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Chapter 6 

SUMMARY 

Interactions of hematopoietic progenitor cells (HPC) with bone-marrow stroma are 
important in anchorage of HPC at the bone marrow, homing of HPC to the bone marrow and 
mobilization of HPC to the peripheral blood. The adhesive mechanisms, by which these 
processes are mediated, are still not completely understood. We have examined the 
mechanisms involved in adhesion of human HPC to rat bone-marrow stroma with a modified 
Woodruff-Stamper adhesion assay. In this assay, human peripheral blood (PB) CD34+ HPC 
and KG la cells bind to stromal elements in frozen sections of rat bone marrow. This adhesion 
was completely dependent on divalent cations and appeared to be optimal at 37°C. Adhesion 
of HPC was partially blocked by a mAb against VLA-4. A stronger inhibition was observed 
upon incubation of CD34+ HPC with a combination of mAbs against VLA-4, VLA-5 and 
CD 18, whereas mAbs against CD 18 or VLA-5 alone did not inhibit the adhesion. 

Furthermore, adhesion of CD34+ HPC was partially blocked by treatment of these cells 
with neuraminidase from Vibrio cholerae or glycoprotease from Pasteurella haemolytica. This 
indicates that at least some of the adhesive ligands on HPC involved in the adhesion of HPC to 
bone-marrow stroma contain sialylated and/or O-linked carbohydrate chains. MAbs against L-
selectin and CD34, both heavily glycosylated proteins, inhibited the adhesion of the HPC, but 
mAbs against several other sialomucins, i.e. CD43, CD45RA and CD164, did not. When HPC 
were stimulated with the ßractivating mAb 8A2, the inhibitory activity of the anti-CD34 mAb 
was abolished. A CD34Fc-chimera, consisting of the extracellular domain of CD34 and the 
Fc-domain of human IgGl did not inhibit the adhesion of HPC to the frozen sections. 

In conclusion, these results indicate that VLA-4, L-selectin, CD34, sialylated carbohydrate 
structures and possibly VLA-5 and CD 18 play a role in the adhesion of CD34+ HPC to bone-
marrow stroma. 
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INTRODUCTION 

Intimate adhesive interactions between hematopoietic stem and progenitor cells (HPC) and 
the bone-marrow microenvironment play an important role in the strict regulation of the 
process of hematopoiesis. During stem cell transplantation, applied to rescue patients after 
myeloablative chemo- and/or radiotherapy, intravenously reinfused HPC migrate back from 
the peripheral blood to the bone-marrow microenvironment. This process is referred to as 
homing, and is most likely also mediated by complex adhesive interactions between HPC and 
the bone-marrow stroma. Although these processes are of clinical and biological significance, 
the precise mechanisms involved are as yet unclear. 

CD34+ HPC and bone-marrow stromal cells are known to express a wide range of 
adhesion molecules, of which some have previously been shown to play a role in interactions 
of HPC to bone-marrow stroma. Selectins play a role in the initial step in homing, during 
rolling of the HPC along the bone-marrow endothelium [1-4]. Integrins play a role in both the 
egress of HPC from and the homing of HPC to the bone marrow. In particular, a dominant role 
for the interaction of the ßrintegrin VLA-4 with the immunoglobulin-like adhesion molecule 
VCAM-1 has been shown in vivo [5-9]. In several animal models it has been shown that 
monoclonal antibodies (mAbs) against VLA-4 inhibit homing of HPC [1,5] and induce 
mobilization of HPC to the peripheral blood [6,8,10]. The role of ß2-integrins is less well 
understood. Adhesion of HPC to bone-marrow stroma can be blocked with the use of mAbs 
against ß2-integrins in vitro [11]. In contrast, such antibodies are unable to mobilize stem cells 
into the peripheral blood in vivo [7]. CD44 might also play a role in the adhesion of HPC to 
the bone-marrow stroma. CD44 is the principal receptor for hyaluronic acid (HA) [12,13], a 
major component of the bone-marrow extracellular matrix [14,15]. In mice treated with mAbs 
against CD44, impaired homing of murine HPC to bone marrow has been observed [16,17]. 

Recent data suggest that the family of sialomucins also might be involved in the adhesive 
interactions between HPC and the bone-marrow microenvironment. Several members of this 
family are expressed on primitive human HPC and/or on bone-marrow stromal cells, i.e. 
CD34 [18,19], CD43 [20,21], CD45RA [22], PSGL-1 [23,24] and CD164 [25,26]. CD34 is 
expressed on HPC and on vascular endothelial cells [27-30]. Although its precise function is 
unclear, several studies show that it can act as an adhesion molecule [31-36]. L-selectin has 
been shown to be a ligand for CD34 expressed on high endothelial venules, but not for CD34 
expressed on HPC [37]. The role of CD43 in homing of HPC is not known. Cross-linking of 
CD43 enhances ßrintegrin dependent adhesion of human cord blood CD34+ cells to 
fibronectin [38], suggesting that CD43 might act as a signaling adhesion molecule. 
Furthermore, it has been shown that cross-linking of CD43 or CD34 activates the same 
signaling pathway for cytoadhesion [39]. CD43 might also have a regulating function in 
hematopoiesis, because cross-linking of CD43 with specific mAbs has been shown to induce 
apoptosis in cytokine-activated dividing hematopoietic progenitor cells [21]. The recently 
discovered sialomucin CD 164 is expressed on bone-marrow stromal cells and on a 
subpopulation of HPC, including very primitive CD34+ HPC [26]. Moreover, Zannettino et al. 
have shown that the adhesion of human CD34+ HPC to cultured human bone-marrow stromal 
cells is inhibited with a mAb against CD 164 [25]. 

