" conditions. The MS?* spectra generated from [M+NH,]" at
mfz 212 showed a larger relative abundance at m/z 180
for MeaGlc than for MefGlc (Fig. 4(A)). The relative
abundance ratios of mfz 195 to 180 or m/fz 163 to 180
were significantly different between MeaGlc and MegGle.
The relative abundance ratios of m/z 195 to 180 at the different
fragmentation amplitudes are shown in Fig. 4(B).

The relative abundance ratios of m/z 195 to 180 were more
than 9 at every fragmentation amplitude for MepGlc, but
were lower than 1 for MeaGlc. The two isomers could be
identified by the results in Fig. 4(B). In positive ion
mode, the product ions generated from [M+Na]® at m/z
217 and [M+H]" or IM+NH,-NH;]* at m/z 195 showed no
significant differences between « and g anomers. Therefore,
the two anomers (@ and ) could be distinguished from MS?
spectra using solvent supplemented with ammonium acetate
to generate [M-+NH,]" ions for analysis.
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Figure 4. (A) Positive ion ESI-MS? spectra of MepgGlc

and MexGlc generated from precursor ion [M+NH,]" at
m/z 212. Fragmentation amplitude was 0.8 V. The precursor
ion is indicated with a vertical arrow. (B) The relative abundance
ratios of m/z 195 to 180 in MS? spectra at different fragmenta-
tion amplitudes for Me 8Glc and MeaGlc. For MeaGlc, fragment
ions at m/z 195 and 180 were detected above 0.6 V, for MesGilc,
the fragment ion at m/z 195 was detected above 0.5V, and that
at m/z 180 was detected above 0.6 V.
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The mass spectra of isomers in negative ion mode were
also investigated. In MS spectra, anions such as [M+
CH,COO]™ at m/z 253 and [M~H]™ at m/z 193 were detected
for both anomers. In MS? spectra generated from precursor
ions at m/z 253, a single ion species at m/z 193 was observed.
Product ions such as [M-CH,O-H]™ at m/z 161, [M-
CoHgOs-H]™ at mfz 113, and [M-C3HgOs-H]™ at m/z 101
were detected in MS? spectra generated from the precursor
ion at m/z 193 in the MS spectrum. The base peak was m/z
101 for MeaGlc and m/z 161 for MepGlc (Fig. 5(A)).

The relative abundance ratios of m/z 161 to 101 at different
fragmentation amplitudes are shown in Fig. 5(B). The results
showed that relative abundance ratios of m/z 161 to 101 were
more than 2 at every fragmentation amplitude for MefSGlc,
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Figure 5. (A) Negative ion ESI-MS? spectra of MegGlc
and MeaGlc generated from precursor ion [M-H]™ at m/z
193. Fragmentation amplitude was 0.9 V. The precursor ion is
indicated with a vertical arrow. (B) The relative abundance
ratios of m/z 161 to 101 in MS? spectra at different fragmenta-
tion amplitudes for MepGlc and MeaGlc The fragment ion at
m/z 101 was detected above 0.6V, and that at m/z 161 was
detected above 0.7 V for MeaGlc. The fragmention at m/z 161
was observed above 0.6 V, and that at m/z 101 was observed
above 0.7V for MegGlc.
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but were lower than 0.4 for MeaGlc; the two isomers could be
identified also in negative ion mode.

Therefore, MeaGle and MegGlc were distinguished
both in positive and negative ion modes using the solvent
supplemented with ammonium acetate.

Distinction between GlcN, GalN, and ManN
GleN*HCl, GalN*HCI, and ManN+HCl in acetonitrile/water
(1:1, v/v) solvent supplemented with 1mM ammonium
acetate were also examined by ESI-MS. The mass spectra
showed a base peak of [M+H]* at m/z 180 and [M~H,O-+H]*
at mfz 162. [IM+NH,]" at m/z 197 was not detected, since
hexosamine with a basic NH, group strongly holds protons.
Gas-phase basicity can be expressed in terms of gas-phase
proton affinity (PA). In the gas phase, a molecule with a high
gas-phase PA can abstract a proton from the protonated
form of a molecule with a lower gas-phase PA.® The PA
value of NH; was 204.0kcal/mol?® and that of GIcN,
GalN, and ManN were 223.97, 224.71, and 224.99 kcal/mo],
respectively;12 therefore, hexosamine isomers could abstract
protons from NHJ to produce protonated ions.

The product ion at m/z 162 was found in high abundance
in MS? spectra generated from the precursor ion at m/z 180.
MS and MS? spectra showed no significant differences
between the three hexosamine stereoisomers; however, those
isomers could be identified by the different base peaks
and relative abundance in MS® spectra generated from the
precursor ion at m/z 162 (Fig. 6(A)).

In the MS® spectra, [M-2H,O+HI* at m/z 144,
[M-3H,O+H]}* at mfz 126, and [M=CsHgO4+H]™" at m/z 72
were detected for the three isomers. [IM-Co,HgO4+HI™ at m/z
84 and [CoH4O,+H]* at m/z 61 were observed in the Ms3
spectra of GlcN and ManN, and [M-CHgO4+HI™ at m/z 96
was observed for GalN. The product ion that was the base
peak was m/z 144 for GlcN, m/z 126 for GalN, and m/fz 84 for
ManN. Relative abundance at m/z 126 was larger than that at
mjz 144 for GalN, but was lower for GlcN and ManN;
therefore, GalN could be distinguished from GIcN and
ManN. The product ion at m/z 84 showed slight relative
abundance for GalN. The relative abundance of m/z 144 was
two-fold that of m/z 84 for GlcN, but was almost the same
for ManN; therefore, GlcN could be distinguished from
ManN. Furthermore, MS® spectra were measured by
altering fragmentation amplitudes from 0.4 through 1.0V
(Fig. 6(B)).

