construction of a glycan library is desired for accelerating the
research in glycoscience. The glycan library is indispensable
for the preparation of glycan array. In the development of a
glycan library, it is necessary to make various glycans even
in a small quantity. From this viewpoint, the authors are sure
that the production of oligosaccharides using animal cells has
advantages for the analysis of carbohydrate recognition.

To utilize cells as a factory for oligosaccharides, it is
necessary to reveal the potential of cells to synthesize glycans.
Research on the synthesis of oligosaccharides by cells using
the saccharide primer method has just begun. In the future,
the development of a practical glycan synthesis process using
cells will be achieved by the development of cells having
excellent productivity and improvement of the culture method.
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Abstract

Glycoconjugate-binding molecules can contribute a
great deal to carbohydrate research and carbohydrate-related
diseases. However, it is difficult to obtain carbohydrate-
specific antibodies due to low immunogenicity of
glycoconjugates. Recent phage-display technology serves
a new methodology to identify glycoconjugate-specific
molecules effectively from large repertory of candidates.
Many libraries such as peptide library, antibody library, and
mutation lectin library have been applied for this purpose.
By using this system, we will be able to design carbohydrate-
binding molecules having the affinity and specificity we need.
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A. Introduction

Plant lectin, toxin, anti-carbohydrate antibody are
available for labeling and purification of glycoconjugates,
and regulation of bioactivities (1-3). However, repertories
of carbohydrate structure recognized by these proteins are
limited. In general, immunogcnicity of glycoconjugates is
weak, carbohydrate-specific antibodies are not easily obtained
due to low susceptibility of immune animals (4,5). This
is because there are similar carbohydrate structures in our
body, if the anti-carbohydrate antibodies are generated, these
antibodies attack ourselves. These conditions are autoimmune
diseases; for example, caused by anti-ganglioside antibodies,
Guillain-Barre syndrome (6), Miller-Fisher syndrome (7),
chronic inflammatory demyclinating polyradiculoneuropathy
(8), and multifocal motor neuropathy (Lewis-Sumner-Parry
syndrome) (9) are well-known.

Carbohydrate recognition is achieved by the
combination of hydrogen bonding(s) and hydrophobic
interaction(s) (3,10). Especiaily, hydrogen bonding is involved
in the binding specificity. Most of the carbohydrate-binding
proteins such as lectins, enzymes, and antibodies have
multiple carbohydrate recognition domains (CRDs) (or sugar
binding domains, SBDs). The CRDs form multimers, which
increase their affinity for carbohydrates. Association constants
(K.s) of lectin-mono- and lectin—oligosaccharide interaction
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range from 10 10 10* M™ and from 10° to 10’ M™", respectively
.

We need the carbohydrate-binding molecules
that distinguish a difference of carbohydrate structures
for fundamental research and various applications of
glycoconjugates. Display technology recently developed
would be useful for identifying carbohydrate-binding
molecules from libraries (11,12). During the period between
1992 and 2006, the reports that mention the selection against
glycoconjugates numbered 77 papers, and many of them are
studies on antibody library. In this review, we describe the
studies on peptides, antibodies, and lectins that are selected
from libraries and have affinity for carbohydrate moieties of
glycoconjugates.

B. Phage Display Library

Phage display method was first reported by G. P.
Smith and co-workers in 1985. This method provides an
efficient selection (and screening) system to identify target-
specific sequences from a large number of peptide and protein
candidates (11,13). When the DNA coding foreign sequences
is inserted into a coat protein region in the bacteriophage
genome, the corresponding sequence is fused with the coat
protein and is expressed on the phage particle. The foreign
sequence is “displayed” on the phage particle, and is able
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Cc Fig. 1. Phage display system. (A) Outline of affinity selection
(biopanning). Phage library is reacted with target receptors, and unbound
(gl-s_plq! System: . phage body . phages are removed by washing. Bound phages are eluted, amplified in E.
3 cpo coli, and subjected to further cycles. This cycle is repeated several times
P o 303 " C*—:__—D 1o enrich target-specific phages. Individual phages enriched are isolated
and used for phage ELISA and DNA sequencing.(B) Typical libraries
for phage display system.Single-chain Fv (scFv) and antigen-binding
P Lo p %: fragment (Fab) are frequently used for antibody library (Jeff). Linear
and cyclic peptide libraries (righr). These foreign sequences are fused
typo B+8 o} O 00 to N-terminal of coat protein (cp).(C) Types of phage display systems.
(peptide, antibody) o’ A & ® » Foreign antibody and peptide are able to display on N-terminal of cplll
(types 3 or 3+3) and cpVHI (types 8 or 8+8). To keep the replication
typo® activity of phages, antibody library should be used with only type 3+3 or
(peptide) 8+8 system.
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to interact with other molecules. Single kind of sequence is
expressed on a phage clone, so the assembly of the phage
clone is library (phage library). We can casily identify the
foreign sequence by DNA sequencing of the isolated phage
genome. In addition to filamentous M13 series, T4, T7, and
lambda (A) have been used for this system, and peptide,
antibody, protein libraries are available (14). Diversity of
library is often 10°~10°, because culture volume (up to a few
liters) of host E. coli is limited in lab-scale.

A set of procedures for isolating target-binding phage
clones is referred to as affinity selection (or biopanning) (Fig.
1A). First, phage library interacts with target receptor, and
unbound phages should be removed by washing. Second, the
phages bound to target are eluted by incubation with acidic
buffer (glycine-HCI buffer, pH2) or inhibitor-containing
solution. The eluate is neutralized or substituted by flesh buffer
(if required). Here the population of phages collected reduces
(about ~10%). Finally, phages are amplified by infection
of hosts (E. coli) to keep its population. By repeating these
steps, target-binding phages are enriched. Isolation and DNA
sequencing of individual phage clones give us alignment of
amino acid sequences which have affinity for target receptor.

Peptide and antibody librarics are often applied for
the selection (Fig. 1B) (12). In most cases, length of peptide
library is 5-20 amino acids. Cyclic peptide library, the
randomized region is surrounded by two cysteines (eg. CX,C),
is used to restrict peptide conformation through disulfide
bridge. Single-chain Fv (scFv) and antigen binding fragment
(Fab) antibody libraries are prepared from V,, and V, (and C,,
and C,) genes of lymphocytes (15). Several kinds of peptide
libraries (Ph.D.™ phage display peptide library Kkits), and
customizable phage vector (Ph.D.™ peptide display cloning
system) and phagemid vector (recombinant phage antibody
system) kit are commercially available.

Foreign sequences arc fused to N-terminal of coat
protein Il (cpIll) or cpVIII (Fig. 1C). Small peptide is able to
display all of cpllI (type 3 system) or cpVIII (type 8), because
this fusion does not disrupt the viral infectivity and assembly
of phages. However, sincc protein and antibody are bigger
than peptides, they should coexist with normal coat proteins
for phage propagation (eg. type 3+3 or 8+8 in Fig. 1C).
Peptide and antibody libraries are often applied to types 3 and
343, respectively.

