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ABSTRACT

We have earlier described the presence of phenotypically unusual
monoclonal B cells within the peripheral blood ofmultiple myeloma (MM)
patients. To determine the biological properties of these B ceHs as corn
pared to B cells from normal donors, we investigated the potential of
CD19@MMbloodB cells to adhereto endothelialcell and bonemarrow
(BM)-fibroblast rnonolayers. We find that 30â€”60%of freshly isolated
CD19' MM blood B cells adhere to endothelialcell monolayers,and
50â€”80%adhere to BM fibroblast monolayers. The adhesion ofMM blood
B cells to either monolayerwas not increasedby in vitroactivation,
suggesting that these cells were activated in vivo. In contrast, fewer than
10%of CD19@B cells fromperipheralbloodof nonnaldonorsadhered.
Function-blocking monoclonal antibodies (mAbs) were used to determine
which adhesion receptors were involved in CD19@ MM blood B cell
interaction with BM fibroblasts. mAbs against very late antigen 4, the

@-integrinsubunit, and CD44, but not mAbs against very late antigen 5
and j3@,inhibited adhesion 61, SO, and 30%, respectively. The lack of
inhibition with mAbs against fi@ implicates aj3.@ but not aji@ in adhesion

of CD19@MM blood B cells. To determine the a@fi@ligand that mediated
MM blood B cell adhesion, mAbs against vascular cellular adhesion
molecule 1 and fibronectin, as well as CS! and RGD peptides, were used

as inhibitors. These were unable to reduce the adhesion of CDl9@ MM
bloodB cells to BM fibroblasts,suggestingthat fibronectinand vascular
cellular adhesion molecule 1 are not involved in adhesion. Also, adhesion
of MM blood B cells to mucosal addressin cell adhesion molecule 1-tram
fected Chinese hamster ovary cells was not enhanced compared to control
transfected Chinese hamster ovary cells, suggesting that mucosal ad
dressin cell adhesion molecule 1 was not promoting adhesion of these cells.
These data implicate CD44:HA interactions, as well as a4fi@and an as yet
unidentified ligand in the adhesion of in vivo activated MM blood B cell
adhesion to BM flbroblasts. The adhesion properties of MM CD19@B
cells distinguishes them from normal B cells. Although the malignant
status ofthese cells is as yet undefined, their adhesion properties implicate
MM blood B cells in migratory spread of the disease.

INTRODUCTION

MM3 is a malignancy characterized by a predominance of malig
nant plasma cells within the BM of patients. Although malignant
plasma cells are abundant within the BM, they are rarely observed
within the peripheral blood or elsewhere outside the skeletal system,
with the exception of the terminal stages of disease (1, 2). We have
recently described a phenotypically abnormal population of mono
clonal CD19@ B cells within the peripheral blood of MM patients,
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which express clonotypic IgH rearrangements (3, 4, 5), exhibit exten
sive DNA aneuploidy,4 and are multidrug resistant (6, 7). Phenotyp
ically, these B cells are a heterogeneous population of cells at a late
stage of differentiation (8), the majority of which express IgH VDJ
rearrangements identical to those of autologous plasma cells (5). MM
B cells express adhesion receptors required for extravasation and
interactions with ECM proteins (9, 10) and may include a malignant
subset. Circulating MM B cells exhibit hyaluronan-mediated motility,
a behavior quite distinct from that of normal circulating B cells and of
MM BM plasma cells, both of which are sessile on ECM proteins
(11). The migratory behavior of MM peripheral blood B cells mdi
cates their potential for dissemination throughout various bone sites;
however, their potential for interactions within the BM is uncharac
terized.

BM microenvironmental factors are likely to play a profound role
in MM. BM stroma derived from MM patients can support the
differentiation of MM peripheral blood cells to plasma cells, and upon
differentiation, plasma cells are found tightly adherent to the stromal
cell monolayers (12, 13). Thus, it would appear that the physical
interaction between stromal and MM cells may contribute to the
differentiation, growth, and localization of plasma cells within the
BM. For a circulating component of the malignant clone in MM,
colonization of the BM would require binding to endothehial cells,

followed by extravasation into the BM. To be retained within the BM,
those same cells must bind to extracellular as well as cellular corn
ponents of the BM stroma. Although a number of studies have
characterized interactions between myeloma plasma cells and BM
stroma or ECM (14â€”16),none to date have analyzed the adhesion
properties of the peripheral blood B cells that are clonally related to
the malignancy.

In this article, we describe the adhesion of CD19@ B cells from the
blood of MM patients (termed MM blood B cells) to endothehial cell
and LTBM monolayers and characterize the adhesion receptors that
mediate this adhesion. We find that MM blood B cells exhibit exten
sive adhesion to both endothelial cell and BM fibroblast monolayers,
which is mediated by CD44 and the a437 integrin.

MATERIALS AND METHODS

mAbs and Peptides. Anti-CD19 mAb FMC63 (17) was conjugatedto
FITC as described (18). HP2/l directed against VLA-4 was purchased from
AMAC, Inc. (Westbrook, ME). JBS5 directed against VLA-5 and 353, 6S8,

and JBla directed against (3@were all provided kindly by Dr. J. Wilkins
(University of Manitoba, Winnipeg, Manitoba, Canada). Anti-CD44 mAb

3C12 was a gift from Dr. G. Dougherty (University of British Columbia,
Vancouver, British Columbia, Canada). The anti-RHAMM mAbs 3T3.5 and

3T3.7 were obtained from Dr. E. Turley (University of Manitoba). mAb Act 1,

which recognizes a4f37,was a gift from Dr. Andrew Lazarovits (University of
Western Ontario, London, Ontario, Canada). Antihuman /3@antibodies FIB5O4
and FIB3O were provided by Dr. E. Butcher (Dept. of Pathology, Stanford