Figure 6. (A) Positive ion ESI-MS® spectra of GIcN, ManN,
and GalN generated from precursor ion [M—HO+H]* at m/z
162. Fragmentation amplitude was 0.8 V. The precursor ion is
indicated with a vertical arrow. The relative abundance ratios
of (B1) m/z 144 to 126 and (B2) m/z 144 to m/z 84 in Mms®
spectra at different fragmentation amplitudes for GIcN, ManN,
and GalN. The fragment ion at m/z 144 was detected above
0.5V for GlcN and GalN, and above 0.6V for ManN. The
fragment ion at m/z 126 was detected above 0.5V for GalN,
0.6V forGlcN, and 0.7 V for ManN. The fragment ion at m/z84
was detected above 0.6V for GlcN and ManN, but not for
GalN.

Copyright © 2006 John Wiley & Sons, Ltd.
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’ of m/z 144 to 84 of 0.5-1 for ManN and 1.5-5 for GlcN;
therefore, distinctions between the three HexNH, isomers
were possible in the presence of ammonium acetate.

Distinction between GIcNAc, GalNAc,

and ManNAc

MS" spectra of GlcNAc, GalNAc, and ManNAc were
investigated using solvent supplemented with ammonium
acetate in positive ion mode. In MS spectra, [M+H]" at m/z
222 was observed for the three isomers. Simultaneously,
in-source fragment ions such as [M-H,O+H]" at m/z 204 and
[M=2H,O+H]" at m/z 186 were detected. The abundance of
[M+NH,]* at m/z 239 was too low to measure MS? spectra.
The abundance of [M+H]¥ at m/z 222 showed a marked
increase by the addition of ammonium acetate. The PA
values of GlcNAc, GalNAc, and ManINAc were 221.1, 221.6,
and 221.2kcal/mol, respectively.'® Since the gas-phase
basicity of N-acetylhexosamines as well as hexosamines
was higher than that of NHj, N-acetylhexosamines could
abstract protons from NH} to produce protonated ions.

In MS? spectra, product ions such as [M-H,O+Hl*at m/z
204, [IM—2H,O+H]™ at m/z 186, and [M-C-HgOs+H]* at m/z
126 were generated from [M+H]" at m/z 222; however, they
showed no significant difference in relative abundance
(data not shown).

In MS® spectra (Fig. 7(A)), many product ions were
observed when [M-H.O+H]* at m/z 204 was a precursor
ion. Product ions such as [M-2H,O-+HI* at m/z 186,
IM=3H,0+H]1* at m/z 168, [M-C,HOs+H]T at m/z 144,
IM—CHgO,+H]" at m/z 138, IM=C,HgO4+H]™ at m/z 126, and
(M—C4H;00s+H]" at m/z 84 were detected for the three
isomers. The product ion base peak was m/z 126 for ManNAc
and m/z 186 for GlcNAc and GalNAc. The relative abundance
of mfz 126 was larger than that of m/z 186 for ManNAc, but
was lower for GlcNAc and GalNAc; therefore, ManNAc¢
could be distinguished from GlcNAc and GalNAc. The
relative abundance of m/z 126 was larger than that of m/z 168
for GalNAc, but was lower for GlcNAcg; thus, GIcNAc and
GalNAc could also be distinguished from each other.
Furthermore, MS® spectra were measured by altering
fragmentation amplitudes from 0.5 through 1.1V (Fig. 7(B)).

The relative abundance ratios of m/z 186 to 126 were

“larger than 1 for GlcNAc and GalNAc, and were lower than
1 for ManNAc (Fig. 7(B1)), while the relative abundance
ratios of m/z 168 to 126 were larger than 1.5 for GlcNAc,

Figure 7. (A) Positive ion ESI-MS® spectra of GIcNAc, Gal-
NAc and ManNAc generated from precursor ion [M—H,O+H]*
at m/z 204. Fragmentation amplitude is 0.8 V. The precursor
ion is indicated with a vertical arrow. The relative abundance
ratios of (B1) m/z 186 to 126 and (B2) m/z 168 to 126 in MS®
spectra at the different fragmentation amplitudes for GlecNAgc,
GalNAc, and ManNAc. The fragment ion at m/z 186 was
detected above 0.5V for ManNAc, and 0.6 V for GicNAc and
GalNAc. The fragment ion at m/z 168 was detected above
0.6V for GlcNAc, and 0.7V for GaINAc and ManNAc. The
fragment ion at m/z 126 was detected above 0.6 V for GalNAc
and ManNAc, and 0.7V for GlcNAc.
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and were lower than 0.3 for GalNAc and ManNAc
(Fig. 7(B2)); therefore, distinctions between the three
HexNAc isomers were possible in the presence of ammo-
nium acetate.
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Next, MS? and MS® spectra of [M+Nal]* at m/z 244
produced using solvent supplemented with 10 uM sodium
acetate were examined. In MS? spectra, [M-H,O+Na]* atm/z
226 was observed for the three isomers. The MS® spectra
generated from mjfz 226 showed several product ions
including [M~CH4O,+Nal* at m/z 196, [IM—C,HsO3+Nal™
at mjz 167, and [M-C,HgO,+Nal* at m/z 148; however,
GlcNAc and ManNAc could not be distinguished from
the MS? spectra. Therefore, use of the Na*-adducted ion as a
precursor ion was inappropriate to distinguish between
GlcNAc, GalNAc, and ManNAc.

CONCLUSIONS

In conclusion, we found a new method for distinguishing
Gle, Gal and Man using [M+NH,]" ions generated in
solutions of acetonitrile/water (1:1, v/v) solvent supple-
mented with 1mM ammonium acetate by ESI-ITMS. Glc
was distinguished from Gal and Man in MS? spectra, while
Gal and Man were distinguished by MS® analyses. The
anomeric isomers of MeaGlc and MeBGlc could also be
identified using MS? spectra of [M+NH,]* ions. The
HexNH, isomers (GlcN, GalN, and ManN) and HexNAc
isomers (GlcNAc, GalNAc, and ManNAc) could also be
distinguished by measuring MS® spectra using the same
solvent. The measurement of relative abundance ratios of
the characteristic fragment ions in MS? and MS® spectra
depending on the collision energy gave very credible results
for the distinction of monosaccharide isomers. Therefore,
the acetonitrile/water (1:1, v/v) solvent supplemented with
1mM ammonium acetate was a common solvent for
distinguishing monosaccharide isomers by ESI-ITMS. We
would like to apply this method for the sequence analyses of
oligosaccharides and mixtures of monosaccharides in the
future.
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Objective. Insulin-like growth factor (IGF)-binding proteins (IGFBPs) are a family of proteins
thought to modulate IGF function. By employing an in vitro culture system of human hema-
topoietic stem cells cocultured with murine bone marrow stromal cells, we examined the
effects of IGF-I and IGFBPs on early B-cell development.