The immunoglobulin-like protein ALCAM-1 (CD 166) is also a potential candidate to be 
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involved in binding of HPC to bone-marrow stroma. It has been shown that CD 166, which can 
bind to CD 166 in a homophilic as well as to CD6 in a heterophilic fashion, is expressed by 
both HPC and stromal cells at hematopoietic sites [40]. Moreover, the ligand CD6 is also 
expressed on HPC [40]. 

In the present study, we have investigated the role of adhesion molecules in the adhesion 
of HPC to bone-marrow stroma using a modified Woodruff-Stamper assay on rat bone 
marrow, as described earlier [41]. The frozen section assay as developed by Stamper and 
Woodruff has proven to be of crucial importance for the identification of the molecules 
involved in the specific binding of lymphocytes to high endothelial venules in lymph nodes. 
Our assay closely resembles the in vivo situation, because within the frozen bone-marrow 
sections all stromal components are available, and the delicate bone-marrow stromal 
meshwork is still intact. This might be of great importance, because isolation of, for example, 
endothelial cells from their microenvironment may result in the loss of specific characteristics 
[43,44] 

In the present study we show that the binding of HPC to bone-marrow stroma is mediated 
by ß r and ß2-integrins, CD34, L-selectin, sialic acid residues and O-linked sugars. We did not 
observe a role for CD43, CD44, CD45RA, CD164 and CD166. 

MATERIALS AND METHODS 

Monoclonal antibodies (mAb) 

IgGl and IgG2a isotype control antibodies, mAb MB22 (anti-HLA-class I), mAb CLB-
LFA-1/1 (CD18, anti-ß2-integrin), mAb MD34.1, MD34.2 and MD34.3 (CD34), mAb DFT1 
(CD43), mAb F8-11-13 (CD45RA) and mAb SAM-1 (CD49e, anti-VLA-5) were obtained 
from our institute (CLB, Amsterdam, The Netherlands). Phycoerythrin (PE)-conjugated 
HPCA-2 (=8G12, CD34) was purchased from Becton Dickinson (San Jose, CA, USA). MAb 
103B2/9E10 (CD 164) [25] was a kind gift of Dr S. Watt (MRC Molecular Haematology Unit, 
Institute of Molecular Medicine, Oxford, UK). MAb HP2/1 (CD49d, anti-VLA-4) was 
purchased from Immunotech SA (Marseille, France). MAb 8A2 [45], which activates ß r 

integrins, was a kind gift of Dr J.M. Harlan (Harbour Medical Center, Seattle, WA, USA). 
MAbs 3Ala (CD7), 72a (CD13), P67-6 (CD33), Immu-133, 14G3, QBEND10, 4A1, CD34-
9F2, 8G12, 553, and 563 (all CD34), HP2/9 and 3F12 (both CD44), 562.10D3 (CD45), PIE6 
(CD49b, anti-VLA-2) and DREG56 (CD62L, anti-L-selectin) were obtained from the Fifth 
International Workshop [46]. MAbs J3-119, J4-81 and 3A6 (all three ALCAM, CD166) were 
obtained from the Sixth International Workshop [47]. MAbs HP2/1 (CD49d) [48,49], SAM-1 
(CD49e) [50], DREG56 (CD62L) [51], CLB-LFA-1/1 (CD18) [49,52] and 103B2/9E10 
(CD 164) [25] have previously been shown to block receptor-mediated interactions. 

Peripheral blood CD34+ hematopoietic progenitor cells 

Peripheral blood (PB) CD34+ cells were isolated from the blood of cancer patients who 
were treated with chemotherapy followed by granulocyte colony-stimulating factor (G-CSF) 
at 300 ug/day subcutaneously (Filgrastim, Neupogen, Amgen, Thousand Oaks, CA, USA) for 
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stem cell mobilization [53]. All patients gave informed consent, and the protocols were 
approved by the Ethical and Scientific Review Committees of The Netherlands Cancer 
Institute and the Academic Medical Center (Amsterdam, The Netherlands). 

PB CD34+ cells were isolated with the VarioMACS (Miltenyi Biotec, Bergisch Gladbach, 
Germany). Briefly, mononuclear cells (MNCs) were isolated by density centrifugation over 
Ficoll-Paque (Pharmacia, Uppsala, Sweden; specific gravity 1.077 g/cm3). The PB CD34+ 

cells were subsequently purified with the MACS CD34 isolation kit (Miltenyi Biotec) to 95-
99% purity as determined by flow cytometry. 

Cell lines 

SV40-transformed monkey kidney COS-7 cells and Chinese Hamster Ovary (CHO) cells 
were routinely cultured in Dulbecco's modified Eagle medium (DMEM) (Gibco BRL, Grand 
Island, NY, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, 
Gibco BRL), 100 U/mL penicillin (Gibco BRL) and 100 ug/mL streptomycin (Gibco BRL). 
The human leukemic early myeloblastic cell line KG la, obtained from the ATCC (CCL 
246.1), was maintained in RPMI-1640 culture medium (Gibco BRL) supplemented with 10% 
(v/v) heat-inactivated FBS, 100 U/mL penicillin (Gibco BRL), 100 ug/mL streptomycin 
(Gibco BRL), 300 ug/mL glutamine (Sigma, Chemical Co., St. Louis, MO, USA) and 0.05 
mM 2-mercaptoethanol (Merck, Darmstadt, Germany). The murine myeloma cell line J588L 
was routinely cultured in culture medium consisting of Iscove's Modified Dulbecco's Medium 
(Biowhittaker, Verviers, Belgium) supplemented with 10% heat-inactivated FBS (Gibco 
BRL), 100 U/mL penicillin (Gibco BRL), 100 ug/mL streptomycin (Gibco BRL) and 300 
Ug/mL glutamine (Sigma). 

