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STEM CELLS IN HEMATOLOGY

Clonal analysis of thymus-repopulating cells presents direct evidence
for self-renewal division of human hematopoietic stem cells

Takashi Yahata, Shizu Yumino, Yin Seng, Hiroko Miyatake, Tomeoko Uno, Yukari Muguruma, Mamoru lto,
Hiroyuki Miyoshi, Shunichi Kato, Tomomitsu Hotta, and Kiyoshi Ando

To elucidate the in vivo kinetics of hu-
man hematopoietic stem cells (HSCs),
CD34*CD38" cells were infected with
lentivirus vector and transplanted into
immunodeficient mice. We analyzed the
multilineage differentiation and self-
renewal abilities of individual thymus-
repopulating clones in primary recipi-
ents, and their descending ciones in
paired secondary recipients, by tracing
lentivirus gene integration sites in each
lymphomyeloid progeny using a linear
amplification-mediated polymerase chain re-
action (PCR) strategy. Our clonal analysis

revealed that a single human thymus-
repopulating cell had the ability to pro-
duce lymphoid and myeloid lineage cells
in the primary recipient and each second-
ary recipient, indicating that individual
human HSCs expand clonally by self-
renewal division. Furthermore, we found
that the proportion of HSC clones present
in the CD34* cell population decreased
as HSCs replicated during extensive re-
population and also as the differentiation
capacity of the HSC clones became lim-
ited. This indicates the restriction of the
ability of individual HSCs despite the ex-

pansion of total HSC population. We also
demonstrated that the extensive self-
renewal potential was confined in the
relatively small proportion of HSC clones.
We conclude that our clonal tracking stud-
ies clearly demonstrated that heterogene-
ity in the self-renewal capacity of HSC
clones underlies the differences in clonal
longevity in the CD34* stem cell pool.
(Blood. 2006;108:2446-2454)

€ 2006 by The American Society of Hematology

Introduction

Self-renewal and multilineage differentiation are the 2 fundamental
abilities that define hematopoietic stem cells (JISCs) and distin-
guish them from progenitors. Severe combined immunodeficient
mouse (SCIDy-repopulating cells (SRCs), originally identified by
their ability to reconstitute hematopoiesis in nonobese diabetic
(NODY/SCID iice, are thought to represent human HSCs that are
useful clinically to repopulate human recipients.! Unlike murine
1ISCs that have been purified and analyzed at the single-cell level*
viral gene-marking is the only strategy for the in vivo clonal
analysis of hwman HSCs.> Using this approach. several studies
documented heterogenceity among SRC clones and implied that
some clones have the ability to differentiate into B-lymphoid and
mycloid lineages and to self-renew.®!2 A major shortcoming of
using the NOD/SCID mouse model is a lack of reproducible human
I~lymphocyte repopulation. Consequently, the multilincage differ-
entiation capacity of SRCs in NOD/SCID recipients has been
assessed by reconstitution of only B-lymphoid and myeloid
lineages. Because a close relationship between B-lymphocyte and
macrophage differentiation has been indicated.’® M current analyses

cannot clearly distinguish gue HSCs from lincage-restricted pro-
eenitors such as B-lymphocyte/macrophage progenitors. As a
result, the multilineage differentiation and self-renewal of HSCs
represented by a single SRC are vet to be proven.

Along with other investigators, we demonstrated that phenotypi-
cally normal and polyclonal human T lymphocytes were reproduc-
ibly repopulated from human cord blood CD34" cells in the
NOD/SCID/common y chain (cy)-null (NOG) mouse. 17 J{aving
this unique environment that permits human thymopoiesis, the
NOG recipient serves as an excellent model to study self-renewal,
as well as multilineage differentiation. of human HSCs. HSCs can
be identified as thymus-repopulating cells and distinguished from
short-lived oligopotent or monopotent progenitors. Thymopoiesis
requires constant recruitment of progenitors into the thymus, which
eventually produces mature T lymphocytes in a relatively short
period of time. "84 Thercfore, to maintain thymopoiesis in recipient
mice, transplanted HSCs must divide without loss of thymus-
repopulating activity. Several classes of SRCs that differ in their
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profiferative and self-renewal potential have been reported.
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Analyzing the thymus-repopulating activity of these cells provides
a unique way (o distinguish and identily long-term self-renewing
stem cells within the SRCs. Sclf-renewal of HSCs has been
assessed by serial transplantation on the basis that 1HSCs, which are
responsible for multilincage hematopoiesis in primary recipients.
are also capable of repeating this process in secondary transplant
recipients. Confirmation of the persisience of thymus-repopulating
cells with multilineage differentiation ability in the secondary
recipient would eliminate the possible contribution of some
long-lived progenitors and mature cells and at the same time,
provide direct evidence for self-renewal of SRCs.

In this study, we established a novel strategy to analyze both
self-renewal and multilineage differentiation of a single human
thymus-repopulating SRC clone in NOG recipient mice using
lincar amplification-mediated polymerase chain reaction (1.AM-
PCR) that verifies individual genomic virus integration sites by
direct sequencing.”® The identification of specific clones in fluores-
cent-activated cell sorter (FACS)-sorted lymphomyeloid lineage
populations by their unique molecular markers allowed us to assess
how individual clenes contribute to the specific lincages during
long-term hematopoiesis in vivo. We focused on CD4/CDE double-
positive (DP) immature thymocyte populations as a starting point
of owr clonal analysis of the human HSC ability. Owr study
presented direct clonal evidence that a single human 1SC had the
ability to produce lymphoid and myeloid lineage cells. Self-
renewal division of multilineage clones resulted in expansion of
SRCs. However, this clonal expansion of SRCs leads to the clonal
exhaustion of SRCs during long-term hematopoiesis in vivo. It was
also indicated that, although most of the SRC clones were destined
to Joose their self-renewal potential, the relatively small proportion
of SRC clones retained extensive self-renewal potential.

Materials and methods

Collection and purification of human CB CD34*CD38" cells

CB samples were obtained from full-term deliveries according to the
institutional guidelines approved by the Tokai University Committee on
Clinical Investigation. Mononuclear cells (IMNCs) were isofated by Ficoll-
Hypaque {Lymphoprep. 1.077 = 0,001 g/ml.: Nycomed. Oslo, Norway)
density gradient centrifugation. CD34 cell fractions were prepared using
the (D34 Progenitor Cell Isolation Kit (Miltenyi Biotee, Sunnyvale. CA)
according Lo the manufacturer’s directions. Column-curiched CD34° cells
were cryopreserved in liquid nitrogen until use. For isolation of
D34 DAY
were stained with fluorescein isothioeyanate—conjugated anti-CD34 {581
Coulter/Immunotech, Marseille Cedex. France). and phycoerythrin (PH)-
conjugated anti-C' D38 (J1B7: BD Biosdiences, San Jose. CA) monoclonad
antibodies (mAbs). Cells were surted using the FACSVantage flow cytom-

cells, pooled CD34 -enriched cells from multiple donors

cter (BD Biosciences) equipped with HeNe and argon lasers. D38 pate
was determined in reference to isotvpe control. CD347CD38 cells. which
comprise 3% 1o 8% of the total CD34 cell population. were isolated with
974 10 V9% (n = 16) purity using FACSVantage (BT Biosciences).

Lentivirus infection

Purifhed €34 CD38
and incubaied with highly concentrated ©iral supernatant ata muluphoty of

cells were plated on drbronecun CH-296 ragnan

infection (MO of 3008 serumefree StemPro- 34 ncdium (nvaitiogen,
Carlshidd CAY containing (ytohmes Clakara Shuzo. Fokyvo, Tapand Jor 16
hours Recombinant human thrombopoictin SO nesmi @ hindly donated by
Kirin Brewery. Tokyvo, Japani stem coll factor 150 ng/ml sdonated by Kivin
Brewery. Fobyo. apan) and P23 Hgand (30 nghnl 0 RED Systems,
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Minncapolis, MN) were used. The number of virus integration sites per cell
was examined in the following experiment, CD34 - cells were infected with
enhanced green fuorescent protein (EGEP) atan MOL ot 50 and then plated
in methyleelhulose. Individual colonies expressing EGEP were picked up
and analyzed for integration sites by LAM-PCR. Over the 20 colonies
examined. none of the colonies demonstrated multiple bands. confirming
that the individual colonies contain a single integration site (data not shown)

Estimation of multilineage differentiation potential of SRCs

NOD/Shi-scid, 11.-2Ryce™ (NOG) mice were obtained from the Central
Institute for Experimental Animals (Kawasaki. Japan) and maintained in the
animal [acility of the Tokai University School of Medicine in microisolator
cages: the animals were fed with autoclaved food and water. Nine- to
20-week-old NOG mice were wradiated with 250 ¢Gy Xerays. The
following day. transduced (D34 CD38  cells (1 X 104 cells) were injected
intravenously into the NOG mice. All experiments were approved by the
animal care commitiee of Tokai University. Sixteen to 20 weeks after
transplantation, the mice were humanly killed. and bone marrow (BM)
cells, splenocyles, and thymocyles were analyzed by flow cytometry. Cells
were stained with mAbs to human leukocyte differentiation antigens.
Iuman hematopoietic cells were distinguished Irom mouse cells by the
expression of human CD45. APC-conjugated anli-human CD19 mAb
(Coulter/Immunotech). ECD-conjugated anti-human CD8 and CD34 mAbs
(all Coulter/Immunotech), and PE-conjugated anti~human CD3. CD4, and
133 mAbs were used. The efficiency of gene transduction was determined
by the percentage of cells expressing FGFP. EGIP-expressing CDAS
human hematopoietic cells were further classified into human stem/
progenitor (CD34 ) myeloid (CD33 ), B-lvmphoid (D19 ). and 1+
tymphoid (CD37 or CD4-/CD8 ) subpopulations and were sorted using a
FACSvantage Diva option (BD Biosciences). To eliminate the contamina-
tion of lincage-committed cells. CD34* cells were sorted on CDI19  and
CD33  gate. Sorted cells. confirmed to be Jineage ™ CD34 . were
designated as stem/progenitor cells. Double cell-sorting was perforned 1o
ensure greater than 99% cell purity. Representative FACS profiles of sorting
purity were demonstrated in Figure 81 (available at the Blood websitel see
the Supplemental Materials link at the top of the online article).

Secondary transplantation

BM cells were obtained {rom mice that received a transplant with
D34 CD38 cellsat 1310 19 weeks after transplantation. The BM cells of
these primary recipients were divided equally and injected intravenously
into 2 sublethally ircadiated secondary NOG recipients (1.35 X 107~
2.1 X 107 cells per recipient). Thirteen to 19 weeks after transplantation,
BM cells and thymus were collected from cach secondary vecipient and
used for flow cvtometric analysis and lineage cell sorting as described.

Integration site analysis of lentivirally marked SRCs

FAM-PCR was carried out as described previously™ with some slight
modifications. Genomic DNA samples (100 ng). isolated from each sorted
subpopulation. were preamplified for a wtal of 100 cyddes by repeated
primer extension using 0.25 pmol vector-specilic, 3 -biotinylated primer
TR (5 -GAACCCACTGCTTAAGCCTUA-3Y) using ProofStart DNA
polsy merase (2,515 Qiagen. Hilden, Germany). The biotiny Jated extension
products were collected using streptavidin-conjugated magnetic beads
iDynal. Osdoo Norwavi and the second strand was synthesized using
Klenow polymeiase 12 Ur Takara Shuzoy and random primer ¢fakara
Shuzo) Toprcvent sirts-yedtol seguence contamination, samples were first
inctbated with Sadd endonuclease (3 T Promega Madisen, W for 2 hours
at ¥ and thon digested wth TapfoU] cndonuddease o8 T New Fagland
Biol abe. Ipawich, MA For 2 hours at 03 O Al restiicnon digestion. 100
pmel of a heka cavsetie GG IACATAT TGTCGTTAGAANCGOG AN
ACGACTOACTAIAGGUAGA- Yy was ligated usig a DNA Hgauon Kt
tlaka Shusorat Ton Covernight Each heated sample swoas sanplilicd ueimg
2 ovectorspouihic priner. TIR2 (3T AGCT FGCCTTGAG FGOTHOA- Y,
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and a hiuker cassette prumer (3 -GTACATATTGTCGTTAGAACGCGTA-
ATACGACTCA-3Y, using the [ollowing conditions: 957C for 1 minute.
6O°C for 1ominute. 72°C for T minute (30 cycles). Fach PCR product was
subjected 1o nested PCR with the internal primers. LTR3 (5'-
AGTAGTGTGTGCCCGETCTGT-3"y and LO2 (5-CGTTAGAACGCGTA-
ATACGACTCACTATAGGGAGA-3"). under identical conditions. PCR
products were sequenced after cloning into the TOPO TA cloning vector
(Invitrogen). The proviral integration sites of DP cells were sequenced. and
the sequences were examined for alignment to the human genome using
NCBI BlastN (hup://www.nebindm.nih.goviblast). The verified genomic
sequence information of these DP cell tntegration sites was used to design
new primers (all primer sequences used in this study are listed in Tables
S1-83), PCR was performed on cach LAM-PCR product using the unique
genomic flanking primers in combination with the F'TR3 primers.