University School of Medicine, Stanford, CA). mAbs against fibronectin
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include the antihuman fibronectin mAb clone I, antihuman fibronectin mAb
clone II (Life Technologies, Inc., Burlington, Ontario, Canada) recognizing the
COOH terminus and the cell attachmentsite of fibronectin.A polyclonal
antibody against human fibronectin was obtained from Life Technologies, Inc.
The anti-VCAM-l mAb El/6 was obtained from Dr. M. Bevilaqua (Depart
ment of Pathology, University of California, La Jolla, CA). rVCAM-l and the
anti-VCAM-l mAb 4B9 were provided by Dr. R. Lobb (Biogen, Inc.,
Cambridge, MA). A peptide derived from the CS1 site of fibronectin
(CDELPQLVThPHPNLHGPEILDVPST) and a control peptide (CDELP

QLVTLPHPNLHGPPVTSELID) were obtained from Dr. P. Mould (School of
Biological Sciences, University of Manchester Medical School, Manchester,

England). A peptide derived from the cell attachment domain of fibronectin
(GRGDdSP) and a control peptide (GPenGRGDSPCA) that inhibits adhesion
to vitronectin but does not inhibit adhesion to fibronectin by the fibronectin
receptor were purchased from Life Technologies, Inc.

Reagents. Streptomyces hyaluronidase was obtained from Calbiochem
(San Diego, CA). Chondroitinase ABC was purchased from Sigma Chemical
Co. (St. Louis, MO).

Cells. Venous blood from MM patients or from normal donors was col
lected into heparmnized Vacutainer tubes. Upon centrifugation over a Ficoll
Hypaque gradient, the interface containing PBMCs was collected and washed
twice in PBS. A total of 57 samples from individual MM patients and 9
samples from individual normal donors were examined.

PBMCs were sorted for CDl9@ cells using a Coulter Elite flow cytometer
(Coulter Electronics, Hialeah, FL). PBMCs were resuspended in cold RPMI at
I X 106 cells/mI and stained with preservative-free FMC63-FITC at 4Â°Cfor 30
mm. After the incubation, the cells were washed twice with cold PBS and
resuspended in cold RPMI supplemented with 1% FCS in preparation for cell
sorting. Electronic gates were set on those FMC63-FITC (CD19)-positive cells
that showed staining above the isotype-matched (IgG2) control. For the MM
patients studied here, the percentage of B cells in the peripheral blood ranged
from 3 to 50%. FMC63-FITC-stained cells were kept cold during the sorting
procedure with ice packs, were sorted in PBS rather than in sheath fluid, and

were collected into PBS supplemented with 10% FCS. Sorted cells were
immediately pelleted and resuspended in cold RPMI without FCS or BSA and

kept on ice until they were used in the adhesion assay. Sorted cells were viable
throughout the adhesion assay as determined by trypan blue exclusion. More
than 95% of peripheral blood CDl9@ sorted cells contained CD19 and immu
noglobuhin message, as determined by in situ RT-PCR (5, 19); expressed a
moderate density of surface immunoglobulin, as determined by indirect im
munofluorescence; and contained < I X l0@detectable plasma cells and 1%
plasmacytoid cells, as determined morphologically by Wright staining.

Primary culture of human venous endothehial cells were obtained from Cell
Systems Corp. (Kirkland, WA) and grown to confluency according to the
manufacturer's instructions. Confluency of endothelial cell cultures was de
termined by inverted light microscopy. CHO cell transfectants, expressing

MAdCAM-l, and the antisense transfectant CHO cell line have been previ
ously described (20). Expression of MAdCAM-l on transfected CHO cells was
confirmed by RT-PCR as described below.

Primary LTBM Cultures. Posterior iliac crest rib samples were obtained
from normal adult donors undergoing cardiac surgery. Sample collection was
approved by the University of Alberta Hospital Ethics Committee, and in
formed patient consent was obtained for all samples collected. Warm a-mod
ified Eagle's medium was used to flush cells from the marrow cavity using a
5-ml syringe and 23-gauge needle. Medium flushed through the BM cavity was
collected into a 15-miconical centrifuge tube, and collected cells were pelleted
at I 100 rpm for 10 mm. BM cells obtained in this manner were used to initiate
LTBMfibroblastcultures.LTBMfibroblastcultureswere initiatedby plating
1 X 106 cells/mI in a-modified Eagle's medium supplemented with 20% FCS,
streptomycin, and L-glutamine in 25-cm2 tissue culture flasks at 37Â°Cwith 5%
CO2. Cultures were given one-half fluid change at day 4, and thereafter
medium was replaced every 7 days. Confluent cultures were removed by
treatment with 0.1 x trypsin-EDTA, seeded in 24- or 96-well plates, and

allowed to reach confluency prior to adhesion assays. Primary LTBM cultures

were passaged at least twice prior to seeding in 96-well plates. Prior to use for
adhesion assays, confluent monolayers were rinsed twice in warm PBS.
Confluency of LTBM fibroblast cultures was determined by inverted light
microscopy. MAdCAM-l expression on LTBM fibroblast cultures was exam
med by RT-PCR as described below.

Preparation of Extracellular Matrices. Plasma fibronectin (Sigma
Chemical Co.) in bicarbonate buffer (pH 9.4) was added to Linbro flat
bottomed 96-multiwell plates at final concentrations of 10, 50, or 100 p@g/ml

overnight at 4Â°Cbefore washing and blocking with 1% BSA. rVCAM-l, at 25
@xg/mlin 50 @.dof PBS, was incubated in Linbro flat-bottomed 96-multiwell

plates for 1 h at 37Â°Cfollowed by blocking in 1% BSA. Adhesion of MM
blood B cells did not increase with higher concentrations of rVCAM-l.