All endothelial cell lines used were established by immortalization of primary endothelial 
cells as described previously [43] with the replication-defective retroviral construct pLXSN16 
E6/E7, containing the E6/E7 genes from the human papilloma virus (HPV) 16 [54]. 

All endothelial cell lines were routinely cultured in fibronectin-coated culture flasks and in 
culture medium consisting of Medium 199 (Gibco BRL), supplemented with 10% (v/v) 
pooled, heat-inactivated human serum (CLB), 10% (v/v) heat-inactivated FCS, 1 ng/ml bFGF 
(Boehringer Mannheim, Mannheim, Germany), 5 U/mL heparin (Leo Pharmaceutical 
Products, Weesp, The Netherlands), 300 ug/mL glutamine (Sigma), 100 U/mL penicillin, 
100ug/mL streptomycin and 100 ug/mL Geneticin (G418), a neomycin analogue (Gibco 
BRL). After reaching confluence, the endothelial cells were passaged by treatment with 
trypsin/EDTA solution (Gibco BRL). All cell lines were cultured at 37°C at 5% C02. 

Bone-marrow frozen section assay 

For the frozen section assay, rat bone marrow was used [41,42]. For the experiments with 
mAbs against CD34, L-selectin and the integrins and those with neuraminidase and 
glycoprotease, young adult male Wistar rats with a weight between 150 and 250 g, were 
obtained from HSD/CPB (Zeist, The Netherlands) and used as a source for bone marrow. For 
the experiments with the CD34Fc chimeras, CD43, CD44, CD45RA, CD164, CD166 young 
adult male Wag-Rij rats were used and obtained from the Netherlands Cancer Institute 
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(Amsterdam, The Netherlands). In control experiments in which bone marrow from Wag-Rij 
rats and mAbs against CD34 and integrins were used, no differences between the two strains 
were observed. Bone marrow was expelled from the rat femur by a small silicone tube that 
was brought into the bone-marrow cavity. The small tube containing bone marrow was put 
into a piece of rat liver. The bone marrow was carefully driven into the liver by blowing at the 
other end of the tube, resulting in embedding of bone marrow in liver tissue. Pieces of rat liver 
containing bone marrow were frozen in liquid nitrogen and stored at -20°C. Cryostat sections 
of bone marrow (6 urn thick) were placed on eight-well slides (Nutacon, Schiphol, The 
Netherlands) and stored at -80°C until the adhesion assay was performed. 

Prior to the assay, CD34+ cells were washed extensively and resuspended in 5 mmol/L 
HEPES-buffered RPMI-1640, containing 5% (v/v) FCS (adhesion medium), at a concentration 
of lxlO7 cells/mL. Cryostat sections of bone marrow were incubated with the CD34+ cells (50 
ul/well), on a rocker platform (Bellco Glass Inc. Vineland, New Jersey; level 5) for 20 
minutes at 37°C. The slides were carefully decanted to remove unbound cells and were 
immediately fixed in 1% glutaraldehyde for 5-7 minutes. After fixation, the slides were 
dehydrated and mounted in Entellan (Merck, Darmstadt, Germany). 

Adherent CD34+ cells were visualized by phase-contrast microscopy. The percentage of 
CD34+ cells adherent to bone marrow was quantified by use of a computerized image analyzer 
(Model Quantimet 600, Leica, Cambridge, U.K.). For every section three randomly chosen 
fields were counted. For each experiment two different cryostat sections were counted. 
Experiments were performed at least three times. The binding of CD34+ cells treated with 
enzymes or mAbs was expressed as percentage of untreated CD34+ cells in the same 
experiment (set as 100% adhesion). 

Preparation of the construct encoding the CD34Fc chimera 

The plgG 1-construct, a kind gift of Dr Carl Figdor (University of Nijmegen, The 
Netherlands) was used as source for the genomic DNA encoding the hinge, CH2 and CH3 
domains of human IgGl (hFc-domain) [55]. cDNA encoding the CD34 antigen was derived 
from the CD34+ early myeloblastic cell line KG la. Of these DNA sources, nucleotides 523-
2013 of the germline immunoglobulin gamma-1 chain constant region gene, encoding the hFc-
domain (heavy chain) [56] and nucleotides 288-1127 of the complete cDNA of the CD34 gene 
[57], encoding for amino acids 1-278 of the extracellular domain (ECD) of CD34, were 
amplified by PCR. The PCR primers used are shown in Table 1. The Fc-pCI-neo vector was 
constructed by ligation of the Xbal/Notl-digested hFc-domain-encoding PCR product, into the 
XbaVNoil-aigsstea pCI-neo vector (Promega, Madison, WI, USA). The CD34ECD-pGEM®-T 
vector was constructed by ligation of the CD34ECD-encoding PCR product into the pGEM®-
T vector (Promega). Subsequently, the CD34ECD-pGEM®-T vector was digested with EcoBl 
and Xbal, and the DNA fragment encoding the ECD of the CD34 antigen was isolated from 
1% agarose gel. To obtain the CD34Fc-pCI-neo vector, this fragment was ligated into the 
jEcoRIAYfral-digested Fc-pCI-neo vector. The constructs were checked by restriction digests 
and DNA sequencing. 
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All constructs were transfected into cells by electroporation. CD34Fc-pCI-neo vector was 
transfected into COS-7 cells and CHO cells (25 ug of DNA/2.5xl07 cells and 10 ug of 
DNA/3.1xl06 cells, respectively), and an IL6Fc-encoding construct psgpl30-Hgl (a kind gift 
of Dr S. Ebeling, CLB) was transfected into the J588L cell line. After the electroporation 
shock (COS-7 cells: 260 Volt, 960 uF; CHO cells: 230 Volt, 960 uF; J588L cells: 240 Volt, 
960 uF; Gene Pulser, Bio-Rad Laboratories Inc., Hercules, CA, USA), the cells were cultured 
under normal culture conditions (37°C, 5% C02). Supernatant of the transfected COS cells 
was collected after 2, 5 and 8 days and pooled. Alternatively, the transfected CHO cells or 
J588L cells were selected by means of addition of Geneticin (G418; 1 mg/mL; Gibco BRL) to 
the culture medium 48 hours after transfection. After ten days of selection, individual neoR cell 
colonies were picked up by means of limiting dilution. Supernatant of two colonies of the 
transfected CHO-cells (CHO-3 and CHO-17) and of one colony of the transfected J588L cells 
were harvested after culturing the cells five weeks in a roller bottle (Becton Dickinson). 