Estimation of clone size by real-time quantitative
PCR (RQ-PCR)

Genomic DNA samples from CD34° cells of secondary recipients were
amplified using multiple displacement amplification veagents (REPLI-g:
Qiagen) according to the manufacturer’s instructions.” Briefly. 10 ng
template DNA was mixed with the DNA polymerase and incubated for 16
hours at 30°C. Approximately 50 pg amplified DNA was obtained from
cach sample. For RQ-PCR, each target DNA was amplified on the same
plate with B-globin as the reference using the QuantiTect SYBR Green PCR
Master Mix (Qiagen) and the ABI Prism 7700 Sequence Detection System
(Applied Biosystems). The relative clone amounts and range were deter-
mined in reference to B-globin, Threshold eyeles (Cy) were determined as
to fit all samples in logarithmic phase. To ensure the efficiency of
amplification and the assay precision, calibration curves for each clone
sequence were constructed to have the correlations () of above (.95 and
the efficicncy of greater than 98% . A comparative Cp was used to determine
the proportion of CD34 " clones in paired secondary recipients that were

derived from the parent primary recipient clone. TFor ecach sample. the clone
) value was normalized using the formula ACy = ACy clone — ACy
B-globin. To determine relative cloue size. the following formula was used:
AAC) = AC) done in CD34+ cells of the one secondary recipient — ACy
cone in CD34+ cells of the other secondary recipient, and the value was
caleulated by the expression 2 33 Each reaction was performed at least
in triplicate. Amplification conditions were as follows: 95°C for 15 minutes
followed by 40 cycles at 95°C for 15 seconds, 60°C for 30 seconds. and
72°C for 60) seconds.

The same primer set described 1in PCR tracking of LAM-PCR procedure
was used to amplify cach clone. As an internal control, human hematopoi-
ctic cell kinase 1 (HCK D) gene and ribosomal DNA (#7DNA) gene were also
amplified. Fven amplification ol each genomic DNA was confinmed by

BLOOD, 1 OCTOBER 2006 - VOLUME 108, NUMBER 7

RQ-PCR using all 3 nternal contol primers (data not shown).* The
primers for B-globin gene were forward, 3 -GTGCACCTGACTCCTGAG-
GAGA-3". and reverse, 5 -CCTTGATACCAACCTGCCCAG-3'. Primers
for HCK'1 gene were forward. 3"-TATTAGCACCATCCATAGGAGGCTT-
3 and reverse, 5-GTTAGGGAAAGTGGAGCGGAAG-3". Primers for
FDNA gene were forward, 5 -COATCOAACGTCTGCCCTA-3". and re-
verse, 5-TCACCCGTCGTCACCATG-3

Statistical analysis

Data are represented as mean = SD. The 2-sided P value was determined by
testing the null hypothesis that the 2 population medians are equal. P values
less than .08 were considered to be significant.

Results
Multilineage differentiation of gene-marked SRCs

To investigate the multilineage differentiation and self-renewal
capacily of individual SRC clones, we introduced recombinant
lentiviral vector carrying an EGFP-encoding gene to cord blood
CD34°CD38  cells which can provide long-term engraftment
¢more than 12 weeks) and multilineage differentiation.? and then
we transplanted these cells into sublethally irradiated NOG mice.
Multilineage differentiation was determined as the proportion of
cach hematopoietic lincage within the EGEFP-expressing human
(D45 cell population using FACS at 16 to 20 weeks after
transplantation (Figure 1). Consistent with owr previous results, !
substantial engrafument. including CD34 " primitive cells, CD33"
mycloid. CDI9° B-lymphoid, CD3" mature, and DP immature
T-lymphoid celfs, was observed in the BM. spleen, and thymus of
the NOG mice (Table ). Because the proportion of nontransduced
LEGEFP  cells within the human graft and the percentage of EGFP?
cells within each lincage were not significantly different (data not
shown), these data indicated that EGIP transduction did not affect
the differentiation and proliferation capacity of the SRCs.

Multilineage differentiation of individual thymus-repopulating
SRC clones

‘To analyze the multilineage differentiation capacity of individually
transduced SRCs, we performed in vivo integration site analysis by
I AM-PCR that can distinguish the progeny of each transduced cell

CD4ASTEFP+ (P2) gaied

I
BM .
FSC . cDi9
Spl {6245
FSC cD19 Igﬁ‘ 2.2%
cD3

Thy N 1105
Fsc | :|. |

§5C GFP €08

9455

L_CD33 1§

CD34- (PI) gated

Figure 1. Representative FACS profiles of EGFP-transduced
SRCs. Samples were obtained from BM, spleen, and thymus of a
NOG mouse, and the proportion of EGFP-tiansduced human
celis was evaluated The relative frequencies of each cell poptita
tion ate indicated
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Table 1. Proportion of each human cell lineage engrafted in primary NOG mice

Bone marrow, % engrafted

Spleen, % engrafted Thymus, % engrafted

Mouse Week* CcD45 EGFP S M B CD4as EGFP T B CD4s EGFP T
1 17 82.2 84.8 221 4.6 ND 81.8 65.3 2.1 88.6 97.8 83.0 82.6
3 17 74.0 58.5 5.2 335 44 4 821 78.2 242 62.4 855 80.0 71.0
4 16 88.9 75.4 8.5 175 64.4 75.6 77.9 1.6 87.9 95.0 52.9 23.4

The total cellutarity of BM and thymus in the primary recipient was 3.56 107 :

received a transplant of 10 103CD34°CD38 cells.

0.53

107and 1.39  10% © 113 105 respectively. Each mouse listed in the table

S indicates CD34° stem/progenitor cells; M, CD33" myeloid lineage celis; B, CD19" B lymphoid lineage cells; T. CD3" (spleen) o CD4/CD8 double-positive (thymus)

T-lymphoid lineage cells; ND, not done.

“Weeks after lransplantation. Bone marrow cells, spteen cells, and thymocyles of NOG mice were stained with an anti-human CD45 mAb and analyzed. The proportion of
EGFP-expressing cells within the CD45 " cells and cells positive for each lineage marker in the CD45 /EGFP* was calculated.

by its unique proviral-genomic fusion sequence (Figure 2A). Direct
sequencing of PCR products derived from EGFPTCD45" DP cells
verified that each product with a unique band length represented
individual and different LAM-PCR
EGFP’ CD45" FACS-purified lineage populations detected mul-
tiple integration sites in each cell lineage (Figure 2B). It is reported
that the number of vector copies per cell can be controlled by
adjusting the MOI, without reducing the transgene expression
levels.? Because we optimized the experimental conditions to have
each cell carrying one insertion per cell, confirmed by both

clones.

colony-forming assay (see “Materials and methods™) and transplan-
tation assay,™ multiple integration sites detected by 1LAM-PCR
indicated polyclonal repopulation in the NOG mice.

A

e i — o .
%w% (lntogration site anuiysiss  {Clonaily saalysisy
e LAMFER

i LAIFCR
o M)\- J"—W"‘”’ Aperovvassansnnoasnsonorreseeet

EY w)”»mw‘"%m o ‘gv}::“ﬂ:‘w-*{/?\w s LAMPER e (IR dE3iEn a0
e e Pl it Suring
BB Y e LAMLPER

[ ——

w
® oftienes

% i 8 i 1%
Proputmpl cloes UK

PCRUaCNG g Spl_Thy
My 31333 313 DP M OF

Figure 2. Cional analysis of primary transplanted SRCs. (A) Study design for
clonal analysis of primary grafts. 34 indicates CD34" stem/progenitor cells; M,
CD33 myeloid lineage cells; B, CD19 " B-lymphoid lineage cells; T, CD3" (spleen) o1
CD4/CD8 double-positive (thymus) T-lymphoid lineage cells (B) Representative
LAM PCR profiles of SRCs. Each band represents a different insertion locus in the
assayed material. W indicates unseparated whole BM MNCs; M. size marker.
(C) DP derived T-lymphoid inseition sites were traced by PCR. The clones detected
in all lymphomyeloid lineage cells were designated as multipetent type (M1B) T8
indicates clones restricted in T lymphoid and B lymphoid celis; T. clones detected in
TAymphaid cells; W. unseparated whele BM MNCs; M. size maiker: P. TA cloned
LAM PCR product was used as a positive contiol: N, DW (D) Relative frequencies ol
each clone type detected in pumaty SRCs Dala tepresent mean SO ot
3 independent experiments. “P - 01 jelative to other type of clones (E) The
proportion of clones detected in the CD34  cell population. A total of 27 clones
3 independent expetiments wete analyzed. Giay bars represent the clunes detected
i CD34 cells Black bais represent he dones not detected n CH34 cells "F 01
relative 1o othel type of clones

analysis  of

A total of 27 clones were identified in 3 independent experiments
based on the geromic sequence information of the LAM-PCR products
from the DPcells (Table ST swmmarizes the results of the integration site
analysis of DP cells). Using primers designed to correspond to indi-
vidual integration sites, and therefore unique clones, we were able to
track the individual clones and their progenies, including CD34°
stem/progenitor, myeloid, and B-lymphoid cells (Figure 2A). Three
different clone types were observed in this experiment (Figure 2C): a
multipotent type (MTB), in which insertion sites originally detected in
the DP cells were also detected in the highly purified myeloid and
B-lymphoid cefl populations; a unipotent progenitor containing exclu-
sively T colls; and a bipotent 'T/B progenitor. However, a hipotent
progenitor containing myeloid and T lymphocytes was not detected. As
expected, analysis of thymus-repopulating cells revealed that the
majority of SRC clones (70.4% ) found in the recipient mice were of the
MTB multilineage type (Figure 2D; Table 2). We also used CD14 and
CDO6b, a more mature myeloid marker, for clonal analysis and detected
the equivalent proportion of the 3 clone types (data not shown). Interest-
ingly. all M1B clones were found in the CD34" cell population (Figure
2F). suggesting that the wansduced SRC clones self-replicated within the
134" stem cell pool without losing their ability to contribute to both
tymphoid and myeloid lincages during long-term hematopoiesis. How-
evar, as the differentiation capacity of clones became limited to bipotency
or unipotency, the propartion of clones that were also found in the CD34-
cell population decreased (Figure 2E), indicating that some SRC clones
had been exhausted from the stem cell pool during lincage commitment.