Materials and Methods. Human CD34* bone marrow cells were cocultured with murine stro-
mal MS-5 cells for 4 weeks, and pro-B-cell number was analyzed by flow cytometry. After
administration of reagents that are supposed to modulate IGF-I or IGFBP function to the
culture, the effect on pro-B-cell development was examined. ’

Results. After cultivation for 4 weeks, effective induction of pro-B-cell proliferation was
observed. Experiments using several distinct factors, all of which neutralize IGF-I function,
revealed that impairment of IGF-I function results in a significant reduction in pro-B-cell de-
velopment from CD34" cells. In addition, when the effect of recombinant proteins of IGFBPs
and antibodies against IGFBPs were tested, IGFBP-3 was found to inhibit pro-B-cell devel-
opment, while IGFBP-6 was required for pro-B-cell development.

Conclusions. IGF-I is essential for development of bone marrow CD34" cells into pro-B cells,
Moreover, IGFBPs are likely involved in regulation of pro-B-cell development. © 2006

International Society for Experimental Hematology. Published by Elsevier Inc.

Insulin-like growth factor-I (IGF-I) is an anabolic hormone
and, like growth hormone and insulin, regulates whole body
growth, metabolism, tissue repair, and cell survival [1]. In
addition to its main production by the liver, IGF-I is also
produced by bone marrow (BM) stromal cells, myeloid
cells, and peripheral lymphocytes. In plasma and most bio-
logical fluids, IGF-I binds to members of a family of six
specific soluble proteins, known as IGF-binding proteins
(IGFBPs) 1-6, all of which have structures that are unre-
lated to those of IGF receptors (IGFRs) [2]. Although
IGFBPs were originally described as passive circulating
transport proteins, they are now recognized as playing a va-
riety of roles in circulation, the extracellular environment,
and inside the cell [3,4].

Offprint requests to: Tomoko Taguchi, M.D., Ph.D., Department of
Developmental Biology, National Research Institute for Child Health
and Development, 2-10-1, Okura, Setagaya-ku, Tokyo 154-8535, Japan;
E-mail: ttaguchi@nch.go.jp

Of the six IGFBPs, IGFBP-3 is the most abundant
IGFBP in plasma. In vitro experiments examining the ef-
fects of IGFBP-3 on various cell cultures have provided
conflicting data, with both enhancement and inhibition of
IGF-1 actions, depending upon the cell type and culture
conditions used [3,4]. In contrast, IGFBP-6 was purified
from human cerebrospinal fluid and from transformed hu-
man fibroblast cell culture [3]. IGFBP-6 has been shown
to inhibit IGF actions, including proliferation, differentia-
tion, cell adhesion, and colony formation of osteoblasts
and myoblasts [4]. Although the IGFBPs differ in their
structure and binding specificity, functional differences
among the various IGFBPs are still not clear [4].

In view of its multiple effects, IGF-1 is thought to play an
integral role in hematopoiesis [1]. IGF-I stimulates growth
of bones and seems to control the volume of BM, thereby
regulating production of hematopoietic cells [5]. Moreover,
IGF-I has been suggested to have direct effects on develop-
ment of a variety of hematopoietic cells. In the case of

0301-472X/06 $-see front matter. Copyright © 2006 International Society for Experimental Hematology. Published by Elsevier Inc.
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B-cell development in mice, for example, previous reports
have indicated that IGF-I stimulates maturation of pro-B
cells into pre-B cells [6] and acts as a B-cell proliferation
cofactor to synergize with the activity of interleukin (IL)-
7 [7]. Indeed, administration of IGF-I increased the number
of pre-B cells in BM and splenic B cells in normal mice and
after BM transplantation [8]. However, the effect of IGF-I
on B-cell development, especially in humans, is still largely
unknown. In addition, although murine BM stromal cells
secrete IGFBPs, the functional role of them in hematopoi-
esis remains unclear.

In an attempt to clarify the effect of IGF-I and IGFBPs on
early B-cell development, we employed an in vitro culture
system of human hematopoietic stem cells (HPSCs) cocul-
tured with murine BM stromal cells that induce pro-B cells.
In this article, we expand upon results of previous reports by
other authors [6-8] and show that IGF-I is essential for pro—
B-cell induction from HPSCs. In addition, we also report
that IGFBP-3 inhibits pro-B-cell development, whereas
IGFBP-6 is required for pro-B-cell development. The possi-
ble role of IGFBPs in early B-cell development is discussed.

Materials and methods

Reagents
Recombinant human and mouse 1GF-I, IGFBPs, and the IGF-IR
kinase inhibitor I-OMe-AGS538 were obtained from PeproTech
EC Ltd. (London, UK), G-T Research Products (Minneapolis,
MN, USA), and Calbiochem-Novabiochem Co. (San Diego, CA,
USA), respectively. All reagents are solved in phosphate-buffered
saline, except I-Ome-AG538, which is solved in dimethyl sulfox-
ide, and diluted to the indicated concentration by culture medium.
The following mouse monoclonal antibodies (mAbs) against
human antigens were used: anti-IGF-IR from G-T; purified anti-
CD19, fluorescein isothiocyanate (FITC)-conjugated anti-u heavy
chain, and phycoerythrin (PE)-conjugated anti-x and anti-X light
chains and anti-CD25 from Becton Dickinson Biosciences (San
Diego, CA, USA); FITC-conjugated anti-CD24, CD43, and
CD45, PE-conjugated anti-CD10, CD20, CD33, and CD179%a,
and PE-cyanine (PC)-5—conjugated anti-CD19 from Beckman/
Coulter Inc. (Westbrook, MA, USA). The CD17%9a molecule,
also known as VpreB, is a component of surrogate light chain
and is specifically expressed in B-cell precursors, including pro-
B and pre-B cells, but not in mature B cells [9]. Hamster mAb
against mouse IGF-I and goat polyclonal anti-mouse IGF-1, and
IGFBPs Abs were obtained from G-T. Rabbit polyclonal Abs
against human IGF-IR and phosphospecific IGF-IR were pur-
chased from Cell Signaling Technology (Beverly, MA, USA).
Goat polyclonal anti-~B-actin Ab was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Secondary Abs
were obtained from Molecular Probes, Inc. (Eugene, OR, USA),
and Dako Cytomation, Co. (Glostrup, Denmark), respectively.
All other chemical reagents were obtained from Wako Pure Chem-
ical Industries, Ltd. (Osaka, Japan), unless otherwise indicated.

