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A novel nonpeptidyl human ¢-Mpl activator simulates human megakaryopoiesis

and thrombopoiesis

Takanori Nakamura, Yoshitaka Miyakawa, Atsushi Miyamura, Akiko Yamane, Hidenori Suzuki, Mamoru lto, Yasuyuki Ohnishi,
Norihisa Ishiwata, Yasuc tkeda, 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-Mplt-49H dis-
played a response to NIP-004, whereas

human c-MplH%° jost this response, indi-
cating that histidine in the transmem-
brane domain of c-Mp! 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™# (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 ohserva-
tions indicate that NIP-004 is a novel
human c-Mpl activator and induces hu-
man thrombopoiesis. (Blood. 2006;107:
4300-4307)

©1 2006 by The American Society of Hematology

Introduction

Platelets are important cells for preventing bleeding following
injury. Thrombopoietin CIPOY a cytokine produced primarily
by the liver and kidney, regulates platelet production by
“inndating proliferation and differentiation of hematopoictic
stem cellse megalaryoeytic progenitor cells. and megakaryo-
evtes via activation of its receptor. ¢-Mpl.t? ¢-Mpl belongs (o
the type I eytokine receptor family. and like crythropoictin
(1POY and granulocyte colony-stimulating factor (GCSE) recep-
tors. a major conformational change of the homodimeric
receptor ensues upon TPO binding, followed by phosphoryla-
tion of the intracellular demain of ¢-Mpl and various secondary
signaling molecules.” Among the signaling molecules activated
by 1PO are Janus kinascs (Jaks) and signal transducers and
activators  of transcription (STATs). phosphatidylinositol-3-
kinase (PI3KWAKL and Ras/mitogen-activated protein Kinase
(MAPK). Activation of these signaling pathways results in the
induction of megakarvopoiesis and thrombopoiesis from hema-
topoictic stem cells.® Recombinant human (rthYIPO has been
proven to be effective for the treatment of thrombocytopenia in
some clinical settings.” However, adverse events of therapy
have been reported, such as the development ol ncutralizing
antibodics to PO, followed by thrombocytopenia or pancytope-

nia.® A ponpeptidyl synthetic compound  displaying  ¢-Mpl

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

Toward this end, we developed a novel human e-Mpl (HuMply
agonist. NIP-004. that displays species specificity. While NIP-004
stimulated HuMpl-expressing cells such as human bone marow
(BM)—. peripheral blood (PB)-, and umbilical cord blood (CB)-
derived CD347 cells. it did not induce proliferation of murine
c-Mpl (MuMpl)-expressing cells or colony formation of megakaryo-
cyles with BM cells from murine or cynomolgus monkey. Using
mutants of the ¢-Mpl receptor, we also found that substitution of
histidine (His) for leucine thew) (149011 in the MuMpl transmem-
brane domain allowed the murine receptor to respond to NIP-004.
Conversely, HuMpI™ Jost its response to NIP-004, indicating
that the His residue is essential for NIP-004 activity. Because this
His residuc is only present in the HuMpl transmembrane domain,
this observation also helps o 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™ (NOG) mice as recipients. These mice exhibit highly potent
reconstitutive activity for human hematopoietic stem cells and can
maintain human hematopoiesis,” including megakaryopoiesis and
thrombopoicsis. for at feast 6 months after gransplantation (Y.M.,
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T.N., Itiroshi Yoshida. ML, Y.O., and Y.I.. manuscript in prepara-
tion). Using this model, we demonstrated that NIP-004 possesses
HTuMpl 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, Japan). which comprises approximately 50 000 com-
pounds. This process resulted in the identification 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 wovel non-
petptidyl HuMpl activator, NIP-004 (5-[(2-{1-]5-(34-dichlorophenyl)-4
~hydroxy -3-thienyljethylidene Jhydrazino)carbonyl|-2-thiophenecarboxy-
lic acid) was chemically constructed at Nissan Chemical [ndustries. We also
synthesized another human TPO mimetic. SB-497115. Its structure was
presented in a poster presentation at the 46th anpual meeting of the
American Society of Hematology.'® Cytokines including thTPO (Pepro-
Tech. Rocky Hille NI, and R&D Systems. Minneapolis, MN), thEPO
{Chugai Pharmaceutical. Tokyo. Japan). recombinant murine (vm) interleu-
kin-3 (J1-3) (R&D Systems). rhil-3 (R&D Systems). and rthGCSF
(PeproTech) were obtained as indicated.

Cells

Cells used in this study were human myeloblastic leukemia cell lines UT-7.
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 (Health
Science Research Resources Bank. Osaka. lapan). UT-7/EPO-HuMpl in
which the human c-mpl gene was genetically introduced under the control
of eytomegalovirus (CMV) promoter was kindly donated by Dr Norio
Komatsu. Stable ransfectants such as UT-7/EPO-MuMpl. Ba/I'3-HuMpl.
Ba/F3-MuMpl. and Ba/F3-IHuGCSER were established to wansfect human
or murine c-mpl or human gesfr genes under the control of the UMV
promoter (pcDNA3 vector: Invitrogen. Carlsbad, CA) using electropora-
tion. UT-7 cells and the
modified Dulbecco mediunm (IMDM) supplemented with 10% [etal bovine
serum (FBS) and thll-30 vhTPO. or thEPO. Ba/F3 cells and their
transfectants were maintained in RPMI 1640 medium supplemented with
10% FBS and rmll-30 thTPOL or thGOST HEK293 cells were cultured in
Dulbecco modified Fagle medium (DMEM) containing 10% FBS. Human
primary hematopoictic progenitor cells were BM-. PB-. or CB-derived
N34 cells (Camiwex. Fast Rutherford. NI Cynomolgus BM-derived
CD34 - 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 prepaved from BALB/c
mice (Japan SLC. Shizuoka, Tapan)

variant cell lines were maintained in Iscove

Genes

The (DNAs of human or murine c-mpl ot human geyfr were amplified by
reverse transcriptase~polyimerase chain reaction (RT-PCRY using a Supar-
Seript First-Strand Syuthesis Svstem (Invitrogen) and cach specific primer
set ax follows: human canpd primer set (sense. S-ATGCCCTCCTGGGE-
COTCTTA L antisense. S-TCAAGGC TGOTGCCANTAGC T3 murine
campl primet set (sense. 5 -ATGCCCTOTTGGGCCCTCTTOAT R anti-
sense. SCTCAGGGUTGCTGCCAATAGOTTAGT- 300 and human govfr
primer et senses SEATGGOAAGGU TGGOANACTGOA-3" antisense.
SLCTAGAAGUTCCCUAGUGCCTOCAR ), Tull-Jength «DNAs were
cloned into pCR vector tlnvitrogen ) and were subdoned into the EceR] site
of the pcDINAZ vector In vigo mutagenesis of human or murine «-ipl
cenes (HaMpl ™ e MaMpl' ™™ was performed using QuikChange
Site-Directed Mutagenesis Kit eSunatagene. Ta Jolla CAY and g spedific
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primer set as follows: HuMpI®* primer set (sense. 57-GGTGACC-
GCTCTGCTACTAGTGOTGGGCC-3": antisense. 5-GGCCCAGCAC-
TAGTAGCAGAGCGGTCACC-3") and MuMpl' #1 primer set {sense.
SLGTGACTGCTCTGCACCTGGTGOTGAGC-3": antisense. 5-GCT-
CAGCACCAGGTGCAGAGCAGTCAC-3"), according to the protocols of
the manufacturer. The ¢DNAs of cynomolgus monkey, rhesus macaque.
common marmoset. and squirrel monkey c-mpl homologous genes were
amplified by R1-PCR using a human c-mpl primer set and total RNA
isolated from whole blood [or each nonhuman primate (Hamri. Tbaraki,
Japan). A human c-mpi primer set and a nested primer set (sense.
F-CTTTGGAACCCGATACGTGTG-3'; antisense. 5-GGAGGATTTC-
CAGGAGGCTG-3". designed for high-sequence homology between hu-
man and murine ¢ -mpl genes. were used for amplification in Japanese white
rabbit (Kitayama Labes, Nagano, Japan), Syrian hamster. Hartley guinea
pig (Japan SLC). and Wistar rat (Charles River Japan, Kanagawa. lapan)
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 cynomolgus mon-
key, rhesus macaque, common marmoset. squirrel monkey. lapanese white
rabbit, Syrian hamster. Hartley guinea pig. and Wistar rat, respectively.

Proliferation assay

Atotal of 2 X 10° 10 6 X 1P cells were harvested in IMDM or RPMI 1640
medium containing 10% FBS and cytokines or NIP-004 at the indicated final
concentration and incubated in a CQ5 incubator (5% CO-.37°C) for 3 to 4 days,
depending ou the cell line. 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 430 mn
with a 96-well microplate reader. Spectramax 190 (Molecular Devices, Sunny-
vale, CA) or Model 550 (Bio-Rad. Heraales. CA).

Immunoprecipitation and Western blotting

A total of 2 X 17 UT-7/EPO-ITuMpl cells were starved for 17 hours at
37°C and stimulated with 20 pp/ml. NIP-004 or 30 ng/ml. h'1PO at 37°C
for 15 minutes. Cells were solubilized in 1 ml. TNE buffer comprising 20
mM Tris-HCH butfer (pH 7.4) 150 mM NaCl | mM cthylencediaminetet-
raacetic acid (EDTA) 14 Triton X-100. 1 mM phenyl methane sulfonyl
fluoride. 1 mM Na;VO,. and 1:400-diluted protease inhibitor cocktail
(Stgma. St Louis, MO). After centrifugation, cleared lysates were incubated
with anti-Mpl (IBL. Gunma. Japan), anti-Jak2 (Upstate Biolechnology.
Waltham, MA). and anti-STATSa (Upstate Biotechnology) for 1 hour at
4°C. Immune complexes adsorbed with protein G-Sepharose were resolved
by 7.5% sodium dodecyl sulfate—polyacrylamide gel elecrophoresis.
Transferred polyvinylidene fluoride membrane (Millipore. Bedford. MA)
was immunoblotted with monoclonal antiphosphotyrosine antibody (B1)
PharMingen, San Diego, CA) or anti-Mpl. anti-Jak2. or anti-STAT 5a and
alkaline phosphatase (AP)>labeled secondary antibody (Invitrogen): then
the proteins were visualized using nitroblue tetrazolium and 5-bromo-4-
chloro-3-indoly] phosphate reagents (Bio-Rad).