C. Random Peptide Library

First display of peptide fragment by phage system is
the identification of singlc-binding domain (SBD) of ricin B
chain (16,17). Heparin- and lactose-binding domains were also
identified from vitronectin and galectin-3, respectively (18,19).
On the other hand, using random peptide libraries, peptide
sequences identified shared a high homology with natural
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Fig. 2. Oligosaccharide structures of carboh

TF precursor; VSG, variant surface glycoprotein;

carbohydrate-binding proteins (20). Other cases showed
novel sequences were found. However, compared to antibody
and lectin, the interaction of peptide with carbohydrate is
considered to be weak. Therefore, in order to make the affinity
selection a success, the target oligosaccharides are fixed to
plates with high density (for oligosaccharides) or oriented
immobilization (for glycolipids) in the selection process.

C-1. Peptides Bound to Carbohydrate Antigens

Many oligosaccharides of carbohydrate antigen are
al nonreducing terminal, which provides easy access to
carbohydrate-binding molecules (Fig. 2). Affinity selection
has been carried out against carbohydrate antigen or
oligosaccharide-linked protein (Table I, Fig. 3).

Gui et al. identified hexa- and decapeptide sequences
that bind to human tumor-associated TAG72 antigen from
random library (21,22). The carbohydrate epitope (glycotope)
of this antigen is NeuSAca2-6GalNAca, another name
is sialyl Tn antigen (Fig. 2). Biotinylated HYVSIELPDH
peptides showed the binding to human colonic cancers that
expresses TAG72 antigen. However, there is no evidence these
peptides bind only to glycotope of this antigen.

Peletskaya et al. selected Thomsen-Friedenreich (TF)
antigen-binding pentadecapeptides (20,23). In these cases,
GalB1-3GalNAca structure-linked bovine serum albumin
(BSA) was subjected to the selection (Fig. 3). They found
a consensus sequence, WAY(W/F)SP, which is highly
homologous with carbohydrate-binding proteins. The peptides,
HGRFILPWWYAFSPS and GSWYAWSPLVPSAQI,
bind to glycotope on asialofetuin with dissociation constant
(Ky) of 0.1 pM and 1.2 uM, respectively. In addition, they
prepared the consensus sequence-containing library at central
part (X;-WYAWSP-X,, X=any amino acids) and further

(a) sugar-BSA
(or HSA)

{b) sugar-avidin (c) sugar-P AAm-avidin

;'drate antigen.TF, Thomsen-Friedenreich; Tn,

Le”, Lewis™; sLe”, sialyl Le®; LeY, Lewis".
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Fig. 3 Oligosaccharide immobilization

sugar-{spaceri-biotin = JCD'

(sugar)—~PAAm-biotin ;ﬁ"m

for biopanning.Oligosaccharide-linked
bovine (or human) serum albumin (BSA)(or
HSA) fixed on microtiter plate (a). Mono- or
multivalent oligosaccharide is linked to biotin
to form the avidin-biotin complex through

biotin
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spacer (b and ¢). PAAm, polyacrylamide
polymer.
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Table 1. Phage-display selection with oligosaccharides

library N-terminal sequence library source )
type target receptor (identified) (immunogen) carbohydrate structure of target reference
TAG72 (sialyl Xior X6 TAG72 antigen
Tn) antigen _|(HYVSIELPDH, ARTLRF) random (NeuSAca2-6GalNAca-O-SerTh)|  ?122)
Xus Gal1-3GalNAcq-BSA
TF antigen (HGRFILPWWYAFSPS, random ©alofetui ’ (20,23)
GSWYAWSPLVPSAQI) asialofetuin
peptide . Xs-WYAWSP-X, . o
fibrary | 1T 3PUEER | vy AWHWYAWSPKSV) random GalB1-4GalNAcg-HSA (e2))
Xz
Le¥ sLeX LN, [ (YNPLPQPSVITS, Le“-PAA-avidin, sLe“-BSA, LN-
SLN AHWIPRYSSPAT, random BSA, SLN-PAAm-avidin (25,26)
NFMESLPRLGMG, ’
HSTLDRRSTPPI)
X mouse spleen X,
Le Fab (GM1 antigen) Le*-BSA (45)
““i:'i‘:ggsy ! Fab BMCs of healthy donor | Galal-3GalB1-4GIcNAc-BSA (50)
sLe* scFv PBLs of cancer patients sLeX-BSA (48)
moust spleen
antibody . [TF-camrying -
- . . Galf1-3GaiNAcq- -
library TF antigen scFv asialoglycophorin (aGP) PAAm-avidin 49)
antigen]
va;'tam :;:‘?:e heavy-chain antibodies | dromedary lymphocyte VSG 51)
g yEVOPSG) ! (HCAbs) (VSG antigen) [(Man);.o-GlcNAC;-Asn)
X gLy lymph nodes. PBMCs, X_avidi Y_nvidi
Le¥, Le scFy spleen, tonsil Le*-avidin, Le -avidin (46,47)

!, carbohydrate epitopes are underlined.Abbreviations: TF, Thomsen-Friedenreich; Tn, TF precursor; scFV, single-
chain Fv antibody; Fab, antigen binding fragment; PBMC, peripheral blood mononuclear cell; PBL, peripheral blood
lymphocyte; BMC, blood mononulear cell; Lewis™ (Le*), Galg1-4(Fucal-3)GIcNAG; sialyl Le* (sLe™), NeuSAca2—
3Galpl-4(Fucal-3)GlcNAc; Lewis” (Le"), Fucal-2Galf1-4(Fucul-3)GlcNAc; LN, Galp1-4GlcNAc; SLN, sialyl

LN; PAAm, polyacrylamide

selection resulted in obtaining improved peptides (24). A
YYAWHWYAWSPKSYV peptide binds to TF antigen with
K, of 60 nM. This maturation also improved specificity of
peptides for glycotope of TF antigen.

Hyun et al. used dodecamer peptide library for
selection of peptides against Lewis™ (Le®), sialyl Le* (sLe®),
N-acetyl lactosamine (LacNAc), and sialyl LacNAc (Fig.
2)(25). Thesc glycotopes were linked to BSA or avidin
through polyacrylamide (PAAm)-biotin (Fig. 3). Peptides
selected have highly homologous with natural proteins and
are specific to target glycoproteins (Table I). To enhance
the binding affinity of peptides, dimer or tetramer peptides
were synthesized (tentacle type peptides)(26). A dimeric
YNPLPQPSTTS peptide had affinity for Le* with K, of 20
uM.