Cells and cultures
Human BM CD34* cells purchased from Cambrex Bio Science
Walkersville, Inc. (Walkersville, MD, USA) were used. These

cells had been isolated from human tissue after obtaining informed
consent. A cloned murine BM stromal cell line, MS-5, was kindly
provided by Dr. A, Manabe (St. Luke’s International Hospital, To-
kyo, Japan) and Dr. K. J. Mori (Nigata University, Nigata, Japan).
Human B-precursor acute lymphoblastic leukemia cell line
NALM-16 was kindly provided by Dr. Y. Matsuo (Grand Saule
Immuno research Laboratory, Nara, Japan) and was maintained
in RPMI-1640 supplemented with 10% (v/v) fetal calf serum
(FCS; Sigma-Aldrich Fine Chemical Co., St. Louis, MO, USA)
at 37°C in a humidified 5% CO, atmosphere.

For induction of pro-B cells, MS-5 cells were plated at a con-
centration of 1 X 10° cells on a 12-well tissue plate (Asahi Techno
Glass Co., Chiba, Japan). The next day, 4 X 10* cells/well/2 mL
CD34% cells were plated onto the MS-5 cells in culture medium
supplemented with 10% FCS and various combinations of re-
agents, as indicated in the figures. Because our preliminary exper-
iments revealed that cultures in an RPMI-1640 medium produced
a higher yield of B cells compared with cultures in o-minimum
essential medium (data not shown), we used RPMI-1640 medium
for the following experiments. After cultivation for the indicated
periods, cells were harvested using 0.25% trypsin plus 0.02% eth-
ylenediamine tetraacetic acid (IBL Co. Ltd., Gunma, Japan), and
the number of cells per well was determined. All experiments
were performed in ftriplicate, and means * standard deviations
(SD) of cell numbers are shown in Figures 1C, 3, 4, 5C, and 5D.
For the histology studies, cells were cultured on type-I collagen-
coated cover slips (Asahi Techno Glass) and were examined by
May-Griinwald-Giemsa staining or immunohistochemical staining.

Immunofluorescence study _

A multicolor immunofiuorescence study was performed using
a combination of FITC, PE, and PC-5. Cells were stained with
fluorescence-labeled mAbs and analyzed by flow cytometry
(EPICS-XL, Beckman/Coulter), as described previously [10].
Staining of the cytoplasmic antigens was performed using Cyto-
fix/Cytoperm Kits (Becton Dickinson), according to manufac-
turer’s protocol. To detect surface immunoglobulin (Ig)™ mature
B cells and cytoplasmic u* pre-B celis simultaneously, cells
were first stained with a mixture of PC-5-conjugated anti-CD19
Ab and PE-conjugated Abs against k/A light chains and then
treated with cell permeabilization reagents followed by staining
of cytoplasmic antigens. It was confirmed by preliminary experi-
ments that permeabilization treatment does not affect the signals
of surface antigens stained beforehand. For cell sorting, human
BM CD347 cells cocultured with MS-5 for 4 weeks were har-
vested and stained with PC-5-conjugated anti-CD19 mAb.
CDI19" cells were sorted in an EPICS-ALTRA cell sorter
(Beckman/Coulter). For CD19 immunostaining, cover slips were
fixed with ice-cold acetone for 15 minutes and stained with anti-
CD19 mAb and examined by confocal laser scanning microscope
(FV500; Olympus, Tokyo, Japan) as described previously [11].

RT-PCR, immunoblotting, and detection of IGF-I

Total RNA was extracted from cultured cells, and reverse tran-
scriptase polymerase chain reaction (RT-PCR) was performed as
described previously [12]. The sets of primers used in this study
are listed in Table 1. Cell lysates were prepared by solubilizing
the cells in lysis buffer and immunoblotting was performed as
described previously [13]. The concentration of mouse IGF-I in
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culture supernatants of MS-5 cells was determined by sandwich
enzyme-linked immunosorbent assay (ELISA), using Mouse
IGF-I Quantikine ELISA Kit (R&D Systems, Wiesbaden, Ger-
many), according to manufacturer’s instruction. Experiments
were performed in triplicate, and mean * SDs of cell numbers
are shown in Figure 2C.

Results

Differentiation of

pro-B cells from human BM CD34% cells by

coculturing with murine stromal MS-5 cells

Maurine stromal cell line MS-5 has been reported to possess
the capability to support differentiation of B-lineage cells
from human cord blood (CB) CD34% cells [14-17]. Coin-
cident with these previous reports, we observed that human
BM CD34% cells generated a high number of CD19" B
cells after cocultivation with MS-5 cells (Fig. 1A and B).
Starting with 4 X 10* CD34* cells, approximately 0.4 to
1.3 X 10° mononuclear cells, 30.1% to 68.2% of which
were CD19™ cells, were obtained after 4 weeks of cultiva-
tion. As shown in Figure 1C, approximately half of the he-
matopoietic cells were floating, while the remainder were
adhered to the MS-5 cells and the CD19™ cells were
more abundant in adherent cell fraction.