In preliminary experiments, rVCAM-l was titered from 1 to 50 @g/ml,and
10 p@g/ml was determined to be optimal for adhesion of the Jurkat cell line.

Adhesion Assay. Sorted CDl9@ cells, in RPMI supplementedwith 1%
FCS, were labeled with 5 @xMBCECF (Molecular Probes, Eugene, OR) for 30
mm at 37Â°C,followed by 1 wash in a 50X volume of PBS. One X l0@
BCECF-labeled cells in 100 @zlRPMI were added to microtiter wells contain
ing confluent endothehialcells, BM fibroblasts, or ECM proteins. In prebinding
experiments, mAbs used to block adhesion were incubated for 20 mm at 4Â°C

with either CD19@ sorted cells or with the BM fibroblast monolayers. Un

bound mAb was removed by two washes in PBS, and cells or monolayers were
resuspended in RPMI. In some experiments, the monolayers were pretreated

with Streptomyces hyaluronidase (40 turbidity-reducing units) at 37Â°C for 2 h

prior to the addition of cells. Pretreatment of cells with hyaluronidase for 4 h

gave identical results to those of pretreatment for 2 h. BM fibroblast mono

layers treated with hyaluronidase were viable as determined by eosin staining

and retained confluency, as determined by visualization using an inverted light
microscope. In preliminary experiments, CDl9@ MM blood B cells were
allowed to adhere to ECM proteins or monolayers for 0.5â€”I8 h, and maximal

adhesion was found to occur by 1 h. This time point was therefore used in all

adhesion assays. Sorted CDl9@ blood B cells were allowed to adhere to BM
fibroblasts or BM stroma for 60 mm at 37Â°C with 5% CO,. The nonadherent

cells were removed by two gentle washes in PBS, and remaining cells detected
with the Cytofluor (2300/2350) fluorescence plate reader (Millipore) using an

excitation wavelength of 485 nm and emission wavelength of 530 nm. The
viability of MM blood B cells throughout the adhesion assay remained >98%.

The percentage of adherent cells binding to monolayers was determined as
follows:

fluorescent readingof adherentcellsâ€” backgroundreading monolayer >@

fluorescent reading of I X l0@5cellsâ€”background reading of monolayer

The percentage of adherent cells binding to ECM proteins or rVCAM-l was
determined as follows:

Fluorescent reading of adherent cells on ECM or rVCAM- 1
â€” fluorescent reading of adherent cells on I % BSA

x 100.
Fluorescent reading of 1 X l0@cells

In some experiments, a F(ab'), preparation of the anti-CDI9 mAb FMC63
(prepared with Immunopure F(ab')2 Preparation Kit, Pierce Chemical Co.,
Rockford, IL) was used in cell sorting rather than intact FMC63-FITC. Con
taminating Fc fragments remaining in the FMC63 F(ab'), preparations were

removed by extensive dialysis against PBS and protein A-Sepharose columns.
The purity of the F(ab')2 preparation was >98% as determined by silver stain.
A comparison ofCDl9@ MM cells sorted from the same patients (n = 4), with
either intact FMC63 IgG or FMC63 F(ab')2 mAb, showed that both CDl9@
B cell populations adhered similarly to BM fibroblast and endothelial
monolayers.

Imrnunofluorescence and Immunocytochemistry. Analysis of surface
marker expression on MM cells was performed by two-color immunofluores
cence. Briefly, cells were stained with an unconjugated antibody for 45 mm at
4Â°C,followed by three washes in PBS containing 1%FCS and 0.002% sodium
azide (IF buffer). Goat antimouse antibody (Jackson ImmunoResearch Labo

ratories, West Grove, PA), conjugated to PE, was added at 0. 1 @g/mlfor 30
mm at 4Â°C.Cells were washed twice in IF buffer and nonspecific immuno
globulin binding sites blocked by addition of mouse serum immunoglobulin (1
@.tWml)for 10 mm at 4Â°C.Cells were then labeled for CD19 by addition of

FMC63-FITC for 20 mm at 4Â°C, followed by three washes in IF buffer and

fixation in 1% formalin. Samples were analyzed on a FACScan (Becton

Dickinson). Files of 10,000 events were collected and were electronically
gated for CD19 relative to an IgG2 isotype control. In all cases, staining with
a specific mAb was compared to the appropriate isotype-matched control.
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Table 1 Expression offJ, anda4f37onCD19@bloodB cells andBMfibroblastsâ€•DonorsPercentage

of B cellsIntensity ofexpressionMMa4f37

13@
a43@

Normal93Â±9.4

98Â±7.1
63.5Â±30++/+++

++/+++
++/+++a43@

@I

aj31
BM fibroblasts17Â±7.1

87Â±4.1

93Â±5.6+/++
++/+++

+++04137

a431
VLA-4â€”

++
-VCAM-1++
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Indirect single-color immunofluorescence analysis of surface marker expres
sion on LTBM fibroblasts or LTBM stromal cells was performed on

trypsinized single-cell suspensions as indicated above.