Binding affinities of peptides and their derivatives were
measured by fluorescence quenching method (Peletskaya er
al.) or surface plasmon resonance (SPR) method (Hyun ez
al.). Since the K, value depends on measurement protocols,
it is unclear which peptide has the highest affinity. However,
it’s lower than antibody affinity, but we could say that these
peptides are as same affinity as lectin.
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TINHBCBABOLOPESRTVS (24) YYAWHWY-
AWSPKSV R7F FD K, i3 60nM ThHol, CHOTFal—
varitih), R7FFOBHIE -~ S ~DORREHUHE
Shiz,

Hyun 513 Lewis™ (Le¥), sialyl Le* (sLe™), N-acetyl lac-
tusamine (LacNAc) 3 & UF sialyl LacNAc (23 L T 2 REOAX
TFFIAT5U—D6RREFFTo7 (H 2)(25)e CNHLOE
M F—F12BSA F2ERY T2 IYAT I F (PAAM)- £
FrEMLTTEI ALHEEEETVS (K 3), HHoNLR
TFFRERDO Y o7 B LBEVHERAEXSD, $hEhE
NOBEMEY D7 B I L TERNTHo (K Do "TT
FOESHARTED L0, ZREL LCRmaikEs
BLTwE (mERE~NTF F)26). YNPLPQPSTTS R7F F
DZRED L ~NDESD K12 200M Th o7z,

RTF FRTF FEEEOH BN LML E: (Pe-
letskaya et al) & L { (3%l 77 X €~ 3% (SPR) & (Hyun e
alyI2E > THEERTD, BEEROHERIHEAEIZL -
TREBDT, YORTF FOESHEEMNBVI BT S
L Ta v, LALLds, i3RIV on, &
NEDRTFFEILIF L ERLBEORMMEEEL TS
LI ThA.
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GM1

GTib
Fig. 4. Structures of glycolipids.GM1,
GalB1-3GalNAcp1-4(NeuSAca2-3)GalBl-
4GlcB1-1"Cer; GT1b, NeuSAca2-3Galgl-
o o 3GalNAcB1-4(Neu5Aca2-8Neu5Aca2-3)
H P L U Galp1-4Glcp1-1"Cer; Gb3, Galal-4Galpl-

Hoﬁ»ﬂ ;'@\O_O_u s— Gb3C10 P B

Fig. S. Glycolipid immobilization for
. biopanning.(A) Adsorption of glycolipid on microtiter
A B Langmuir Monoyer  © SeMonoiayer.  plate. (B) Oriented immobilization of glycolipid by lipid
: monolayer. Langmuir glycolipid monolayer is prepared
Adsorption at air-water interface, and then transferred onto a solid

X,

support. (C) Oriented immobilization of glycolipid by self-
assembled monolayer (SAM). Thiol-containing synthetic
glycolipid is assembled onto gold substrate. Monolayers
are well-ordered glycolipid assemblies, so the high-density

glycocluster would be suitable for obtaining sugar-specific

C-2. Peptides Bound to Glycolipids

Glycolipids are composed of carbohydrate and lipid
moieties (Fig. 4). It is easy to fix to mictotiter plate through
lipid part by hydrophobic interaction, however, it is not
possidie to control which part is recognized by phages (Fig.
SA). And unspecific binding of phages onto glycolipid-
immobilized plate might interfere with the effective
affinity selection. Matsubara et al. and Miura et al. exposed
carbohydrate moiety by oriented immobilization of glycolipid
(Table I1, Fig. SB-C)(27,28).

We used Langmuir monolayer of glycolipid to
expose only carbohydrate moiety for affinity selection
(Fig. 5B). Ganglioside GMI1 is spread at an air-water
interface in Langmuir trough, and thc GM1 monolaycr
was transferred onto hydrophobic plate. We identified
GM1-binding pentadecapeptide sequences from random
peptide library through five rounds of panning cycles (27).
The peptide sequences identified shared the consensus
sequence (W/F)RxL(xP/Px)xFxx(Rx/xR)xP, and peptide
VWRLLAPPFSNRLLP (p3) was found to inhibit the cholera
toxin B subunit (CTB) binding to GM! with ICs,0f 1 uM.
This peptide is specific to GM1, and the consensus sequence
is important for GM1 recognition (29). Furthermore, terminal
galactose and Neu5Ac of GM1 are required for binding
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phages.

C2 BIERBHIELSTINTFF

B IIENE R TR S TWwa (H 4. [FERTD
HAMLAR L CRAZLRESTH I, 77 - I 0L
GEERTLIOPHBTE LWV (B 5A) EHI127 7—VHF
OBBABRE 7LV — P NOFFRN LSRN L BN
ﬁﬁ%ﬂﬂf%ﬂﬁ‘éﬁ‘b 3 %, Matsubara 3 & UF Miura & 1358
et mmEEL. BHRTOAZBHEELITKEFT-T
V3 (&1, @ 5B-C)27.28)0

FASBHBIOAR LB SIEL-0. BREAOT 7
IATHSFELFAB L TBRAEER YT o4 (E 5B), ¥
VA FOMI 2T > 7 I a7 KBOE - KREICRE S+,
GMI B FIRA BORBEREKIZE LMo 2o RAWBEFT o F LN
TFREIAL T3V —=P6SADNRy L2 VILE T,
GMIICEET A I5BEDRSF FEFIZRIRLZ 2N, [
EINLRTF NI ERA AL TED, 7+ F VWRL-
LAPPFSNRLLP (p3) (32 L SFFEBH 72 =v } (CTB)D
GMI \DER X IC,= IpM THHE L /2o TOXRTF FlX GMI
IR TH Y | AEENT] (W/F)RXL(XP/PX)XFxx(Rx/xR)xP #F
GMIZBIIEETHL LN bho7: 29 SHICGMID
FKIRH T2 b — A& NeuSAc A p3 L DHESIZEILETH o1,
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Table 11. Phage-display selection with glycolipids

. . library -~
library | target N-terminal sequence
type | receptor (identified) _ source structure of target reference
(immunogen
Xis . . '
GM1 | Wil APPFSNRLLP)| andom  [Galpl-3GalNACRI-4(NeuSAcu2-3)Gulpl-4GIcB1—+Cer|  (27,29)
X; CX.C, X
GM1 | (NPPSPLSVSHRT, random  |Galf1-3GaIlNAcB1-4(NeuSAca2-3)Gal1-4GlcB1 -+ Cer (1))
peptide RSSTKPPLSPLG)
library Xiz
Gb3Cyy (FHENWPS) random Gala1-4Galp1-4Glcp—C oSH @28)
X, NeuSAcu2-3Galpl-3GaINAcB1-4(NeuSAcu2-8
GTIb | qiNILSTLWKYR) | ™dom NeuSAco2-3)Galp1-4GlcBi—+Cer G2)
mouse spleen|
(GM1
asialo . antigen) and
' GM1 Fab L3 and H3 of Galf1-3GalNAcB1-4GalBi-4Glcpl—-Cer (52)
antibody] clone 10 ’
library randomized
N-gtycolyl 14F7 :
gG{;;’ Y Fab hybridoma Neu5Gea2-3Galp1-4Glcp1—-Cer (53)
cells

of p3. This recognition by p3 is reasonable, because these
carbohydrate residues are glycotope of CTB. These residues
are exposed on the GM1 surface, and would provide easy
access to GM 1-binding molecules.