As shown in Figure 1B, most of the CD19™ B cells ob-
tained after 9 weeks of cultivation expressed cytoplasmic
CD179a. The CD179a is reported to be already expressed
in pro-B cells, remains expressed on B-cell precursors,
and disappears upon differentiation from pre-B cells to ma-
ture B cells [9]. In contrast, a few percent of CD19™ cells
were positive for surface and/or cytoplasmic p heavy chain
and a portion of them expressed either the k or A light
chains (Fig. 1B). We also observed that CD10, CD24,
CD43, and CD45 were expressed but CD20 and CD25
were not in the CD19% cells (Fig. 1D). No difference in im-
munophenotypic characteristics was observed between the
CDI197 cells in adherent cell fraction and that in floating
cell fraction (data not shown). Based on the above data,
we concluded that human BM CD34™ cells can differenti-
ate into pro-B cells, but not into pre-B cells, after cocultur-

ing with the murine stromal cell line MS-5 in the present
culture system. CD19™% cells cultured for 4 weeks were
also examined, and similar immunophenotypic characteris-
tics were noted (data not shown).

Next, we examined the time course of the expression of
CD19 in human BM CD34% cells in our culture system.
CD19% cells were already detected after 1 week of culture
(data not shown), and the number of CD197 cells increased
throughout the course of the cell culture thereafter. After 4
to 9 weeks of culture, both the fluorescent intensity of
CD19 on each cell and the percentage of CD19™ cells
out of the total number of cells continued to increase
(Fig. 1E), but the total number of CD197 cells did not
change significantly (data not shown). When expression
of transcription factors related to early B-cell differentia-
tion was analyzed by RT-PCR, expression profiles of these
factors were well correlated with proliferation of CcD19*
cells as described (data not shown). Therefore, pro-B-cell
development after 4 weeks of culture in the present system
was analyzed in the following experiments.

Effect of IGF-I on

in vitro human pro-B-cell development

Because expression of IGFRs in cultured CD34™ BM cells
was detected (Fig. 2A), we first tested the effect of adding
exogenous recombinant human IGF-I to the coculture of
CD34" BM cells and MS-5 cells to evaluate the contribu-
tion of IGF-I to human pro-B-cell development; no signif-
icant change in pro-B-cell development was observed (data
not shown).

However, RT-PCR analysis revealed expression of IGF-I
in MS-5 cells (Fig. 2B). Results of ELISA further demon-
strated that mouse IGF-I was indeed secreted in the culture
supernatant of MS-5 cells (Fig. 2C). As presented in
Figure 2D, mouse IGF-I is active in human hematopoietic
cells and can induce tyrosine-phosphorylation of human
IGF-IR expressed on NALM-16 cells derived from human
B-precursor acute lymphoblastic leukemia. When we tested
similarly, MS-5 culture supernatant could stimulate IGF-IR
on NALM-16 cells, whereas freshly prepared medium
containing 10% FCS could not, indicating that mouse
IGF-I secreted from MS-5 cells is sufficient to stimulate

Figure 1. Characterization of human bone marrow (BM) CD34™ cells cocultured with murine stromal cells. (A) Human BM CD34% cells were cocultured
for 4 weeks with murine stromal MS-5 cells on cover slips. At the end of the culture period, the cells were examined with either May-Griinwald-Giemsa
staining (a) or CD19 immunostaining (green) with nuclear counter staining by 4',6-diamidino-2-phenylindole (blue) (b). Original magnification X400.
(B) Human BM CD34 7 cells cocultured for 9 weeks with MS-5 cells were harvested. The expression of cell surface CD19, k/A light chains and cytoplasmic
CD179a and p heavy chain was simultaneously assessed by flow cytometry with cell-permeabilization technique as described in Materials and Methods. In
cultured BM cells (a), CD19% cells were gated (b), and expression of CD179a (¢), u heavy chain, and x/A light chains (d) was examined. As a negative
control, same sample specimen stained with isotype-matched control mouse IgG was also presented. As a positive control, mononuclear cells prepared
from tonsil were similarly treated as in (d) and presented (e). FITC = fluorescein isothiocyanate; FS = forward light scatter; SS = side light scatter.
(C) Human BM CD34™ cells were cocultured with MS-5 cells for 4 weeks and the adherent cell fraction and floating cell fraction were collected separately.
Total cell number and expression of CD19 were examined as above. (D) Human BM CD347 cells were cocultured with MS-5 cells as in (B}, and multicolor
immunofluorescence study was performed as above. CD19% cells were gated, and expression of surface B-cell differentiation markers, as indicated, was
examined using flow cytometry. (E) Human BM CD347 cells were cocultured with MS-5 cells for 3, 4, and 6 weeks, and expression of CD19 was examined
using flow cytometry.
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Figure 2. Expression of insulin-like growth factors (IGFs) and IGF receptors on cultured human bone marrow (BM) CD34% cells and murine stromal MS-5
cells. (A) Human BM CD34 7 cells were cocultured with MS-5 cells for 1, 2, 3, or 4 weeks, as shown in Figure 1. At the end of the culture periods, the
floating fraction of the cultured human BM cells was collected and expression of human IGF-I receptor (IGF-IR) and IGF-I was examined using reverse
transcriptase polymerase chain reaction (RT-PCR). As an internal control, expression of human glyceraldehyde phosphate dehydrogenase was also examined.
CD19™ cells were sorted from 4-week cultured human BM CD347% cells and similarly examined (CD19™). (B) Expression of mouse IGF-Iin MS-5 cells was
examined using RT-PCR. As an internal control, expression of mouse B-actin was also examined. The &y 174/Haelll molecular weight marker was presented
in the left side. (C) MS-5 cells were cultured alone for 4 weeks and the culture supernatant was collected. Subsequent concentration of mouse IGF-I secreted
by MS-5 cells in culture supernatant was determined by enzyme-linked immunosorbent assay. As a negative control, freshly prepared medium containing
10% fetal calf serum (FCS) was also examined. and no significant crossreaction was observed. (D) Biological effect of mouse IGF-I secreted by MS-5 cells
on human hematopoietic cells was examined using NALM-16 cells that express IGF-IR. Cells at logarithmic growth were stimulated for 5 minutes with either
freshly prepared culture medium containing 10% FCS, MS-5 culture supernatant, or recombinant mouse IGF-I (final concentration at 50 ng/mL) and exam-
ined by immunoblotting using antiphosphospecific human IGF-IR Ab that only recognize the activated form of IGF-IR. As a control, anti-entire IGF-IR Ab
was also used.

human hematopoietic cells. Therefore, the data suggest
a possibility that MS-5 cells secrete excess amounts of
IGF-I and thus exogenous addition of recombinant IGF-I
revealed no effect on pro-B-cell development.