The expression of surface markers on LTBM fibroblast confluent cultures
was also analyzed by immunocytochemistry as follows. BM fibroblasts were
cultured to confluency in an eight-well slide chamber (Nunc). Confluent

fibroblasts were washed twice in PBS and fixed in 100% acetone for S mm at
room temperature. Fixed cells were incubated with primary mAb for 60 mm at
room temperature, followed by two washes in PBS. Goat antimouse mAb
conjugated to HRPO mAb was added for an additional 15 mm incubation at
room temperature. Freshly prepared 3â€”3â€˜-diaminobenzidinetetrachlonde (Sig
ma Chemical Co.) in PBS containing 0.008% hydrogen peroxide was added to
cells for 5 mm, and the degree of staining was determined by comparison to an

isotype-matched control.
RT-PCRfor MAdCAM-1Expression.CHOcell linestransfectedwith

either MAdCAM-l or antisense cDNA, and LTBM fibroblasts cultures from
three individual donors grown were lysed and RNA prepared using Trizol
reagent (Life Technologies, Inc.) according to the manufacturer's instructions.
RNA was reverse transcribed using SuperScript RT (Life Technologies, Inc.)
and oligodeoxythymidylate13primer according to the manufacturer's instruc
tions. The PCR reaction was carried out in lOX reaction buffer (1 X = 10 mM

Tris-HCI, pH 8.4, 50 mM KC1, 1.5 mtvi MgC12), 25 mM MgCI, 10 msi

deoxynucleotide triphosphate mixture, 5 pi cDNA Taq (Life Technologies,
Inc.) and sterile water and 2 j.tl of cDNA. The sample was heated for 5 mm

followed by 35 cycles at 95Â°Cfor 1 mm, 65Â°Cfor 30 s, and 72Â°Cfor 2 mm.
The samples were held at 72Â°Cfor 10 mm prior to running on a 1% agarose
gel. Bands were stained with 50 @xg/mlethidium bromide prior to visualization.
The following sequence of PCR primers for MAdCAM-l were designed from
the human MAdCAM-l sequence and yield a product size of 480 bp (21): 5'
primer, AGCTCACCTGCCGCCTGGCC; 3' primer, CAGCCTCATCGTG

GCCTGGCA.

RESULTS

MM Blood B Cells Adhere to Endothelial Cells and BM Fibro
blasts. We investigated the adhesion of sorted MM blood B cells to
endothelial cells and to BM fibroblast monolayers. As shown in Fig. 1,
approximately 20â€”75%(mean adhesion, 41 Â±7.0%; P = 0.0002, as

a PBMCs were stained in double direct/indirect immunofluorescence with CDI9-FITC
and a mAb to either a431 (44H6), a4@7 (Act-l), or J3@(JB1a) and detected with goat
antimouse immunoglobulin-PE. Files were gated for CDl9@ cells, and the PE staining
was plotted as a histogram. a4f3-, expression on normal donors was analyzed with Act-l,
F1B504, and FIB3O. Histograms obtained for all receptors displayed a uniform peak
distribution. Expression of receptors is presented as the percentage of positive cells
relative to samples stained with IgG isotype control mAbs. Moderate expression (+ +)
was defined as fluorescence between channels 150 and 200 and high expression (+ + +)
at peak fluorescent channel >200 above isotype control staining. The data were obtained
from 26 MM patients, 4 normal donors, and 3 BM fibroblast cultures initiated from 3
individual normal donors. Adherent LTBM fibroblasts were grown to confluency on
eight-chamber Nunc slides and analyzed by indirect immunocytochemistry as indicated in
â€œMaterialsand Methods.â€•The degree of staining is relative to isotype-matched controls.

compared to normal CDl9@ B cells) of freshly isolated peripheral blood
CDl9@ B cells from MM patients adhered to BM fibroblasts and 30â€”
80% (mean adhesion, 48 Â±6.0%; P = 0.00026, as compared to normal
CDl9@ B cells) adhered to endothelial cell monolayers. Similar adhesion
was observed when MM blood B cells adhered to BM fibroblasts derived
from MM BM (mean adhesion, 45.5 Â±20%; data not shown). We next
compared the adhesion of peripheral blood CDl9@ B cells obtained from
normal donors to BM fibroblast and endothelial cell monolayers. As
shown in Fig. 1, for most individuals, fewer than 10% ofCDl9@ B cells
obtained from normal peripheral blood adhered to BM fibroblasts (mean
adhesion, 11 Â±3.2%) or endothelial cell monolayers (mean adhesion,
5 Â±4.0%). These data indicate that, compared to blood B cells from
normal donors, ex vivo MM blood B cells adhere avidly to both BM
fibroblast and endothelial cell monolayers.

mAbs against t@4@7but not against@ Block Adhesion of MM
Blood B Cells to BM Fibroblasts. Integrins can mediate homotypic
and heterotypic cell-cell interactions, as well as interactions with
ECM proteins. In particular, VLA-4 and VLA-5 contribute to the
adhesion of hematopoietic cells to fibronectin and stromal cell or
endothelial cell monolayers (22â€”25).As all MM blood B cells, but not
blood B cells from normal donors, strongly express both the @@I-and
the @37-integrinsubunits (Table 1) as well as a4, and a proportion of
these same cells express a5 (10, 26), we investigated the contribution
of these integrins to adhesion of MM blood B cells. To assess the role
of integrins, function-blocking mAbs against the a4-,@ @@l-'and
j37-integrin subunits were used. Despite the strong expression of@ by
both MM blood B cells and BM fibroblasts, three different mAbs
against the /31-integrin subunit failed to inhibit adhesion of MM cells
to BM fibroblast monolayers (Fig. 2). However, these same three
rnAbs were able to inhibit the adhesion of Jurkat cells to endothelial
cell monolayers (27) and the adhesion of Jurkat cells to fibronectin in
this study (see Fig. 3). Given the antagonistic function of these mAbs