Atomic force microscopy studies of GM1/
glucosylceramide mixed monolayers indicated that p3 had
affinity for only high-density GM1 (80 mol% or more) (Fig.
6A) (29). On the other hand, the binding of CTB to GM1
increased rapidly at low-density GMI (10-20 mol%) and then
became saturated at higher densities. These results indicate
the binding mode of p3 is diffcrent from that of CTB, which
is very interesting to think about carbohydrate recognition.
Shimizu ez al. identified the conformation of p3 in solution by
two-dimensional nuclear magnetic resonance studies (30). This

GM1-binding
peptide _\

tid
Fiivoo)”

CHODERILIICTBOEHIE F—TTHY, p3ilsksbZ
DBHIRYUTH D, ChHDREIGMI REIIBHRT S/
B, GMI BT OEEERESHICL TV BBV,
GMI/ 7V Ve 7 3 MRS FROE T M IS
BBIZL ), p3 RETHE GMI (80 mol% BLL) IKDABET
52 EASRENT: (R 6A). —7 T CTB D& IIEEE (10-20
mol%) TN L, ZhMEOEWEREIIC BV TIIfiA
Lo Shon#ERE p3 ofSHRIZCTB LIZRE -T2
JEERL, BEREYELL ) A TKEEKIEV . Shimizu
5%, 0 p3 DM P ORERTE RITHEBAIABIAEI
Y oTiTo72 (30) ZORTF NIz 7)) —DRETIEHRT
FHMHEAT S TVEDALENGMI LEETARICIIT T A—

aMm1

3, -helix like

peptide - GM1
complex

Fig. 6. Characterization of carbohydrate recognition of GM1-binding peptide.(A) High affinity
for high-density GM1 membrane (GM1 cluster).(B) Conformational change before and after GM1 recognition
determined by two-dimensional NMR analysis. Images of possible twenty structures superimposed.
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peptide is bending at free state in solution, but conformational
change is found when binding to GM1 (Fig. 6B). This peptide
takes a more stable conformation containing f-turn and
helical structure. This peptide, of only 15-amino acids, takes a
suitable conformation for carbohydrate recognition.

Montaner et al. selected GM1-binding peptides for
applying as adjuvants of antigens (31). Interestingly, the
consensus sequence PLS they proposed is diffcrent from our
consensus sequence. Since GM1 was adsorped onto the plate
(Fig. 5A), their peptides may be able to recognize not only
carbohydrate moiety but also lipid moiety. It may be that the
binding to lipid moiety is required for getting adjuvant action.

Miura et al. used self-assembled monolayer (SAM)
of synthetic glycolipid for affinity selection (28). Gb3,
Galo14Galp1-4Gilc, is a Shiga toxin (Stx) receptor, and the
peptides which inhibit the Stx—Gb3 interaction may bc applied
for inhibitors. Gb3 was linked to p-N-undecanoylamidophenyl
group and SAM of the Gb3C10 disulfide (Fig. 4) obtained was
allowed to self-assemble on gold substrate (Fig. 5C). After
three rounds of affinity selection, the Gb3-specific sequence,
FHENWPS, was found in the peptide sequences selected.
We also obtained Gb3-binding pentadecamer peptides by the
selection with Gb3Cer monolayer (unpublished data). The
peptide had the inhibitory activity on the binding of Stx1B to
Gb3 with ICs, of 0.63 mM. Glycolipid thin layer prepared by
using oriented immobilization such as Langmuir monlayer
and SAM is very useful to obtain oligosaccharide-specific
sequences.

For identifying GT1b-binding dodecamer peptide
sequences, Liu et al. eluted phages by tetanus toxin C
fragment (rTTC) at the affinity selection (32). A Tetl peptide
selected showed the binding to PC12, primary motor neuron,
and dorsal root ganglion cells. Tetl was internalized into
cytoplasm of PCI12 cells, this internalization was accelerated
by nerve growth factor-induced differentiation. The peptide
suggests a potcntial utility for ncurotherapeutic strategy.

Besides GM1-binding peptides, we had identified
7-mer and 15-mer amino acid sequences that have affinity for
GM2, GM3, GDl1a, and GT1b (unpublished data). Now we
arc trying to obtain the amino acids (or sequences) which are
required for the binding to sialyl oligosaccharides.

C-3. Peptides Bound to Other Glycoconjugates

Proteoglycan and polysaccharides are polymers of
carbohydrates. The carbohydrate recognition by peptide is
easily achieved because there are many carbohydrate units.
First selection of random peptide library was reported by Burg
et al. for identifying NG2 proteoglycan-binding decapeptides
(33). Other reports are selections against only two kinds of
glycoconjugates, hyaluronan (HA) (35) and lipopolysaccharide
(LPS) (3640).

HA is an extracellular matrix, and is known to interact
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YarEEERIT (6B ZOXRTFFiEp-¥—rn
Vo2 AELTEALIORELBELERT 2, coTS
FPEDOTFPISBETHIICLEDLS T, BYHZHN-OI
B A kA—va e BET %,

Montaner H37 V23 M ELTHWA 2O GMILIZE
BETERTFFERBIRL TS 31) BRIEVZ LIS, S
Xfk 4 L 3R % 2 BRI PLS 2B L TW 5, I3 GMI
FTL—MIBESIETVAED (B S5A). ESoRTF Fid
BETRE MBS OZBLTVLTEENH S, b L
PLEOTVany MelEBL-OIRBRET O
BRELOIL LAk,

Miura 5 (3 SRIEH O B CHAKLE S TFIE (SAM) 2 85
HHEIRIZH V72 (28). Gb3(Galal4Galp1-4Glc) 11 ER # % (Sw)
DREHTHH, Stx-GoI HMEMEHEMLERTF FIZE
ERELTOICHANE A S5R D, Gb3 % p-N-undecanoylamido-
phenyl ZIZE & L, Gb3CIO ¥ AN T 14 F ([ 4) 2 &M
ATHA &7 ([ 5C), 3 HOZEAMEBINT, Gb3 R4
E25I FHENWPS A5 BiR S -7 F FERFID L BV S/,
WEHD GO IZHET S 15REDRTF ¥ % Gb3Cer HGFF
BT 2 PMEERIC L > THRTVWSE RBEF—%)
DT+ FIL Stx1B @ Gb3 ~NDER % 1C, = 0.63 mM THHE
THEEEBL T, U7 IaTHGTHERLSAMD LS
LGRMEERC L ABIBROMIEIL A+ ) TIPSR LES
2HBO0ICKEFERTH D,