The harvested supernatants of the transfected COS-7, CHO and J588L cells were clarified 
by filtration (Black Ribbon Filter Paper circles, Schleicher & Schuell, Dassel, Germany) and 
concentrated by means of a capillary dialyser (Fresenius, Bad Homburg, Germany). The 
concentrated supernatants were diluted with an equal volume of loading buffer (1.5 M glycine, 
3 M NaCl pH 8.9) and purified over a protein A-Sepharose column (Pharmacia Biotech, 
Uppsala, Sweden). 

Table 1. PCR strategies and primers used for the preparation of the CD34Fc-pCI-neo expression 
vector. 
Primer Sequence (5' -> 3') 

FcXBAI ATC GTG TCT AGA GGA GGG AGG GTG TCT GCT GG 
f forward Drimer Fc-domain hlaGl) 

FcNOTI TCA TTG TAT CGC GGC CGC TGC CTC CCT CAT GCC 
(reverse Drimer Fc-domain hleGl) ACT CAG G 

CD34ECD7 TTA GTT GAA TTC CCA GGA TGC CGC GGG GCT GG 
(•forward Drimer ECD-CD34Ï 

CD34ECD8 TTG ATG TCT AGA ACT TAC CTG TGG TCT TTT GGG 
(reverse primer ECD-CD34) AATAGC 

CD34-FC ELISA 

Microtiter plates (Maxisorb; Nunc, Roskilde Denmark) were coated overnight at room 
temperature with a human IgG-specific mouse mAb (MH161.1, CLB) at 1.0 ug/ml PBS. Fifty 
LiL of culture supernatants was mixed with 50 uL of 2xPTG (PTG=PBS/0.04% 
Tween20/0.4%gelatin) and incubated for one hour at room temperature. The plates were 
washed five times and incubated with biotinylated MD34.2, followed by incubation with 
HRP-conjugated-streptavidin for 30 minutes at room temperature. The HRP-conjugated 
reagents were detected with 3,3',5,5'-tetramethylbenzidine (TMB; Merck, Darmstadt, 
Germany). The reaction was stopped by adding 100 uL of 2M H2S04. The absorbance at 450 
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nm was measured in a Titertek reader. 

Analysis of the Fc-chimeras on SDS-Page and Western blot 

The isolated chimeras were analyzed on a 6% SDS-PAGE gel, with the use of Coomassie 
Brilliant Blue staining. Alternatively, proteins were transferred to nitrocellulose membranes 
(Schleicher & Schuell) in one hour at constant current (1 mA/cm2) employing a semi-dry 
electro-blotting chamber (Multiphore II, Pharmacia LKB, Uppsala, Sweden). After blocking 
in 50 mM Tris, 150 mM NaCl, pH 7.5, 0.2 % Tween (TBST) containing 2.5% Protifar (N.V. 
Nutricia, Zoetermeer, The Netherlands), the membranes were incubated with mAbs against 
CD34, human IgGl or CD31 for two hours, washed extensively in TBST and incubated for an 
additional 1.5 hour with HRP-conjugate goat-anti-mouse-immunoglobulin (CLB). 
Immunoreactive proteins were visualized using enhanced chemiluminescence (ECL, 
Amersham, UK). 

Blocking of the binding of mAb HPCA-2 against CD34 with the use of the CD34Fc-
chimeras 

The CD34Fc or IL6Fc chimeras (several dilutions) were incubated with the PE-labeled 
CD34 mAb HPCA-2 (total volume 25 uL) for one hour at room temperature. KG la cells were 
added and incubated for 30 minutes at 4°C. The cells were then washed and suspended in 
PBS/0.2% (w/v) BSA. Thereafter, flow cytometric analysis was performed on a FACScan 
(Becton Dickinson). 

Immunohistochemistry with the use of the CD34Fc-chimeras 

Cryostat sections of bone marrow (6 um) were placed on eight-well slides (Nutacon, 
Schiphol, The Netherlands), fixed in aceton p.a. and quickly dried. Next, the slides were 
incubated with the CD34Fc-chimeras (2.5 |ig/mL in PBS/0.05% BSA) for one hour at room 
temperature, washed, and incubated with peroxidase-labeled rabbit-anti-mouse-
immunoglobulin (Dako.P162, Denmark) for 30 minutes at room temperature. After washing, 
the slides were stained for peroxidase activity with 0.5 mg/mL 3,3'-
diaminobenzidinetetrahydrochloride (Sigma) in 0.05 M Tris-HCl buffer pH 7.6 containing 
0.03% H202 for ten minutes and washed again. Finally, the slides were slightly stained with 
haematoxylin, dehydrated and mounted in Entellan. 