Indeed, when anti-mouse IGF-I Ab, which neutralizes
the effect of IGF-1, was added to the culture, development
of CD19% B cells was significantly reduced (Fig. 3A and
B). As shown in Figure 3B, the initial addition of 5 g/
mL polyclonal goat anti-mouse IGF-I Ab was sufficient
to induce a significant reduction in pro-B-cell develop-
ment. When hamster anti-mouse IGF-I mAb was used,
however, additional Abs were required to produce a remark-
able reduction in subsequent pro-B-cell production

(Fig. 3A). In both cases, anti-mouse IGF-I Abs not only re-
duced the total cell number of cultured CD34" BM cells,
but also remarkably diminished the percentage of CD19™
B cells out of the total number of cells in the culture, There-
fore, reduction in CD19* B cells is not merely the result of
an overall cell reduction. Moreover, anti-mouse IGF-I
Ab-induced reduction in CD19* B-cell development was
cancelled by the addition of recombinant human IGEF-I
(Fig. 3D). The data suggests that IGF-I significantly partic-
ipates in pro-B-cell development. Evidence that anti-
human IGF-IR Ab and IGF-IR kinase inhibitor, both of
which can block the effect of IGF-1, reduce pro-B-cell de-
velopment, further supports this notion (Fig. 3B and C).
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Of note, RT-PCR analysis also showed a time-dependent
expression of IGF-I in a total cell fraction, but not sorted
D191 cell fraction, of the cultured human BM CD34%
cells during the culture period (Fig. 2A). Beside CD19™
cell fraction, CD33 " myelomonocytic cells were present
in the culture (data not shown). Although CD33% cell pop-
ulation was decreasing with the culture time, they matured
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with time. Thus, time-dependent expression of IGF-I is
most likely due to this cell fraction.

Effect of recombinant

human IGFBPs on human pro-B-cell development

To assess the effect of IGFBPs on human pro-B-cell devel-
opment, we challenged the present culture system with
recombinant human IGFBPs. As shown in Figure 4A, of
the six IGFBP members, only IGFBP-3 produced a subse-
quent reduction in the number of pro-B cells; the other
IGFBPs did not affect human pro-B-cell development. As
shown in Figure 4B, the inhibitory effect of IGFBP-3 on
pro-B-cell differentiation was dose-dependent. Further-
more, IGFBP-3-mediated inhibition of CD19¥ cell devel-
opment was cancelled by the addition of recombinant .
human IGF-I (Fig. 4C).

Because none of the IGFBPs other than IGFBP-3 af-
fected pro-B-cell development from CD34" BM cells co-
cultured with MS-5, we tested a synergistic effect of two or
more IGFBPs; no significant synergism was observed and
other IGFBPs failed to enhance the effect of IGFBP3
(data not shown). Therefore, we next examined the effect
of neutralization of the IGFBP function using specific Abs.

First we tested expression of IGFBPs in MS-5 cells. As
shown in Figure 5A and B, RT-PCR experiments revealed
that MS-5 transcribe mRNA of IGFBP-4, 5, and 6, but
not 1, 2, and 3, while immunoblotting experiments using
commercially available Abs detected only IGFBP-6 protein
expression. Coincident with the results of immunoblotting,
anti-IGFBP-2, 3, and 5 Abs did not affect MS-5-induced
pro-B-cell development from CD34" BM cells (Fig. 5C).
Interestingly, however, when anti-mouse IGFBP-6 Ab was
added to the culture system, pro-B-cell development was
significantly reduced (Fig. 5C). In addition, as shown in
Figure 5D, the anti-mouse IGFBP-6 Ab—induced inhibition
of pro-B-cell development was completely canceled by the
addition of human IGFBP-6. In light of this data, we con-
cluded that the IGFBP-6 produced by the MS-5 cells is
essential for pro-B-cell development from CD34% BM
cells.

E’igure 3. Effect of insulin growth factor-I (IGF-I) inhibition on human
pro—B-cell development. Human bone marrow (BM) CD347 cells were co-
cultured with MS-5 for 4 weeks in the presence or absence of hamster anti-
mouse IGE-I monoclonal antibody (mAb) [(A) o MsIGF-1 (Hm), either
initial administration of 10 pug/mL alone (10) or a combination of an initial
administration of 10 pg/mL and an additional administration of 5 pg/mL
after 2 weeks of culture (10 + 3)], goat polyclonal anti-mouse IGF-I Ab
[(B) o MsIGF-1 (GY), 5 ug/m)], IGF-IR kinase inhibitor I-OMe-AG5338
[(B) 5 uM], mouse anti-human IGF-IR mAb [(C) o HulGF-IR (Ms), 5
pg/mL], and a combination of o MsIGE-1 (Hm) and human IGF-I
(HulGF-1, 10, and 100 ng/mL) (D). Subsequent CD19™ cell number was
estimated using flow cytometry and is shown. Total cell number of cultured
CD347 cells and the percentage of CD19™ cells are also presented.
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Figure 4. Effect of insulin-like growth factor (IGF)-binding proteins on human pro-B-cell development. (A) Human bone marrow (BM) CD34™ cells were
cocultured with MS-5 cells with or without 100 ng/mL each recombinant human IGF-binding proteins (IGFBP 1-6) for 4 weeks. The subsequent total cell
number of cultured CD34 ™ cells and the percentage and cell number of CD197 cells are shown. (B) Human BM CD34™ cells were cocultured with MS-5
cells with or without different doses (ng/mL) of recombinant human IGFBP-3, as indicated, for 4 weeks and examined using the protocol described in (A).
(C) Human BM CD347 cells were cocultured with MS-5 cells with or without indicated combinations of recombinant human IGFBP-3 (ng/mL) and human

IGF-I (ng/mL) and examined using the protocol described in (A).