GTIb IZHETH RBREORTF FEFI 2B L2012,
Liv & 3 BRI B THIBAEECKHN (TTOT7 7 —
TEBFEHL TS (32) BIRESN7: Tetl 7 F FIRPCI2, W)
MmN, ARSI S L7z Teu (2 PCL2Z M
FROMBEICAD, CORDAAINERERTHHICLS
FMETRES Mz, SOLH) LRTF FIIHMEEHEBOREDY
BEFECELTHAS,

L4132 GMIBEERTF FLSIC, GM2, GM2, GDIla,
GTIb ZEICHETH T REBLIVISREDT I /By %
FELTWwE, HEZITIALE) THIZESTIDIYE
7 3I/78 (LR 2FETAMELToTwA,
C-3. DWAMH IS TERTFF

TUFF TN A REBIHETFThHD, £ OB
Sy MDD IDH, RTFFICL DEHERIENIIEREL
BV FUFLRTFIFIATIN—IZLBRMDOBINUL
Burg 5122 0D THH, NGQ27ust /) A IZHEET S
10 RIEDRTF FTHBH (33), £0OMIZIZ2HBHOMWESHHA,
7V B (HAY34.35) & ) RS HE (LPS)(36-40) DA HE =
nTw3,

HA MBS~ b v 7 ATCHY ., B4 LA TFEHREEN
T5ILHMENTVSD, Mummert 512 R BREORSF |
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with many kinds of molecules. Mummert e al. identified
dodecamer peptide sequences to inhibit HA-CD44 interaction,
and the peptide showed the inhibition of the CD44-related
behaviors of leukocytes and tumor cells (34,35,41). LPS-
binding peptides were selected from 7-mer and 12-mer
libraries by four groups (36-40). However, although same
library was used, the peptide scquences selected does not
share consensus sequence. This would be because epitopes
recognized by peptides are different, because LPS is composed
of various kinds of constituent sugars.

D. Antibody Library

The repertories of antibody fragments displayed on
phage are single-chain Fv fragments (scFv) and Fab fragments,
the heavy (Vy) and light (V) chain V genes are derived from
RNA extracts of lymphocytes (42). To make further diverse
repertories, V genes are modified using randomized synthetic
nucleotides (43) or by error-prone polymerase chain reaction
(PCR) (44). The affinity selection of phage library is achieved
in vitro, so there is a possibility of obtaining carbohydrate-
specific antibodies, even if a weak immunogenicity of target
glycoconjugates (4).

D-1. Antibodies against Oligosaccharides and Glycolipids

The carbohydrate antigens such as Le* (45-47), sLe”
(48), Lewis” (Le")(46,47), TF (49), and aGal (50) were
subjected to the affinity selection (Table I). Oligosaccharides
of these antigens were linked to BSA, HSA, or avidin (Fig. 3).
Variant surface glycoprotein (VSG) of Trypanosoma brucei
brucei has a conserved glycotope, N-linked high mannose
oligosaccharide (Mans,—GIcNAc,) (51). The scFvs and
Fabs against these antigens were found to have affinity for
carbohydrate moiety of their antigens.

Qiu et al. selected anti-asialo GM1 antibody Fab
fragment (Table.11) (52). Primary antibody library was
prepared from total RNA of mouse splcen immunized against
GM 1. The affinity selection resulted in isolating of clone 10,
and the H3 and L3 region of clone 10 was mutated and further
sclcction was performed. Fab fragments identified were found
to be soluble and be specific to asialo GM1. Rojas et al.
constructed light-chain shuffling Fab libraries, anti-N-glycolyl
GM3 antibodies were identified (53).

D-2. Antibodies against Glycosaminoglycans and
Polysaccharides

Surface of microorganism is surrounded by
polysaccharides. Lipopolysaccharide of Gram-negative
bacteria is composed of lipid A and polysaccharide.
Toxicity and immunogenicity are associated with lipid
A and polysaccharide, respectively. Anti-Salmonella
O-polysaccharide antibodies were identified from semi-
synthetic scFv library that is derived from Se 155-4 antibody
(43,44,54,55). Fab fragments against immunogenic capsular
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Ryl FlE L. HA-CD44 MAEEH L HES 7, JOR
FF FIZEMmMERP 7 RO CD4 A E T 5582 HEL
72 (34.35.41) LPS#EARTF FlI34 20/ —-FIZ Lo T,
TREL LS RBEDNTIS TIY—DLERIATVD
(36-40)e LA LA S, ALIATTN—%HoTWDHIZD
Mhb$, LFARBFIVAVWESh o7, ThUERTFV
NBET HIY b= THRE > TVB EZ LS4, LPS 134
GRTHREATWAZ L IRBATLINES S,

D.RtESITSY—

Ty =Y RIBRTAHK 77 AL P OBEBUZITHHE
LB T T T A2 P (scFVIRFab 77 742 bbb, &
$(V,) B L UERH (V) O VRIETIZAMERD RNA fith Y2
HBRHND @2). S6LBEMEEHLOIZ, VIBIETFRT
YYLERRA 7 VAFF @3) RPEREPCR ICE o TERDH
ASN7:- @4 77—V FA4A 75— L5BNEERI in
vitro THT ) O T, RIFFEFBRCEGHEE TS > THHENY
R AP B OB THEELDH L @)

D-1. FIERMMCBET NG

BSIHUR T, Le® (45-47). sLe® (48). Lewis" (Le")(46.47).
TF (49). $ & P aGal 0) I L TRBIREN TS (Ko &
NS OHEOF ) THEHIZBSA. HSA, BLUTEY Ll
GEETHEELLTVS (B3)o 779 AERH /8 v —
< OERYFEHEES /97 B (VSG) RFHLE b —-TEL T,
N#a g~/ — A4 ) THH (Man,,-GleNAc) PRFF S 1
Twd (5o o OBEEIFEIZIT S scFv ® Fab I3HSHA
ST AILFBELMIEINL,

Qiu 537 > 7 O GMI itk Fab B fr % B4R L /2 (Table
1) (52)o BAOHET A T -1 GMI TRIELIZTTAD
IR D 5B S RNA SRR SN, BMERRTI O~
WAHECE, TOH3 L LIDHREERSETSHITER
%470 fzo [IE S 472 Fab Wi IRiERETT © 70 GML 124
Ry TH - 72oRojas HIXBYPL Y v 7V Y SFbF AT 7)) —
FABHE L. B N-glycolyl GM3 Ll & 5 TV % (53)o
D-2. YUY I/ TV ALRSHIBESTINGE

BEMORTIESBETELATVL, I LEHEDY
FEHIVEFA LSWOHB N TSN, Bt RERNKE
BEhENR, VEFALERPBEEREL TS, iHNVEST
O- Z3EHiIkIE. Se 1554 VifAMIRDFEM scFv 7477 V) —
Db EE &7 (43,44,54.55) TABEDANET A LR - £ >
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'polysaccharide of Haemophilus influenzae type b (56) and
mannan of Candida albicans (yeast) (57) were also identified.

Heparan sulfate (HS)-binding antibodics have been
strenuously studied by van Kuppevelt et al. (58-65). Anti-
HS antibodies inhibited the interaction of HS with a basic
fibroblast growth factor and vascular endothelial growth factor
(58,64).