on Jurkat cells, the lack of inhibition observed above implies that
adhesion of MM blood B cells to BM fibroblasts is not mediated by
the @31-integtinsubunit. In keeping with the lack of 131involvement in
adhesion, a blocking mAb against a5 also failed to inhibit adhesion of
MM blood B cells to BM fibroblasts in the majority of patients
examined (Fig. 2). However, mAbs against a5 and 131were able to
inhibit adhesion of MM blood B cells to BM fibroblasts by 30% in 2
of the 23 MM patients examined (data not shown).
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Fig. 1. CDl9@ peripheral blood B cells from MM patients exhibit extensive adhesion
to endothelial cells and BM fibroblast monolayers. One X l0' BCECF-labeled CDl9@
MM blood B cells (n = 47) were allowed to adhere to confluent monolayers of endothelial
cells (0) and BM fibroblasts (0). The adhesion of CDI9 B cells isolated from normal
donors was also analyzed (n = 6). Each experiment was carried out in triplicate, and the
percent adhesion calculated as described in â€œMaterialsand Methods.â€•The data presented
are the mean (bars, SE) of the percentage of binding for all patients or normal donors
analyzed. Adhesion of CDI9@ B cells sorted with FMC63 F(ab')2 mAb gave similar
adhesion as cells from the same patients sorted with FMC63 IgO. ***, P value <0.001 as
compared to adhesion of normal CD19@ B cells to monolayers.
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Fig. 2. mAbs against a,j3@block adhesion of CDl9@ MM peripheral blood B cells to
BM fibroblasts. CDl9@ MM blood B cells (0) were pretreated with 20 @zg/mlmAbs
HP2/l (anti-aj31); Act-l (anti-a4@.,); F1B504 or FIB3O (anti-@); JB1a, 353. or 658
(anti-@1);or JBS5 (anti-VLA-5) for 30 mm at 4Â°C.Confluent monolayers of BM
fibroblasts (@) were pretreated with 20 @zg/mlmAbs El/6 or 4B9 (anti-VCAM-l) or
JBla, 3S3, or 658 (anti-f31) for 20 mm at room temperature. Pretreated cells were washed
three times in PBS prior to the adhesion assay. Preincubation of either MM B cells or BM
fibroblast monolayers with isotype-matched control immunoglobulin routinely gave <5%
inhibition. All experiments were carried out in triplicate, and the mean of triplicate wells
was determined. The data presented are the mean percentages of inhibition by each mAb
(bars, SE) of at least six experiments carried out with B cells from individual MM
patients. Pretreatment of MM B cells with Act-I or anti-131 mAbs yielded three patterns
of inhibition: inhibition with Act-l alone (19 of 23), inhibition with anti-a, mAbs (2 of
23), and no inhibition with either anti-@31 or anti-a4(37 mAb (2 of 23). The pretreatment of

CD19 MM blood B cells with both HP2/l and Act-l did not inhibit adhesion above that
seen with either mAb alone.

@1@@ @1@@T @1@@

0 â€˜ â€˜. j L
MM CD19Ã· Jurkat + iBla Ã· IgG1

@Jurkat@

Fibronectin

Fig. 3. CDl9@ MM peripheral blood B cell adhesion to ECM proteins. One X 10'
CDl9@ MM peripheral blood B cells, isolated as described in â€œMaterialsand Methods,â€•
were analyzed for adhesion to fibronectin (50 @zWml).The data represent the mean
adhesion (bars, SE) of 10 experiments with B cells from 10 individual donors. Each
experiment was carried out in triplicate, and the percentage of adhesion was calculated as
described in â€œMaterialsand Methods.â€•Fibronectin was titrated from 10â€”100@zg/ml,and
a concentration of 50 @sg/mlwas determined as optimal. The Jurkat T cell line (n = 3) was
used as a positive control for adhesion to fibronectin. For blocking experiments with
Jurkat cells, cells were pretreated with either 10 jzg/ml JBla or IgGl isotype control mAb
for 30 mm at 4Â°Cprior to adhesion assay.

Fig. 4. Expression of MAdCAM-l on LTBM fibroblasts derived from normal donors. RT-PCR for human MAdCAM-l, or histone, was carried out with mRNA from LTBM
fibroblasts derived from three individual donors, MAdCAM-l-transfected CHO cells, or antisense-transfected CHO cells was carried out as described in â€œMaterialsand Methods.â€•
RT-PCR with human MAdCAM-l primers: Lanes A, B, and C (LTBM fibroblasts derived from donors 1, 2, and 3. respectively); D (MAdCAM-l-transfected CHO cells); and E
(antisense-transfected CHO cells). RT-PCR with histone primers: Lanes G. H, and I (LTBM fibroblasts derived from donors I, 2, and 3, respectively); J (MAdCAM-l-transfected CHO
cells); K (antisense-transfected CHO cells). Lane F, the control RT-PCR in the absence of cDNA.
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with mAbs against both the /3@and (31subunits. The concurrent pretreat
ment of blood B cells with both the (31and a4J3@mAbs failed to reduce
adhesion further than the anti-@3.@mAb alone (data not shown). These
results indicate that a43@,but not a4j31 or a5@31, promotes the adhesion of
MM blood B cells to BM fibroblasts.

MM Blood B Cells Do Not Bind to Fibronectin a4f37recognizes
multiple ligands, including fibronectin, MAdCAM-l, VCAM-l, and

0 MMBceIIs a4 (20, 29â€”31). Because BM fibroblasts expressed abundantcell
S BM-fb . . .surface fibronectin, we examined the possible involvement of fi

bronectin in the adhesion of MM blood B cells. The addition of an
antifibronectin polyclonal antibody did not inhibit adhesion of MM
blood B cells to BM fibroblasts, despite the inhibition of pre-B-cell
adhesion to fibronectin observed with identical concentrations of this
polyclonal antibody (Table 2). Furthermore, as shown in Table 2,
mAbs against either the cell-binding domain or the COOH-terminal
domain of fibronectin failed to inhibit the adhesion of blood B cells to
BM fibroblasts. aj37, a4f31, and a5L@1recognize distinct sites within
fibronectin. VLA-4 recognizes unique sequences within the IIICS
region of fibronectin (CSI and CS5; Refs. 32 and 33), and the Hl
sequence within the HeplI region of fibronectin (34). VLA-5 recog
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In contrast to the lack of inhibition observed, for the majority of
patients, with mAbs directed against a5 and @1'the anti-VLA-4 mAb
HP2/l inhibited adhesion up to 80% (mean percentage of reduced adhe
sion, 65 Â±19%; Fig. 2). a4 is known to form a heterodimer with both the
PI and j3.@-integrin subunits. The lack of inhibition by the three function