In vivo expansion of individual thymus-repopulating
SRC clones

Lo directly demonstrate the self-renewal capacity of the SRCs, we
injected BM cells from each primary mouse into 2 sccondary mice

Table 2. Differentiation potential of thymus-repopulating
SRC clones

Clone type, no. (%)

Mouse No. of clones MTB B T
1 5 3 (60) 1 (20) 1 (20)
3 12 7 (58.3) 4(333) 1{8.3)
4 10 9 (90) 1 (10) 00y
Total 27 19 (70.4) 6 (22.2) 2(7.4)

Lineage contiibution of individual thymus-tepopulating SRC clones was evalu-
ated by PCR tracking based on integration site analysis of UP cells. Nc clones wete
differentiated into M and 7 lineages

MTB indicales clones that gave tise fo myelmd (M), T lymphod (T), and
B lymphod (B) lineages; TB. clones difterentiated into T and B lineages. T clones
differentiated e T lineage only
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Figure 3. Clonal analysis of secondary transplanted SRCs. (A) Study design for clonal analysis of secondary grafts. 34 indicates CD34 " slem/progenitor cells; M, CD33*
myeloid lineage cells; B, CD19" B-lymphoid lineage cells; T, CD3" (spleen) or CD4/CD8 double-positive {thymus) T-lymphoid lineage cells. (B) Relative frequencies of each
clone type detected in paired secondary transplanted recipients. Data represent mean * SD of 3 independent experiments. *F < .01 relative to other type of clones. (C) The
propottion of clones detected in CD34 " cells is shown. A total of 43 clones in 3 independent experiments were analyzed. Gray bars represent the clones detecled in CD34°
cells. Black bars represent the clones not detected in CD34 ' cells. "P -2 .01 relative to MTB clones found in primary recipients (shown in Figure 1E). (D) The propoition of MTB
clones found in CD34" cells of paired secondary recipients. A total of 27 clones in 3 independent experiments were analyzed. Notation of the left vertical axis: +/+, MTB-MTB
clone paits were detected in CD34 " cells of both secondary recipient paits; +/ , MTB-MTB clone pairs wete detected inthe CD34 " cells of 1 of the 2 secondary recipient pairs;
and / , MTB-MTB clone pairs were not detected in the CD34" cells of either secondary recipient pairs. (E) Relative clone size of individual clones in each MTB-MTB clone
paits in CD34° slem cell pool found in paired secondary recipient. The relative clone size of individual clones in 11 MTB-MTB clone pairs detected in CD34 " cells of both
secondaty recipients was examined by RQ-PCR. The relative clone size of individual clones in each MTB-MTB paii is expressed as the pioportion of one clone relative to the
other clone. The MTB-MTB clone pairs 110.15-3 and no. 19-7 that was detected in the CD34" cells of only 1 of the 2 secondary recipient pairs were used as experimental control
and demonstrated complete skewing to either one recipient

(Tigure 3A). Although each primary BM cell population was
divided into 2 recipients, substantial engraftment was observed
in these secondary-recipient NOG mice (Table 3). Clone
tracking analysis was then performed to examine the fate of
individual SRC clones in paired secondary mice. Integration site
analysis by LAM-PCR of FACS-sorted cells showed polyclonal
reconstitution in each secondary host. A total of 43 clones were
identified by integration site analysis of DP T lymphocytes
found in 3 sccondary recipient pairs (results are summarized in
Table §2). Al clones detected in paired secondary recipients
were also detected in the primary donor. Strikingly, all 43 clones
were found as a pair: clones detected in one of the secondary

recipient pairs were always observed in the other pair. In greater
than 90% of these clone pairs (39 of 43), at least 1 of the
daughter clones inherited M'TB differentiation potential from its
parent clone. Moreover, in 69.2% of these 39 clone pairs, both
daughter clones remained multipotent (IMTB-MTB type), whereas
the other daughter clone in the remaining 30.8% of clone paurs
became committed to specific cell lineages (MTB-MB or
MTB-TB type) (Iigure 3B; Table 4). The existence of MTB-
MTRB type clones in secondary recipients indicated that a single
SRC clone self-replicated in the primary recipients and pro-
duced 2 daughter clones that retained SRC potential, thereby
resulting in the in vivo expansion of multipotent SRC clones.

Table 3. Proportion of the primary and the secondary human graft

Bone marrow, % Thymus, %

Mouse Cell dose* Weekt CD4s EGFP s M B cD4s EGFP T

Primary recipient

101 17 13 80.3 727 ND ND ND ND ND ND

109 6 19 66.2 71.0 ND ND ND ND ND ND

113 10 14 43.2 71.8 ND ND ND ND ND ND
Secondary recipient

101-1 21 13 63.0 93.3 3.4 7.4 63.7 98.2 80.1 836

1012 21 13 62.5 88 1 42 14.6 54.9 96.5 78.6 71.2

108-1 13.5 17 29.4 698.4 1.3 49.5 29.9 g1.3 78.2 90.5

109-2 i35 17 333 75.1 19 27.6 459 93.0 70.1 81.1

1131 19.3 19 72.3 687 3.4 17.3 38.7 95.5 88.1 88.0

113-2 19.3 19 86.3 50.0 0.6 17.2 17.3 92.9 72.3 70.3

The total cellularity of BM in the primary and the secondary recipient was 3.86 107 - 0.83 107 and 3.72 - 107 - 0.91 107, respectively. The total cellularity of

thymus in the primary and the secondary recipient was 336 10° * 328 10%and 243 10% 159  10% respectively.
ND indicates not done.
Numbet of CD34 CD38 cells transplanted (primaty reciplent.  10% secondary 1ecipiert. 109

tNumber ot weeks atter transplantation
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Table 4. Differentiation potential of paired secondary clones

Clone type, no. (%

No. of
Mouse clones MTB-MTB MTB-MB MTB-TB MB-TB T-B
101 22 12 {54.5) 5 (22.7) 1(4.5) 3(13.6) 1 (4.9)
109 11 9 (81.8) 2(18.2) 0(0) 0 (0) 0 (0)
113 10 6 (60) 2 (20} 2 (20) 0 (0) 0(0)
Total 43 27 (62.8) 9 {20.9) 3(7) 30 1(2.3)

Differentiation potential of paired secondary clones was determined by PCR
tracking strategy based on integration site analysis of DP celis developed in
secondary recipients.

Individual thymus-repopulating SRC clones have different
self-renewal capacities

Consistent with our earlier observations in the primary recipient mice,
the proportion of M1TB clones present in the CD34” cell population
decreased as the differentiation capacity of the clones became limited
(Figure 3C). In addition, note that 30.3% of MTB clones in the
secondary recipient mice were no longer found in the CD34° cell
population, contrasting with the initial finding that al MTB clones in the
primary mice were found in the CD34° cell population (Figure 2E).
“Therefore, phenotypic and possibly functional differcnces exist between
MTB clones in the primary and secondary recipient mice, although both
were capable of repopulating and giving rise to multilineage progenitors
in the host. To assess how the MTB clone cell division affected the status
of daughter MTB clones, we examined how many of in vivo—expanded
MTB-MTB clone pairs were also found in the CD34° cell population
and classified into 3 groups (Figure 3D). Hirst, in 44:4% of the
MTB-MTB clone pairs, both daughter clones were found in the CD34~
cell population. Second, in another 44.4% of MTB-MTB clone pairs,
only one of the daughter clones was found in the CD34 " cell population.
‘These results indicated that the former type clones have relatively higher
SRC activity and that, as aresult of unequal distribution of SRC activity
in 2 daughter clones after cell division, 1 of the daughter clones exited
from the CD34" stem cell pool. Finally. in 11.19% of MTB-MTB clone
pairs, neither daughter clone was detected in the CD34° stem cell pool,
which may reflect the extensive replication required to repopulate both

primary and secondary recipients that eventually leads to exhaustion of

the stem cells. These results demonstrate the heterogeneity among
clones that repopulate both the primary and secondary recipient mice.

To further confirm owr findings of heterogeneity of SRC clones, we
yuantitatively examined what was the relative clone size ratio of cach
MTB-MTB clone pair in the CD34° stem celf pool by RQ-PCR. In the
majority of MTB-MTB clone pairs. the proportion of individual clone in
each clone pair varied widely (Figure 31i). Intercstingly, only a small
proportion of MTB-MTB clone pairs (no. 29-3, no. 29-18, and no.
29-45) ware found to be equally distributed to cach paired recipient.
Those clone pairs that were able to repopulate cqually in a paired
secondary recipient may have more extensive self-renewal capacity. The
results indicated that individual thymus-repopulating SRC clones have
different self-renewal capacitics. which is a basis for a hicrarchically
organized stem cell pool.

We also performed tertiary transplantation and analy zed SRC clones
found in the recipionts. The level of engraftment in tertiary recipients
was less than 149 in BM and 0.19 in the thymus (n = 4y, We performed
integration site analysis on unseparated BM MNCs of tartiary recipionts
and obtained 17 clones from 4 mice. The statas of individual terftian
SRC clones in the secondary recipicnts was examined by clone sacking
eraft as a sarling

analysis using the LAM-POR products from tertiary g
point of clonal anatysis. We found that all SRC clones in the wrtiary

mice were detected in the CDY stem celd pool of secondary
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recipient (Table 83 summarizes the results of the integration site
analysis of SRCs). The results of tertiary transplantation experi-
ment confirmed that only HSC clones that continuously replicate
themselves in the (D347 stem cell pool could produce descendents
to maintain long-term hematopoiesis.

Discussion

This study provides the first direct evidence for the multilineage
differentiation and self-renewal of human HSCs at the single-cell level
in vivo using PCR tracing analysis of individual thymus-repopulating
clones. We demonstrated that polyclonal thymus-repopulating clones
with multilineage differentiation and self-renewal abilitics were able to
maintain long-term human hematopoiesis. This study revealed several
features of human HSCs that ave important biologically and clinically.
First, self-renewal division of individual thymus-repopulating clones
resulted in clonal expansion of cells with multilineage differentiation in
vivo. Second, a single thymus-repopulating clone produced progeny
that were heterogeneous in SRC activity. Third, as a result of continuous
division and/or advancement of lineage commitment, some of these
multipotent thymus-repopulating clones were destined to limit their
capability for multilineage differentiation and self-renewal. Our
study indicated that, although the majority of thymus-repopulating
clones loose their self-renewal potential, a relatively small propor-
tion of thymus-repopulating clones retain extensive self-renewal
potential. Therefore, the self-renewal capacity distinctly different
in individual thymus-repopulating clones may cause a hierarchi-
cally organized stem cell pool.

Controlling the copy number of the virus vector in each transduced
cell is important for our clonality analysis. We recently reported the
direct evidence for single virus integration per cell in a transplantation
study.> When EGFP-transduced CD34° cells expanded in vitro were
divided and tansplanted into multiple recipient mice, the unique
integration site representing individual clones were detected in multiple
mice; in other words, multiple mice were engrafted with the same clone.
If a cell containg more than one integration site and assessed as
“different” clones, these different clones should be detected in the same
recipients. However, none of the dones demonstrated the identical
engraftment pattern. In addition. clonal tracking analyses in this study
clearly demonstrated that the individual SRC clones were both qualita-
tively and quantitatively heterogenous. Iverything being considered,
our infection condition achieves one copy per cell. Even if there is a
slight possibility that the number of copies per cell is more than
one. the clonality is not denied. Because a virus gene integrates into
the host genome at a random site. progenies having a common
integration site are developed from a single clone. It could affect
the numeric caleulation of the number of clones, but it would not
in(luence our interpretation of the result.

Although the concept of HSCs was proposed decades ago and is
well aceepted, little experimental data regarding multipotency of human
18Cs is available, Using a genetic marking strategy in buth experimen-

b
"

al™'? and clinical studies” % it has been suggested that hematopoietic
reconstitution after ransplantation is attributed to oligoclonal or poly-
clonal HSC activity and that the repopulation capacity of individual
HISCx s substantially hetarogencous. However. the results of these
studies, such as the presence of ransgene expression in I3 lymphocytes
andumyeloid cells and the detection of simikar genomic bands in multiple
hematopoietic recipicnt organs, were not sufticient o unequivocally
detwrmine the multipoteney of human TISCx at the singlecddl level.
Recently, Schimidt et al™ reported clonal evidence for multilineage
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human hematopoictic differentiation from I1-2Rey gene-transduced
CD34 cells ransplanted into patients with X-linked SCID. Considar-
ing that the 11 -2Rey has been known to play a critical role in ymphoid
development.’™ the observations based on the 11 -2Rey gene- expressing
clone may not reflect authentic hematopoietic development because of
possible lincage commitment redirection mediated by cytokines that act
on H-2Rcy. Although the HSC's potential was claborately assessed
clonally in vitro, 37 there exists some concerns; the lincage commit-
ment could be casily fluctuated by culture conditions; homing of HSCs
(o thymus was neglected. The field has thus far lacked experimental
evidence showing that purified hwnan HSCs possess the potential for
multilincage differentiation at the single-cell level. In this study, we
succeeded in demonstrating that a single HSC gave rise to myeloid., -
and B-lymphoid lineage cells by using | AM-PCR-based clonal tracing
analysis in highly purified lymphomyeloid cell populations. Our results
now provide data supporting the muitipotency of a single human HSC.

