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Abstract

 

Sickle red cells bind significant amounts of soluble laminin,
whereas normal red cells do not. Solid phase assays demon-
strate that B-CAM/LU binds laminin on intact sickle red
cells and that red cell B-CAM/LU binds immobilized lami-
nin, whereas another putative laminin binding protein,
CD44, does not. Ligand blots also identify B-CAM/LU as
the only erythrocyte membrane protein(s) that binds lami-
nin. Finally, transfection of murine erythroleukemia cells
with human B-CAM cDNA induces binding of both soluble
and immobilized laminin. Thus, B-CAM/LU appears to be
the major laminin-binding protein of sickle red cells. Previ-
ously reported overexpression of B-CAM/LU by epithelial
cancer cells suggests that this protein may also serve as a
laminin receptor in malignant tumors. (

 

J. Clin. Invest.

 

 1998.
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Introduction

 

The hallmark of sickle cell disease (SCD)

 

1

 

 is episodic and pain-
ful vasoocclusion. This process appears to have a complex eti-
ology, involving decreased deformability of erythrocytes, in-
creased adhesive properties of sickle red blood cells (SS RBC),
and activation of coagulation (1). Moreover, SS RBC demon-
strate increased adhesion to both endothelial cells and to sub-
endothelial matrix. Erythrocytes from patients homozygous
for hemoglobin (Hb) S adhere to both activated and nonacti-
vated endothelial cells from both large and small vessels (2–4).
In addition, release of various cytokines and adhesion of SS

RBC effect damage to endothelial cells, causing endothelial
cell retraction and apparent release into the circulation (5).
This process has been proposed to lead to exposure of suben-
dothelial matrix components, to which SS RBC also adhere to
an abnormal degree. SS RBC vary among themselves in their
ability to bind to both endothelial and extracellular matrix
ligands, and the subpopulation of cells that adheres to a partic-
ular substrate may vary with the ligand and its receptor (6).
Thus, reticulocytes may be the most adherent cells under some
conditions and to some ligands, whereas the most dense cells
may adhere best to other substrates (6).

Laminin is one of the predominant components of suben-
dothelial matrix (7), and SS RBC adherence to laminin has re-
cently been documented to be more marked than SS RBC ad-
herence to thrombospondin (8). However, to date, no cell
surface component of SS RBC or RBC with normal hemoglo-
bin (AA RBC) has been shown to mediate the markedly in-
creased adherence to laminin exhibited by intact sickle red
cells. Normal RBC bear a number of known and putative ad-
hesion proteins, including CD44 (the hyaluronan receptor) (9)
LFA-3 (the CD2 receptor) (10) LW (ICAM-4, a receptor for
various integrins) (11, 12), integrin-associated protein (CD47,
a thrombospondin receptor) (13, 14), and neurothelin (Telen,
M.J., unpublished data). In addition, RBC express a number of
molecules thought likely to subserve adhesion functions, such
as MIC2 (CD99) (15–17) and B-CAM/LU, the protein that
carries Lutheran blood group antigens (18–20). Preliminary
work by Platt and Gee (21) suggested that laminin bound to an
80-kD protein of RBC membranes but did not identify the
protein involved. More recently, Hillery et al. (8) found a
plasma membrane lipid capable of binding laminin in both AA
and SS RBC; however, it is not clear that this lipid is exposed
at the cell surface, and its role in situ was not identified.

We have now used a number of techniques to identify the
major laminin receptor of AA and SS RBC as the protein that
bears the Lutheran (LU) blood group antigens. The Lutheran
blood group antigens reside on two proteins of 85 and 78 kD
(22). These two proteins contain identical extracellular do-
mains and differ only in the length of their cytosolic tails (20,
23). B-CAM/LU is a member of the Ig superfamily of proteins,
many of which have adhesion functions. We have now shown
that B-CAM/LU expressed by SS RBC binds both soluble and
immobilized laminin. Expression of B-CAM/LU antigens is in-
creased on SS RBC, and it is the RBC with highest B-CAM/
LU expression that bind significant amounts of soluble lami-
nin. Finally, expression of B-CAM cDNA in transfected mu-
rine erythroleukemia cells induces both soluble laminin bind-
ing as well as adhesion to immobilized laminin under flow
conditions.