blocking anti-@1mAbs shown in Fig. 2 implies a role for@ not@ in
MM blood B cell adhesion. The @1mAb was able to block adhesion of
Jurkat cells providing a positive control for the mAb (Fig. 3). The
pretreatment of blood B cells with the anti-cs4(3@mAb Act-i, known to
inhibit the adhesion ofperipheral blood B cells to both MAdCAM-l and
fibronectin (28), and two blocking anti-13@mAbs (20) reduced adhesion
of MM blood B cells to BM fibroblasts by 30, 25, and 42%, respectively
(Fig. 2). BM fibroblasts are negative for both a4- and @3.@-integrinsubunits
(Fable 1), thus a4137 on the B cells must be mediating adhesion. To
determine whether a greater ligand affinity by@ may be obscuring any
contribution of L@1@MM blood B cells were simultaneously pretreated
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cell transfectants
Patient I

Antisense cDNA transfected
MAdCAM-l transfected

Patient 2
Antisense cDNA transfected
MAdCAM-l transfected

Patient 3
Antisense cDNA transfected
MAdCAM-l transfected12

Â±5.0
9 Â±5.0

45 Â±7.0
46 Â±8.0

55 Â±15
59 Â±1011

Â±3.0

12 Â±4.0

47 Â±6.5
43 Â±12

56 Â±10
58 Â±8.0JY

cell lineNo mAb (+)F1B504FIB3OAntisense

cDNA transfected
MAdCAM-l transfected13

Â±3.4 11 Â±3.0
24 Â±4.2 9 Â±3.210

Â±2.1
9 Â±3.4Adhesion

to rVCAM-I1'

0.95 Â±0.023.5
Â±0.6

MULTIPLE MYELOMA B.CELL ADHESION

Table 2 MM B cells do not recognize BM fibroblast fibronectin or VC4M-1 normal donors (20). Despite the strong expression of a4/37 by the MM
blood B cells, we were unable to observe enhanced binding to the
MAdCAM-1-transfected CHO cells compared to the cell line trans
fected with antisense cDNA (Table 3). However, the JY cell line
(aj37'@ and a431 @)exhibited enhanced adhesion to the MAdCAM
1-transfected CHO cell line, which was inhibited by anti-@7 mAbs,
providing a positive control for the reagents. These results suggest that
MM blood B cells do not recognize MAdCAM-l.

Role of CD44 and Hyaluronan in MM Blood B Cell Adhesion.
MM blood B cells express multiple adhesion receptors, including the
hyaluronan receptors CD38, CD44, and RHAMM. We have shown
previously that RHAMM, but not CD44, mediates migration of MM
blood B cells on hyaluronan, despite binding of hyaluronan by both
receptors ( 11). Because CD44 has been shown to play a role in
hematopoiesis by mediating interactions with strornal layers (38), we
examined the role of CD44 in the adhesion of MM blood B cells to
BM fibroblasts. As shown in Fig. 5, pretreatment of MM blood B
cells, but not of BM fibroblasts, with a function-blocking mAb against
CD44 (39) reduced adhesion of MM blood B cells by 30%. In
contrast, two mAbs against RHAMM did not block their adhesion
(Fig. 5), although these same anti-RHAMM mAbs block MM B cell
migration (I 1). Pretreatment of BM fibroblasts, but not of MM blood
B cells, with Streptomyces hyaluronidase reduced adhesion by 30%;
however, chondroitinase ABC had no affect (Fig. 5). The CD44- and
a4f37mediated adhesion was not additive, given that the adhesion of
MM blood B cells was not inhibited further by the combination of
anti-CD44 and anti-a437 mAbs compared to anti-a437 or anti-CD44
mAbs alone (Fig. 5).

Table 3 MM blood B cells do not adhere to either MAdfAM.J or VC@AM.la

Adhesion to MAdCAM-I transfected Cho cellsâ€•

Percentage of control binding

Antibodies used for blockingâ€•
No antibody 98 Â±2.0
Antifibronectin

Rabbit polyclonal 95 Â±2.3
Clone I (COOH terminus) 90 Â±14
Clone II (cell-binding domain) 85 Â±21

VCAM-I
4B9 98 Â±0.6
EI/6 98 Â±1.2

Peptides used for blockin?
GRGDdSP 75 Â±21.2
GPenGRGDSPCA 65 Â±7.1
â€”QPEILDVPST 164Â±50
â€”GPPVTSELID 150Â±60

a Confluent monolayers of BM fibroblasts were preincubated with 25 pg/mI antifi
bronectin and anti-VCAM-l mAbs for 30 mm at 4Â°C,followed by three washes in PBS
and addition of BCECF-Iabeled MM B cells. The antifibronectin polyclonal antibody was
used at a I :500 dilution. Identical concentrations of this polyclonal antibody (1:500
dilution) resulted in a 50% inhibition of the pre-B-cell line Nalm-6 adhesion to fibronectin
(data not shown). Isotype control mAbs inhibited adhesion <5%.