Transplantation of prospectively isolated donor cells in mice
has demonsirated that only HSCs can sustain thymopoiesis [or a
long period. 3% Allack of reliable in vivo experimental models for
human thymocyte reconstitution and clonal stem cell assays has
precluded determining whether the same applies to human HSCs,
In this study, we used the thymus-repopulating potential of
individual SRC clones as a means to analyze human HSCys at a
single-cell level in vivo. Previously, we have demonstrated that
human T lymphocytes derived from CD34 " cells and developed in
NOG recipient mice bore polyclonal VB TCR and responded not
only to mitogenic stimuli but also to allogencic human cells, which
reflects normal human T-lymphoid cell development. !¢ By
analyzing individual thymus-repopulating clones in the NOG
recipient. we  successfully demonstrated that human  thymus-
repopulating cells were derived from a single multipotent-type
HSC clone and were capable of maintaining long-term thymopoi-
esis in vivo. This is the first clonal evidence that multipotent HSCs
contribute to long-term human thymopoiesis.

Self-renewal is essential for HSCs to maintain homeostasis in
the blood system by the sequential generation of mature blood cells
throughout a lifetime. To maintain the total pool of HSCs. this
ability must be passed on to at least one of the daughter cells in each
division. I both daughter cells undergo terminal differcntiation,
HSCs will eventually be lost. On the other hand. il both daughter
cells retain stem cell properties. the total number of HSCs will
increase, resulting in expansion of HSCs. % In fact. an increase in
the number of murine?'*2 tand human®**y repopulating cells was
reported in serial ransplantation studies. [imiting dilution analysis
showed that secondary recipients contained larger numbers of
HSCs than was originally injected. These results suggest that 1ISCs

A

o
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can rephcate vigorousty under certain conditions. However. it has
been shown that HSCw intrinsically limit their potential for
self-renew. 47 Recently. Ema et al?®® observed the self-renewal
ability ol HISCs by single murine HSC serial transplantation
experiments and statisticadly determined that the number of TISCs
increased in the BM of recipients, although the mean activity of
individual HHSCs was reduced. Taken together, this finding suggests
that. although HSCs replicate themselves, which results in expan-
sion of 1ISCs, they sequentially loose their potential as a HSC. Our
clonal analysis of thymus-repopulating cells in paired secondary
recipients provides direct evidence to address this innate property
of HI5Cs in vivo.

Our finding that the same multipotent HSC clone was detected
in paired secondary reciptents (MTB-MTRB type) indicates that a
single SRC clone can self-replicate to produce 2 daughter cells with
multilineage differentiation and self-repewal potential, leading to
the in vivo expansion of SRCs. It has been considered that SRCs
that can engraft and give rise to multilineage cells in secondary
recipients are self-renewed 11SCs, Thus, these MTB-MTB clones
in this study could be defined as HSCs. However, when the
MTB-MTB clone pairs were further examined whether they
remained in the stem cell pool, one of the daughter clones in the
pair was no longer found in the (D347 cell population in
approximately hall of MTB-MTB clone pairs. Furthermore, the
stem cell phenotype was not retained in 11.1% of MTB-MTB
clones. Considering that [00% of MTB clones in primary recipi-
ents possess the stem cell phenotype, these results indicate that
SRC's with the stem cell phenotype progressively decrease during
serial transplantation, leading to exhaustion of SRCs. This is
consistent with our finding that the proportion of clones with the
stem cell phenotype decreased as the clone committed to specific
lincages. By assessing the phenotype of self-replicated multilin-
cage clone pairs. determined by the presence of common integra-
tion site in CD34 cell population. we were able to reveal the status
of 11SCs during aging. The loss of stem cell phenotype may be
caused by extensive replication required for hematopoietic reconsti-
tution in recipicnt. Afthough the total SRC population appears to
expand, our data indicate that the ability of individual SRCs, in
more than half of the clones, may become restricted during
fong-term hematopoiesis in vivo,

Our clonal tracking analysis clearly demonstrated that heteroge-
neity in the self~-renewal capacity of individual multipotent SRC
clones underlies the differences of clonal fongevity in the stem cell
pool (Iigure -4). Although most of the SRC clones loose their
self-renewal potential. a relatively small proportion of SRC clones

c

siem call pool

stem call paot

Figure 4. Schema of in vive expansion. (A) AHSC teplicates and produces 2 daughter celis, both of which tetain the HSC phenotype. The paired daughter HSCs inthe stem

cell pool contribute to hemalepoiesis: even ¢

the self tenewal activity of the patent HSC may be equally distributed to both daughters o1 may be skewed to eithet daughler

cell (B As asesull of hetetogeneous HSC rephication. one of the daughter HSCs loses the slem cell potential and therefore exits rom the stem cell pool, but still remains in the
progenitor pool (C) Bolh pated daughier cells have lost thein HSC potential leading te exhaustion from the stem cell pool. 34 indicates CD34  stem:/progenitor cells: M. CD33
myeloid ineage cells: B CD15 B lvmphoid fineage cells 1. CD3 {spleen) o1 CDA/CDS double positive (thvmus) T lymphoid lineage celis
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(3 of 43 total secondary descending clones) are able to continu-
ously self-renew. Our strategy which combined lineage-cell sorting
and LAM-PCR enabled identification of the MTB clone that
continuously self-renews in the stem cell pool and represents the
long-term HSC. Our study provides a method that can accurately
evaluate in vivo properties of human HSCs, and further studies
may lead to elucidation of the mechanisims of self-renewal of the
long-term human HSC at the single-cell level. It has been
demonstrated that long-term Icukemic stem cells have extensive
self-renewal potential, and their hierarchic organization of stem
cell pool was notably similar to the normal HSC compartment. ¥
These findings propose the idea that some forms of leukemia
imitate a system of the normal Jong-term HSC and retain or acquire
the extensive self-renewal capacity. The clonal analysis for proper-
ties of long-term HSCs in vivo will be a powerful tool to

SELF-RENEWAL DIVISION OF HUMAN HSCs INVIVO 2453

understand the mechanisms for tumaor mitiaton, progression, and
relapses and will Jead to cfficient use of 1SCs in clinical
transplantation medicine.
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HEMATOPOIESIS

A novel nonpeptidyl human c-Mpl activator sttmulates human megakaryopoiesis

and thrombopoiesis

Takanori Nakamura, Yoshitaka Miyakawa, Atsushi Miyamura, Akiko Yamane, Hidenori Suzuki, Mamoru ito, Yasuyuki Ohnishi,
Norihisa Ishiwata, Yasuo lkeda, and Nobutomo Tsuruzoe

NIP-004 is a novel synthetic compound
developed to display human thrombopoi-
etin (TPO) receptor (c-Mpl) agonist activ-

ity. NIP-004 displays species specificity,

stimulating proliferation or differentiation
of human c-Mpl-expressing cells such as
UT-7/TPO and human CD34* cells but not
murine c-Mpl—-expressing cells or cyno-
molgus monkey cells. To test the mecha-
nism of its action, we constructed mutant
forms of c-Mpl; murine c-Mpit49H dis-
played a response to NiP-004, whereas

human c-MplH%9L Jost this response, indi-
cating that histidine in the transmem-
brane domain of c-Mpl is essential for its
activity. Because histidine is not present
in the c-Mpl transmembrane domain of
rats, hamsters, rhesus macaques, and
cynomolgus monkeys, we examined the
in vivo efficacy of NIP-004 using mice that
received xenotransplants. In immunodefi-
cient nonobese diabetic (NOD)/Shi-scid,
IL-2Ry™Il (NOG) mice receiving trans-
plants of umbilical cord blood-derived

CD34+* cells, NIP-004 increased human
megakaryoblasts, mature megakaryo-
cytes, and circulating human platelets
6-fold, the latter being morphologically
and functionally indistinguishable from
normal human platelets. These observa-
tions indicate that NIP-004 is a novel
human c-Mpl! activator and induces hu-
man thrombopoiesis. (Blood. 2006;107:
4300-4307)

« 2006 by The American Society of Hematology

Introduction

Platelets are tmportant cells for preventing bleeding {ollowing
injury. Thrombopoietin ('TPO), a cytokine produced primarily
by the liver and kidney. regulates platelet production by
stimulating proliferation and differentiation of hematopoietic
stem cells, megakaryoeytic progenitor cells, and megakaryo-
cytes via activation of its receptor, ¢-Mpl.'? ¢-Mpl belongs to
the type | cytokine receptor family, and like crythropoictin
(PO and granulocyte colony-stimulating factor (GCSF) recep-
tors, a major conformational change of the homodimeric
receptor ensues upon TPO binding, followed by phosphoryla-
tion of the intracetlular domain of ¢-Mpl and various secondary
signaling molecules.® Among the signaling molecules activated
by TPO are Janus kinases (Jaks) and signal transducers and
activators  of transcription (STATs). phosphatidylinositol-3-
kinase (PI3KYAkKL. and Ras/mitogen-activated protein kinase
(MAPK). Activation of these signaling pathways results in the
induction of megakaryopoiesis and thrombopoiesis from hema-
topoictic stem cells.® Recombinant human (rhYTPO has been
proven to be cffective for the treatment of thrombocytopenia in
some clinical settings.” However. adverse events of therapy
have been reported, such as the development of neutralizing
antibodies to TPO. followed by thrombocytopenia or pancytope-

nia.® A nonpeptidy] synthetic compound  displaying  ¢-Mpl

agonistic activity would therefore offer important medical
advantages for the treatment of thrombocytopenia.

Toward this end, we developed a novel human ¢-Mpl (HuMph)
agonist, NIP-004. that displays species speciticity. While NIP-004
stimulated HuMpl-expressing cells such as human bone marrow
{(BM)—. peripheral blood (PB)-, and umbilical cord blood (CB)-
derived CD34° cells, it did not induce proliferation of murine
¢-Mpl (MuMpl)—expressing cells or colony formation of megakaryo-
cytes with BM cells from murine or cynomolgus monkey. Using
mutants of the ¢-Mpl receptor, we also found that substitution of
histidine (His) for leucine (Leuw) (149011) in the MuMpl transmem-
brane domain allowed the murine receptor to respond to NIP-004.
Conversely, HuMpl'H® Jogt its response to NIP-004, indicating
that the His residue is essential for NIP-004 activity. Because this
His residue is only present in the HuMpl transmembrane domain,
this observation also helps to explain the species specificity of
NIP-004. Morcover, this property requires a xenotransplantation
model to evaluate the in vivo biologic activities of NIP-004. We
used immunodeficient nonobese  diabetic (NODVShi-scid, 1] .-
2Ry (NOGHY mice as recipients. These mice exhibit highly potent
reconstitutive activity for human hematopoietic stem cells and can
maintain human hematopoiesis,” including megakaryopoiesis and
thrombopoiesis. for at least 6 months after ransplantation (Y.M.,
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T.N., Iliroshi Yoshida, M.L. Y.O., and Y.1.. manuscript in prepara-
tion). Using this model, we demonstrated that NIP-004 possesses
HuMpl agonistic activity in vivo, and these data support the in vitro
activity of the molecule.

Materials and methods

Reagents

Our search for ¢-Mpl activators was based on proliferation assays using
TPO-responsive cell lines with our chemical library (Nissan Chemical
Industries. Chiba, Tapan). which comprises approximately 50 000 com-
pounds. This process resulted in the identitication of several compounds
displaying growth-promoting activities. Lead optimization was performed
based on the conversion ‘of scaffold and functional groups to increase the
growth-promoting activity of the lead compound. Finally. a novel non-
petptidyl HuMpl activator, NIP-004 (5-[(2-{1-[5-(3.4-dichlorophenyl)-4
—hydroxy -3-thienyljethylidene }hydrazinoicarbonyl]-2-thiophenecarboxy-
lic acid) was chemically constructed at Nissan Chemical Industries. We also
synthesized another human TPO mimetic. SB-497115. Its structure was
presented in a poster presentation at the 46th annual meeting of the
American Society of Hematology.!® Cytokines including thTPO (Pepro-
Tech. Rocky Hill, NI and R&D Systems, Minneapolis. MN). thEPO
(Chugai Pharmaceutical. Tokyo. Japan). recombinant murine (rm) interleu-
kin-3 (11.-3) (R&D Systems). rhlI.-3 (R&D Systems). and rhGCSF
(PeproTech) were obtained as indicated.