Pectin, cell wall of plants, is composed of three
major polysaccharide types homogalacturonan (HG),
rhamnogalacturonan (RG)-I, and RG-II. HG- and RG-II-
binding antibodics were sclected by Willats et al. (66) and
Williams er al. (67), respectively.

E. Mutation Library of Lectin

Until now, surprisingly, mutation library of lectin has
not been constructed except for a legume lectin. Yamamoto
et al. prepared Bauhinia purpurea lectin (BPA), galactose-
binding lectin, mutation library on A phage (68). The
carbohydrate-binding loop of BPA was randomized and affinity
selection was performed against mannose-linked BSA. BPA
mutants obtained were found to have affinity for mannose, and
already to lose affinity for galactose. However, selection of
this library against GlcNAc did not result in GlcNAc-binding
mutants. They concluded that longer carbohydrate-binding
loop might be required for GlcNAc recognition. Without using
the display technology, Yim et al. randomly mutated Maackia
amurensis hemagglutinin and obtained various lectins that
have affinity for other sugars (69).

Another approach might be more effective instead of
lectin mutation to get carbohydrate-binding molecules. The
carbohydrate-binding domains of some glycosidases are apart
from its catalytic site. The carbohydrate-binding domains of
glycosidase have been used as independent molecules for
carbohydrate recognition. A xylan-binding module of xylanase
was mutated by error-prone PCR, and used for the selection
with xylan (70). After two rounds of selection, unfortunately,
binding activity of mutants isolated decreased more than wild
type. Verhaert et al. selected amylase mutants that bind to
starch at low pH (71).

F. Perspective

To identify glycoconjugate-binding molecules by
phage display technology, random librarics of antibody,
lectin, and peptide have been used for the affinity selection.
Carbohydrate-binding antibody and lectin are necessary for
the detection of the presence of carbohydrates in etiological
diagnosis (4). Peptide-carbohydrate interaction is not
stronger than protein—carbohydrate interaction, and affinity
and specificity of peptide have no advantage over proteins.
However, the multivalent binding effect led to the peptide
binding more efficiently to carbohydrates (20-26). In addition
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ThL WO RIHORELHE (56). BIUA VY- TH
Eh A (BR)YSND IHTH FabliH bFEEh T 5,

~INT EfEE (HS) &AL van Kuppevelt 512 L - TH
FINCHFRE N T % (58-65). B HS $ifkid HS & HIEEM
4 3 440 oL e B 30 7 TR % o P M s o R - & o ML EL (R A
M# L7 (58.64),

IS DR 7 72 13 3 DD EELSHE, KENT 7Y
g+ (HG). T4/ HF278F Y (RG)-I. BXURG-II T
BRENTV5, HG B X URGNIZHEETAHBFERER,
Willats £ (66). 35 & UF Williams & (67)i2& > TRENEA TV 3,

E.LIFLODERZ1TS5U—
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to multivalent effect of peptides, the bottom-up approach by
the fusion of these peptide sequences with liposomes and
polymer carriers might be effective for molecular design (72).

The increase of the range of applications for these
carbohydrate-binding molecules would encourage the growth
of this area of research. For example, the increasing interest
in peptide drugs might indicate the future direction of this
area (73). Protein—carbohydrate interaction is widely related
to various diseases such as cancer and infectious diseases.
Detection of causative agents and discovery of inhibitors are
one of the main purposes of the phage-display studies. To
reach the ultimate goal, we need development of technology to
overcome some weak points of peptide drugs: immunogenicity
and degradation loss of peptides in our body, etc. As the
meaning of carbohydrate functions within the living body
is clarified, we will attach importance to the development
of carbohydrate-binding molecules to replace antibody and
lectin.
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Abstract

We characterized the expression of cell surface antigens and cytokine-secreting ability of monocyte-macrophage-lineage
cells induced in vitro from CD34* bone marrow cells. After cultivation for 3 weeks, we observed 2 distinct cell fractions: a
floating small, round cell fraction and an adherent large, protruding cell fraction. Both cell fractions expressed myelocyte-
monocyte-lineage antigens, but mature-macrophage markers such as CD206 were expressed only by the adherent cells. An
assessment of cells cultured for 5 weeks revealed spontaneous secretion of interleukin 8 (IL-8) and IL-6, and lipopolysaccha-
ride (LPS)-induced tumor necrosis factor o (TNF-a) secretion in both fractions, but only the adherent cell fraction secreted
IL-10 after LPS stimulation. In contrast, both fractions of cells cultured for 3 weeks spontaneously secreted low levels of
IL-8, but none of the other cytokines. Upon LPS stimulation, the cells secreted IL-6 and TNF-a, but not IL-10. We also assessed
the effect of granulocyte colony-stimulating factor (G-CSF) pretreatment on TNF-a. secretion by each cell fraction and found
that G-CSF reduced TNF-« secretion only in the adherent fraction of cells cultured for 3 weeks. Monocyte-macrophage-
lineage cells induced in vitro should provide an ideal model for functional analysis of monocyte-macrophage cells.
Int J Hematol. 2007;85:384-389. doi: 10.1532/1JH97.06213
© 2007 The Japanese Society of Hematology

Key words: Monocyte-macrophage lineage; Antigen; Cytokine; Expression

1. Introduction essential role in bone remodeling as well as in regulating
calcium homeostasis [4]. Microglia represent a unique cate-

The mononuclear phagocyte system includes a widely gory of mononuclear phagocytes distributed throughout the
distributed family of related cells (such as peripheral blood  central nervous system [5], and in addition to their role as the

monocytes, macrophages, Kupffer cells, dendritic cells, osteo- immune effectors of the central nervous system, they perform
clasts, and microglia) that exhibit highly specialized functions. = nonimmunologic functions, including the production of neu-
Macrophages resident in a number of tissues act as profes- rotrophic factors and glutamate uptake [6,7].

sional phagocytes and remove pathogens or apoptotic cells [1]. The mononuclear phagocytic cells are believed to origi-
Dendritic cells are specialized to capture and present anti- nate from hematopoietic stem cells in the bone marrow
gens, initiating the immune response through naive T-cell (BM). In the conventional view, monocytes that develop in
activation [2]; dendritic cells are also implicated in maintain-  the BM are released into the circulation and then enter the

ing tolerance to self antigens [3]. Osteoclasts, multinucleated  tissues to become resident macrophages and other mononu-
bone-resorbing cells found in the vicinity of bone, play an  clear phagocytic cells [8,9]. Consistent with this view,
Kennedy and Abkowitz demonstrated in a mouse transplan-
tation system that more mature monocytes give rise to tissue
macrophages, including alveolar macrophages in the lung

Correspondence and reprints requests: Nobutaka Kiyokawa, and Kupffer cells in the liver [10]. The results of a number of
MD, PhD, Department of Developmental Biology, National studies have suggested, however, that the mechanism of
Research Institute for Child Health and Development, 2-10-1, mononuclear phagocytic cell development is more compli-
Okura, Setagaya-ku, Tokyo 154-8535, Japan; 81-3-3417-2496; cated. One intriguing possibility is that less mature marrow-
fax: 81-3-3417-2496 (e-mail: nkiyokawa@nch.go.jp). derived cells, such as macrophage colony-forming units, enter
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the tissues and differentiate into macrophages [11]. Prior
studies have shown that tissue macrophages divide in situ,
indicating that these cells are responsible for the renewal and
expansion of this population [12-14].