/â€P̃eptides. at 50 p@g/ml, were added to cultures of BM fibroblasts at the initiation of
the cell adhesion assay. These same peptides did not inhibit adhesion even at concentra
tions of 100 jzg/mI. Identical concentrations of the GRGDdSP and â€”GPEILDVPST
peptide inhibited adhesion of thymocytes to fibronectin and adhesion of pre-B cells to BM
fibroblasts (data not shown; Ref. 37). The high values observed with peptides â€”OPEILD
VPST and â€”GPPVTSELID are due to enhanced adhesion of one of three experiments.
The data were normalized to 100% and are presented as mean cell adhesion (Â±SD) of a
minimum of three experiments.

nizes the cell-binding domain (35), and possibly an as yet unidentified
sequence within fibronectin (36). To determine further whether fi
bronectin played a role in MM B cell adhesion, we utilized fibronectin
peptides to block MM blood B cell adhesion to BM fibroblasts.
Neither the CSI peptide nor the ROD peptide inhibited adhesion of
MM blood B cells compared to the control peptide (Table 2), even at
peptide concentrations exceeding 100 p.g/ml (data not shown). These
results suggest that a4J37 expressed on MM blood B cells does not
recognize fibronectin expressed on BM fibroblast monolayers. In
keeping with this finding, only 14 Â±8.1% of MM blood B cells
adhered to fibronectin, whereas 34 Â±7.0% of Jurkat cells exhibited
p31-dependent adhesion to fibronectin (Fig. 3).

a4137onMMBloodBCellsDoesNotRecognizeVCAM-1or
MAdCAM-1. BM fibroblasts express detectable levels of VCAM-l
(37), a known a43@, ligand. The LTBM fibroblast cultures used in this

study similarly expressed moderate levels of VCAM-l, as determined by
immunocytochemistry (Table 1). To address the possibility of an a4f37
interaction with VCAM-l, BM fibroblasts were pretreated with anti

VCAM-l mAb 4B9 or El/6. The treatment ofBM fibroblasts with either
mAb failed to inhibit adhesion of MM blood B cells, even at concentra
tions of 25 @Lg/ml(Table 2), although mAb 4B9 completely inhibited the
adhesion ofJurkat cells to rVCAM-l (Table 3). We further examined the
adhesion of MM blood B cells to rVCAM-l. As shown in Table 3, <5%
of freshly isolated MM blood B cells adhered to rVCAM-l, in contrast to
33.5 Â±9.2% adhesion by the T-cell line Jurkat cells, which were
inhibited completely by mAb 4B9. These data indicate that only a
minority of ex vivo MM blood B cells recognize VCAM-l despite their
extensive adhesion to BM fibroblasts.

MAdCAM-l has been shown to mediate VLA-4-dependent adhe
sion of lymphocytes (20, 27), although its expression within the BM
microenvironment is uncharacterized. To address this, RT-PCR was

performed with RNA derived from BM fibroblasts, as well as with
RNA from the MAdCAM-l and antisense MAdCAM-1-transfected
cell lines. The results as shown in Fig. 4 indicate that LTBM fibro
blasts (n = 3) do not express MAdCAM-l message. However, to
address the possibility that MM blood B cells may recognize MAd
CAM-I, we utilized a CHO cell line transfected with murine MAd
CAM-I , which supports the adhesion of activated PBMCs from

Percentage of adhesion

MM CDl9@ B cells
(1%) BSA
rVCAM-I

Jurkat cells
(l%)BSA 2.4Â±0.9
rVCAM-l 33.5 Â±9.2
+ mAb 4B9 7.8 Â±2.4
+ anti-@ mAb 28.0Â±3.5aMMBcells,isolatedasindicatedinâ€œMaterialsandMethodsâ€•fromthreeindividual

MM patients, were analyzed for their ability to adhere to confluent CHO cells transfected
with murine MAdCAM-l or antisense cDNA. In parallel, MM B cells were preincubated
with 20 p@g/mIAct-l for 30 mm at 4Â°Cfollowed by three washes in PBS. The cell line JY
was used as a positive control for adhesion to MAdCAM-l-transfected CHO cells, with
and without preincubation with blocking anti-f37 mAbs FIB5O4 and FIB3O. No increase or
decrease in cell adhesion was observed with an isotype-matched control immunoglobulin.
The MAdCAM-I-transfected cell line, but not the antisense transfectant, was found to
contain message for MAdCAM-l as determined by RT-PCR.

b MM B cells were analyzed for their ability to adhere to rVCAM- I -coated wells (25

@sg/ml).The data represent the mean adhesion Â±SD (presented without subtraction of
binding to BSA) of three separate experiments with three individual MM patients. The
Jurkat cell line was used as a positive control for adhesion to rVCAM-l, with and without
preincubation with the anti-VCAM-I mAb 4B9 or the anti-j3.@mAb FIB5O4.
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MULTIPLE MYELOMA B-CELL ADHESION

Adhesion of CDI9@ MM blood B cells was inhibited by the preincu
bation with function blocking mAbs against CD44 as well as by pretreat
ment of BM fibroblasts with hyaluronidase, which implies that CD44 on
the CDl9@ MM B cell participates in this adhesion through its recogni
tion of hyaluronan. This is in contrast to the receptor utilization of motile
CDl9@ MM blood B cells, which use RHAMM, but not CD44, to
migrate on hyaluronan (11). mAbs against CD44 have been reported to
inhibit cell attachment to fibronectin, possibly by inhibiting signal trans
duction events required to initiate cell adhesion (42). Components ex
pressed within the BM stroma, such as hyaluronan and heparmnsulfate
(21, 43â€”46),are recognized to play a role in the adhesion and differen
tiation of hematopoietic cells. Given that the expression of functional
CD44 correlates with tumor growth (47), and that soluble CD44 can
inhibit the in vivo growth of a human lymphoma cell line (48), the
recognition of hyaluronan by CD44 may play an important role in the
establishment and growth of myeloma cells within the BM.