Cells

Cells used in this study were human myeloblastic leukemia cell lines U7,
UT-7/TPO, and UT-7/EPO (kindly donated by Dr Norio Komatsu, Univer-
sity of Yamanashi. Japan), murine pro-B-cell line Ba/F3 (Riken Cell Bank.
Tsukuba. Japan). and human embryonic kidney cell line HEK293 (Ifealth
Science Research Resources Bank. Osaka. Japan). UT-7/1PO-HuMpl in
which the human c-mipl gene was genetically introduced under the control
of cytomegalovirus (CMV) promoter was kindly donated by Dr Norio
Komatsu. Stable transfectants such as UT-7/EPO-MuMpl. Ba/I:3-HuMpl.
Ba/F3-MuMpl. and Ba/F3-ITuGCSER were established to ransfect human
or murine c-mpl or human gesfr genes under the control of the CMV
promoter {pcDNA3 vector: Invitrogen. Carlsbad. CA)Y using electropora-
tion. UT-7 cells and the variant cell lines were mamntained in lscove
modified Dulbecco medium (IMDM) supplemented with 10% [etal bovine
serum (I'BS) and vthil.-3. thTPO. or rhizPO. Ba/l3 cells and their
transfectants were maintained in RPMI 1640 medium supplemented with
10% FBS and rmalL-3. thTPO. or thGOSTL HEK293 cells were cultured in
Dulbecco modified Fagle medium (DMEM) containing 10% FBS. Human
primary I{Clezxtiwix)ieiic progenitor cells were BM-0 PB-. or CB-derived
D347 cells (Cambrex. East Rutherford. ND. Cynomolgus BM-derived
D34 cells were prepared from BM mononuclear cells (Cambrex) using a
CD34 progenitor cell selection system (Dynabeads M-450 CD34: Dynal
Biotech. Oslo, Norway). Murine BM cells were prepured from BATBic
mice (Japan SLC. Shizuoka, Tapan)

Genes

The (DNAs of human or murine c-mpd or human gesfr were amplitied by
reverse transcriptase-polymerase chain reaction (RT-PCR) using a Super-
Script First-Strand Synthesis System (Invitrogen) aud cach specitic primer
set as follows: human c-mpl primer set (sense. S-ATGCCCTCCTGGGE-
COTCTT3 antisense. 3-TCAAGGC TGCTGCCANTAGC T3 murine
campl primer sel (sense, 5 -ATGCCCTCTTCGGCCCTC FTCAL Y -
sense. 3 -TCAGGGUTGCTGCOAATAGOTTNGT-3 0 and human gosfr
primer set (sense. S-ATGGCAAGGO TGGGAAANCTGOA3 antisense,
SCTAGAAGUTCCCCAGOCGCCTUCAA L Tullb-dength (DNAS were
cloned into pCR vector nvitrogen) and were subdoned inte the EveR] site
ol the pcDNA3Z vector In vigo sstagenesis of human or murine <o
genes (HTuMpl™ or MubMpl' **™ was performed using QuikChange
Site-Dirvected Mutagenesis Kit (Suatagene. T ol O and a spedific
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primer set as follows: HuMpli* primer set (sense, 5-GGTGACC-
GCTCTGCTACTAGTGUTGGGUC-3" antisense. 5-GGUCCAGCAC
TAGTAGCAGAGCGGTCACC-3") and MuMpl' *9 primer set {sense.
S-GTCACTGCTCTGCACCTGGTGCTGAGC-3": antisense. 5-GCT-
CAGCACCAGGTGCAGAGCAGTCAC-3"), according to the protocols of
the manufacturer. ‘The ¢DNAs of cynomolgus monkey. rhesus macaque.
common marmuoset. and squirrel monkey ¢-mpl homologous genes were
amplified by R1-PCR using a human c-mpl primer set and total RNA
isolated from whole blood for each nonhuman primate {Hamwi. Ibaraki.
Japan). A human c-mpl primer set and a nesled primer set (sense.
SLCTTTGGAACCCGATACGTGTG-3": antisense. S-GGAGGATTTC-
CAGGAGGCTG-3"). designed for high-sequence homology between hu-
man aud murine ¢ -upl genes, were used for amplification in Japanese white
rabbit (Kitayama Labes. Nagano, Japan). Syrian hamster. Hartley guinea
pig (Japan SLO)Y. and Wistar rat (Charles River lapan. Kanagawa. Japan)
c-mpl homologous genes. The ¢DNAs of these animal c-mpl homologous
genes were cloned into the pCR vector, and their sequences were identified
as accession numbers AB235193, AB235192. AB235194, AB235195.
AB235199. AB235198. AB235196. and AB235197 for cynonmiolgus mon-
key, rhesus macague. common marmoset, squinrel monkey. Japanese white
rabbit, Syrian hamster. Hartley guinea pig. and Wistar rat, respectively.

Proliferation assay

A total of 2 X 10 10 6 X [P cells were harvested in IMDM or RPMI 1640
medium containing 105 FBS and cytokines or NIP-004 at the indicated final
concentration and incubated in a CO)s incubator (5% (O, 37°C) for 3 to 4 days.
depending on the cell tine. Cell proliferation was assayed using WS-8 reagent
(Kishida Chemical. Osaka, Japan) according to instructions from the manufac-
turer. The formazan pigment was detected by measuring absorbance at 450 nm
with & 96-well microplate reader, Spectramax 190 (Molecular Devices, Sunny-
vale. CAYor Mode] 550 (Bio-Rad, Hercules. CA).

Immunoprecipitation and Western blotting

A total of 2 X 107 UT-7/PO-ITuMpl cells were starved for 17 hours at
37°C and stimulated with 20 pg/ml. NIP-004 or 30 ng/ml. BT PO at 37°C
for 15 minutes. Cells were solubilized in 1 ml. TNE buffer comprising 20
mM Tris-HCE bufter (pH 7.4). 150 mM NaCl. | mM ethylenediaminetet-
raacctic acid (MDTA)Y 1% Triton X-100. 1 mM phenyl methane sulfony]
fluoride. | mM Na;VO, and 1:400-diluted protease inhibitor cocktail
(Sigma. St Louis, MO). After centrifugation. (eared lysates were incubated
with anti-Mpl (BI.. Gunma. Japan). anti-Tak2 (Upstate Biotechnology.
Waltham. MA)Y and anti-STATSa (Upstate Biotechnology) for 1 hour at
3°C. Imiaune complexes adsorbed with protein G-Sepharose were resolved
by 7.5% sodium dodecyl sulfate-polyacrylamide gel clectrophoresis.
Transferred polyvinylidene fluoride membrane (Millipore. Bedford. MA)
was immunoblotied with monoclonal antiphosphotyrosine antibody (BD
PharMingen. San Diego, CA) or anti-Mpl. anti-Jak2. or anti-STAT 5a and
alkaline phosphatase (AP labeled secondary antibody (nvitrogeny: then
the proteins were visualized using nitroblue tetrazolium and S-bromo-4-
chloro-3-indolyv phosphate reagents (Bio-Rady

Megakaryocyte colony-forming unit assay

Megakaryocyte colony-forming unit (CFU-MK) assays were performed
using MegaCult-C (StemCell. Vancouver, BC. Canada) according to the
manufacturer’s protocol. A total of 7.5 X 107 human or cynomolgus
monkey BM-derived €CD34 cells or 2.5 X 108 human CB- or PB-
derived D34 cells were cultured with NEP-0O4 or vhTPO for 11 days
in colagen-based. semisolid medium  After fixation. megakmy ooy tes
were visualized with amtibody against CD4a vsing AP stining Nudled
were statned with Frans blue, Stained colonies were exanuned under
Nikon Echpse ESOOD microscope equipped with a 10 X 03 numeric
aperture (NAG objectve Jens (Nikono Tokyo, Tapan)  Images were
captured using an Olympus Camedia €300 digital camera 1Oy mpus.
Fokyvoo Tapan), The murine CFUMEK assay was performed as 1ollow s
30X 10T murine BN cells were cultured with NIP-00d or eh PO for 7
davs 1 agar-based, somisolid medinm comprising INDM . 1o bosine
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serum albunin. 0.6 mg/ml wransfervin. 8 pe/ml. cholesterol and 0+
agar. After fixation in glutaraldehyde, megakaryocytes were visualized
by nweasuring the internal acety] cholinesterase activity as previously
described.

Luciferase assay

HEK293 cells were transfected with peDNA-HuMpl. HuMpt#  MuMpl.
or MuMpl ™ in combination with pXM-MGF (STATS) and acute phase
response element-luciferase construct (kindly donated by Dr Akihiko
Yoshimura'?) using the Effectene transfection reagent (Qiagen, Hilden.
Germany). Twenty-four hours after wansfection, cells were starved for 8
hours, followed by stimulation with thTPO or NIP-004 at the indicated
concentration for 18 hours. Cell extracts were prepared. and luciferase
activity was measured using PicaGene reagent (Toyo B-NET, Tokyo. Japan)
according to the manufacturer’s instructions.

Xenotransplantation assay

NOG mice were developed at the Central Institute for Experimental
Animals (Kanagawa, Japan) and were maintained under specific pathogen-
free conditions. Shorly before cell transter, 8- to 10-week-old NOG mice
were irradiated with 2.4 Gy x-rays. Frozen 1 X 10° CB-derived CD34°
cells were washed with IMDM miediun supplemented with 0.1% BSA and
the cells then inwavenously inoculated into mice. After transplantation.
mice were provided with sterile water containing prophylactic neomycin
sullate (Gibeo BRI Grand Island. NY). Mice received daily subcutancous
administration of NIP-004 for the indicated period at a dosage of 10 or
30 ma/kg (with PBS containing 1.6% PEG400 and 2.4% ethanol vehicle)
from 2 to 6 months after transplantation. Whole blood containing EDTA-
2Na or (.38% sodium citrate was prepared recurrently from a mouse.
Complete blood counts were obtained using a K-4500 automated analyzer
(Sysmex, Hyogo. Japan). BM cells were obtained by flushing the femurs.
and cell numbers were counted using a hemocytometer (Frma. Tokyo,
Japan) after staining with Turk solution.

Flow cytometry analysis

To detect human cells in murine blood. multicolor flow cytometry was
performed using an EPICS-XL flow cytometer (Beckman Coulter. Franklin
Lakes. NI, Samples were incubated with the indicated antibodies for 30
minutes at 4°C and were depleted of erythrocytes by fixation in fluorescence-
activated cell sorter (FACS) lysing solution (B PharMingen). Antibodies
used in this study were as follows: anti-human CP33-fuorescein isothio-
cvanate (FITCH CD3-FITC. CDA1a-FITC. CD34-FITC. CD71-FITC. CD34-
phycoerythrin (PE). CD41a-PE. CDI19-PE. CD45-PE Texas red (ECD).
CD38-PY S-succinimidylester (PCS). anti-murine CD45-FITC, and CD41-
FITC. Antibodies conjugated with FITC. PEC or PCS were purchased from
BD PharMingen. Antibodies conjugated with ECD were purchased from
Invmunotech (Marseilles. France). Platelets were incubated with the indi-
cated antibodies at room temperature and directly applied to the low
cytometer. Human platelets were examined by double staining with
anti- murine CDA1-FITC antibody and anti~huwman CD41a-PE antibody. in
which platelets were identified by size and galed by forward and side
scatter, The actual number of human CD4la’ platelets was calculated as
follows: actual human CD4la’ platelet count = thuman CD4la platelet
count/fhuman CD41a* platelet count + murine CD41° platelet count]) X
whaole platelet count.

1o detect human megakaryocvte ploidy. BM cells from NOG mice that
reccived \enotransplants were stained using anti-human CD4a-PE and-
body and fined with 1% paraformaldchyde. Fixed cells were stained using
7-amino-actinomycin D (7-AAD) dye ilmmunotech) and examined by

2-color oy tometric analysis

Immunohistochemistry

Femurs of NOG mice that received xenotransplants were removed for
histologic exanipation. Tissue was fixed in neatral buffered formalimn and
decaldified, lollowed by paraftin embeddmg and sectivning. hnminohisto-
chemisty was performed  with murine monodlonal antibodies apain<
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human CD42b (Chemicon, Temecular CAY and EnVision 4 peroxidase
‘\,l':xining kit (Dako. Carpinteria. CA). Stamed sections were examined using
an Olympus BX3 1 microscope equipped with a 10 X 0.3 NA objective and
connected to an Olympus DP 12 camera, using DP12 software.