The functional and phenotypic heterogeneity within the
phagocyte system may be evidence of the differentiation plas-
ticity of a common progenitor, but the details of the develop-
mental pathways leading to the maturation of mononuclear
phagocytic cells are still unclear. In vitro culture systems in
which mature mononuclear phagocytic cells are induced from
hematopoietic stem cells or monocyte precursors have been
employed in a number of studies to clarify the molecular mech-
anism of phagocytic cell development. For example, monocyte-
macrophage-lineage cells can be induced from CD34* cord
blood hematopoietic stem cells by liquid culture with cytokines
[15] and by cocultivation with BM stromal cell lines in the pres-
ence of cytokines [16]. BM progenitors have recently been
identified by their ability to differentiate into dendritic cells
or osteoclasts, depending on whether they are exposed to
RANKL in combination with granulocyte-macrophage
colony-stimulating factor (GM-CSF) or M-CSF [17].

To evaluate the usefulness of monocyte-macrophage—
lineage cells as a source for an in vitro model for the func-
tional analysis of a monocytic phagocyte system, we analyzed
the immunophenotype of and cytokine production by mono-
cyte-macrophage-lineage cells induced from CD34* BM
cells in vitro. In this study, we showed that several distinct
developmental stage-related subpopulations are present in
monocyte-macrophage-lineage cells induced from CD34*
BM cells in vitro.

2. Materials and Methods
2.1. Cells and Reagents

Human BM CD34* cells from Cambrex Bio Science
Walkersville (Walkersville, MD, USA) were used. The cells
had been isolated from human tissue after informed consent
had been obtained. Recombinant human cytokines were pur-
chased from PeproTech (London, UK). Fluorescently conju-
gated monoclonal antibodies were purchased from Beckman
Coulter (Westbrook, MA, USA). Unless otherwise indicated,
all other chemical reagents were obtained from Wako Pure
Chemical Industries (Osaka, Japan).

2.2. Cultures

Monocyte-macrophage-lineage cells were induced by
incubating human BM CD34* cells (1x10° cells/well of a
6-well plate) at 37°C under 5% carbon dioxide in SmL of
10% (vol/vol) fetal calf serum (Sigma-Aldrich, St. Louis, MO,
USA) containing RPMI 1640 medium (Sigma-Aldrich) sup-
plemented with a cytokine mixture consisting of interleukin
3 (IL-3) (20ng/mL), IL-6 (20 ng/mL), M-CSF (100 ng/mL),
GM-CSF (20ng/mL), and FIt-3 ligand (100ng/mL) [15,18].
Every week, half of the medium was replaced with fetal calf
serum—containing medium supplemented with M-CSF alone.
After 3 weeks of cultivation, the medium was completely
replaced with the medium supplemented with M-CSF alone,
and the cells were cultured for another 2 weeks. At the end

of 5 weeks of cultivation, the floating cells in the medium
were collected, and the adherent cells were harvested with
0.25% trypsin plus 0.02% EDTA (Immuno-Biological
Laboratories Co, Gunma, Japan). These 2 cell fractions were
used for further examination.

For the histology studies, cells were harvested and immobi-
lized on glass slides with Cytospin 2 (Shandon, Pittsburgh, PA,
USA). After Giemsa staining, cell morphology was assessed
by light microscopy (BX-61; Olympus, Tokyo, Japan). Cells
were tested for cytokine secretion by exposing the cells to
G-CSF and stimulating them with lipopolysaccharide (LPS)
(Sigma-Aldrich) for 24 hours, as described previously [19].

2.3. Reverse Transcriptase—Polymerase Chain Reaction
Analysis

Total RNA was extracted from cultured human BM cells,
and complementary DNA (cDNA) was generated with an
RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and a First-
Strand ¢DNA Synthesis Kit (Pfizer, Uppsala, Sweden).
cDNA synthesized from 150 ng of total RNA was used as a
template for one amplification reaction. The following sets of
primers were used: 5’-ttattaccccctecttcagacac-3” (sense) and
5’-aagtctggaaacatctggagagag-3’ (antisense), for amplification
of a 347-bp fragment of human tumor necrosis factor o
(TNF-a) cDNA; 5-aagtggtgttctccatgtec-3’ (sense) and 5'-
gagcgaatgacagagggttt-3’ (antisense), for amplification of a
664-bp fragment of human IL-1f ¢cDNA; and 5'-gctggag-
gactttaagggtt-3’ (sense) and 5’-cccagatccgattttggaga-3’ (anti-
sense), for amplification of a 394-bp fragment of human
IL-10 cDNA. The set of primers for amplification of human
glyceraldehyde-3-phosphate dehydrogenase was obtained
from Stratagene (La Jolla, CA, USA). The polymerase chain
reaction (PCR) was repeated for 30 cycles of heating at 94°C
for 60 seconds, annealing at 60°C for 30 seconds, and elonga-
tion at 72°C for 2 minutes; the PCR products were then
separated on a 1.5% agarose gel.

2.4. Immunofluorescence Study and Cytokine
Measurement

A multicolor immunofiuorescence study was performed
with a combination of fluorescein isothiocyanate, phyco-
erythrin, and phycoerythrin—Cyanine 5 (PC-5). Cells were
stained with fluorescently labeled monoclonal antibodies
and analyzed by flow cytometry (Epics XL; Beckman
Coulter), as described previously [19]. The concentrations of
cytokines and chemokines in culture supernatants were
determined with a Cytometric Bead Array (CBA) (BD Bio-
sciences, San Diego, CA, USA) according to the manufac-
turer’s instructions.