 

Methods

 

Collection, storage, and preparation of RBC.

 

In general, blood sam-
ples from patients with sickling hemoglobinopathies and from normal
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Abbreviations used in this paper:

 

 AA RBC, hemoglobin A red
blood cell; ACD, acid citrate dextrose; AP, alkaline phosphatase;
B-CAM, basal cell adhesion molecule; LU, Lutheran blood group;
MEL, murine erythroleukemia; MFC, mean fluorescence channel;
SCD, sickle cell disease; SS RBC, homozygous hemoglobin S RBC;
TBST, Tris-buffered saline with Tween-20.
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controls were collected into citrate tubes and stored at 4

 

8

 

C in acid ci-
trate dextrose (ACD) for no longer than 1 wk. For studies of the level
of expression of Lutheran blood group antigens, blood from African-
American and Caucasian normal donors was collected from segments
attached to donated ACD-anticoagulated units of blood and was also
used within 1 wk of collection. All RBC were washed three times in
PBS (pH 7.4), with removal of the plasma and buffy coat, before use.

 

Antibodies.

 

mAbs used for this study included A3D8 (anti-
CD44) (24); anti-Lu

 

b

 

 (mAb LM342/767:31; generously provided by
Robin Fraser, Scottish National Blood Transfusion Service, Glasgow,
United Kingdom); and anti–B-CAM/LU (mAb 8H3, produced as
previously described) (25). In all studies involving intact cells, mAbs
were used at saturating dilutions of either ascitic fluid or tissue cul-
ture supernate. P3x63/Ag8 (P3) supernatant or ascites fluid was used
as a nonreactive control murine immunoglobulin (Ig) for work using
mAbs (26). Rabbit anti–human laminin was obtained from GIBCO
BRL (Gaithersburg, MD) and used at a dilution of 1:500. Alkaline
phosphatase (AP)–linked secondary antibodies were obtained from
Jackson Immunoresearch (West Grove, PA), as were FITC-conju-
gated antibodies. Phycoerythrin-conjugated goat anti–mouse Ig and
goat anti-rabbit Ig were obtained from Sigma Immunochemicals (St.
Louis, MO).

 

Flow cytometric assays.

 

RBC were collected and stored as de-
scribed above. For flow cytometric assays, packed RBC were diluted
in PBS to a concentration of 1% (vol/vol). In general 50 

 

m

 

l of RBC
suspension were incubated with 50 

 

m

 

l of either a saturating dilution of
mAb or 3 

 

m

 

g/ml human placental laminin (GIBCO BRL). Laminin
binding assays were performed either at room temperature or at
37

 

8

 

C, whereas all other incubations were performed at room temper-
ature. For assays of reactivity with mAbs, cells were incubated with
the primary antibody for 30 min, washed twice with 1 ml PBS, 1 gram/dl
BSA, and then incubated with 50 

 

m

 

l fluorochrome-conjugated anti-
body to murine Ig. For laminin binding assays, the secondary anti-
body was rabbit anti–human laminin. After 30-min incubation and re-
peated washes, 50 

 

m

 

l of a fluorescein-conjugated anti–rabbit Ig was
added. After incubation, all samples were again washed as previously
described, and cells were then resuspended to 0.5 ml in PBS, 0.2%
formaldehyde. Fluorescein-stained cells were then stored at 4

 

8

 

C in
the dark until flow cytometric analysis, performed on an Orthocy-
toron Absolute (Ortho Diagnostic Systems, Inc., Raritan, NJ).