Electron microscopic analysis of human platelets from mice
undergoing xenotransplantation

Immunoclectron microscopy was performed as previously described.
Whole blood containing 0.38% sodium citrate. 1 uM prostaglandin ¥,
2 Ul apyrase, and 2 mM aspirin (Sigma) was prepared. Platelet-rich
plasma (PRP) was fixed with glutaraldehyde and sequentially immersed in
I M sucrose. 1.84 M sucrose, and 1.84 M sucrose with 20% polyvinylpyrro-
hidone (MW 10.000; Sigma) in PBS. After freezing platelets in liguid
nitrogen, ultrathin frozen sections were cut using an Ultracut ultrami-
crotonwe {Reichert. Vienna, Austria) with a cryoattachment (FC-4E: Reichert)
at ~90°C. Sections were mounted on nickel grids and incubated with
anti-luman CD41a monoclonal antibody (Immunotech), followed by goat
anti~mouse lgG coupled to colloidal gold (10 nm: Amersham. Olen,
Belgium). Sections were stained with uranyl acetate and subjected to
adsorption staining using a mixture of polyvinyl alcohol and uranyl acetate.
Stained sections were examined using a JEM 1200EX electron microscope
(1O, Tokyo. Japan) at an accelerating voltage of 80 kV.

Functional studies of platelets from NOG mice undergoing
xenotransplantation

Functional studics of platelets were performed as previously described. ™
After administration of NIP-004 (30 mg/kg/d subcutancously for 14 days)
or vehicle, PRP was obtained. and N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPESTyrode buffer (138 mM NaClL 0.42 mM
Nall-PO,. 2.68 mM KCL 12 mM NaHCO5, 10 mM HEPES. S mM glucose,
and 1.7 mM MgCla. pH 7.4) was added at a 119 ratio. To determine the
expression of P selectin upon agonist stimulation, platelets were stimulated
using 10 pM ADP or vehicle for 15 minutes in the buffer containing
anti-human CDG62p-PE amibody (BD PharMingen). After fixation with
0.5% paraformaldehyde. cells were washed and incubated with anti-human
CD41a-PC5 (BD PharMingen) and anti-murine CD41-FI'TC antibody. To
determine the activation of GPIb-IIla. platelets were stimulated with 0 to
10 uM ADP for 5 minutes with PAC-1-FTTC (BD Pharmingen).
anti~human CD42b-PCS, and anti-murine CDG1-PE antibody and then
fixed and washed. Stained platelets were analyzed by flow cytomelry.

Statistical analysis and ethical considerations

Results are expressed as mean £ SD or mean = SEM as indicated.
Differences hetween groups were examined for statistical significance
using the Student 1 test. Animal experiments were conducted according to
the “Guideline for animal experimentation”™* by the Japancse Association
for Laboratory Animal Science. All experimental protocols were approved
by the ethics review committees for animal experimentation of Keio
University and Nissan Chemical Industries.

Results
NiP-004 is a novel human c-Mpl activator

We conducted a search for ¢-Mpl activators based on proliferation
assays with TPO-responsive UI-7/TPO and UT27/LPO-T1TuMpl cell
lines. Scareened agents were obtained from our chemical library,
comprising approximately 50 000 compounds. This process re-
sulted in the identification of several compounds  displaying
erowth-promoting activity. Lead optimization was subsequently
performed (o create o-Mpl activators with greater growth-
promoting activity. NIP-004 is a synthetic compound (MW 455:
Figure 1A) and stimulated the proliferation of UT-7/1POM a
human leukemia cell line endogenously expressing HuMpl. in a
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Figure 1. NIP-004 is a novel human c-Mpl activator. (A) Chemical structure of
NIP-004. (B) Dose-dependent proliferation of UT-7/TPO cells, but not parental UT-7
cells, by NIP-004. Recombinant human TPO and rhiL-3 induced proliferation of
UT-7/TPO and parental UT-7 cells, respectively. (C) TPO and NIP-004 induced
proliferation of UT-7/EPO-HuMpl but not UT-7/EPO (top panel) EPO stimulated
proliferation of UT-7/EPO and UT-7/EPO-HuMpl as a positive control. NIP-004
stimulated proliferation of Ba/F3-HuMpl but not Ba/F3-HUuGCSFR (bottom panel).
GCSF stimulated Ba/F3-HuGCSFR cells. TPO induced proliferation of Ba/F3-HuMpl
cells as a positive control. 1L.-3 stimulated both Ba/F3-HUGCSFR and Ba/F3-HuMpl.
Data in panels B-C are expressed as the mean * SEM (n 3o 4) ormean * SD
(n  2; Ba/F3-HUGCSFRY) from independent duplicate experiments. (D) Induction of
tyrosine phosphorylation of ¢c-Mpl, Jak2, and STATS in UT-7/EPO-HuMp! cells by
TPO and NIP-004. NC indicates negative control; E, 0.1 U/mLThEPO; IL-8, 0.1 ng/mL
mil-3; G, 10 ng/mbL thGCSF; T, 10 ng/ml thTPO; NiP,, 1 ng/mL NIP-004; NP,
20 pg/mL NIP-004; P-Tyr, phosphotyrosine

dose-dependent manner (Iigure 1B). Compared with 10 ng/ml
thTPO, which induces a maximal response in this cell line, the
median effective concentration (ECsg) of NIP-004 was 23 ng/ml.
(50 nM) in UT-7/TPO cells (Figure 1B). Proliferation of UT-7 cells,
the parental cell line of UT-7/TPO. can be induced by cytokines
such as human I1.-3, human granulocyte-macrophage colony-
stimulating factor (GMCSY), 11.-6. stem cell factor, and PO but
not by TPO because UT-7 does not display ¢-MplL'¢17 Consistlent
with its action through ¢-Mpl, NIP-004 did not induce the growth
of UT-7 cells (Figure B, right panel). Recombinant human 11.-3
induced proliferation of UT-7 cells as a positive control. We also
confirmed the roles of HuMpl using other ¢el] lines as follows.
When HuMpl was introduced into UT7/EPO cells. S ATE7/EPO-
HuMpl transfectants responded to both thTPO and NIP-004
(Figure 1C, upper panel). NIP-004 induced proliferation of Ba/}3-
HuMpl cells but not Ba/F3-HuGCOSEFR cells expressing human
GUSF receptor, indicating that NIP-004 acts on ¢-Mpl (Figure 1€,
lower panel). Recombinant human GCSE and thTPO stimulated
proliferation of Bw/T3-IInGCSER and Ba/FR-HuMpl cells as
positive controls, respectively (Figure 1C),

Alarge body of evidence indicates that like other type 1 lamily
eyvtokine receptors, PO signaling is dependent on Jak-induced
phosphorylation of tyrosine residues within the cytoplasmic do-
main of ¢ Mpl. Subsequently, secendary signaling molecules.
including STATS. are reeruited to the phosphotyrosine residucs
and are activated by ther phosphoryiaton.t Admimistration of
20 pg/ml. NIP-004 induced phosphorylation of ¢-Mpl. Jak2. and
STATS proteins in HEZA-PO-TTaMpl cells alter 15 minutes (ligure
I 1TPO was used as positise control stimulation (Figure ) In
addivion, rh PO and NIP-004 induced phosphoryviation of Akt an
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antiapoptotic protein in the PI3K-Akt signaling pathway, via ¢-Mpl
(data not shown).

We next examined whether NIP-004 possessed the capacity to
induce megakaryocyte differentiation using colony-forming assays
and histologic staining with a monoclonal antibody against integrin
GPIb-THa (CD41a), a specific marker of the megakarvocyte-
platelet lineage.”® NIP-004 1 pg/ml. alone stimulated colony
formation of CD4la" megakaryocytes [rom human BM-derived
CD34*° hematopoietic progenitor cells in serumiree, semisolid
cultures (Figure 2A). NIP-004 induced maturation of megakaryo-
cyles, since large polyploid C'D4la’ cells appeared in the colony
(Figure 2A). NIP-004 increased the number of CHFU-MKs from
human BM-derived (D347 cells in a dose-dependent manner
(Figure 2B, left panel). Furthermore, a number of CFU-MKs
developed from human CB- or PB-derived CD34° cells treated
with NIP-004 (Figure 2B). The efficiency of CI'U-MK production
in CD34° cells was higher in CB- and PB-derived cells than in
BM-derived cells, as previously reported (Figure 2B, right panel).”!

NIP-004 displays species-specific activity

Because NIP-004 was obtained using cells expressing 1TuMpl, the
effects of NIP-004 on ¢-Mpl from other species were examined.
NIP-004 did not induce proliferation of UT-7/EPO-MuMpl or
Ba/F3-MuMpl cells, which were engineered (o express murine
c-Mpl receptor (Figure 3A). Furthermore, NIP-004 did not increase
the number of CFU-MK colonics from murine BM cells or
cynomolgus monkey BM-derived CD34 cells within the effective
dosage for human cells (Figure 3B). Likewise, rhesus macaque
BM-derived CD34 " cells failed to form CFU-MK colonies in the
presence of a NIP-004-derived compound (data not shown). These
results indicate that NIP-004 displays species specificity.

To identify the molecular basis for the species specificity
displayed by NIP-004. we analyzed the amino acid sequence of
¢-Mpl from 2 nonhuman primates, cynomolgus and rhesus mon-
keys, and compared them with the HuMpl and MuMpl. Cynomol-
aus ¢-Mpl displayed the highest level of sequence homology, 96%

uCD34* celis

BM-derived H
; o %

Bi-derived HUCD34* calls [} CB-derived HuCD34* cells
1 TR0 H PB-derived HuGD34* cells
@
B ; gl
Qe §
5 loo |4 A

NG T NIP,NIP,

ngiml  pg/mi

Figure 2. Stimulation of megakaryocyte colony formation from human CD34*
cells by NIP-004. (A) Morphology of CFU MK colonies obtained from human
EM detived CD34 cells heated with 1 pg'mlb NIP 004 CFU MKs were visualized
with AF labeled antibody against human CD41 Pelyploid megakaryocytes are
shown in detall i the tight panel. Bar 206 pm (B) The number of CFU MKs from
human 8M-, CB | and PB detived CD34  cells reated with 110 3 pg-mb NIP-004 was
similar to thal with 10 ngil th1PO Results ate expressed as mean  SEM trom
1 independent expenments (BM) ormean  SD hom 2 independent expenments (CB
and PBY. NC indicates negative contiol 710 ngml thTPO, NIP, 1, g/t NIP 004
NIP-. 3 pgmi NIP 004

&
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Figure 3. NIP-004 displays species-specific aclivity. (A) NIP-004 failed to
stimulate proliferation of UT-7/EPO-MuMpl- and Ba/F3-MuMpl--expressing muine
Mpl. In contrast, EPO and TPO stimulated induced proliferation of UT-7/EPO-MuMpl
as a positive control. IL-3 and TPO enhanced proliferation of Ba/F3 MuMp! as a
positive control. Data are expressed as the mean -« SEM from 3 independent
experiments {B) Recombinant human TPO stimulated CFU-MK colony formation
from murine and cynomolgus monkey--derived bone marrow cells in a dose-
dependent manner. In contrast, NIP-004 failed to induce CFU-MK colonies under the
same conditions. Data are expressed as the mean - SD of duplicate assays. NC
indicates negative control; E, 0.1 UrmL rhEPO; IL-3, 0.1 ng/mb rmiL-3; T. 10 ng/mL
thTPO: NIP, 1 pg'ml NIP-004

identical to HuMpl. with only 22 amino actds differing between the
2 species, and 12 of the 22 amino acids of HuMpl differed from
rhesus ¢-Mpl. Comparison of these 12 amino acid residues as either
hydrophobic or hydrophilic. and either electrically charged or
uncharged. revealed distinguishing features of the amino acid
residues. s at position 499 from the N-tenminal end in the
transmembrane domain of HuMpl is specific for humans. We thus
performed site-directed mutagenesis Tor this residue in HuMpl and
MuMpl (Figwe 4A) and analyzed STATS activation via cach
receptor in the 1HEK293 cell line using the STAT-reporter gene
assay (Fgure 4B). Wild-type HuMpl. but not MuMpl. activated
STATS alter sumulation with NIP-004 in a dose-dependent manner.
HuMpl with ThHs499 mutated to Teu failed to induce STATS
activation following stimulation with NIP-004, although th'TPO
was active. Conversely, when MubMpl was engineered to contain
His490. as is present in the human receptor. it was then capable of
activating STATS (Figure 413). These observations indicate that 1is
in the transmembrane domain of ¢-Mpl is essential for NIP-004 (o
Tunction as a ¢-Mpl activator. We therefore assessed the ¢-Mpi
amino acid sequence in several common experimental animals to
find a suitable species in which we could evaluate the in vivo
efficacs of NIP-004 for platelet production. Our search revealed no
animals with His in the transmembrane domain of ¢-Mpl among the
common marmosct, squisrel monkey. Japanese white rabbit, Syrian
hamster, Hartey guinea pig. and Wistar vat (Figure 40,