Binding of HPC to immobilized Fc-chimeras 

Ninety-six-wells plates (Maxisorb; Nunc) were incubated with Fc-chimera (100 uL of 400 
ng/mL protein) overnight at 4°C. Thereafter, the plates were incubated for one hour with 
PBS/1% BSA. The plates were then washed and immediately used in the adhesion assay. The 
immobilized chimeras were incubated with calcein-labeled PB CD34+ cells, KG la cells or 
endothelial cells in incubation medium (132 mM NaCl, 1 mM MgS04, 1 mM CaCl2, 6 mM 
KCl, 1.2 mM KH2P04, 20 mM Hepes, 5.5 mM glucose, 0.5% (w/v) HSA pH 7.4) for 30 
minutes at 37°C. Cells were labeled with Calcein AM (Molecular Probes, Leiden, The 
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Netherlands) according to the manufacturer's instructions. Non-adherent cells were washed 
away by three washing steps with incubation medium. Adherent cells were lysed with lysis-
medium (PBS supplemented with 0.1% (v/v) Tween-20, 0.2% (w/v) hexadecyl-trimethyl-
ammoniumbromide (Sigma), 0.2% (w/v) BSA and 20 mM EDTA). The fluorescence of the 
lysate was measured in a spectrofluorometer (Model RF-540, Shimadzu Corporation, Kyoto, 
Japan; X.EX 485 nm; XEM 525 nm). Percentage adhesion was determined as (the number of cells 
bound/total input of cells) x 100%. 

Statistical analysis 

The results were statistically analyzed by the Student's /-test. Two-sided P values less than 
0.05 were considered to be significant. 

RESULTS 

Adhesion of CD34+ cells to bone-marrow stroma 

The mechanisms involved in adhesion of HPC to rat bone-marrow-stroma components 
were investigated by studying adhesion of PB CD34+ cells to frozen sections of bone-marrow. 
PB CD34 cells bound to the bone-marrow stroma elements and not to the liver tissue in 
which the bone marrow was embedded (Figure 1A,B). The cells bound in a scattered pattern 
throughout the bone-marrow sections. Binding of PB CD34+ cells to endothelial cells was also 
observed (Figure 1C,D). Similar results were seen with KG la cells (data not shown). Because 
temperature and divalent cations can influence the adhesive capacities of selectins and 
integrins [58,59], the adhesion assay was performed at various temperatures (4°C, 20°C and 
37°C) and in the presence or absence of EDTA. The optimal temperature for KG la cells 
appeared to be 37°C, whereas almost no cells adhered at 4°C (% adhesion ± standard error of 
the mean (SEM) of at least 3 experiments: 3% ± 1%) and at 20°C (5% ± 1%). The presence of 
EDTA (5 mmol/L), to remove divalent cations from the adhesion medium, strongly inhibited 
adhesion of both PB CD34+ cells and KG la cells to the frozen bone-marrow sections (>90% 
inhibition) (Figure 2). 

The involvement of integrins 

To investigate the role of ß r and ß2-integrins present on PB CD34+ cells and KG la cells in 
the adhesion of HPC to bone-marrow stroma, blocking studies with mAbs were performed. As 
shown in Figure 2, adhesion of PB CD34+ cells to bone-marrow stroma was partially inhibited 
with a blocking mAb against VLA-4 (PO.01), whereas blocking with a mAb against VLA-5 
did not affect adhesion at all. MAb against the ß-chain of ß2-integrins (CD 18) did not inhibit 
the adhesion of PB CD34+ cells. The combination of blocking mAbs against VLA-4, VLA-5 
and CD 18 resulted in significantly stronger inhibition (P<0.05) than mAb against VLA-4 
alone, but still significant binding was found (P<0.05). Similar results were obtained with 
KG la cells, with the exception that mAb against CD 18 did inhibit the adhesion of KG la cells 
significantly (P<0.05). Treatment of both PB CD34+ cells and KGla cells with the ßrintegrin-
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activating mAb 8A2 resulted in an approximately two-fold increase in adhesion to bone-
marrow stroma (P<0.05, Figure 3), but not to the liver tissue, indicating the importance of ß,-
integrins in the interaction between HPC and bone-marrow stroma. The adhesion of CD34+ 

cells was not influenced by the control mAb against HLA class I (% adhesion ± SEM of at 
least 3 experiments 97% ± 6%). Moreover, the adhesion of KGla cells was not influenced by 
control mAbs against HLA class I, CD7 (93% ± 4%), CD 13 (87% ± 3%), CD33 (106% ± 
12%), CD45 (92% ± 6%), and CD49b (99% ± 18%). 

o.o 

o • % 

t> I F 

** •̂  :i;S.' ''::::-^ •**'• '•#>. 

Figure 1. Phase-contrast microscopy showing the attachment of PB CD34+ cells to frozen sections 
of rat bone marrow embedded in rat liver tissue. PB CD34+ cells adhered in a scattered fashion 
towards the bone-marrow stroma (A), whereas almost no PB CD34+ cells adhered to liver parenchyme, 
nor to the endothelium of blood vessels present in the liver (B). In the bone marrow PB CD34+ cells 
surrounding the sinus walls were observed (arrows) (C) or the larger blood vessels (arrow) (D). 
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Control 
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Figure 2. The involvement of integrins and cations in CD34+ HPC adhesion to bone-marrow 
stroma. The adhesion of PB CD34+ cells (white bars) and KG la cells (black bars) is expressed as 
percentage of the number of binding cells not treated with mAbs. MAb MB22 (anti-HLA class I) was 
used as a control m Ab. Data shown are means ± SEM of three experiments. Percentage adhesion differed 
significantly from control where indicated (*=P<0.05, **=P<0.01, ***=P<0.005). 
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Figure 3. The influence of the ßractivating mAb 8A2 and CD34 mAb 8G12 on the adhesion of PB 
CD34+ cells (white bars) and KGla cells (black bars) to bone-marrow stroma. MAb MB22 (anti-
HLA class I) was used as control mAb. Data shown are means ± SEM of three experiments. Percentage 
adhesion differed significantly from control where indicated (*=P<0.05, **=P<0.01, ***=P<0.005). 
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The involvement of carbohydrate-mediated binding 
To study the involvement of carbohydrate structures in the adhesion of CD34+ cells to 

