24.3) 25 (35.7)

HD 1 0 0) 1(1.42)

NHL 5 2 (5.40) 3 (4.29)

MDS 10 7 (18.9) 3 (4.29)
Source of BMT, n (%)

Sibling 60 22 (61.1) 38 (54.2)

Unrelated donor 46 14 (37.8) 32 (45.7)
Source of stem cell, n (%)

BM 88 29 (80.5) 59 (84.3)

PBSC 15 4 (10.8) 11 (15.7)

BM +PBSC 3 3 (8.10) 0 (0)
Risk at transplantation, n (%)

Standard 63 19 (51.4) 44 (62.9)

High 42 17 (47.2) 25(35.7)

Not evaluated 1 0 (0) 1(1.42)
Complications, n (%)

Relapse 33 6 (16.7) 27 (38.6)

Acute GVHD (=2) 35 12 (33.3) 23 (32.9)

Chronic GVHD 52 17 (47.2) 35 (50.0)
Direction of transplantation, n (%)

Female to male 25 9 (25.0) 16 (22.9)

Other® 81 27 (73.0) 54 (71.1)
Time of transplantation, n (%)

1985-1997 35 13 (36.1) 32 (45.7)

1998-2002 61 23 (62.2) 38 (54.3)
Immunosuppressant, n (%)

Short-term MTX + CyA 98 33 (89.2) 65 (92.8)

Short-term MTX +FK S 3(8.10) 2 (2.86)

Other® 3 0 (0) 3(4.29)
Irradiation, n (%)

TBI 97 34 (94.4) 63 (90.0)

Non-TBI 9 2 (5.40) 7 (10.0)

Abbreviations: ALL = acute lymphoblastic leukemia; AML = acute myelo-
genous leukemia; C =compatible; CML = chronic myelogenous leukemia;
CyA =cyclosporine; FK =tacrolimus hydrate; HD = Hodgkin’s disease;
1C = incompatible; MDS = myelodysplastic syndrome and MDS including
four refractory anemia, four refractory anemia with excessive blasts, one
refractory anemia with excessive blasts in transformation and two overt
leukemia; mHag =minor histocompatibility antigen; MTX = methotrex-
ate; NHL =non-Hodgkin’s lymphoma; PSL = prednisolone; TBI = total
body irradiation.

“Relapse rate of incompatible group was significantly lower than that of
compatible group.

*Short-term MTX + PSL, CyA, MTX.

USA), containing 10 mmol/l Tris-HCI (pH 8.3), 50 mmol/l
KCl, 1.5mmol/l MgCl,, 0.2mmol/l, each of the four
deoxyribonucleotides (Applied Biosystems, Foster City,