Discussion

In the present study, when BM CD347 cells were cultured
in the presence of the murine stromal cell line MS-5, pro-B
cells, but not pre-B cells, were efficiently induced. MS-5 is
well known to be capable of supporting B-cell development
[14-17]. However, several different groups have reported
this cell line to have distinct effects on induction of B cells.
Coincident with our observation, Berardi et al. [14] showed
that when human HPSCs derived from umbilical CB were
cultured in the presence of MS-5, CD10%,CD19™, and cy-
toplasmic 1~ pro-B cells were generated [14]. In contrast,
Nishihara et al. [15] and Hirose et al. [16] reported the in-
duction of pre-B cells from CB CD34™ cells after cocultur-

ing with MS-5 in the presence of exogenous granulocyte
colony-stimulating factor (G-CSF) and stem cell factor
(SCF) [14-16]. Moreover, Ohkawara et al. [17] reported
that surface IgM™* mature B cells could be produced
from CB CD34% cells using the same culture condition.
We tested the effect of the exogenous addition of G-CSEF
and SCF in our culture system, but failed to observe any
signs of pre-B-cell differentiation (data not shown). Al-
though a precise reason for such a difference is unavailable,
it may be possible that different stocks of MS-5 exhibit dis-
tinct effects on B-cell differentiation. A comparison of the
distinct effects of different MS-5 stocks on B-cell differen-
tiation may provide useful and interesting information.
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Figure 5. Effect of antibodies against insulin-like growth factor (IGF)-binding proteins on human pro-B-cell development. (A) Gene expression of mouse
IGF-binding proteins (IGFBP) 1-6 on MS-5 cells was examined using reverse transcriptase polymerase chain reaction. As an internal control, expression of
mouse B-actin was also examined. The ¢y 174/Haelll molecular weight marker was presented in the left side. (B) Immunoblot analysis with goat anti-mouse
IGFBP-2, 3 5, and IGFBP-6 antibodies («IGFBP2-6, respectively) on MS-5 cell lysates was performed. (C) Human bone marrow (BM) CD34% cells were
cocultured with MS-5 cells for 4 weeks with or without 10 pug/mL each goat antibodies against mouse IGF-binding proteins («IGFBP), as indicated. Sub-
sequent cell number of CD1 9% cells was examined using flow cytometry and is shown. Total cell number of cultured CD34 % cells and percentage of Ccpiot
cells are also presented. (D) Human BM CD34™ cells were cocultured with MS-5 cells for 4 weeks with or without the indicated combination of aIGFBP6 (5
pg/mL) and recombinant human IGFBP-6 (100 ng/mL). Subsequent total cell number of cultured CD347 cells and percentage and cell number of CcD19*
cells was examined using the protocol described in (C).
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Table 1

Name of gene

Primer sequence forward reverse

Product size (bp)

human IGF-I

5'-ACAGGTATCGTGGATGAGTG-3' 263

5'-GTAACTCGTGCAGAGCAAAG-¥

human IGF-IR

5'-ATGTGCTGGCAGTATAACCC-3 929

5'-ACAGCCTTGGATGAACGATG-3'

mouse IGF-I

5'-ATGCTCTTCAGTTCGTGTGT-3' 271

5'-CTTCTCCTTTGCAGCTTCGT-3'

mouse IGFBP-1

5'-AGATTAGCTGCAGCCCAAC -3’ 535

5'-TGTTCTAGGCAGCATCACTCT-3'

mouse IGFBP-2

5'-ATCCCCAACTGTGACAAGCA-3' 407

5"-CCTCTCTAACAGAAGCAAGGGA-3'

mouse IGFBP-3

5'-TCCAAGTTCCATCCACTCCA-3 372

5'-GAGGCAATGTACGTCGTCTT-3

mouse IGFBP-4

5'-AATTAGAGATCGGAGCAAGA-3 598

5'-TGGGAATTCCTATTGCTACA-3'

mouse IGFBP-5

5'-ATGAGACAGGAATCCGAACA-3' 269

5'-TCAACGTTACTGCTGTCGAA-3

mouse IGFBP-6

5'-TGCTAATGCTGTTGTTCGCT-3 652

5'-TGAGTGCTTCCTTGACCATC-3'

human GAPDH

5'-CCACCCATGGCAAATTCCATGGCA-3 598

5'-TCTAGACGGCAGGTCAGGTCCACC-3'

mouse Actin

5'-TGACGGGGTCACCCACACTGTGCCCATCTA-3' 661

5'-CTAGAAGCATTTGCGGTGGACGATGGAGGG-3'

It was previously reported that earlier stages of B-cell
development depend on contact with the stromal cells
[15,17]. Consistently, culture supernatant of MS-5 cells
failed to support pro-B-cell development from CD34%
BM cells (data not shown), suggesting that cell-to-cell in-
teraction between CD34 " BM cells and MS-5 cells is es-
sential for pro-B-cell development in our culture system.
In contrast, however, we detected pro-B cells not only in
adherent cell fraction, but also in floating cell fraction,
while pro-B cells were more enriched in adherent cell frac-
tion. Although contact with stromal cells should be neces-
sary for pro-B cell development from CD347 cells, it
may not always be necessary for further differentiation
and/or proliferation of pro-B cells. Therefore, a portion of
pro-B cells will dissociate from stromal cells and move to
floating cell fraction.

As demonstrated in the present study, the MS-5 cells
produced IGF-I, and elimination of IGF-I function resulted
in the failure of pro-B-cell development. Previous reports
have revealed that IGF-I is essential for differentiation of
pro-B to pre-B cell [6,18] and expansion of B-cell popula-
tion [7,8]. Therefore, our data extends previous observa-
tions and indicates that IGF-I likely plays an important
role in induction of pro-B cells from HPSCs.