bone-marrow stroma, PB CD34+ cells and KG la cells were treated with neuraminidase or with 
glycoprotease. Treatment with neuraminidase, which removes sialic acid residues, or 
treatment with glycoprotease from Pasteurella haemolytica, which cleaves cell surface 
proteins containing O-linked sugars [60], resulted in a significant decrease in adhesion of both 
PB CD34+ cells and KG la cells (Figure 4). Upon treatment of KG la cells with both 
neuraminidase and glycoprotease increased inhibition was observed (80% ± 17% inhibition, 
P<0.05), however, complete inhibition was not observed. The efficacy of the treatment of 
CD34+ cells with neuraminidase or glycoprotease was established by the complete loss of 
reactivity of the anti-sialyl Lewis" mAb CSLEX-1 or the anti-CD34 rnAb 14G3 recognizing a 
class I epitope, respectively (data not shown). 
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Figure 4. The effect of neuraminidase or glycoprotease Pasteurella haemolytica treatment, or 
incubation with a mAb against L-selectin on the adhesion of PB CD34+ cells (white bars) or KGla 
cells (black bars) to bone-marrow stroma. MAb MB22 (anti-HLA class I) was used as control mAb. 
Data shown are means ± SEM of three experiments. Percentage adhesion differed significantly from 
control where indicated (*=P<0.05, **=P<0.01, ***=P<0.005). Abbreviations: Neur = Neuraminidase; 
glycopro = glycoprotease Pasteurella haemolytica. 

Several possible candidates for strongly glycosylated molecules present on HPC involved 
in cell adhesion are L-selectin and the sialomucins CD34, CD43, CD45RA, and CD164. 
Adhesion of both PB CD34+ cells and KG 1 a cells was partially inhibited when the cells were 
incubated with a blocking mAb against L-selectin (DREG56) (Figure 4). Preincubation of the 
PB CD34+ cells with mAb 8G12 directed against the CD34 molecule also significantly 
inhibited adhesion of these cells to the bone-marrow stroma. We performed the same 
experiments with a panel of mAb against CD34 with KGla cells. As depicted in Figure 5, 
mAb MD34.1 (recognizing a class II glycoprotease-sensitive epitope of CD34), and mAbs 
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8G12, 553 and 563 (recognizing class III glycoprotease- and neuraminidase-resistant epitopes 
of CD34) significantly inhibited the adhesion of KG la cells to bone-marrow stroma. Upon 
preincubation of the PB CD34+ cells or KG la cells with the ßrintegrin activating niAb 8A2, 
no effect of mAb 8G12 against CD34 was observed anymore (Figure 3). Addition of Immu-
133 and 14G3 (recognizing class I glycoprotease- and neuraminidase-sensitive epitopes), 
MD34.3, QBEND10 and 4A1 (recognizing class II epitopes) and 581 (recognizing a class III 
epitope) to KG la cells, resulted in homotypic aggregation of KG la cells. These mAbs were 
not further used in this study. 

In contrast to the effect of the blocking mAbs against CD34, we did not observe any effect 
on the adhesion of PB CD34+ cells of mAbs against the sialomucins CD43, CD45RA or 
CD164 (Figure 6). Moreover, we also observed no effect of mAbs against CD44 or CD166 
(Figure 6). 

MD34.1 

CD34-9F2 

8G12 

553 

563 

100 40 50 60 

% Adhesion 

Figure 5. The influence of a panel of anti-CD34 mAbs on the adhesion of KGla cells to bone-
marrow stroma. Adhesion was measured either in the presence of free, unbound anti-CD34 mAbs 
(white bars) or in the absence of free, unbound anti-CD34 mAbs (black bars). The adhesion of KGla 
cells incubated with mAbs is expressed as a percentage of the adhesion of untreated KGla cells in the 
same experiment (set as 100% adhesion). MAb 3Ala (anti-CD7) was used as control mAb. Data shown 
are means + SEM of three experiments. Percentage adhesion differed significantly from control where 
indicated (*=P<0.05). 

Production and characterization of human CD34Fc chimera 

To further examine the role of the CD34 antigen in the binding of HPC to bone-marrow 
stroma, we have produced a CD34Fc chimera consisting of the extracellular domain of CD34 
combined with the hinge, CH2, and CH3 regions of a human IgG 1 heavy chain. A construct 
encoding the chimera was transfected into COS-7 cells and CHO cells. The chimeras (referred 
to as COS- and CHO-3- and CHO-17-CD34Fc-chimeras) were recovered by affinity 
chromatography with protein A-Sepharose beads and were analyzed with SDS-PAGE and 
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Western blot analysis. The recovered COS- and CHO-CD34Fc-chimeras are large 
glycoproteins of the same size (>200 kD) (Figure 7). Under reducing conditions a protein was 
detected of about half the size of the protein detected under non-reducing conditions (Figure 
7). This indicates that the chimeras are dimerized under non-reducing conditions and thus that 
the hinge region was fully functional in this chimera. By Western blotting it was shown that 
the purified proteins were indeed chimera. They were shown to be reactive both with an anti-
human IgGl and with an anti-CD34 mAb. Furthermore, both CD34Fc-chimeras reacted 
positively in an ELISA in which both parts of the protein were detected (data not shown). 
Moreover, we showed that the CD34Fc-chimeras specifically inhibited the binding of mAb 
HPCA-2 against CD34 to KG la cells in a dose-dependent fashion (Figure 8A,B). The IL6Fc-
chimera, used as a control chimera, did not block the binding of the mAb against CD34 
(Figure 8C). Together, these data demonstrate that the CD34Fc chimera indeed represents 
antibody-like entities consisting of the extracellular domain of the CD34 antigen and the 
constant domain derived from the human IgGl heavy chain. 
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Figure 6. The influence of mAbs against CD43, CD45RA, CD164, CD44 and CD166 on the 
adhesion of PB CD34+ cells to bone-marrow stroma. The adhesion is expressed as percentage of PB 
CD34+ cells treated with the control mAb MB22 (anti-HLA class I) in the same experiment (set as 100% 
adhesion). Data shown are means ± SEM of three experiments. 