NIP-004 stimulates human megakaryopoiesis in NOG mice
undergoing xenotransplantation

Beviuse we were unable to find sutable expertmental animals with
His in the GMpE tananembrane domain to ey aluate the effects ol
NIP-004 we seledted a senotransplantaion yodel to examine in
ive tiicacy of (he compound for hviman megakaryopoicsis and
thrembopoeiesis, We used NOG mice to des elop this new exparimen-
tah anumal model of human megahavopoicsis. becase this species
displaved high potency for 1ecenstituting huinan hematopoietic

Progeniton cells
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In NOG mice receiving transplants with human CB-derived
CD34 cclls, weatment with 30 mg/keg/d NIP-004 for 2 weceks
resulted in a 2-fold increase in human (Hu) CD41a’ megakaryo-
evles in murine BM (0.9% in NIP-004-+treated mice versus 0.3% in
vehicle-treated mice) but no alteration in the number of murine
CD41 megakarvoeytes (Figure SA). This dosage of NiP-004
achicved a plasma concentration of approximately 0.6 pg/ml. at
steady state. NIP-004 thus enhanced human megakaryopoiesis at
an in vivo dosage comparable to that in the in vitro colony
formation study (Figure 2B).

NIP-004 did not influence the total number of nucleated cells, the
percentage of human or murine (D45 leukocytes, the percentage of
TuC'D38 CDIY’ B lymphoid or HuCD38 D33 myeloid cells in
HuCDA45 " cells. or the number of HuCD45 CD71° erythroblasts in
murine BM  (Figure 3B). Although the total percentage of
HuCD45 CD34 hematopoietic progenitor cells was not altered by
NIP-004 administration, we observed a L5-fold increase in the percent-
age of HuCD45 CD34" CD4la’ megakaryoblasts (Figure 5C). This
finding indicates that NIP-004 cnhanced the number of human
megakaryoblasts and megakaryoeytes in xenotransplanted murine BM.

We next examined whether NIP-004 induced the maturation of
megakarvocytes in vivo. DNA ploidy of HuCD41 " megakaryo-
cytes was analyzed by flow cytometry using anti-ITuCD41 anti-
body and 7-AAD dye. In mice that received transplants, BM cells
were prepared after treatment with NIP-004 (30 mg/kg/d for 2
weeks) or vehicle. Each ploidy class of hwman megakarvocytes
was increased in mice treated awith NIP-004, with statistical
significance in all but the 32N class (Figure 5D). NIP-004
increased the percentage of HuCD4 1a’® 128N megakaryocytes by a
mean 2.7 = 0.1 times.

Similar results were obtained in immunohistochemistry. BM
from mice receiving xenotransplants was stained with monoclonal
antibodies against human integrin GPIb (1uCD42b) to specifically
visualize human megakaryocytes (Figure SE-I). Murine megakaryo-
eyvles were not stained with this antibody. NIP-004 (30 mg/ke/d for

B
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Cynomuoigus Bonkey WISLVTALILLVLGLSAVLGLLLL
Rhesus Macaguo WISLVTALIFLVLGLSALLGLLLL
Common Marmoset WISLVTALIFILYLGLSALLGLLLIL
Squirrel Monkey WISLYTALIFLYLOLSALLGLLLL
Hartioy Guinea Pig WISLVYALIFLVLGLSALLGILLL
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Figure 4. His in the transmembrane domain of c-Mplis the essential residue for
NIP-004. (A} Schema of site-ditected mutagenesis in HuMp! and MuMpl. EM
rizates extraceliular module: TM. hansmembrane module. CM. cyteplasmic mod-
e (B STATS reporter gene assay showing induction of STAT activation via HuMpi
and MubApF > but not HulMplP2t o MuMpi following NIP-004 administration Data
are expressed as the mean 8D from 2 independent expenments (C) Compatison
of amine acid sequences of ¢-Mpl hansmembrane domain from various arimals
His400 only exists in humans and notin other species
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Figure 5. Effects of NIP-004 on human megakaryopoiesis in xenotransplanted
murine bone marrow. (A) NIP-004 incieased HuUCD41a" megakaryocytes, but not
MuCD41* megakaryocytes, in NOG mice receiving xenotransplants. (B) NIP-004
had no significant effect on the number of total nucleated cells and the percentage of
other cell lines in murine BM. (C) NIP-004 increased the number of human
megakaryocytic progenitor cells (HuCD45° CD34' CD41a’ ) butnot HuCD45 CD34*
hematopoietic progenitor cells. (D)} FACS analysis of DNA ploidy of HuCD41"
megakaryocytes. NIP-004 induced maturation of human megakaryocytes in the BM
of NOG mice receiving xenotransplants. Data in panels A-D are expressed as
mean : SEM (n = 3). "P~ .05, **P.. .01 between NIP-004 and vehicie. N.S.
indicates no significant ditference compared with vehicle. Similar resulls were
obtained from 2 independent experiments. (E-F) immunohistochemical staining of
xenotransplanted murine BM with a monoclonal antibody against human integrin
GPIb (HuCD42b). Sections were obtained from the femurs of mice treated with
vehicle (E) or NIP-004 (F). Bars, 200 p.m

2 weeks) clearly enhanced human megakaryopoiesis (Figure
5E-F). These findings demonstrate that NIP-004 specifically en-
hanced human megakaryopoiesis but not other types of human
hematopoiesis in mice receiving xenotransplants.

NIP-004-induced production of human platelets in mice
undergoing xenotransplantation

All NOG mice (n = 84) receiving transplants with human hemato-
poietic cells produced human platelets for at least 1 to 6 months. To
clarify whether NIP-004 increased circulating human platelets in
mice receiving xenotransplants, several administration protocols
were used. NIP-004 30 mg/kg/d subcutancously for 2 wecks
induced a statistically significant 4.4-fold increase in circulating
human CD41a’ platelets at day 14 (Figure 6A). NIP-004 did not
influence the total number thuman and murine) of red blood cells.
platefets, and white blood cells (Figure 6B, upper panch. The
number of murine CD41 platelets and chimerisms of HuCD43
leukocytes was not altered by NIP-004 administration (Figure 68,
middle panel). Furthermore, NiP-004 did notinfluence the pereent-
age of HuCD19 B lymphoid, HaCD3 1 Iymphoid. or HuCP33”
mycloid cells among the circulating HuCD45  cells inmice
receiving xenotransplants (Figure 613, Jower pancl).

Next, the effect of the administration period or dosage was
examined. When NOG mice receiving transplants with TTuCD 34
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cells were treated with NIP-004 30 mg/kg/d for 5 weeks, there was
a 6.4-lold increase in buman platelets (Figure 6C). In mice
receiving transplants, treatment with 10 mg/kg/d NIP-004 for 2
weeks resulted in a 3.2-fold increase in human platelets (Figure
6C). Human platelet counts returned to pretreatment levels after
cessation of drug treatment (Figure 6(7). When mice were reex-
posed to NIP-004. the number of human platejets increased again,
suggesting human megakaryopoiesis was maintained in NOG mice
undergoing xenotransplantation (data not shown).

To clucidate whether the human platelets in NIP-004-treated
mice displayed normal morphologic features, immunoelectron
microscopic analysis was performed using antibodies against
HuCD41 and MuCD41. Platelets were prepared from mice after
administration of NIP-004 30 mg/kg/d subcutaneously for 2 weeks,
when human platelet chimerism increased from 2% at bascline to
approximately 9%. Human platelets were labeled with gold
particles to visualize HuCD41 (Tigure 7A). Human platelets
labeled with gold particles were Jarger than unlabeled murine
platelets. Human platelets exhibited discoid forms similar to
normal human peripheral platelets,”? containing some granules.
mitochondria, and other organclles. Conversely, when antibody
against MuCD41 was used, some platelets were not labeled with
gold particles on the surface (data not shown). These observations
indicate that NIP-004 administralion in mice receiving xenotrans-
plants resulted in the production of human platelets ‘that were
morphologically indistinguishable from normal human platelets.

We next studied whether the circulating human platelets in
NOG mice were functional. Platelets were obtained from either
NIP-004- or vehicle-treated mice. When platelets were stimulated
with 10 pM ADP, surface expression of P selectin (CDO2p) was
abserved on human platelets from NIP-004-treated mice at almost
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Figure 6. NIP-004-induced production of human platelets in NOG mice receiv-
ing xenotransplants. (A) NIP-004 incieased the number of circulating human
platelets in NOG mice. (B) NiP-004 did not change the number of murine plaielets o
chimerism of HUCDME  cells. NIP 004 had ne effect on the percentage of human B
(CO18 ) cells, human T (CD37) cells. and human myeloid (CR33 ) cells in the
petipheral HUCD45  cells. Data fiom paneis A B ate expressed as he mean - SEM
N 3) () NIP-004 mcieased the number of citculating human platelets The
increase was calculated as the number of ciiculating human platelets at individual
time peints dwided by the pretreatment valie (day 0) Data are expressed as the
mean SEM (0 31to 6) or mean - SD (n 2). ‘P 05 TP 01 between
NIP 004 and vehicle af indrddual time ponts N 8 indicates ne significant differenves
campated with vehicle
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Figure 7. Morphologic and tunctional features of human platelets induced by
NIP-004 in NOG mice. (A) Immunoelectron microscopy using antibody against
HuCD41a identified human platelets in PRP derived from NIP-004-treated mice. The
surface of a platelet located in the center is [abeled with gold particles (arrow),
indicating that it is of human origin. Bar, 1 pm. (B) P selectin (HUCD82p) expression
upon ADP stimulation in human platelets was similarly increased in both vehicle- and
NIP-004-treated mice. (C) After stimulation with various concentrations of ADP, there
was a similar dose-dependent escalation in the percentage of PAC- 1~-positive human
platelets from vehicle- and NIP-004-treated NOG mice receiving xenotransplants,
PAC-1 antibody specifically recognizes the activated form of GPlibilla. Data are
expressed as the mean - SEM{n  4).

the same rate as vehicle-treated mice (Figure 7B), suggesting that
a-granules were released. ™ In addition, we examined whether the
human platelets found in NIP-004--treated mice receiving xenotrans-
plants exhibited a similar response to ADP stimulation as normal
platelets (Figure 7C). The active form of fibrinogen receptor
(GPHb-11Ia integrin) on human platelets was recognized by binding
of the PAC-1 monoclonal antibody (Figure 7). Human platelet
activation by ADP was dose dependent, and the mean concentration
of ADP required to produce 50% activation of the human platelets
was 0.6 uM in NIP-004-ueated and 0.3 pM in vehicle-treated
mice (Figure 7C). These observations indicated that NIP-004 had
no adverse effects on the function of human platelets,