Megakaryocyte colony-forming unit assay

Megakarvoeyte colony-forming vmt (CFU-MEK) 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 cvnomolgus
monkey BM-derived (D347 cells or 2.5 X 10° human (B- or PB-
derived CD34 cells were cultured with NIP-004 or thTPO for 11 days
in collagen-based. semisolid medium After fixation. megakanyocy tes
were visuahized with antibods against CD4Ta using AP staimng Nudlei
were stained with Frans blue, Stained colonics were examned under a
Niken Fdipse 1800 micioscope equipped with o 10 X 03 numeric
aperture (INAY obpeane fens (Nikon, Tokyo, Tapan)y Tnages were
captured vang an Ohvmpus Camedia (300 digital comera (O mpus.
fokye. lapany The murine CFUEME assay was performed as follow s
3107 murine BM cells were cultured with NEP-0OG o vh PO tfor 7

¢

davs o agar-haseds sonmiisohid medinnm comprising INDM 19 bovine
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Luciferase assay

HEK 293 cells were transtected with pe DNA-HuMpl. HuMptHt  MuMpl.
or MuMplt 9T in combination with pXM-MGEF (STATS) and acuie phase
response element-fuciferase coustruct (kindly donated by Pr Akihiko

gen. Hilden.

Yoshimura®®) using the Effectene transfection reagent (Qia
Germany ), Pwenty-four hours after transfection. cells were starved for 8
hours. followed by stumulation with rthTPO or NIP-004 @t the indicated
concentration for I8 hours. Cell extracts were prepared. and luciferase
activity was measured using PicaGene reagent (Toyo B-NIT. Tokyo. Tapan
according to the manufacturer’s instructions.

Xenotransplantation assay

NOG mie were developed at the Central Institute for Eaperimental
Animals (Kanagawa, Japan) and were maintained under specific pathogen-
free conditions. Shortly before cell transfer. 8- ta [0-week-old NOG mice
were irradiated with 2.4 Gy xerays. Frozen 1 X 1OY CB-devived CD34

cells were washed with IMDM micdium supplemiented with 0.1% BSA and
the cells then invavenously inoculated into mice After transplantation,
mice were provided with sterile water containing prophy lactic ncomi cin
sulfate (Gibeo BRI Grand Istand. NY). Mice recerved daily subcutancous
administration of NIP-004 for the indicated period at a dosage of 10 o
30 mgdke (with PBS containing 1.0% PIEGAO0 and 2.4% ethano] vehicley
from 2 1o 6 months after transplantation. Whole blood containing IFIYTA-
2Na or 038% sodium citrate was prepared reanrently from o mouse
Complete blood counts were obtained using a K-4500 automated anals 21
iSvamex. Hyogo, Japan). BM cells were obtained by flushing the femurs,
and <ol numbers were counted using @ hemoceytometer (irma, Tokyo.
Japany after staining with Turk solution.

Flow cytometry analysis

o detect human cells in murme blood. multicolor flow cytometty was
performed using an EPICS-XT. flow evtometer (Beckman Coulter, Pranklin
I akes. N Samples were incubated with the indicated antibodies Tor 30
mmutes at 4°C and were depleted of ey throevtes by fixation in fluorescence-
activated cell sorter (FACS) Tvsing solution (B PharMingeny. Antibodices
used i this study were as follows: anti=human CD33-fluoresecin isothio-
wvanate FHTOL CD3-FITC CDALa-FITC. CD34-FITC.CDT-FITC. CD 34
phyveocryvthnm (PEY CD4Ta-PED CDIO-PEL CDAS5-PE Texas red (RCD
CPARPE S-succinbidy lester (POS) anti-murine CDAS-PIFC and CDA1-
FITC, Anubodies compugated with FHTC. PEL or PCS were purchased from

BD PharMingen. Antibodiex conpugated with FCD were purchased fiom
Immunotech (Marseilles: Francer. Platelets were incubated with the indi
cated aoubodies at room temperature and divcathy applied to the flow
cvtemeter Homan platclets were examined by double staining waith
anti parine CDAE-FTTC antibody and anti-human CDA1a-Plantibody. i
whih platelets were identitied by size and gated by forward and side
phlitelets was calculated as
platelet

The actual pumber of human CDdla
platelet count = thuman Ch4ta

seatler
tollow < actal human CD41a
count thaman CD3Ia

o hede platelet count

platelet count + murine CDAT platelet count |y >

Lo detect human megakary ooy te plesdy. BM cefls from NOG nice that
reccived sencuansplants were stained using anti- human CH4La-PEoanti-
body v fed woth P paratormaeldehyde Fived eclbs ware stamed vaang
7oamine-e tnenyan DG DY e dimpamctedhy and coamieed

Tooolor oo netie anebes

Immunchistochemistry

Pospe o NOG puce that secerved sonctiapsphnts siore ranes ved

Sanunauon  lieawe was bed moneutred butforcd Tornvalin

Batdegy
decdanad followed by parltg Gubeddime ind soctionme hnpnohuste

Chopete was porfonmed sl e menodensd canbedies sgana
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human CDA2b «Cheniteon, Temecudas CAY and EnVicion+ peroxidase
~tatning Kt (Dako, Carpinteria, CAY Stained sections were examined asing
an Olympus BXS] microscope equipped with a 10 X 0.3 NA objective and
connedted to an Olympus DP 12 camera. using DPI2 software,

Electron microscopic analysis of human platelets from mice
undergoing xenotransplantation

Immunoclectron microscopy was performied as previously described. B
Whole blood containing 0.38% sodium citrate. | 1M prostaglandin E,.
2 Urml apyrase. and 2 mM aspirin (Sigma) was prepared  Platelet-rich
plasma (PRP) was fixed with glutaraldehyde and sequentially immersed in
I M sucrose. T 84 M sucrose. and 1.84 M sucrose with 2042 polvviny lpyrro-
hdone (MW 10000; Sigma) in PBS  After freezing platelets in Hquid
nitrogen. ultrathin frozen sections were cut usimng an Ultracut ultrami-
crotonie {Reichert, Vienna, Austria) with a eryoattachment (FC-4E: Reichert)
at 0L Sections were mounted on nickel grids and incubated with
anti-human CHATa monodonal antibody tmmupotech), followed by goat
anti-mouse 1pGocoupled o colloidal gold (10 nm: Amersham. Olen.
Belgiun, Sections were stamed with uramyl acetate and subjected to
adsorption staining using a mixture of polyviny] alcohol and uranyl acetate.
Stained sections were examined using a JEM 1200EX electron microscope
(O] L Toky o, Japan) at an accelerating voltage of 80 kV.

Functional studies of platelets from NOG mice undergoing
xenotransplantation

Functronal studies of platelets were performied as previoush described. '

After adimunistration of NIP-004 (30 mg/kp/d subcutancously lor 14 days)

or achiddes PRP was obtained. and N-2-hydroxyethylpiperazine-N'-2-
cthanesulfonic acid (HEPES-Tyrode bulfer (138 miM NaCl. 0.42 mM
Nall- POy 2.68 mM KCL 12 mM NatCO+ 10 mM HEPES. S mM glucose,
and 17 mM MgCl pH 7.4) was added at a 1:9 ratio. To determine the
expression of Pselectin upon agonist stimulation, platelets were stimulated
using 10 pM ADP or vehicle for 15 minutes in the buffer containing
anti-human CD62p-PE antibody (BD PharMingen). After fixation with
0.5 paraformaldehyde. cells were washed and incubated with anti-humau
CH41a-POS (BD PharMingen) and anti-murine CD41-FTTC antibody. To
determine the activation of GPHb-I1a. platelets were stimulated with O to
10 pM ADP for 15 minutes with PAC-1-FITC (B Pharmingen).
anti-human CD42b-POS0 and anti-murine CDO1-PL antibody and then
tixed and washed. Stained platelets were analvzed by flow ¢ytomeuy.

Statistical analysis and ethical considerations

Results are expressed as mean £ S o mean = §EM as indicated.
Differences between groups were examined for statistical significance
using the Stadent 7 test. Animal experimients were conducted according to
the ~Guideline for animal experimentation™ by the Japanese Association
for Laboratory Animal Science. AH experimental protocols were approved
by the cthics reviesy committees for animal experimentation of Keio
Universits and Nissan Cheniieal Industries

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

We conducted @ search for o-Mpl activators based on proliferation
assays with TPO-responsive TREZ7TPO and TV 7/1PO-HTuMpl cell
fines. Sareened agents were oblamed from our chemical library,
comprtsing approximadely S0 000 compounds. This process re-
~ublted in the wdentfication of several compounds displaying
crowth-promotng activiny T ead optimization was subsequently
potlormed (o create o-Mpl activadors with grownth-
promoting activity. NIP-0O4 15 a syathetie compound (MW 435:

Pigwe 1Ay and stumulaied the prolitaation of VE7/POM a

ereatl

human feukomia ool line endogenoushy expressing HuMpl. in a
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Figure 1. NIP-004 is a novel human c-Mpl activator. (A) Chemical stiucture 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-HuMp! 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-HuGCSFR (bottom panel).
GCSF stimulated Ba/F3-HUGCSFR cefls. TPO induced proliferation of Ba/F3-HuMpi
cells as a positive control. IL-3 stimulated both Ba/F3-HuGCSFR and BaF3-HuMpl.
Data in panels B-C are expressed as the mean * SEM (n - 3to 4) ot mean © SD
(n - 2; Ba/F3-HUGCSFRY) from independent duplicate expetiments. (D} Induction of
tyrosine phosphorylation of c-Mpl, Jak2, and STATS in UT-7/EPO-HuMpl cells by
TPO and NIP-004. NC indicates negative control; E, 0.1 U/mLEPO; IL-3, 0.1 ng/mi
miL-3; G, 10 ngmL thGCSF; T, 10 ng/mL rhTPO: NIP,, 1 ;s g/mL NIP-004; NIP 2,
20 p.g/mL NIP-004; P-Tyr, phosphotyrosine.

dose-dependent manner (Figure 1B). Compared with 10 ng/ml.
' TPO, which induces a maximal response in this cell line. the
median effective concentration (ECso) of NIP-004 was 23 ng/ml,
(50 nM) in UT-7/TPO cells (Figure 1B). Proliferation of U7 cells,
the parental cell line of UT7/TPO. can be induced by cylokines
such as human IL.-3, human granulocyte-macrophage colony-
stimulating factor (GMCSE). 11.-6. stem cell factor, and EPO but
not by TPO because U1-7 does not display ¢-MpL'® 7 Consistont
with its action through ¢-Mpl, NIP-004 did not induce the growth
of UT-7 cells (Figure 1B, right panel). Recombinant human I .-3
induced proliferation of UT-7 cells as a positive control. We also
confirmed the roles of HuMpl using other ccll lines as follows,
When HuMpl was introduced into UT-7/EPO cells, 'S UL7/EPO-
HuMpl transfectants responded to both th1PO and NIP-004
(Figure 1C, upper pancl). NIP-004 induced proliferation of Ba/13-
HuMpl cells but not Ba/l3-1uGCSIR cells expressing human
GOSF receptor, indicating that NIP-004 acts on ¢-Mpl (Figure 10,
lower panel). Recombinant human GCSE and b TPO stimulated
proliferation of Ba/I3-1TuGCSER and Ba/F2-THuMpl cells as
positive controls, respectively (Figure 1C).