MM blood B cells express many adhesion receptors known to
mediate both cell adhesion and cell migration. Unlike mature normal
B cells, MM blood B cells coexpress VLA-4 and VLA-5 integrin
fibronectin receptors, consistent with an activated phenotype. Despite
this expression, as well as expression of both the @1@ and @3@-integrin
subunits, MM blood B cells do not adhere to purified fibronectin. The
inability to inhibit the adhesion to BM fibroblasts with multiple
antifibronectin antibodies, as well as with peptides against the CS1 or
cell attachment sites of fibronectin, is further evidence that the adhe
sion receptors on MM blood B cells do not recognize fibronectin.

Previous reports of ct4/37ligand interactions indicate that a4 recognizes
a unique minimal sequence (LDV-related) shared among all ligands (a4,
fibronectin, VCAM-l, and MAdCAM-l; Refs. 24, 32, 49, and 50).
Despite the addition of exogenous CS1 peptide containing the LDVPST
sequence, at concentrations in excess of those required for inhibition, we
were unable to block adhesion to BM fibroblasts, suggesting that recog
nition of this sequence is not sufficient for MM B cell adhesion. Within
the LDVPST sequence, a single amino acid mutation is sufficient to
reduce adhesion of cells to a4, VCAM-l, and MAdCAM-l (33). Al
though the possibility exists that the LDVPST sequence found within BM
fibroblast ligands contains a mutation, it is unlikely given that BM
fibroblasts monolayers used in adhesion studies were obtained from
multiple donors. The inability of MM blood B cells to exhibit enhanced
adhesion to MAdCAM-1-transfected CHO cells is further evidence that
MAdCAM-l recognition is not involved in binding ofMM blood B cells
to BM fibroblasts. The inability ofMM blood B cells to bind recombinant
VCAM-l was surprising, given the moderate expression of VCAM-l on
BM fibroblasts, and the ability of ex vivo B cells from normal donors to
bind VCAM-l after a briefactivation (26). However, the apparent lack of
a role for VCAM-1 is supported by the ability of MM blood B cells to
bind endothelial layers which, unless activated, express VCAM-l
weakly. Furthermore, the ability of the mAb Act-i, a known inhibitor of
adhesion to fibronectin and MAdCAM-1, to block adhesion of MM
blood B cells to BM fibroblasts also indicates the lack of VCAM-1
involvement.

Thus, in conclusion, we have shown that freshly isolated MM blood
B cells exhibit a high degree of adhesion to BM fibroblast and
endothelial cell monolayers via the a4/3.@integrin and via CD44.
Although it is likely that CD44 recognized hyaluronan, the interaction
of a437 does not appear to involve any of the known a4f37 ligands,
suggesting that the adhesion of MM blood B cells is mediated by a
novel ligand expressed on the BM fibroblasts. The interaction of MM
blood B cells with their surrounding microenvironment, as recognized
by integrin receptors, may dictate the biological behavior of MM
blood B cells and ultimately affect the biology of this disease.
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Fig. 5. Inhibition of CDl9@ MM blood B-cell adhesion with hyaluronidase and
anti-CD44 mAb. BM fibroblasts were grown to confluency as described in â€œMaterialsand
Methods.â€•Confluent fibroblasts, or MM CDl9@ blood B cells, were pretreated with 40
turbidity-reducing units of hyaluronidase for 2 h at 37Â°C,or 1.0 units/mI chondroitinase
ABC for I h at 37Â°Cand washed three times in PBS prior to the adhesion assay. For
blocking &thesion, CDl9@-sorted cells (D) or confluent BM fibroblasts (â€¢) were
pretreated with 20 @zg/ml3Cl2, 3T3.5, 3T3.7, 3Cl2, and Act-l or with an identical
concentration of control immunoglobulin for 30 mm at 4Â°C.After the incubation, cells
were washed three times with PBS and used in adhesion assays as indicated in â€œMaterials
and Methods.â€•All experiments were carried out in triplicate, and the mean of triplicate
wells was obtained. The data are presented as mean percentage of inhibition (bars, SE) of
eight experiments with eight individual MM patients.

DISCUSSION

Extravasation and homing to the BM by circulating cells in MM
requires interactions with endotheial cells, as well as cellular and extra
cellular components of the BM stroma. Although the adhesion of MM
plasma cells and plasma cell lines to ECM and BM stroma has been
described (14â€”16),the adhesive behavior of circulating B cells in MM
has not been documented. In this report, we demonstrate that CDl9@ B
cells from peripheral blood of MM patients adhere to endotheial cells
and to BM fibroblasts, but not to ECM proteins. Adhesion of CD19@ B
cells could not be enhanced by PMA, IL-6, or TNF-a (data not shown),
indicating that their ability to adhere had been up-regulated in vivo and is
consistent with the expression of cell-surface receptors associated with
B-cell activation (9, 10). On the basis of the fmdings that mAbs against
either receptor blocked adhesion, the adhesion of MM blood B cells was
found to be mediated predominately by the recognition of a novel ligand
by @4@37and by CD44 recognition of hyaluronan.

Although B cells isolated from peripheral blood of normal donors
adhere poorly to ECM or VCAM-l, VLA-4-dependent adhesion of
normal B cells to both these ligands occurs upon B-cell activation by
PMA or cations (40, 41). In contrast, our finding that CDl9@ MM
blood B cells adhere to BM fibroblast and endothelial cell monolayers
without prior activation suggests that adhesion receptors expressed on
these cells exist in a functionally active conformation. The inability to
enhance binding either to ECM protein or to cell monolayers after
treatment with PMA, IL-6, or TNF-a (not shown) suggests that these
cells cannot be activated further. In keeping with this, we have shown
previously that ex vivo CDl9@ MM blood B cells express CD1 lb in
an active conformation, as evidenced by expression of the epitope 7E3
(8). Furthermore,CD44expressedoncxvivoCDl9@MM bloodB
cells can bind hyaluronan (1 1), suggesting that this receptor is also
expressed in an active configuration.
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