Discussion

In this study, we identified a nonpeptidyl synthetic compound.
NIP-004, as a novel ¢-Mpl activator. In vitro studies revealed
that rhTPO and NIP-004 display a similar potential to activate
HuMpl. However, unlike rhTPO. NIP-004 displays species
specificity. Recently, nonpeptidyl small molecule compounds
such as benzodiazepine derivatives,” hydrazinonaphthalenes
and azonaphthalenes, > and substituted thiazole?® and xantho-
cilling*® have been reported as possessing TPO-like activity. In
some cases, ¢-Mpl agonists such as SB394725 exhibit species
specificity.”” This study confirms that His in the transmembrane
domain of ¢-Mpl is cssential for NIP-004 agonist activity
tJigure 413). Although Tlis exists in the transmembrane domain
of HuGOSEFR and mouse I1L-3/GMCSE/IT -3 common 3 subunit
2 (Muf3 2y (ENSPO0000R42623 and ENSMUSPOO000006263
from the Ensembl database. respectively ), Ba/l3-1TuGOSER cells
expressing Muf3.2 and HuGCOSER did not respond to NIP-004
(Iigure 1€y Because the position of His in the transmembrane
domains of HuGCOSTER and Mu3 2 does not correspond to HuMpl,
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we speculate that the His may need to be present in the middle of a
transmembrane domain and/or interact with other amino acids of
¢-Mpl for NIP-O04 agonist activity. It has been reported that the
point mutation of Teud99 to His in the transmembrane domain of
cynomolgus monkey o-Mpl results in (he appearance of Mpi
agonist activity for SKYF-57626, which also possesses HuMpl
agonistic activity and does not cause any reactions with cynomol-
gus monkey ¢-Mpl.® supporting the role of a His residue in the
¢-Mpl transmembraine domain. Onishi et al previously demon-
strated that the point mutation of Ser505 to Asn in the HuMpl
transmembrane domain creates a constitutively active form of the
receptor,®® and patients with familial essential thrombocythemia
have recently been shown to possess this mutation.® urthermore,
mutating Val449 to Gln in the transmembrane domain constitu-
tively activates THup3 ¥ We speculate that mutation in the transmem-
braine domain of the cytokine receptors may change their confor-
mation and sensitivity to Jigand binding or autophosphorylation.
Although FEPO receptor and growth hormone receptor have been

3233 no

reported to exist in a dimeric form prior o ligand binding,
such evidence exists for c-Mpl. Because we have not yet confirmed
whether NIP-004 binds directly to HuMpl, further investigation is
needed to clucidate its exact mechanisms,

Analysis of human megakaryopoiesis and thrombopoiesis in vivo
has been limited to xenotransplantation models, because continual,
reproducible’ reconstruction of human platelet production is difficult
using NOD/severe combined immunodeficiency (SCID) or NODY/SCILY
B mice. Perez et al demonstrated that human megakaryopoiesis
and thrombopoiesis appeared 1 month after transplantation, and human
platclets in these mice were functional using PB-derived CD34*-
ransplanted NOD/SCID mice.™ Human platelets were hardly detected
in NOIYSCID mice receiving tansplants of human CB cells.
Reconstitution of human megakaryopoiesis was also limited in NODY/
SCID/B-m™! mice. We detected human platelets in all animals for 6
months after transplantation with CB-derived CD34 " cells into NOG
mice. We therefore believe that the NOG mouse is a suitable animal
model for the analysis of human megakaryopoiesis and thrombopoiesis.
TPO and ¢-Mpl are important molecules for megakarvopoiesis and
thrombopoiesis. Administration of TPO can induce polyploid megakaryo-
cvtes in BM and increase the number of circulating platelets in mice and
patients. In contrast. administration of TPO to NOI/SCID mice
receiving Xenotransplants with human hematopoicetic progenitor cells
docs not alter the number of human platelets.® The present study
demonstrated that NIP-004 increases the number of human platelets in
NOG mice by significanly stimulating human megakaryopoiesis. To
the best of our knowledge, this s the first repart (o demonstrate alteration
of human megakaryopoiesis and thrombopoidesis in an animal model of
xenotransplantation through ¢-Mpl activation. In our preliminary data,
another TPO mimetic, SB-197115, which has been demonstated to
increase the number of platelets in healthy volunteers, ! increased the
number of circulating HuCD41a’ platelets in NOG mice receiving
xenotransplants (data not shown). In conclusion, we demonstrate that
NIP-004 acts as a HuMpl activator to enhance CTU-MK formation in
vitro and platelet production in vivo, Owr new experimental animal
maodel of human megakaryopoiesis may be a useful ool o study
megakaryopoiesis in vivo,
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Objective. Numerous moneclonal antibedies have been developed for the purpose of medical
treatments, including cancer treatment. For clinical application, the most useful are human-
derived antibodies. In this study, we tried to prepare designed antigen-specific antibodies of
completely human origin nsing immunodeficient mouse.

Methods. Nonobese diabetic/severe combined immunodeficient/IL-2 receptor y null mouse
(NOG) mouse was used to reconstitute the human immune system with umbilical cord bleod
hematopoietic stem cells (CB-NOG mouse) and to prepare human-derived Her-2-epitope-
specific antibodies. Hybridoma lines were prepared by fusing the human myeloma cell line
Karpas707H.

Results. Serum of immunized NOG mouse contained human-derived immunoglobulin M
(IgM) antibedies specific for a short peptide sequence of 20 amino acids, including the epitope
peptide of apoptotic Her-2 antibody CH401. Hybridoma lines were successfully prepared with
spleen B cells obtained from the immunized CB-NOG mouse. One of these cell lines proeduced
human IgM against the epitope peptide that can recognize surface Her-2 molecule.
Conclusion. We could produce human-derived IgM antibody against Her-2 epitope peptide in CB-
NOG mouse, succeeding in generation of human hybridoma-secreting IgM against a given pep-
tide. © 2606 International Society for Experimental Hematology. Published by Elsevier Inc.

Passive monoclonal antibody (mAb) therapy has been ac- sis factor-a. mAb of human-mouse chimera mAb (Inflixi-

cepted as a treatment for cancers and autoimmune diseases
for the past decade [1,2]. For patients affected by cancer,
passive mAb therapy is of benefit mainly because the
immune reaction of most patients is suppressive. To date,
several antibodies such as Trastuzumab (Herceptin) and
Rituximab have been already under practical use, and
some are under clinical investigation. Therapeutic effe-
ctiveness of these antibodies, to some extent, promotes
development of new monoclonal antibodies related to the
disease [3]. In addition to cancer patients, anti-tumor necro-

Offprint requests to: Sonoko Habu, M.D., Ph.D., Department of Immu-
nology, Tokai University School of Medicine, Boseidai, Isehara, Kanaga-
wa, 259-1193 Japan; E-mail: sonoko@is.icc.u-tokai.ac.ip

mab), or of completely humanized mAb (Adalimumab)
are used for suppression of T-cell function in rheumatoid
arthritis and Crohn’s disease, and are proved to be relatively
successful [4.5].

In consideration of clinical application, therapeutic anti-
body is ideal to be humanized. Today, almost all antibodies
for clinical use are derived from mouse, at least in part,
although they were humanized by techniques of molecular
biclogy [6]. Recently, the mouse line carrying human
chromosome fragments containing immunoglobulin (Ig)
gene cluster was developed, which made it possible to
prepare completely human-type antibodies produced by
mouse B cells [7]. However, these mice produce IgG with
sugar chains of mouse origin. Although sugar chains are

0301-472X/06 $—see front matter. Copyright © 2006 International Society for Experimental Hematology. Published by Elsevier Inc.
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thought to have low immunoreactivity induced by species-
specificity, the risk to induce human anti-mouse antibody
production remains [8]. Therefore, the most ideal system
is that of antibodies of human origin produced by human
B cells.

We have developed a human immune system reconsti-
tuted in the mouse environment by transplanting human he-
matopoietic stem cells in immunodeficient mouse [9,10]. In
comparison with nonobese diabetic-severe combined immu-
nodeficient (NOD-SCID) mice, NOD-SCID-IL-2R y knock-
out mouse (NOG) showed higher engraftment of human
hematopoietic cells and higher proportion of T-cell develop-
ment in the Xxenogenetic environment [ 1 1]. In a previous study,
we reconstituted the human immune system in NOG
mouse with umbilical cord blood hematopoietic stem cells
(CB-NOG) and found that immunization of 2,4-dinitrophe-
nol-conjugated keyhole limpet hemocyanin (DNP-KLH) in-
duces antigen-specific human IgM production [12]. These
findings indicate that the reconstituted human immune sys-
tem has developed potential for producing antibodies against
the immunized antigens, although the net number of human T
and B cells per head in CB-NOG mice is less than one tenth
that in normal mouse.

To obtain human-derived antibody to effectively suppress
tumor cells or mass, we can immunize CB-NOG mice with
a particular epitope, which is recognized by an apoptotic an-
tibody. Among the reported monoclonal antibodies against
Her-2 established by mouse and the epitopes reported
[13-16], some possessed suppressive effect for tumor
growth. Ishida and collaborators [17] established a human-
ized monoclonal antibody termed CH401, which has an
epitope different from Herceptin and induces apoptosis to
Her-2—-expressing cells efficiently. In this article, we focus
on the capacity of human B cells developed in mouse envi-
ronment to produce antigen-specific antibodies, to analyze
if CH401-recognizing epitope can induce human B cells to
produce epitope-specific antibody in CB-NOG mouse. As
a result, we determined that the CB-NOG mouse produced
specific antibodies against a short peptide of 20 amino acids
carrying the CH401 epitope. Consequently, the antibody-
producing B cells were fused with a human myeloma cell
line, Karpas707H [18], to establish a hybridoma line.

Materials and methods

Mice

NOD/Shi-scid, common yc-pull (NOD/SCID/vyc-null; NOG) mice
were provided from the Central Institute for Experimental Ani-
mals (Kawasaki, Japan). BALB/c mice were purchased from
Crea Japan Inc. (Kawasaki, Japan). All mice were kept under spe-
cific pathogen-free conditions in the animal faculty located at the
Tokai University School of Medicine (Isehara, Japan).

Human hematopoietic stem cells
Human umbilical cord blood was obtained from full-term healthy
newboms immediately after vaginal delivery. Informed consents

were obtained according to Institute guidelines, and this work
was approved by Tokai University Human Research Committee.
Mononuclear cells (MNCs) were separated by Ficoll-Paque gradi-
ent centrifugation. CD34% cells were purified from MNCs using
the two-step MACS system (Miltenyi Biotec, Gladbach,
Germany). The purity was >98%.

Transplantation

Nine-week-old NOG mice were irradiated sublethally with 2.5 Gy
prior to transplantation, and CD34" cells were transplanted intrave-
nously. Eight weeks after transplantation, peripheral blood was col-
lected via orbit under inhalation anesthesia. MNCs were prepared
and reconstitution efficiencies were calculated by hCD45 expres-
sion analyzed by fluorescein-activated cell sorting (FACS) analysis.

Peptides

Her-2 peptide includes the sequence identified as the epitope of an
apoptotic anti-Her-2 antibody, CH401, which was determined us-
ing multiple antigen peptides (MAP) peptides with a partial amino
acid sequence of Her-2 (Miyako et al., manuscript in preparation).
The sequence of the peptide is N:163-182 ((YQDTILWK-
DIFHKNNQLALT-BBB)8-K4K2KB). This peptide was synthe-
sized using Rink amide resin (0.4-0.7 mmol/g) and peptide
synthesizer ACT357 (Advanced Chemtech, Louisville, KY,
USA). On the 96-well plate, each of these MAP peptides was
coated and the cross-reactivity with CH401 was examined by
enzyme-linked immunosorbent assay (ELISA).

Monoclonal antibodies, flow cytometry, and cell sorting

All cells were analyzed using FACS Calibur (Becton Dickinson,
Franklin Lakes, NI, USA). For each analysis or sorting, living
gate white blood cells or lymphocytes were further gated on hu-
man CD45% cells. Mouse anti-human mAbs included peridinine
chlorophyll protein-conjugated CD45, T-cell receptor (TCR),
CD1a, fluorescein isothiocyanate (FITC)-conjugated CD4, IgM,
phycoerythrin-conjugated CD4, CD8, IgD, and allophycocyanin
(APC)-conjugated CD19.

Immunization, EBV

transformation, and hybridoma preparation

Eight to 10 weeks after transplantation, mice were immunized in-
traperitoneally with 2,4-dinitrophenylated keyhole limpet haemo-
cyanin (DNP-KLH; 100 pg/alum/head), toxic shock syndrome
toxin-1 (TSST-1; 25 ug/alum/head), Her-2 extracellular domain
(25 pgfalum/head) or Her-2 epitope peptide (100 pg/FCA/head).
Mice were immunized every 2 weeks. Four days after the last
booster, mice were sacrificed and spleen cells were collected.
Epstein-Barr virus (EBV) transformation was performed by
conventional method. Four weeks after EBV treatment, culture
supernatants were collected and specific-antibody-producing
clones were selected by ELISA, as described previously [9]. The
cells secreting specific antibodies were expanded and fused with
a human myeloma cell line, Karpas707H, using polyethylene
glycol. Hybridomas were selected by Ouabine and HAT. Positive
clones were selected by ELISA.
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