A farge body of evidence indicates that ike other type | family
cytokine receplors, 1PO signaling 15 dependent on Jak-induced
phosphorylation of tyrosine residues within the cytoplasmic do-
main of o-Mpl. Subsequently. secondary  signaling molecules,
including STATS. are recruited to the phosphotyrosine restducs
and are activated by their phosphoryviation.® Administration of
20 pg/ml. NIP-004 induced phosphorylation of ¢-Mpl. JTak2. and
STATS proteins in VE7A:PO-TTuMpl celis aftar 15 nuimutes (Figure
1D). TPOY was used as positive control stimualation (Ligure 110 In
addition. th'TPO and NIP-004 induced phosphorylaton of Akt an
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antiapoptotic protein in the PI3K-AKE signaling pathw ay. via ¢-Mpl
tdata not shown).

We next examined whether NIP-0O4 possessed the capacity to
induce megakaryoeyie differentiation using colony-forming assays
and histologic staining with a monoclonal antibody against integrin
GPHbL-TTIa (CD4 1y, a specific marker of the megakarvocyte-
platelet lineage™ NIP-004 1 pe/ml. alone stimulated colony
formation of CD4la  megakaryocytes from human BM-derived
D324 hematopoietic progenitor cells in serumiree. semisolid
cultures (Figure 2A). NIP-004 induced maturation of megakaryo-
cytes, since large polyploid CD41a’ cells appeared in the colony
(Figure 2A). NIP-004 increased the number of CIFU-MKs from
human BM-derived (D34 cells in a dose-dependent manner
(Figure 2B, left panel). Purthermore, a number of CFU-MKs
developed from human CB- or PB-derived CD234 cells treated
with NIP-004 (Figure 2B). The efficiency of CFU-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 HuMpl, the
effects of NIP-004 on ¢-Mpl from other specics were examined.
NIP-004 did not induce proliferation of UT-7/EPO-MuMpl or
BwI3-MuMpl cells. which were engineered to express murine
o-Mpl receptor (Iigure 2A). Furthermore, NIP-004 did not increase
the number of CIU-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 o 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 primaltes, cynomolgus and rhesus mon-
keys, and compared them with the HuMpl and MuMpi. Cynomol-
gus ¢-Mpl displayed the highest level of sequence homology, 96/%

8i-derived HuCD34* cells

BM-derived HUCD34* calls 1 C8-derived HuCD34* celis
1 INTPO B PB-derived HuCD34* calls
2 159 @ NIP-004 | BI50 . )
«8&
100 ;
§ § g ¥ NNV
ET =0 Tl
g 111K
NIP, NIF,

ngimbl  pg/mi

Figure 2. Stimulation of megakaryocyte colony formation from human CD34"
cells by NIP-004. (A) Moiphology of CFU MK colonies oblained from human
BM detived CD34  cells heated with 1 .g'mL NIP 004 CFU MKs wete visualized
with AP labeled antibody against human CD41 Polyploid megakaryocyles aie
shown in detail in the right panel. Ba, 200 pm (B) The number of CFU MKs from
human BM-, CB , and PB detived CD34  cells treated with 110 3 pg'ml NIP 004 was
similay to that vath 10 ng'mbL thTPO Results are expressed as mean  SEM from
4 independent expenments (BM) ormean  SD from 2 independent expenments (U B
and PBY NC ndicates negative contiok 7. 10 ngaml thTRO, NP, 1, g/l NIPP 004,
NiP. 3 pgml NIP 604
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Figure 3. NIP-004 displays species-specific activity. (A) NIP-004 failed 1o
stimulate proliferation of UT-7/EPO-MuMpl- and Ba/F3-MuMpl-expressing murine
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-MuMpl as a

0110 3

ng/mL  pgiml

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 undet the
same conditions. Data are expressed as the mean - SD of duplicate assays. NC
indicates negative control; E, 0.1 U/mL thEPO; IL-3, 0.1 ng/mL miL-3; T. 10 ng/miL
thTPO; NIPy, 1 pg/mb NIP-004.

identical to HuMpl. with only 22 amino acids differing between the
2 species, and 12 of the 22 amino acids of HuMpl differed from
thesus e-Mpl. Comparison of these 12 amino acid residues as cither
hvdrophobic or hydrophilic, and cither electrically charged or
uncharged, revealed distinguishing features of the amino acid
residues. His at position 499 from the N-terminal end in the
transmembrane domain of HuMpl is specific for humans. We thus
performed site-directed mutagenesis for this residue in HuMpl and
MuMpl (Figure 4A) and analyzed STATS activation via cach
receptor in the HEK293 cell line using the STAT-reporter gene
assay (Idgure 4B). Wild-type HuMpl, but not MuMpl, activated
STATS after stimulation with NIP-004 in a dose-dependent manner.
HuMpl with His499 mutated to Teu failed to induce STATS
activation following stimulation with NIP-004, although rh'TPO
was active. Conversely, when MuMpl was engineered to contain
His490, ax is present in the human receptor, it was then capable of
activating STATS (Figure 4B). These observations indicate that His
in the transmembrane domain of ¢-Mpl is essential for NIP-004 to
function as a ¢-Mpl activator. We tharefore assessed the ¢-Mpl
amino acid sequence in several common experimental animals o
find a suitable species in which we could evaluate the in vivo
cfficacy of NIP-004 for platelet production. Our search revealed no
animals with His in the ransmembrane domain of c-Mpl among the
common marmoset, squirre] monkey. Japanese white rabbit, Syrian
hamster. Hartley guinea pig. and Wistar rat (Figure 40,

NIP-004 stimulates human megakaryopoiesis in NOG mice
undergoing xenotransplantation

Because we were unable to tind suttable expervimental animals with
i in the ¢-Mpl transmembrane domain (o evaluate the effects of
NIP-004. we selected a xenotransplantation moded to examine in
vivo efficacy of the compound for buman megakarvopoicesis and
thrombopoiesis. We used NOG mice to develop this new expertmen-
tal animal model of human megakaryopoiesis. becausc this species
displayed bigh potency for reconstituting human hematopoietic

progenitor cels”
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In NOG mice recetving transplants with human CB-derived
CIR4 - cells, treatment with 30 mg/kg/d NIP-004 for 2 wecks
resulted in a 3-fold increase in human (Iu) CD41a’ megakaryo-
cvtes 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
CD4l megakaryoeytes (Vigure 5A). This dosage of NIP-004
achieved a plasma concentration of approximately 0.6 pg/ml. at
steady state. NIP-004 thus enhanced human megakaryopoiesis at
an in vivo dosage comparable (o 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 CD45 7 leukocytes, the percentage of
HuCD38°CD19" B lymphoid or HuCD38 D33 myeloid cells in
HuCD45" cells. or the number of HuCD45 CD71° erythroblasts in
murine BM  (Figwe 5B). Although the total percentage of
HuCD45CD34° hematopoietic progenitor cells was not altered by
NIP-004 administration, we observed a 1.5-fold increase in the percent-
age of HuCD45" CD34 CD41a” megakaryoblasts (Fgure 5C). This
finding indicates that NIP-004 enhanced the number of human
megakaryoblasts and megakaryocytes in xenotransplanted murine BM.

We next examined whether NIP-004 induced the maturation of
megakaryocytes in vivo, DNA ploidy of HuCD41 " megakaryo-
cytes was analyzed by flow cytometry using anti-HuCD41 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)y or vehicle. Each ploidy class of human megakaryocyies
was increased in mice weated with NIP-004, with statistica
significance in all but the 32N class (Figure 5D). NIP-004
increased the percentage of HuCD4 Ja " [28N 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 (HuCD42b) to specifically
visualize human megakaryocytes (Figure SE-FF). Murine megakaryo-
cytes were not stained with this antibody. NIP-004 (30 mg/keg/d for

B
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Human WISLYTALIH LVLGLSAVLGLLLL
Cynomolgus Bonkey  WISLVTALILLVLGLSAVLGLLLL
Rhwsus Macagque WISLVTALIFILVLGLSALLGLLLL
Common Marmoser WISLYTALIFILVLGLSALLGLLLL
Squirral Bonkay WISLYTALIFILYLGLSALLGLLLL
Hartiey Guinoa Pig WISLVTAUFLALGLSALLBLIL
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Japanese White Rabbit  WITLVTALILILVLSLBALLGLLLL
Wistar Rat WITLVTALLILVLSLBALLGLLLL
tdpuse WITLYTALILILVESLSALLGLLIL
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Figure 4. His in the transmembrane domain of c-Mplis the essential residue for
NiIP-004. (A) Schema of site directed mutagenesis in HuMpl and MuMpl. EM
indicates extiacellular module: Th. ransmenibiane module, CM. cytoplasmic mod-
ule (B) STATS - repoiter gene assay showing induction of STAT activation via HuMpl
and Mulpt =48 but not HuMpiFeeet or Mubpt following NIP-004 administration Data
are expressed as the mean  SD from 2 independent experiments (C) Compatison
of amino acid sequences of ¢-Mpl biansmembiane domain from varicus animals
His499 only exisls i humans and not in othet species
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Figure 5. Effects of NIP-004 on human megakaryopoiesis in xenotransplanted
murine bone marrow. (A) NIP-004 incleased HuCD41a" megakaryocytes, but not
MuCD41° megakaryocyles, 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 megakaryocyles in the BM
of NOG mice receiving xenotransplants. Data in panels A-D aie expressed as
mean SEM (n - 3). "P= .05, " P-. 01 between NIP-004 and vehicle. N.S.
indicates no significant difference compared with vehicle. Similar resuils were
obtained from 2 independent expetiments. (E-F) Immunohistochemical staining of
xenotransplanted murine BM with a monoclonal antibody against human integrin
GPlb (HUCD42b). Sections were obtained from the femurs of mice treated with
vehicle (E) or NIP-004 (F). Bars, 200 um

2 weeks) clearly enhanced human megakaryopoiesis (Figure
SI-19). These findings demonstrate that NIP-004 specifically en-
hanced human megakaryopoiesis but not other types of human
hematopoiesis in mice receiving xenotranspliants.