For two-color immunofluorescence assays examining B-CAM/
LU expression and laminin binding simultaneously, cells were first
stained as described above for laminin binding. Cells were then incu-
bated with anti-Lu

 

b

 

, washed, and incubated with phycoerythrin-con-
jugated anti–mouse Ig, as described for single color fluorescence.
Negative controls consisted of the same controls used in single color
fluorescence assays, namely P3 myeloma protein, followed by phyco-
erythrin-conjugated anti–mouse Ig for anti-Lu

 

b

 

, and BSA followed by
rabbit anti–laminin and fluorescein-conjugated anti–rabbit Ig for
laminin binding. To determine and compensate for any crossover be-
tween spectra for fluorescein and phycoerythrin, cells stained for only
one marker (Lu

 

b

 

 or laminin binding), with and without staining using
the negative control for the other marker, were also analyzed in two-
color mode.

In certain experiments, cells were stained to measure laminin
binding but with phycoerythrin-conjugated anti–rabbit Ig and were
not fixed as above. Instead, 0.5 ml Retic-Count™ (Becton Dickinson,
San Jose, CA) was added to phycoerythrin-stained cells, incubated
for 30 min at room temperature, and analyzed by flow cytometry
within 3 h. All two-color flow cytometric analyses were performed on
a FACScan (Becton Dickinson).

Statistical analysis of data derived from flow cytometry was per-
formed using unpaired 

 

t

 

 tests.

 

Solid phase assays.

 

We performed solid phase assays using both
soluble and immobilized laminin to demonstrate that B-CAM/LU is
the RBC laminin receptor (25, 27). When soluble laminin binding was
assayed, 80 

 

m

 

l of a 10% suspension of RBC in PBS was incubated si-
multaneously with 80 

 

m

 

l of a mAb (A3D8, P3, or LM342/767:31) and

40 

 

m

 

l of 60 

 

m

 

g/ml laminin or BSA for 30 min at 37

 

8

 

C. Cells were then
washed with PBS, incubated with 80 

 

m

 

l of a 1:250 dilution of rabbit
antilaminin, washed again, and then solubilized in 2.5% Triton X-100
solution as previously described (25, 27). Lysates were then incubated
in wells previously coated with goat anti–mouse Ig. Unbound pro-
teins were then removed by washing repeatedly with Tris-buffered
saline, 0.05% Tween-20 (TBST), and wells were developed with alka-
line-phosphatase (AP)–conjugated goat anti–rabbit Ig to detect wells
in which murine monoclonal antibody and laminin bound to the same
protein(s). Positive reactions were detected using the 

 

p

 

-nitrophenyl
phosphate disodium Phosphatase Substrate (Sigma Immunochemi-
cals) at 1 mg/ml and detected using spectrophotometry at 405 nm.

For assays measuring the binding of B-CAM/LU to immobilized
laminin, wells were precoated with 100 

 

m

 

l of 3 

 

m

 

g/ml human laminin
or BSA in carbonate buffer, and then 1% BSA in TBST was added to
block remaining available binding sites. RBC were incubated with ei-
ther monoclonal anti-Lu

 

b

 

, anti-CD44, or the nonreactive P3 murine
myeloma protein. For assays using MEL cells, cells were suspended
at 2 

 

3

 

 10

 

8

 

 cells/ml and treated exactly as RBC thereafter. After wash-
ing, cells were lysed as above, and lysates were incubated in wells
coated with laminin or BSA. After repeated washing, laminin-bind-
ing proteins recognized by murine antibodies were detected using
AP-conjugated anti–mouse Ig, giving a positive reaction if the mAb
bound to a protein that bound to immobilized laminin. These assays
used the same detection system described above.

 

Western blots.

 

RBC membrane proteins were prepared from
RBC ghosts as previously described and separated by SDS-polyacryl-
amide gel electrophoresis (28–30). After transfer to nitrocellulose
(31) and blocking of nonspecific binding sites with 10% dried milk
powder in TBST, lanes containing membrane proteins from AA or
SS RBC and from AA RBC with various blood group phenotypes
were reacted at 4

 

8

 

C with either mAbs or a solution containing 3 

 

m

 

g/ml
human laminin. Detection of laminin binding utilized the same anti-
bodies as those used for solid phase assays. Bands reacting with
mAbs were detected using AP-conjugated goat anti–mouse Ig, while
proteins binding laminin were detected using AP-conjugated goat
anti–rabbit Ig. Blots were developed using 5-bromo-4-chloro-3-indo-
lyl-phosphate and nitro blue tetrazolium as enzyme substrate
(Promega Corp., Madison, WI).