As we presented in Figure 2A, IGF-1 is possibly secreted
by a non-B-cell fraction of the cultured CD34™% cells. IGF-1
may also be present in the supplemented FCS. Therefore, in
addition to the IGF-1 secreted by MS-5 cells, IGF-I pro-
duced by a non-B-cell fraction of the cultured CD347 cells
as well as that provided by supplemented FCS can also af-
fect to pro-B-cell development. However, as we presented

in Figure 2D, the biological assay has indicated that the
contribution of IGF-I that may be present in the supple-
mented FCS can be excluded. Furthermore, because the
Abs used to neutralize IGF-I activity in this study have higher
specificity for mouse IGF-I than human IGF-], it is most
likely that the majority of IGF-I-mediated effects in our
culture system are due to mouse IGF-I secreted by MS-5 cells.

Because IGF-1 is thought to play an integrating role in
hematopoiesis, it seems reasonable to consider that IGFBPs
may also contribute to regulation of hematopoiesis. Evi-
dence that IGFBPs are produced by stromal cells in the
BM, yolk sac, and liver, where hematopoiesis occurs
[19,20], strongly supports this notion. Indeed, a recent re-
port by Liu et al. [21] suggested that IGFBP-3 may block
differentiation of HPSCs and be capable of promoting pro-
liferation of primitive CD34 " CD38™ hematopoietic cells,
contributing to expansion of the HPSC pool [21]. In this
study, we further demonstrated that addition of exogenous
IGFBP-3 inhibited the effect of IGF-I on pro-B-cell induc-
tion from CD34* BM cells. Although MS-5 cells do not
express IGFBP-3, it has been reported that BM stromal
cells produce IGFBP-3 upon stimulation with several fac-
tors, such as vitamin D3 and transforming growth factor
(TGF)-B1 [22,23]. Therefore, it is conceivable that
IGFBP-3 could be secreted by BM stromal cells and in-
volved in the regulation of early hematopoiesis, including
B-cell development, depending on conditions in the hema-
topoietic microenvironment.

As demonstrated in the present article, while all six
members of the IGFBP family possess the ability to bind
with IGE, only IGFBP-3 inhibited the effect of IGF-I on
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pro-B-cell development. Because all other IGFBPs failed
to exert synergism with the IGFBP-3 in an inhibitory effect
on pro-B-cell development in our experiment (data not
shown), IGFBPs may compete with each other for binding
with IGF-1, and IGFBP-3 should have the highest binding
affinity. Furthermore, our data indicated that IGFBP-6 is
required for pro-B-cell development, and neutralization
of IGFBP-6 resulted in a marked reduction in the subse-
quent pro-B-cell number. Therefore, it is suggested that
each IGFBP can have a distinct effect on the IGF action
in regulation of hematopoiesis.

Interestingly, recent reports have indicated that IGFBPs
have an intrinsic ability to affect cells directly [24-29]. For
example, IGFBP-2 has been shown to be mitogenic in uter-
ine endometrial and osteosarcoma cells in the absence of
IGFs [30]. IGFBP-3 has been reported to induce a reduction
in cell growth, DNA synthesis inhibition, and apoptosis in
specific cells in an IGF-independent manner [31-34]. Fur-
thermore, IGFBPs have been reported to have specific
cell-surface receptors; IGFBP-2 and IGFBP-3 directly
bind to target cells through oS5P1 integrin and TGF-B
type-V receptors, respectively, thereby inducing intracellular
signals [35,36]. Therefore, IGFBPs might not only inhibit
the effects of IGF-I during hematopoiesis, but also have
intrinsic and direct bioactivities that directly affect hemato-
poietic cells independently of IGF-I function.

In conclusion, IGF-I and IGFBPs appear to play impor-
tant roles in early B-lymphopoiesis. Although details of their
molecular functions remain uncertain, IGFBPs can possibly
affect hematopoietic cells in both IGF-dependent and IGF-
independent manners. The present observations should con-
tribute to a better understanding of the functional roles of
IGF-I and IGFBPs in regulation of B-lymphopoiesis.
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A trial of central diagnosis of childhood acute lymphoblastic leukemia
with 4-color digital flow cytometer
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Aim. We are in charge of the central diagnosis and cell preservation as a part of childhood acute lym-
pheblastic leukemia treatment study in Tokyo Children’s Cancer Study Group. It is necessary to diagnose
with a minimal quantity of specimen, to preserve leukemic cells effectively as possible. Therefore a diagnosis
of childhood acute lymphoblastic leukemia by four-color analyst with digital flow cytometer has been exam-
ined.

Methods. We examined cell markers of childhood acute lymphoblastic leukemia cells by four-color analysis
using digital flow cytometers. We selected the monoclonal antibodies for the diagnosis based on the recom-
mendation of Japan Pediatric Lymphoma Study Group and made out a panel of antibodies which enable us to
confirm aberrant antigen-expressions on the leukemic cells.

Results. Four colors that we used in this study were fluorescein :sothyocyana’ce phycoerythrin, phycoery-
thrin-cyanin 5.1, and phycoerythrin-cyanin 7. The most of childhood acute lymphoblastic leukemia cases
could be diagnosed without CD45-gating. List mode compensation was usefu! to re-investigate specimens

which was difficult to re-examine, because there were

very few.
"ELEERREL YA BE - MRS Discussion. Four-color analysis using digital flow
Y TCCSG (HFE/MRMAREI V=) SRBW L5 — cytometer is useful to save precious specimen of
3 ﬂlﬁ?iﬁk%@;i%ﬁ :J\'/Eﬂ ) . childhood acute lymphoblastic leukemia. We are
) TCCSGJ_(?»E’\’J"/H‘_AW%7 N—=7) intending to perform five-color analysis with CD45-
, BRR/RERL Y 5 - gating as a next step.
RRAEELBAERE WML

THERTRERE Y S - I - BER
O BT L . Keyword: Flow cytometry; Multi-color analysis;

FHE FRISECASH SEO  TRisEeA220 Childhood acute lymphoblastic leukemia.
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