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

Al NOG mice (n = 84) receiving transplants with human hemato-
puietic cells produced human platelets for atleast 1 to 6 months. To
clarify whether NIP-004 increased circulating human platelets in
mice receiving xenotransplants, several administratjon protocols
were used. NIP-004 30 mg/ke/d subcutancously for 2
induced a statistically significant 4.4-fold increase in circulating
human CD41a” platelets at day 14 (Figure 6:A) NIP-004 did not
influence the total number thuman and murine) of red blood cells.
platelets. and white blood cells (Figure 6B. upper pancl). The
platefets and chimerisms of HuCD43

weeks

number of murine CD41
leukocy ter was not altered by NIP-004 administration (Figure 613,
middie pancly. Purthermore., NEP-OO4 did notinfluence the percent-
age of HuCHTY B ivimphoid. HuCD3 T hymphoid. or HaCD33
mycloid cells among the circulating HuCD45 0 cells in mice
receiving aenotransplants (higure 6B Tow er pancl),

Next. the effect of the administration perjod or dosage was
examined When NOG mice receiving transplants with THuCD34
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cells were treated with NIP-004 30 mg/kg/d for 5 weeks, there was
a 6.4-fold increase in human 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()). When mice were reex-
posed to NIP-004. the number of human platelets 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 MuCD<1. Platelets were prepared from mice after
administration of NIP-004 30 mg/kg/d subcutancously {or 2 weeks,
when human platelet chimerism increased from 2% at baseline to
approximately 9%. Iluman platelets were labeled with gold
particles to visualize HuCD41 (Figure 7A). Human platelets
labeled with gold particles were larger 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 obscervations
indicate that N1P-004 administration in mice receiving senotrans-
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 [rom cither
NIP-004- or vehicle-treated mice. When platelets were stimulated
with 10 uM ADP, surface expression of P selectin (CDO2p) was
observed on human platelets {rom 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 increased the numbetr of circulating human
platelets n NOG mice. (B) NIP-004 did not change the number ol munne platelets or
chimetism o} HUC D45 cells NIP 004 had ne effect on the percentage of human B
(D18 Y cells human 1 (CDS ) cells. and human myelod (CH33 ) cells i the
penpheral HuCD45 cells Datalrom panels A B are expressed as the mean

SEM
" 3 () NIP-004 mereased the number of circulating human platelets The
inurease was calculaled as the number of cuculating human platelets at individual
time peints dwided by the
mean SEM{(n 3Sto ) ormean - S 2y P05 P >
MNIP 004 and vebicle at indraduat ime pomis N S ndicates ne signficant differences
cympaled with vehicle




NAKAMURA et al

4306

B yohicke NiP-0D4 C
ey 7% i, % § 100 .
: No Stimulation % s %
’ @ :-?: - <) yehicle
PR - # NIP-004
o o 4B% Q
H N a
: L ADP 10 p# .
48 o
g X
H e 3 ADP concentration (uih)
HuCb4ta

Figure 7. Morphologic and functional 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-tieated mice. The
surface of a platelet located in the center is labeled with gold particles (arrow),
indicating that it is of human origin. Bar, 1 pm. (B) P selectin (HuCD62p) expression
upon ADP stimulation in human platelets was similatly 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-tieated NOG mice receiving xenotransplants.
PAC-1 antibody specifically recognizes the activaled form of GPlUbllia. Data are
expressed as the mean  SEM(n  4).

the same rate as vehicle-treated mice (Figure 713), 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-1Ta integriny on human platefets was recognized by binding
ol the PAC-T monoclonal antibody (Figure 70y Tuman platelet
activation by ADP was dose dependent. and the mean concentration
of ADP required (o produce 50% activation of the human platelets
was 0.6 pM in NIP-004-treated and 0.3 pM in vehicle-treated
mice (Figure 70 These observations indicated that NIP-004 had
no adverse effects on the function of human platelets,

Discussion

In this study. we identitied a noapeptidyl synthetic compound,
NIP-004, as a novel o-Mpl activator. In vitro studies revealed
that rh'TPO and NIP-004 display a similar potential 1o activate
HuMpi. However, unlike rhTPO. NIP-OO4 displays species
specificity, Recently. nonpeptidyl small molecule compounds
such as benzodiazepine derivatives.”” hydrazinonaphthalenes
and azonaphthalenes. ™ and substituted thiazole™ and xantho-
cillins ™ have been reported as possessing TPO-fike activity, In
some ases, o-Mploagonists such as SB294725 oxhibil species

spectictiy. This study confirms that His in the nansmembrane
domain of ¢-Mpl ix ossential for NIP-004 agonist activity
thigwe 4B Although s exists in the ansniembrane domain
of HuGOSTR and mouse - GMNOSEAD -3 common |3 subunit
2 Mu 2y (NSPOON0O3L2623 and ENSMUSPOO0OOO0626R
from the Fasembl database. respectively), Basd 3 HuGOSER calls
expressing Mup 2 and TIuGOSER did ot respond to NIP-0O4
thigure 10y Because the posttion of Ths o (he tansmanbiane
demains of TuGOSTR and Mups 2 does not conrespond o TluMpl
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we speculate that the His may need to be present in the nvddle of a
transmembrane domain and/or interact with other amino acids of
¢-Mpl for NIP-004 agonist activity. It has been reported that the
point mutation of {.cud99 1o His in the ransmembrane domain of
cvnomolgus monkey ¢-Mpl results in the appearance of Mpl
agonist activity for SKI-57626, which also possesses HuMpl
agonistic activity and does not cause any reactions with cynomol-
5 supporting the role of a His residue in the
e-Mpl transmembraine domain. Onishi et al previously demon-
strated that the point mutation of Ser505 to Asn in the HuMpl

gus monkey ¢-Mpl.2

transmembrane domain creates a constitutively active form of the
receptor? and patients with familial cssential thrombocythemia
have recently been shown to possess this mutation. Furthermore,
mutating Vald49 to Gln in the transmembrane domain constitu-
tively activates Hup, ¥ We speculate that mutation in the transmem-
braine domain of the cytokine receptors may change their confor-
mation and sensitivity to Jigand binding or autophosphoryvlation.
Although PO receptor and growth hormone receptor have been
reported to exist in a dimeric form prior to ligand binding,*>* no
such evidence exists for e-Mpl. Because we have not yet confirmed
whether NIP-004 binds direetly to HuMpl. further investigation is
needed to elucidate 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 difticult
using NOD/severe combined immunodeficiency (SCID) or NOD/SCID/
o mice, Perer et al demonstrated that human megaharyopoicsis
and thrombopuiesis appeared 1 month after transplantation, and human
platelets in these mice were functional using PB-derived (D347 -
wansplanted NODY/SCID mice.™ Human platelets were hardly detected
in NOD/SCID mice receiving transplants of human CB cells. 3
Reconstitution of human megakaryopoicsis was also limited in NOD/
SCNY/E-m™ mice. ™ We detected human platelets in all animals for 6
months alter transplantation with CB-derived CD34  cells into NOG
mice. We therefore believe that the NOG mouse is a suitable animal
model for the anadysis of human megakaryopoiesis and thrombopoiesis.
PO and -Mpl are important molecules for megakaryopoiesis and
thromboporesis. Administration of TPO can induce polyploid megakaryo-
evies in BM and increase the number of circulating platelets in mice and
paticnts. In contrast. administration of TPO to NOIYSCID  mice
reeeiving Xenotransplants with hwnan hematopoietic progenitor cells
docs not alter the number of human platelets.® The present study
demonstrated that NEP-004 increases the number of human platelets in
NOG mice by significantly stimulating human megakaryopoiesis. To
the best of our knowledge. this is the first report to demonstrate alteration
of human megakaryopoiesis and thrombopoiesis in an animal model of
xenotransplantation through e-Mpl activation. In owr preliminary data,
another TPO mimetic, SB~97115. which has been demonstrated to
increase the pumber of platelets in healthy volunteers, ' increased the
number of circulating HuCD4 a ™ platelets in NOG mice receiving
xenotransplants (data not shown). In conclusion, we demonstrate that
NIP-O04 acts as a HuMpl activator to enhance CHI-MK formation in
vitro and platelet production in vivo, Our pew experimental animal
model of human megakaryopoiesis may be a usetul ol to study

megakanvopoiesis in vivo,
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Objective. Numerous monoclonal antibodies 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 using 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 blood
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) antibodies 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 produced
human IgM against the epitope peptide that can recognize surface Her-2 molecule.
Conclusion. We could produce human-derived IgM antibedy against Her-2 epitope peptide in CB-
NOG mouse, succeeding in generation of human hybridoma-secreting IgM against a given pep-
tide. © 20606 International Seciety for Experimental Hematology. Published by Elsevier Inc.

Passive monoclonal antibody (mAb) therapy has been ac-
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

sis factor-o. mAb of human-mouse chimera mAb (Inflixi-
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 pait,
although they were humanized by techniques of molecular
biology |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-2Ry knock-
out mouse (NOG) showed higher engraftment of human
hematopoietic cells and higher proportion of T-cell develop-
ment in the Xxenogenetic environment | | 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

NODY/Shi-scid, common yc-null (NOD/SCID/yc-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
newborns 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, NJ, 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, EBY

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 pg/alum/head), Her-2 extracellular domain
(25 pg/alum/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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Figure 1. Reconstitution of human immune system in nonobese diabetic/severe combined immunodeficient/gammac(null) mouse with umbilical cord blood
CD34* cells. Fluorescein-activated cell sorting analysis of lymphoid tissue cells. Bone marrow (BM) cells were prepared 10 weeks after transplantation.
Spleen (SPL) cells were prepared 16 weeks after transplantation. CD4SP cells were enclosed in a square and the percentage was shown above the square.
T-cell receptor (TCR) and CD1a expression was analyzed for the CD4SP-gated fractions. B cells were gated for CD19" cells, and immunoglobulin (Ig) IgM

and IgD double-staining patterns are shown.