Binding of CD34+ HPC to bone-marrow stroma 

In contrast to the inhibiting-effect of mAbs against CD34, no inhibition of binding of PB 
CD34+ cells to bone-marrow stroma was observed upon preincubation of these cells with the 
CD34Fc-chimeras (% adhesion ± S.D.: COS-CD34Fc: 108% ± 54%; CHO-3-CD34Fc: 107% 
± 52%; CHO-17-CD34Fc: 86% ± 37%). Moreover, we did not detect any binding of the 
CD34Fc-chimeras to the frozen bone-marrow sections by immunohistology. In addition, we 
observed no binding of CD34+ cells or HBMEC to immobilized CD34Fc-chimeras. 
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Figure 7. Westernblot analysis of the 
CD34Fc-chimeras. CD34Fc-chimeras 
separated on SDS-PAGE under non-
reducing (NR) conditions or under reducing 
(R) conditions. The Western blot was 
immunoblotted with mAbs against CD34 
(mixture of mAbs MD34.1, MD34.2 and 
MD34.3). Total cell lysate of KGla was 
used as a positive control. 
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Figure 8. Inhibition of the binding of HPCA-2 to KGla cells by the CD34Fc-chimeras. KGla cells 
incubated with the PE-labeled mAb HPCA-2 preincubated with A. medium, B. CHO-CD34Fc-chimera, 
C. IL6Fc-chimera. Data shown are also representative for the COS-CD34Fc-chimera. Abbreviation: MFI 
= Mean Fluorescence Intensity. 
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DISCUSSION 

In the present study, we have studied the mechanisms involved in adhesion of HPC to 
bone-marrow stroma by means of a frozen section assay. This adhesion was tested in a 
heterologous system (human HPC vs rat bone marrow). It is known from xenotransplantation 
models that interactions between leukocyte and endothelial cells have remained remarkably 
intact across species barriers [61,62]. Indeed, specific adhesion of both PB CD34+ cells as well 
as the CD34+ early myeloblasts KG la cells to stroma was observed. This binding was 
completely dependent on divalent cations. It is most likely also dependent on an active cell 
metabolism, because optimal binding was observed at 37°C. These data argue against the 
possibility of a mere passive interaction. 

In line with various other studies [5,6,8,10,11,63,64], we found that adhesion of HPC to 
bone-marrow stroma is mediated by ß r and ß2-integrins. Our study demonstrates the 
importance of VLA-4 in progenitor cell binding to bone-marrow stroma, whereas the possible 
involvement of VLA-5 and CD 18 was only demonstrated in the presence of inhibiting VLA-4 
mAbs. The less important role for the ß2-integrins as compared to the ß,-integrins is in 
agreement with the observation that mAbs against VLA-4 and VCAM-1 can mobilize HPC to 
the peripheral blood in several animal models, whereas mAbs against CD 18 cannot [6,8,10]. 
The finding that mAb 8A2, which increases ß,-integrin adhesive activity [45], induces an 
increase in adhesion of HPC to bone-marrow stroma, indicates the importance of the 
activation state of the ß,-integrins on HPC. The ßrintegrin VLA-4 can exist in at least three 
activation states, i.e. one that mediates essentially no adhesion, one that binds with moderate 
affinity VCAM-1 but not to fibronectin, and one that binds with a higher affinity to VCAM-1 
and can also bind fibronectin [65,66]. Our data suggest that VLA-4 is present on HPC in a 
moderate state of affinity. This is also in agreement with our previous findings that unstimulated 
CD34+ cells can bind to VCAM-1, whereas fibronectin binding is virtually absent [3,67]. We 
have not evaluated the separate involvement of VCAM-1 and fibronectin in the adhesion of 
HPC binding to bone-marrow stroma, but the prominent role of VLA-4 and its activation state 
suggest that VCAM-1 is of importance in this respect. 

Carbohydrate structures and membrane lectins have previously been shown to be involved 
in the adhesion of HPC to bone marrow [68]. In accordance with this observation, we showed 
a role for sialic acid residues and O-linked sugars in the adhesion of HPC to bone-marrow 
stroma. A strongly glycosylated molecule present on HPC is L-selectin [69]. Our data suggest 
that L-selectin is involved in homing of HPC. Our previous observation that L-selectin 
expression present on PB CD34+ cells was significantly related with hematological recovery 
after transplantation [69] supports this finding. 