3. Results

3.1. Differentiation into Monocyte-
Macrophage-Lineage Cells of Human BM CD34*
Cells Cultured with a Combination of Cytokines

We first characterized the morphology and surface-antigen
expression of human BM CD34* cells cultured with the
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Figure 1. Morphology of monocyte-macrophage cells induced from
CD34* bone marrow (BM) cells in vitro. Human BM CD34* cells were
cultured for 5 weeks in the presence of a cytokine mixture, as described
in “Materials and Methods.” Floating and adherent cell fractions were
subsequently collected separately and cytocentrifuged on a glass slide.
Morphology was assessed after Giemsa staining. The experiments were
repeated 3 times, and reproducible results were obtained. Representa-
tive data are shown (original magnification x400).

combination of cytokines indicated in “Materials and Meth-
ods.” During the second week of culture, microscopical obser-
vation revealed that a portion of the cells had started to
adhere to the bottom of the culture dish. After 3 weeks of cul-
tivation, the cells were clearly divided into floating and adher-
ent fractions. When 1x 10° CD34* cells were cultured, approx-
imately 7x10° adherent cells and 3x10° floating cells were
obtained after 5 weeks of cultivation. At the end of the 5-
week cultivation period, the floating and adherent fractions
were collected separately, and their morphologies were
assessed after May-Giemsa staining. As shown in Figure 1, the
cells in the floating fraction were small and round and con-
tained little cytoplasm. In contrast, the cells in the adherent
fraction were large and contained abundant foamy cytoplasm
with protrusions.

We also used flow cytometry to examine the cells for
expression of monocyte-macrophage-lineage markers
(Figure 2). Most floating cells expressed CD11b, CD31,
CD33, and CD97, but no other mature-macrophage markers.
The adherent cells, on the other hand, expressed markers of
the myelocyte-monocyte lineage, such as CD13, CD14,
CD36, CD54, CD64, CD85k, and CD105. It is noteworthy
that the adherent cells expressed the mature-macrophage
marker CD206, which was not expressed by the peripheral
blood monocytes examined as a control (Figure 3).

3.2. Cytokine Secretion by Monocyte-Macrophage-
Lineage Cells Induced from Human BM CD34" Cells

Next, we assessed the cytokine-secreting ability of human
BM CD34* cells cultured with the cytokine combination. At
the end of 5 weeks of cultivation, the floating and adherent
fractions were collected separately, and cytokine secretion
was assessed with the CBA system with and without LPS
stimulation. Figure 4 shows that both the floating and adher-
ent cell fractions spontaneously secreted IL-8 and IL-6 with-
out LPS stimulation. After 24 hours of LPS stimulation, IL-6
secretion was enhanced in both fractions, but IL-8 secretion
by adherent cells was decreased. TNF-a secretion, on the

other hand, was induced in the 2 fractions only after LPS
stimulation. It is noteworthy that LPS stimulation induced
IL-10 secretion only in the adherent cell fraction and not in
the floating cell fraction. Neither IL-1f nor IL-12 secretion
was induced by LPS stimulation in either fraction.

We also used reverse transcriptase—polymerase chain
reaction analysis to assess the effect of LPS stimulation on
the expression levels of cytokine messenger RNA (mRNA).
Consistent with the results of the CBA analysis, LPS stimu-
lation enhanced the expression of TNF-a mRNA in both the
adherent and floating cell fractions (Figure 5). IL-10 mRNA
expression, however, was already detectable in both cell frac-
tions in the unstimulated state, and LPS stimulation did not
enhance expression. In addition, LPS stimulation reduced
IL-10 mRNA expression in the floating cell fraction. It is
interesting that although no secretion of IL-1p protein was
detected by the CBA assay, LPS stimulation significantly
increased IL-1p mRNA expression in both cell fractions.

i
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Figure 2. Immunophenotypic analysis of monocyte-macrophage cells
induced from CD34* bone marrow (BM) cells in vitro. Human BM
CD34¢* cells were cultured for 5 weeks (as in Figure 1). At the end of the
culture period, the floating and adherent cell fractions were collected
separately, stained with combinations of fluorescently labeled antibodies
as indicated, and examined by flow cytometry. The experiments were
repeated 3 times, and reproducible results were obtained. Representa-
tive histogram data are shown. MsIgG, mouse immunoglobulin G: PE,
phycoerythrin; PC-5, PE-Cyanine 5: FITC, fluorescein isothiocyanate:
FS, forward light scatter: SS, side light scatter.
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Figure 3. Inmunophenotypic analysis of peripheral blood monocytes.
Mononuclear cells were obtained from the peripheral blood of healthy
volunteers via Ficoll-Paque centrifugation and stained with the indicated
combinations of fluorescently labeled antibodies. Monocytes were gated,
and the expression of each antigen was analyzed as in Figure 2.

3.3. Effect of G-CSF on TNF-q. Secretion by -
Monocyte-Macrophage—Lineage Cells Induced from
Human BM CD34* Cells

As we reported previously, G-CSF directly affects
peripheral blood monocytes and reduces LPS-induced TNF-
o secretion in a time-dependent manner [20]. We therefore
tested the effect of G-CSF on TNF-a secretion by mono-
cyte-macrophage-lineage cells induced from human BM
CD34* cells. Because our testing of monocyte-macro-
phage-lineage cells that had been induced with cytokines
and harvested after 5 weeks of cultivation showed that G-
CSF did not affect LPS-induced TNF-a secretion (data not
shown), we tested cells harvested at different time points.
Our assessment of LPS-stimulated cytokine secretion by
adherent cells (Figure 6) (but not floating cells; data not
shown) collected after 3 weeks of cultivation revealed
cytokine-secretion patterns different from those of cells col-
lected after 5 weeks of cultivation. Figure 6 shows that cells
cultured for 3 weeks spontaneously secreted low levels of
IL-8, but not other cytokines. LPS stimulated the cells to
secrete IL-6 and TNF-a and an increased level of IL-8.
Pretreatment with G-CSF reduced LPS-induced TNF-a
secretion in a time-dependent manner.

4. Discussion

This study has shown that monocyte-macrophage-lineage
cells were efficiently induced from CD34* BM cells in liquid
culture in the presence of a cocktail of cytokines and that the
monocyte-macrophage-lineage cells induced in vitro were
capable of cytokine secretion upon stimulation with LPS.
Several different subsets of monocyte-macrophage-lineage
cells were induced during the course of culture.

For example, 2 distinct fractions, adherent cells and floating
cells, were observed at the end of 5 weeks of culture. These 2
fractions were distinctive in both morphology and immuno-
phenotype. Adherent cells were large, had a macrophage-like
appearance, and expressed the mature-macrophage markers
CD14, CD105, and CD206. In contrast, the floating cells were
relatively small and contained little cytoplasm. Only some of
them expressed mature-macrophage markers, whereas most
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Figure 4. Cytometric Bead Array (CBA) analysis of lipopolysaccha-
ride (LPS)-stimulated cytokine secretion by monocyte-macrophage
cells induced from CD34* bone marrow (BM) cells in vitro. Monocyte-
macrophage-lineage cells were induced from human BM CD34* cells
by cultivation for 5 weeks, as described for Figure 1. At the end of the
culture period, the floating and adherent cells were stimulated with
and without LPS for 24 hours. Subsequent cytokine secretion was
assessed with the CBA system. The histograms obtained (upper pan-
els) and calculated concentrations of each cytokine (table at bottom;
<0.00 indicates undetectable) are shown. The experiments were
repeated 3 times, and reproducible results were obtained. Representa-
tive data are shown. IL-1p indicates interleukin 1B; TNF-¢, tumor
necrosis factor a.