Results

CB-NOG can produce specific
antibodies against ordinary protein antigens
We reported previously that IgM-+IgD+mature type human
B cells are detectable in the spleen and bone marrow of
NOG mouse reconstituted with CB-derived CD34™" cells
(CB-NOG mouse), although the majority of IgM™ cells in
bone marrow are IgD-negative immature B cells [12]. In
addition, as shown in Iigure | of this study, the spleen of
these CB-NOG mice were shown to contain CD4 and
CD8 single-positive human T cells, with high expression
of TCR. The pattern of mature T and B cells as shown in
Iigure | was observed in the mice with relatively high re-
constitution ratio of human-derived cells (>20%, data not
shown). Thus, for examination of human antibody produc-
tion specific to a given antigen, we used CB-NOG mice, the
engraftment of which was >20% in the 8th to 10th week
after transplantation of human CB cells. These CB-NOG
mice were immunized with Her-2 extracellular domain
(exHer-2), DNP-KLH as a hapten-carrier system, or whole
protein TSST-1 intraperitoneally with alum biweekly
(Iig. 2A). Two experiments were performed using CB-
NOG mouse groups, each of which was transplanted with
one-donor—derived CD34™ cells (Tuble 1).
Antigen-specific [gM was detected in the sera of mice im-
munized with three kinds of antigens in both experiments, but
specific IgG was not detected even after five boosters in all
CB-NOG mice (data not shown). Reconstitution efficiency,
which was determined by the proportion of human CD45*
cells in the peripheral blood and specific IgM producibility

were not statistically correlated in the immunized mice
(Iig. 2B). Moreover, the immunized CB-NOG mouse
showed very little positive correlation between total serum
IgM and specific IgM producibility (iig. 2C). Among the im-
munized mice with each protein antigen, the ratio of mice
producing specific antibody against exHer-2 was lower (3/
6) in comparison with that of mice immunized with
DNP-KLH (4/4) and TSST-1 (2/2 in experiment 1 and 7/11
in experiment 2) (Table 1).

Detection of human IgM

antibody specific for Her-2-peptide antigen

We have previously reported on the preparation of a human-
ized antibody termed CH401, which recognizes extracellular
domain of Her-2 different from the recognition site of Her-
ceptin | 19]. Moreover, we recently identified an epitope pep-
tide recognized by CH401 (Miyako et al., mapuscript in
preparation). In consideration of the clinical application of
oligo-clonal antibodies carrying various epitopes, such epi-
tope-specific antibodies would be useful. Then, we tried to
raise the specific IgM antibody against an epitope peptide
of CH401 in the immunized CB-NOG mice based on the
above result that CB-NOG mice can produce human-derived
IgM antibodies specific for the immunized exHer-2 protein
antigen. However, because Her-2 is originally a membrane
protein, the question remained whether immunization of
a Her-2—derived peptide could promote production of anti-
bodies against the CH401 epitope peptide (20 amino resi-
dues), which recognize Her-2 whole chain expressed on the
cell surface. For that, we examined whether immunization
of the peptide alone can induce efficiently specific antibody
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Figure 2. Correlation of specific antibody with reconstitution efficiency. (A) Nine-week-old nonobese diabetic/severe combined immunodeficient/
gammac(null) (NOG) mice were irradiated and transplanted with CD34"% cells purified from cord blood. Ten weeks after the transplantation, immunization
was started biweekly. Four days after the last booster, splenocytes were prepared and fused with Karpas707H. (B) Specific immunoglobulin M (IgM) of the
mice vs hCD45 (%) of the mice for experiment 1 data. R? = 0.6528 for 2,4-dinitrophenol-conjugated keyhole-limpet-hemocyanin (DNP-KLH), R?=0.1522
for exHer-2, R? = 0.0995 for toxic shock syndrome toxin-1 (TSST-1). Totally not so high correlation between the concentration of specific antibodies and
efficiency of engraftment was observed. (C) Specific lgM/total IgM were analyzed for experiment 1 data shown in Table 1. Samples with specific antibodies
were used for estimating the coefficients of correlation. R? = 0.2431 for DNP-KLH, R? = 0.3827 for Her-2, R? = 0.5286 for TSST-1.

production or whether co-immunization with cells express-
ing Her-2 on their surface provides synergistic or additional
effect on anti-peptide antibody production. An immunization
protocol we performed was shown in [igure 2A and "Tuble 2.
For peptide immunization, we used MAP because MAP
peptides were reported to have similar immunogenicities to
hapten-carrier antigens [20.21].

Ten and 20 weeks after CD34 " cell transplantation (pre-
immunization and a week after the fifth immunization),
sera were collected and ELIS A was performed for measuring
serum level of anti-peptide antibodies (luble 3). In experi-
ment 2-1, 16 NOG mice transplanted with human CB cells
obtained from one donor were divided into three groups
and immunized with epitope peptide alone (P), SV22,
a NIH3T3-derived cell line expressing Her-2 (S), or epitope
peptide plus SV22 (P/S), respectively. Peptide-specific [gM
antibody was substantially detectable in 2/3 CB-NOG mice
receiving epitope peptide alone. In comparison, immuniza-
tion of SV22 or of SV22 plus epitope peptide led the ratio
of anti-peptide-producing mice to 100%. The similar ten-
dency was found in experiment 2-2, in which CB-NOG
mice received another donor-derived CD34 * CB cells. These
results showed that a peptide immunization is capable of pro-

ducing the peptide-specific antibody in CB-NOG mice. Al-
though the ratio of antibody-producing mice was higher in
mice immunized with SV22 cells plus peptide than in mice
immunized with peptide alone, the same high efficiency
was also found with immunization with SV22 cells, suggest-
ing that the Her-2 epitope has sufficient antigenicity in the
whole Her-2 molecule on the cell surface without additional
immunization with the peptide.

Human hybridoma preparation

using human myeloma cell line Karpas707H

Next, we tried to establish human-human hybridoma by fus-
ing B cells prepared from the spleen of immunized CB-NOG
mouse with a human myeloma cell line. As for human mye-
loma cell line, Karpas707H was used. Specificity of anti-
bodies secreted in the culture supernatant was analyzed by
ELISA, results of which are shown in 'Tuble . Only four
Her-2-specific hybridoma lines were obtained from the
mice immunized with exHer-2, while 32 hybridoma lines
were obtained for DNP-KLH specific B cells. As CB-NOG
mice produce mainly IgM isotype for antigen-specific anti-
body, spleen cells of the mice immunized with Her-2 peptide
and SV22 were transformed with EBV before the fusion with
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Table 1. Summary of specific antibody production in CB-NOG

Experiment 1-1

Ag Total IgM (ug/mL) hCD45 (%)  Specific IgM (ng/mL)
DNP-KLH 131.9 62.0 3753
DNP-KLH 93.4 84.1 981.8
DNP-KLH 50.2 64.8 294.7
DNP-KLH 319 21.4 86.0
exHer-2 162.8 80.7 409.5
exHer-2 110.7 37.4 0.0
exHer-2 54.1 47.0 81.8
exHer-2 44.7 69.0 1825
exHer-2 285 67.1 0.0
exHer-2 822 86.0 0.0
TSST-1 139.2 65.3 47.9
TSST-1 342 44.1 36.8

Experiment 1-2

TSST-1 > 1000 26.6 543.1 -
TSST-1 > 1000 28.5 250.3
TSST-1 > 1000 74.1 1610.4
TSST-1 110.1 711 1434
TSST-1 295.8 72.4 561.0
TSST-1 381.3 61.5 305.3
TSST-1 65.9 59.0 0.0
TSST-1 45.2 32.7 0.0
TSST-1 67.1 78.7 58.5
TSST-1 53 27.4 0.0
TSST-1 7.0 39.5 0.0

Total immunoglobulin M (IgM), specific IgM, and percentage of human
CD45" cells in bone marrow were compared. Percentage of CD45% cells
was determined by fluorescein-activated cell sorting. Total and specific
IgM levels were determined by enzyme-linked immunosorbent assay.
CB-NOG = NOG mouse reconstituted with CB-derived CD34" cells;
DNP-KLH = 2,4-dinitrophenol-conjugated keyhole-limpet-hemocyanin;
exHer-2 = Her-2 extracellular domain; TSST-1= toxic shock syndrome
toxin-1.

Table 2. Immunization protocol for Her-2-related antigens

Karpas707H. As a result, we obtained specific antibody-pro-
ducing hybridoma lines in both experiments, with or without
EBV treatment. Consequently, totally 20 hybridoma lines
producing peptide-specific antibody were obtained from
the mice of experiment 2-1 (P/S-1, S and P/S-2). Moreover,
28 peptide-specific IgM-producing hybridoma lines were ob-
tained in P/S-3 mice (experiment 2-2). One of these clones
was expanded and anti-peptide IgM was collected from the
supernatants. FACS analysis showed that the antibody specif-
ically recognized surface Her-2 expressed on A20, though
the intensity was not so high as that of Herceptin (Fig. 3).
However, we could not detect any apoptotic effect of this an-
tibody on Her-2—expressing cancer cells under the presence
of human complement (data not shown).

These results suggest that NOG mice can produce
antigen-specific IgM against very short epitope peptides.
Antibody-producing B cells were successfully fused with
a human myeloma cell line, and antibody-producing
hybridoma was obtained. Using this system, we prepared
hybridoma lines of completely human type secreting
anti-Her-2 IgM.

Discussion

There is increasing evidence showing that clinical trials of
certain humanized monoclonal antibodies are prospective
[ 1.2}, although their therapeutic effect is not always constitu-
tive [22]. On the other hand, there is an argument that such
antibodies may cause production of new anti-mouse anti-
bodies during the continuous treatments because most of
the therapeutic antibodies are generated from the human-
mouse chimera antibody [8]. In this study, we examined
the capacity of human B cells developed in mouse environ-
ment to produce antigen-specific antibodies, particularly
against certain peptides, in vivo. For this, the human immune

Experiment 2-1

Immunization no.