We have furthermore examined the role of several sialomucins, a family of glycoproteins 
that contain both sialic acid residues and O-linked carbohydrate chains. Only for the 
sialomucin CD34 a role in adhesion of HPC to bone-marrow stroma was observed. The 
binding of PB CD34+ cells or KG la cells was inhibited with a set of mAbs against CD34. No 
effect was seen with a number of control mAbs. Because rat bone-marrow stroma did not 
cross-react with these mAbs, it is obvious that blocking of CD34 present on the HPC and not 
of CD34 present in the frozen sections is responsible for the decrease in the adhesion of HPC. 
The observation that optimal inhibition of cell adhesion could only be established in the 
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presence of free, unbound mAbs indicates that a saturating antibody concentration is necessary 
for optimal blocking of the CD34 epitopes. 

CD34 might contribute to the anchoring of HPC at the bone marrow in different ways. 
First, it might act directly as an adhesion molecule, which has been found in several studies. 
Rafii et al. have shown that mAbs against CD34 inhibited the adhesion of HPC to human 
bone-marrow endothelial cells [70]. Moreover, Healy et al. have shown that ectopic 
expression of human CD34 in murine thymocytes induces adhesion of these cells to human 
stromal cell layers [31]. Interestingly, these investigators observed no increase in binding of 
the ectopic CD34 expressing thymocytes to murine stromal layers, suggesting that the human 
CD34 molecule is unable to recognize the murine ligand. In contrast, the present study 
suggests that CD34 does bind to its rat ligand(s). If CD34 indeed acts directly as an adhesion 
molecule, the mAbs against CD34 might block the ligand-binding site of the CD34 antigen, 
thereby inducing a decrease in binding. However, we found that adhesion of HPC to bone-
marrow stroma is inhibited by mAbs against different classes of epitopes. So, perhaps the 
binding site of the CD34 antigen contains both neuraminidase-sensitive and neuraminidase-
and glycoprotease-resistant epitopes. 

Secondly, CD34 might act as a signal-transducing molecule. Perhaps, the occupation 
and/or clustering of the CD34 antigen is necessary to induce integrin-mediated adhesion of 
HPC to the bone-marrow stroma. It has been shown before that some CD34 mAbs induce ß2-
integrin-mediated homotypic aggregation [32,34,71]. Moreover, in the study mentioned 
earlier, Healy et al. showed that cross-linking of the CD34 antigen with mAbs against CD34 
induced adhesion of the ectopic CD34-expressing thymocytes to murine stromal layers [31]. 
In the present study, we also observed that certain CD34 mAbs induce homotypic aggregation 
of KG la cells. However, these aggregates adhered not only to bone-marrow stroma, but also 
to endothelium of the larger blood vessels in the liver section and these mAbs were therefore 
not used in the inhibition studies. If CD34 acts as a signaling molecule, the mAbs that inhibit 
the adhesion of HPC to bone-marrow stroma, might block this signaling function of CD34. 
Although homotypic aggregation of HPC induced by the specified mAbs against CD34 are ß2-
integrin-dependent, it might be that the cross-linking of CD34 also activates ßrmtegrins. The 
fact that upon activation of the ßrintegrins via mAb 8A2 the mAb 8G12 against CD34 did not 
inhibit the binding anymore is in agreement with this idea. 

The putative role of CD34 in adhesion to bone-marrow stroma, as suggested by the present 
study, is in agreement with findings of Cheng et al. [72]. With CD34-deficient mice, these 
investigators have shown that CD34 is involved in the proliferation and/or maintenance of 
HPC in the embryo and adult animal. As these investigators hypothesized, it might be that the 
interactions between CD34 and a lectin-like counter-receptor on the stromal cells are required 
for appropriate maturation of the HPC. However, in another study describing CD34-deficient 
mice, Suzuki et al. did not observe any of the effects on hematopoiesis as observed by Cheng 
etal. [73]. 

To further study the role of CD34 we have produced CD34Fc-chimeras. In several ways 
we demonstrated that these chimeras contained both the extracellular domain of CD34 and the 
Fc-domain of the human IgGl. The fact that we did not observe any effect of the CD34Fc-
chimeras on the binding of HPC to bone-marrow stroma might be due to inappropriate 
glycosylation. Post-translational modifications, such as glycosylation, may be important in 
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modifying the function of CD34, as shown by the difference in L-selectin binding between 
CD34 expressed on HEV and that expressed on HPC [37,74]. With regard to this 
glycosylation-dependency of CD34, we have tried to transfect the DNA-constructs encoding 
the CD34Fc-chimeras into the myeloblastic cell line KG la and in a HBMEC cell line. These 
cells normally express CD34, so it is likely that the chimeras produced by them are properly 
glycosylated. However, we did not succeed in obtaining any CD34Fc-chimera-producing 
transfectants. 

In contrast to a study of Zannettino et ah, in which mAb 103B2/9E10 against CD 164 has 
been shown to inhibit adhesion of HPC to bone-marrow stromal layers for approximately 30% 
[25], we did not observe any effect of this mAb in our system. CD164 is expressed on both 
HPC and the stromal cells. It is not known whether CD 164 expressed on HPC, on the stromal 
cells or on both cell types is involved in the adhesion of HPC to the bone-marrow stroma. 
Thus, a possible explanation for our results might be that CD 164 expressed on HPC does not 
recognize its ligand present on the rat bone marrow, or the mAb against CD 164 might not 
recognize rat CD 164. 

In conclusion, the frozen section assay offers a unique approach to study the interaction of 
HPC to bone-marrow stroma as it occurs in situ. With this assay we demonstrated that some of 
the adhesive ligands on HPC are O-glycosylated proteins and contain sialylated carbohydrates. 
In addition, we identified VLA-4, L-selectin, and CD34 as adhesion molecules involved in the 
binding of PB CD34+ cells to intact bone marrow. We did not observe any effects of mAbs 
against CD43, CD44, CD45RA, CD 164 and CD 166. 
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