Group 1 2 3 4 5
1P Peptide Peptide Peptide Peptide Peptide
2 (P/S) Peptide Peptide Peptide sva2 Sv22
3(8) Sv22 Sv22
Experiment 2-2

1(P) Peptide Peptide Peptide Peptide Peptide
2 (P/S) Peptide Peptide Peptide Sv22 sv22
3(H) Her-2 Her-2 Her-2 Her-2 Her-2
4 (H/S) Her-2 Her-2 Her-2 Sv22 sva2
5(8) Sv22 Sv22

CB-NOG mice were immunized with Her-2-Telated antigens. In the experiment 2-1, epitope peptide and SV22 were used for the priming and booster. In the
experiment 2-2, recombinant Her-2 extracellular domain protein (exHer-2) was also used.
CB-NOG = NOG mouse reconstituted with CB-derived CD34™ cells; H = exHer-2; H/S = exHer-2 and SV22; P = peptide; P/S = peptide and SV22; S = SV22.
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Table 3. Summary of anti-Her-2 antibody production in CB-NOG mice

Experiment 2-1

10 Weeks after transplantation

20 Week after transplantation

Ag Total IgM (pg/mL) hCD45 (%) Total IgM (pg/mlL) Total 1gG (ng/ml.) Her-2 IgM (ng/mL) Anti-Peptide 1gM (ng/mL)
P 90.7 814 287.9 13,548.9 0 3344
P 58.2 30.8 418.6 2533.3 0 0
P 76.6 62.6 308.9 22,379.7 0 342
P/S 28 85.0 98.8 1237 18 138.4
P/S 153.7 82.1 3734 55 0 65
P/S 104.9 883 185.6 26,855.3 0 59.2
P/S 94.1 83.7 250.2 0.361 0 53.6
P/S 98.2 63.8 228.2 10,788.9 0 60.7
P/S 123 63.0 208.4 0 0 52
P/S 7.6 51.8 96 0 3.6 50.4
P/S 55.7 45.5 368.3 0 0 37.6
P/S 3251 64.5 424.8 0 0 111.2
P/S 133.6 71.1 166.9 0 0 106.9
S 475 72.8 194.8 801.2 0 153.7
S 108.6 61.8 324.1 4866.8 0 48.7
S 108.6 29.8 231 4113 0 143.6
Experiment 2-2

P 88.3 0.0 0.0
P 80.5 0.0 0.0
P/S 83.0 0.0 5.0
P/S 57.1 0.0 12.5
P/S 90.1 0.0 0.0
P/S 39.5 7259 613.8
H ND 64.9 ND ND 0.0 129.8
H 521 0.0 0.0
H 93.8 0.0 0.0
H 74.1 0.0 29.0
H/S 704 0.0 0.0
H/S 94.7 0.0 193.3
S 87.4 0.0 234.5
S 774 0.0 30.6

CB-NOG mice were immunized by the protocols as shown in Table 2. Total immunoglobulin M (IgM) and hCD45 (%) were determined 10 weeks after
transplantation. Specific IgM, total 1gM, and total IgG were determined at week 20.

CB-NOG = NOG mouse reconstituted with CB-derived CD347 cells; H = exHer-2; Her-2 = exHer-2 used for enzyme-linked immunosorbent assay (ELI-
SA); H/S = exHer-2 and SV22; ND = not determined; P = peptide; Peptide = epitope peptide used for ELISA; P/S = peptide and SV22; S = SV22.

system in immunodeficient mouse was reconstituted by
transplantation of human cord blood CD34% cells (CB-
NOG), and they were thereafter immunized with given anti-
gens. Then, antibody-producing human B cells obtained
from the spleen of immunized CB-NOG mice were fused
with a human myeloma cell line, which was recently estab-
lished by Karpas et al. [18] to generate human-human
hybridoma.

Among immunodeficient mice used for transplantation of
human tissues, NOG mice were reported to be the most ac-
ceptable for human leukocytes |11]. Moreover, several
groups including us showed that the human immune system
could be efficiently reconstituted in NOG mice after trans-
plantation of CD34" human cord blood cells |10.12.23.24].
Moreover, we demonstrated that the CB-NOG mice pro-
duced the antigen-specific antibody when they were immu-

nized with DNP-KLH |12]. In this study, we examined
whether peptide-specific antibodies are produced in the re-
constituted CB-NOG mice when they were immunized
with a MAP peptide with a small region of the Her-2 epitope
peptide in Freund’s complete adjuvant. In these mice, IgM
production against a given short peptide antigen was detected
with a relatively high frequency, which was not different
from that of mice immunized with the ordinary protein anti-
gens, such as a Her-2 extracellular domain. Compared with
the peptide immunization, tumor cells expressing Her-2
on their surface induced anti-Her-2 peptide antibody pro-
duction in a markedly high frequency. Peptide immuniza-
tion did not have additive effect on the specific antibody
induction when the Her-2—expressing cells were used for
the antigen, as the frequency of antibody-producing
mice and the antibody concentration in the sera were
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Table 4. Summary of hybridoma production by CB-NOG B cells and Karpas707H

Total antibody Specific antibody
(colony, n) (colony, n)
Ag Mouse” EBV Cell” (x10e5) Colony (n) IeM 1gG IgM 1gG
H 4 - 921 142 21 15 4 ND
P/S-1 1 + 366 31 ND ND 8 ND
P/8-2 1 + 255 14 ND ND 2 ND
P/S-3 i + 641 54 ND ND 28 ND
S 1 + 358 48 ND ND 10 ND
DNP-KLH 4 - 351 58 32 0 32 0

CB-NOG B cells were fused with Karpas707H and the yield was shown.

CB-NOG = NOG mouse reconstituted with CB-derived CD34™ cells; DNP-KLH = 2,4-dinitrophenol-conjugated keyhole-limpet-hemocyanin; EBV =
Epstein-Barr virus; H = exHer-2; Ig = immunoglobulin; ND = not determined; P/S = peptide and §V22; § = SV22.

Antibody production was determined by enzyme-linked immunosorbent assay for culture supernatants. Four clones were exHer-2--specific. Forty-eight clones
were epitope peptide-specific. One of the clones stably produced antibodies for more than 7 months.

*Mouse pooled for one fusion experiment.
>Total cell number used for one fusion experiment.

not so different between the peptide-immunized and nonim-
munized groups. These results indicate that immunization
of a certain peptide derived from the membrane protein
can induce specific antibodies in CB-NOG mice, but that
its antigenicity is not as strong as the whole molecule in-
cluding the epitope sequence expressed on the cell surface.

Only IgM was detectable as antigen-specific antibodies
in the sera of CB-NOG mice when mice were immunized
with either peptide or ordinary protein antigens. In consid-
eration of the characters of CB-NOG mice, this result might
not be unexpected: the majority of spleen B cells of
CB-NOG are CDSVB1 cells ]12], which are recognized
as being the major IgM producer. However, human B cells
developed in CB-NOG mice have a potential to produce
IgG, because nonspecific IgG was detected in the CB-
NOG mice immunized with Her-2 peptide. Very recently,
Ishiawa et al. [25] reported development of specific IgG
against ovalbumin in newborn NOG mice receiving trans-
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plantation of human stem cells, although the antibody level
was not high enough. Therefore, it is possible that the
cognate interaction mediated by a certain antigen on major
histocompatibility class (MHC) II between B cells and T
cells may occur in a low frequency, presumably because
most human T cells developed in the mouse thymus of
CB-NOG mice are restricted with mouse MHC. Conse-
quently, only a low proportion of B cells can recognize
helper T cells by human MHC restriction to secrete anti-
gen-specific IgG (in preparation).

To date, most human monoclonal antibodies were pre-
pared from mouse-human hybridoma lines prepared by hu-
man B cells and mouse myeloma cell lines, mainly because
the adequate human myeloma cell line was not available.
Recently, Karpas and his collaborators established a mye-
loma cell line, Karpas707H, which expresses a low level
of human light chain without its secretion. Using this mye-
loma cell line, they succeeded in establishing genuine
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Figure 3. Recognition of surface Her-2 by human anti-Her-2 immunoglobulin M (IgM). Anti-Her-2 IgM was prepared from human hybridoma and purified.
Mouse B-cell lymphoma (A20) expressing Her-2 was stained with the anti-peptide IgM antibody prepared from one of the hybridoma lines or Herceptin
(IgG). Phycoerythrin-conjugated anti-human IgM (Anti-hulgM) or anti-human IgG (Anti-hulgG) was used for the secondary antibody. Cells were washed
and analyzed by fluorescein-activated cell sorting analysis. Bold lines show the staining pattern with anti-peptide IgM; dotted lines show that of Herceptin.

Solid thin lines show that of only secondary antibody.
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human hybridomas by fusing with EBV transformed human
B cell line producing anti-HIV-1 IgG and with fresh cells
obtained from tonsils or peripheral blood cells. According
to their process, we fused Karpas707H with spleen cells ob-
tained from CB-NOG mice immunized with given antigens.
Corresponding to the spectrum of the immunogiobulin type
in the serum of the immunized CB-NOG mice, all the hy-
bridomas we established secreted IgM antibody against
Her-2 peptide (Table 4). Among these, one of the hybrid-
oma lines maintained production of anti-Her-2 peptide an-
tibody in the culture for more than 7 months without losing
IgM secretion ability, and the partially purified antibody
recognized Her-2 transfectants. Corresponding to the serum
Igs, some of the hybridoma lines were found to secrete non-
specific IgG antibodies, indicating that at least EBV trans-
formation of B cells in vitro does not disturb the fusion of
Karpas707H with spleen B cells producing either IgG or
IgM in CB-NOG.

IgG-type monoclonal antibody is considered more use-
ful for clinical usage mainly because of its low molecular
weight, high specificity, and multifunctions. However,
IgM may not always be invalid for clinical application.
For example, IgM antibodies against HIV induce more ef-
ficient cytolysis for infected cells in a complement-medi-
ated manner presumably because the complement binding
ability of IgM is higher than IgG |26}. Although our mono-
clonal IgM antibody showed very low cytotoxic activity
against Her-2—positive tumor in vitro under the presence
of mouse serum (data not shown), several groups reported
that IgM antibodies possess anti-tumor function in the pres-
ence of complements |27-31]. Thus, the method described
in this article will be useful in obtaining genuine human
monoclonal antibody to the surface molecule on tumor
cells, even if the antibody is IgM.

In summary, we demonstrated that CB-NOG mice,
which were prepared from immunodeficient NOG mice
reconstituted with human immune system, have potential
for producing peptide-antigen—specific IgM antibodies,
although most B cells developed in the mice are CDhs*
cells. We could produce human-derived IgM antibody
against Her-2 epitope peptide in the CB-NOG mice. By
fusing splenic B cells from the immunized NOG mice
with a human myeloma cell line, we succeeded to generate
genuine human hybridoma secreting antigen-specific IgM
against a given peptide.
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GENE THERAPY

Lentivirus vectors expressing short hairpin RNAs against the U3-overlapping
region of HIV nef inhibit HIV replication and infectivity in primary macrophages

Takuya Yamamoto, Hiroyuki Miyoshi, Norio Yamamoto, Nacki Yamamoto, Jun-ichiro Inoue, and Yasuko Tsunetsugu-Yokota

Although successful attempts to inhibit
HIV-1 replication in T celis using RNAi
have been reported, the effect of HiV-
specific RNAI on macrophages is not well
known. Macrophages are key targets for
anti-HIV-1 therapy because they are able
to survive long after the initial infection
with HIV and can spread the virus to T
cells. In this study, we identified a puta-
tive RNAI target of HIV, consisting of the
portion of the nef gene overlapping the
U3 region (Nef366), and generated a lenti-

virus-based short hairpin RNA (shRNA)
expression vector (Lenti shNef366). We
show that Lenti shNef366 inhibits (1) HIV-1
replication in a monocytic cell line and in
primary monocyte-derived macrophages
(MDMs), (2) reactivation of latent HIV-1
infection, and (3) the production of sec-
ondary HIV-1 from MDMs harboring a
genomic copy of Nef366. Moreover, we
found that the up-regulated production of
macrophage inflammatory protein 18
(MIP-1B), but not MiP-1e, in MDMs by Nef

expression was considerably suppressed
by Lenti shNef366, which suggests that
HIV-1 dissemination to T cells through its
interaction with HIV-1~infected MDMs can
also be controlled by Lenti shNef366.
Thus, lentivirus-mediated shRNA expres-
sion targeting the U3-overlapping region
of HIV nefrepresents a feasible approach
to genetic vaccine therapy for HIV-1.
({Blood. 2006;108:3305-3312)
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Introduction

HIV Nef, which is uniquely conserved among HIV-1, HIV-2,
and SIV. is essential for viral replication in vivo.! Nef is located
at the 3’ end of the viral genome, partially overlapping the 3
long terminal repeat (LTR). The nef gene is one of the earliest
expressed genes during HIV-1 replication and is transcribed at
particularly high levels, often accounting for up to 80% of
HIV-1-specific RNA in the early stages of viral replication. The
Nef protein is multifunctional, having been shown to be
involved in the down-regulation of CD4 receptor molecules, cell
apoptosis, and signal transduction.”® From studies of HIV-
infected individuals, accumulating evidence indicates that Nef
plays an important, albeit currently not clearly understood. role
in the pathogenesis of AIDS. %67

Recent investigations have shown that Nef has evolved
macrophage-specific functions, such as the recruitment of T
cells to sites of infection.® Macrophages expressing Nef secrete
a high level of macrophage inflammatory protein la (MIP-1)
and MIP-1(, thus recruiting peripheral T cells to lymph nodes.
More recently it was shown that Nef regulates the release of
paracrine factors from macrophages®; at least 2 proteins have
been identified, which enhance lymphocyte susceptibly to
HIV-1 infection in the absence of cell-cycle progression. These

results provide ample evidence that Nef functions as a virulence
factor that contributes to the manifestation of the clinical
symptoms of immunodeficiency. Thus, any therapeutic interven-
ton aimed at either completely blocking or at least partially
reducing the expression of nef during HIV infection would likely
enhance the ability of the immune system to fight HIV infection.

Sequence-specific degradation of viral mRNA by the process
of RNAI is a mechanism for selectively inhibiting the synthesis
of viral proteins that are critical for HIV-1 replication. RNAi
therapy is based on an existing mechanism of gene regulation
that is ubiquitous in plants and animals, in which targeted
mRNAs are degraded in a sequence-specific manner.'’ Quite
recently, several groups reported the use of RNAI] to success-
fully inhibit HIV-1 replication.!!-!

To study the effect of stable expression of short hairpin RNA
(shRNA) against the U3-overlapping region of HIV-1 nef on virus
replication and Nef-mediated cytokine regulation in primary mac-
rophages, we established a lentivirus vector system expressing
HIV-specific shRNAs. We show that HIV replication in primary
macrophages was considerably suppressed following transfec-
tion of shRNAs targeting the U3-overlapping region of genomic
HIV nef. Moreover, RNAi was able to control CC-chemokine
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production associated with Nef expression in HIV-I-infected
macrophages. Thus, lentivirus-vector-based RNA1 of the U3-
overlapping region of HIV-1 nef might have potential usefulness
as a genetic vaccine against HIV-1 infection.

Materials and methods

Construction of plasmids

To express gene-specific sShRNAs under the human U6-RNA promoter,
sense and antisense oligonucleotides 47 bp in length were ligated into
PENTR/U6 (Invitrogen, Carlsbad, CA). The sequences of the oligonucle-
otides were as follows: lacz. sense oligonucleotide, 5'-caccgctacacaaal-
cagcgatttcganaaatcgetgatttgtgtag-3', and antisense oligonucleotide, 5'-
aaaactacacaaatcagegatttttcgaaatcgetgatttgtgtage-3': Nef366 (nucleotides
366-385 of the HIV-Inrasa nef ORF overlapping the 3 LTR), sense
oligonucleotide, 5'-caccgatiggcagaactacacaccaagagagtgtgtagticigceaate-
3', and antisense oligonucleotide. 5'-aaaagattggcagaactacacactctet-
tggtgtgtagtictgecaate-3'. The resulting entry vectors were termed pENTR/
shLacZ and pENTR/shNef366, respectively.

A Gateway-compatible (Invitrogen) HIV-1-based vector, pCS-RtA.
containing elongation factor 1o promoter (EF-1a)—driven green fluorescent
protein (EGFP) (pCS-RfA-EG),'® was used to construct the lentivirus
vectors, pCS-EG/shlLacZ and pCS-EG/shNet366, according to the manufac-
turer’s instructions (Invitrogen).

Cell culture and transfection

The human cell line 293T and human monocytic cell lines U937 and U1"7
were maintained in Dulbecco modified Eagle medium (DMEM) and RPMI
1640 medium (Gibco, Grand Island, NY), respectively, supplemented with
10% heat-inactivated fetal calf serum (FCS), penicillin (100 p.g/mL). and
streptomycin (100 pg/mL). To establish CCR5* CEMx 174 cells expressing
EGFP driven by HIV-LTR, CEMx174 cells were transfected with pEF-
BOSbst-HuCCRS5 and pHIV-1 LTR-EGFPpuro (kind gifts from M. Tat-
sumi. National Institute of Infectious Diseases, Tokyo. Japan) and CEMx174
CCRS/LTR-EGFP cells were established.

HelLa-CD4 cells (obtained from the National Institutes of Health AIDS
Reagent Program) were transtected with pEF-Nef bst. and Nef-expressing
HeLa-CD4 cells were established (HeLa-CD4-Nef).

RNAI target site selection

A Web-based program for designing siRNA targets (Promega. Madison.
WI). BLOCK-iT RNAi Target Designer (Invitrogen). and the National
Center for Biotechnology Intormation Web site were used for the
selection of siRNA and shRNA sequences, and for BLAST searches.
Stealth siRNAs were synthesized (Figure 1) and HeLa-CD4-Nef cells
were transfected with 2.5 pL stealth siRNA complexed to 2.5 pL
Lipofectamine 2000 {Invitrogen) according to the manufacturer’s instruc-
tions. Total RNA was extracted and analyzed by quantitative reverse
transcription—polymerase chain reaction (QRT-PCR) using specific LUX
primers (Invitrogen) and the SuperScript III Platinum One-Step Quanti-
tative RT-PCR system (Invitrogen). The sequences of the gRT-PCR
primers werge as follows: nef torward. labeled at its 3" terminus with a
reporter flucrophore 6-carboxyfluorescein (FAM), 5'-cagcagagtgtgattg-
gatggectgcFAMg-3'; nef reverse. 5'-tggetcagetegteteattett-3': ef-/a
forward labeled at its 3’ terminus with a reporter fluorophore 6-carboxy-
4'.5'-dichloro-2', 7'-dimethoxyfluorescein (JOE), 5'-gaaccacaagtgctaa-
catgecttggJOEte-3"; ¢f-/ a reverse, 5'-agegtggttecactggeatt-3'. The reac-
tions were performed using an Mx3000P (Stratagene. La Jolla. CA).
For Western blot analysis. cell lysates were prepared. subjected to
12.5% sodium dodecyl sulfate—polyvacrylamide gel electrophoresis (SDS-
PAGE). and immunoblotted with anti-Nef monoclonal antibody (mAb: F3.
a kind gift from Dr Y. Fuji. Graduate School of Pharmaceutical Science.
Nagoya City University, Nagoya. Japan). The blot was reacted with
biotinylated goat anti-mouse IgG antibody (Jackson ImmunoResearch.
West Grove. PA), then with streptavidin-POD (Roche. Indianapolis. IN).
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Figure 1. siRNA target sequences in nef. (A) Targets of siRNAs against the
U3-overlapping region of HiV-1nyas2 Nef and their sequences. Nef-expressing Hela
CD4 cells were transfected either with 2.5 uM egfp siRNAs (control: EGFPst) or nef
siRNAs (Nef355st or Nef366st). At 48 hours after transtection, these cells were lysed
to obtain total RNA and protein. (B) Total RNA was extracted and analyzed by
qRT-PCR. The level of nef mRNA expression was normalized with that of elongation
factor 1o (EF-1c) mRNA expression (nef/EF-1u). The data represent the expression
level of nef mRNA relative to that of the control as 100%. The data represent the
average = SD of 3 independent experiments. (C) The cell lysates were subjected to
12.5% SDS-PAGE and immunoblotted with anti-Nef mAb.

Proteins were visualized by the SuperSignal Western Dura Extended
Duration Substrate (Pierce, Rockford. IL) using an LAS3000 analyzer (Fuji
Film. Tokyo. Japan).

Preparation of lentivirus vector

The lentivirus shRNA expression vectors were produced by transient
transfection of 293T cells with a self-inactivating (SIN) vector construct.
VSV-G- and Rev-expressing plasmid pCMV-VSV-G-RSV-Rev, and the
packaging construct pCAG-HIVgp using the calcium phosphate precipita-
tion method. '8 The lentiviral vector was concentrated by ultracentrifugation
and the final solution was assayed for p24 antigen by an in-house
enzyme-linked immunosorbent assay (ELISA).'® The infectivity was
determined by using 293T cells based on the EGFP expression.

Preparation of HIV-1 virus stocks

To prepare HIV-1, COS-7 cells were transtected with either pNLA32,
pNF462 (a kind gift from A. Adachi, Tokushima University, Tokushima.
Japan), or pNF462dNef, in which the nef gene was deleted by digestion
with Xhol and Kpnl, as described previously.'®

Primary MDM culture

From peripheral blood mononuclear cells (PBMCs) of healthy, HIV-1~
donors. CD14* monocytes were enriched using a magnetic-activated cell
sorter (MACS; Miltenyi Biotec. Cologne, Germany) as described. ' Mono-
cytes were cultivated in RPMI 1640 medium supplemented with 10% FCS.
5% human AB plasma. and 10 ng/ml macrophage colony-stimulating
factor (M-CSF) for 1 week to allow differentiation into monocyte-derived
macrophages (MDMs).

Kinetics of virus production in stable shRNA-expressing
U937 cells

Stable shRNA-expressing cells were infected with HIV-1yi432 for 2 hours.
then cells were washed 3 times. Culture supernatants were harvested at 3- or
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4-day intervals and viral production was monitored by HIV of p24 Gag
antigen ELISA kit (RETRO TEC,; ZeptoMetrix, Buftalo, NY).

Real-time RT-PCR (qRT-PCR) analysis of HIV-1 infection

HIV-1-infected cells were collected and total DNA was prepared 3, 8 and
12 hours after infection. For the detection and quantification of individual
torms of HIV-1 DNA, oligonucleotide primer and probe sequences were
designed specifically for the TagMan assay as described elsewhere." All
probes (Biosearch Technologies, Novato, CA.) were 5'-labeled with the
fluorophore FAM as the reporter dye, and 3'-labeled with Black Hole
Quencher-1 (BHQ-1) as the guencher dye. The gRT-PCR analysis was
performed on an Mx3000P (Swatagene) and the amount of HIV-1-specific
DNA per cell was nonmalized to 3-globin gene.

Kinetics of virus production in MDMs and reporter analysis

MDMs (2 X 10°/well) were cultured in 48-well tissue-culture plates and
infected either with wild-type HIV-Inpsga or HIV-Inpigaaner. MDMs were
infected with leativirus at a multiplicity of infection (MOI) of 2 or 10 and
washed extensively. The next day. cells were exposed to HIV-1 (5 ng/well)
for 2 hours. Cell supernatants were harvested at 3- or 4-day intervals, and
viral production was monitored by p24 antigen ELISA.

The cell-culture supernatants at 10 days atter HIV infection were
examined for infectivity, and 10 days after HIV infection, cell superna-
tants were collected (termed HIV-1/Lenti cont and HIV-
[/Lenti shNef366). CEMx174 CCRS/LTR-EGFP cells were infected
with HIV-1/Lenti cont or HIV-1/Lenti shNef366, and the number of
HIV-1l-infected EGFP* T cells was determined by fluorescence-
activated cell sorter (FACS).

Detection of chemokines

For the detection of chemokine production in MDMs, the cytometric bead
array (CBA) kit (BD Bioscience, San Jose, CA) was used, which measured
4 chemokines (IL-8, MIP-1a, MIP-18, MCP-1) simultaneously.

Restimulation assay of lentivirus-transduced U1 cells

Latent HIV-1-infected Ul cells were transduced with Lenti cont or Lenti
shNef366 at an MOI of 1. Two weeks later. EGFP* cells were sorted and
stimulated with 1 ng/mL recombinant granulocyte-macrophage colony-
stimulating factor (GM-CSF). Culture supernatants were collected at days 2
and S, and the level of p24 antigen was measured by ELISA.

Results
siRNA suppresses nef mRNA and Nef protein expression

In the HIV-1 genome. nef is located at the 3' end of the viral
genome, partially overlapping the 3’ LTR (Figure 1A). Jacque and

colleagues demonstrated previously that siRNA targeting of the 5 -

region of nef (nucleotides 164-185) suppressed HIV replication.?”
Therefore, we selected 3 distinct regions of the HIV-lypus nef
sequence using a Web-based program for designing DNA-directed
RNAI systems, focusing on the Nef coding region overlapping the
3" LTR. These were designated as Nef338, 366, and 479 based on
the position of the first nucleotide of the siRNA. From mitial
screening experiments. we found that Nef366 was the most
effective target site (data not shown).

The type | interferon response is an innate defense mechanism
in eukaryote cells against viral infection. It has been shown that
some types of siRNA induce type 1 interferon. which i turn
mediates the gene-specific effect of RNALY 2 The stealth siRNA
system was developed to avoid the interferon response 10 sSiRNA in
cells (Invitrogen manual). We prepared synthetic stealth siRNAs,
designated Nef355st and Nef366st. and a control siRNA designated
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EGFPst, to determine the effect of RNAI using sequences based on
Nef366 (the U3-overlapping region of the Nef-coding region).
Neff355st was synthesized based on a Web-based computer
program for generating stealth siRNA (Invitrogen), whereas
Nef366st represents a slightly modified version of the stealth target
site (6-nucleotide difference), so that it conformed to the target
sequence as described. These stealth Nef siRNA sequences differed
by only 5 nucleotides (Figure 1A).

We established a stable Nef-expressing HeLa-CD4 clonal cell
line, designated as HeLa-CD4-Nef. HeLa-CD4-Nef cells were
transfected either with 2.5 pM EGEPst or nef stealth siRNAs
(Nef355st or Nef366st), and harvested 48 hours after transfection.
Total RNA was extracted and the level of nef mRNA was measured
by gRT-PCR. We observed that transfection with Nef366st reduced
nef mRNA expression more than 90% (Figwe 1B), whereas
Nef355st suppressed the level of nef mRNA approximately 80%,
compared with EGFPst controls. When cell lysates of the trans-
fected cells were analyzed by Western blot, we found that both
Nef366st and Nef355st suppressed Nef protein levels to below the
detection limit of the assay (Figure 1C). Taken together, these
results clearly showed that Nef366 is an efficient target sequence
for the inhibition of nef gene expression by siRNA.

shRNA suppresses nef mRNA and Nef protein expression

To assess the effect of endogenous expression of Nef366 siRNA,
we constructed expression vectors that encoded shRNAs corre-
sponding to Nef366, or lacZ as a control, driven by the human U6
polymerase Il promoter, designated as pENTR/shNef366 and
pENTR/shLacZ, respectively (Figure 2A). HeLa-CD4-Nef cells
were transfected with either pENTR/shiNef366 or pENTR/shlLacZ
by FuGene6 reagent (Roche) and cells were harvested 72 hours
after transfection. Total RNA was extracted and analyzed by-
gRT-PCR. We observed that the level of nef mRNA was suppressed
by approximately 80% in cells transfected with pENTR/shNef366
(Figure 2B). Western blot analysis confirmed that pENTR/
shNef366 strongly suppressed Nef protein levels as well (data not
shown). These results indicated that promoter-driven endogenous
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Figure 2. RNAI by transfection with shRNA expression vectors. (A) Schematic of
the expression vectors (pENTR/shRNA) encoding shRNAs of Nef366 or iacZ,
designated as pENTR/shNef366 and pENTR/shLacZ, respectively, in which expres~
sion is driven by the human U6 polymerase lll promoter. {B) Nef-expressing
Hel.a-CD4 celis were transfected either with 1.0 png pENTR/shNef366 or pENTR/
shlacZ and cells were harvested 72 hours after transfection. Total RNA was
extracted and analyzed by qRT-PCR. The data represent the average = SD of 3
independent experiments.
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expression of shNef366 was able to mediate RNAi of nef in
HeLa-CD4-Nef cells.

Inhibition of HIV-1 replication in U937 cells by lentivirus-based
shRNA expression

The transfection efficiency of the entry vectors used in suspension
cells was quite low, and the objective here is to introduce siRNAs
into primary macrophages. Therefore we constructed HIV-1-based
lentivirus vectors expressing Nef366 shRNA or shRNA targeting
lacZ as a control (Lenti shNef366 and Lenti control) using Gateway
technology. The structure of the lentivirus vector used in the
following studies is illustrated in Figure 3A.

To test whether Nef366 shRNA was able to efficiently block
HIV-1 replication, we infected U937 cells with Lenti shNef366 or
Lenti control. both of which encoded GFP driven by the EF-la
promoter (EGFP), at an MOI of 1. Two weeks after infection.
nearly 30% of the cells stably expressed EGFP (Figure 3B upper
panel). We sorted the EGFP* cells by fluorescence-activated cell
sorter (FACSaria: BD Biosciences), after which the purity of the
Lenti control- and Lenti shNef366—transfected, EGFP™ cells was
97.2% and 99.7%. respectively (Figwre 3B lower panel: U937/
Lenti cont and U937/Lenti shNef366). The purified cell popula-
tions were then infected with 2 inoculation doses of HIV-1 (Figure
3C upper and lower panels; p24: 20 ng and 100 ng. respectively).
The culture supernatants were collected at 3- or 4-day intervals,
and the level of p24 antigen was measured by ELISA. We observed
that at both inoculation doses HIV-1 replication in U937 cells was
inhibited by Lenti shNef366. especially at the peak of HIV-1
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production. The reverse transcriptase activity was also measured in
parallel. and the result was consistent with that of p24 ELISA
(data not shown). The inhibition of HIV-1 replication was
sustained at least for | week, following which HIV-1 production
gradually decreased in all cell populations. presumably because
of the cytopathic effect of HIV-1 infection.

To further cvaluate the effect of RNAI on the early steps of
HIV-1 infection. we prepared cell lysates at different time points
after inoculation (3. 8, and 12 hours after infection) and analyzed
the level of reverse transcription activity by measuring the amount
of different forms of proviral DNA (HIV-1 2LTR and U5-Gag) by
the qRT-PCR. The copy number of these proviral DNA forms
decreased in U937/Lenti shNef366 cells. relative to that seen in
U937/Lenti control cells at all time points. The amount of these
DNA forms normalized to B-globin gene at 12 hours after HIV-1
infection is depicted in Figure 3D. The copy number of 2LTR and
U5-Gag was 16.9% and 13.4% of control. respectively. These
results suggested that the inhibition of HIV-1 replication occurred
early after virus entry, presumably during uncoating or reverse
transcription, not integration.

A type | interferon response has been shown to be induced by
synthetic siRNAs via protein kinase R- (PKR) or toll-like receptor
7 (TLR 7)-mediated signaling pathways.2'? To eliminate the
possibility that we were generating an interferon response follow-
ing shRNA expression in our system, we analyzed the level of 2’
5'-oligoadenylate synthetase mRNA expression in Lenti shNef366~
infected U937 cells by gRT-PCR. We detected no such message
(data not shown), indicating that the interferon response plays a
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Figure 3. Inhibition of HIV-1 replication in U937 cells by lentivirus-mediated shRNA. (A) The structure of the shRNA lentiviral expression vector. The HiV-1-based
lentivirus vector for expressing shRNA was constructed using Gateway technology. pCS-EG/shRNA consisted of UB-shRNA upstream of an EF 1o promoter—driven EGFP
expression cassette, which allowed simultaneous expression of shRNA and EGFP. (B) U937 cells were infected with lentivirus expressing either shNef366 (Lenti shNef366) or
shLacZ (Lenti controt) at an MOI of 1. After 2 hours of infection, cells were washed and maintained in culture. Cells expressing EGFP were analyzed by FACS, and EGFP* cells
were collected. EGFP* cells were analyzed by FACSaria 1 week later (designated as U837/Lenti control and U937/Lenti shNef366). (C) U937/Lenti cont or U937/Lenti
shiNet366 cells (1 » 105/well) were infected with HIV-1y 432, and the culture supernatants of these cells were collected at 3- or 4-day intervals after infection. The level of
p24 antigen in the culture supernatants was measured by ELISA. (D) HIV-1-infected cells were collected and total DNA was prepared 12 hours after infection. Total
HIV-1 and 2LTR DNA was analyzed by gRT-PCR. The amount of HIV-1-specific DNA per ceil was normalized to #-globin gene expression. The data represent the

average * SD of 3 independent experiments.