 

Expression of B-CAM cDNA in murine erythroleukemia cells.

 

B-CAM cDNA was constructed by PCR using appropriate 5

 

9

 

 and 3

 

9

 

oligonucleotide primers (18) from an incomplete LU cDNA kindly
provided by David Anstee (Bristol, United Kingdom). B-CAM
cDNA was cloned into pcDNA3.1(

 

2

 

) (Invitrogen Corp., Carlsbad,
CA) at the EcoRV site in an orientation allowing expression via the
cytomegalovirus promoter. MEL cells were transfected by electropo-
ration as previously described (9), except that transfected cells were
grown in RPMI-1640 media supplemented with 10% fetal calf serum
and 500 

 

m

 

g/ml G418 (Life Technologies, Inc., Gaithersburg, MD),
followed by selection of cells strongly expressing the Lu

 

b

 

 blood group
antigen by sterile cell sorting using a Becton-Dickinson FACStar

 

plus

 

(Mountain View, CA).

 

Flow chamber assays.

 

We used flow chambers to quantitate the
adhesion to immobilized laminin of SS and AA RBC, as well as of
MEL cells transfected with B-CAM/LU cDNA constructs. Clear
glass slides were precoated with laminin overnight (10 

 

m

 

g/ml in PBS).
Slides were then fit into a variable height flow chamber, as previously
described (32). The flow chamber was mounted on the stage of an in-
verted phase contrast microscope (Diaphot; Nikon Inc., Melville,
NY) and observed using a video camera (Series 70; Dage-MTI Inc.,
Michigan City, IN) attached to the microscope and connected to a
Macintosh IIx computer. Cells suspended in PBS were inserted into
the flow chamber and allowed to adhere to the slide for 15 min with-
out flow. Before exposure to flow, a minimum of three fields at each
of five different locations along a line oriented normal to future flow
were examined for the number of adherent cells. Then, a 100-ml sy-
ringe mounted on a calibrated syringe pump was attached to the inlet
port of the chamber and flow started, such that the shear stress along
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the slide in the flow chamber would range from 0.2–15.0 dynes/cm

 

2

 

.
After exposure to flow for 3 min, the 15 or more fields of cells previ-
ously identified were again examined and the number of cells
counted. Finally, the fraction of cells remaining attached at a given lo-
cation was calculated as the ratio of cell attached after exposure to
flow divided by the cells per field before flow. The channel height H
was measured at each of the locations, and the wall shear stress was
calculated as:

where 

 

t

 

w

 

 

 

5

 

 wall shear stress (dyne/cm

 

2

 

); Q 

 

5

 

 volumetric flow rate
(cm

 

3

 

/s); 

 

m

 

 is media viscosity, w is the width of the flow channel, and
H(x) is the height of the flow chamber as a function of position along
the microscope slide (32). The critical shear stress (

 

t

 

c

 

) was defined as
the applied shear stress for which 50% of the cells remained adher-
ent. For RBC, cells were stored and treated as described above and
studied suspended in PBS. For MEL cells, cells were stored in tissue
culture media at 37

 

8

 

C, with 5% CO

 

2

 

 until immediately before appli-
cation to the flow chamber. Cells were then quickly washed and re-
suspended in PBS for the experiment.

 

Results

 

SS RBC bind soluble laminin markedly more than do AA
RBC.

 

Previous work has suggested that soluble laminin bound
to one or more proteins of SS RBC plasma membranes immo-
bilized on nitrocellulose (21). We therefore sought to deter-
mine if binding of soluble laminin to intact SS RBC could be
measured by flow cytometry and whether SS RBC would show
increased binding of soluble laminin similar to the previously
described increased binding to immobilized laminin (8). We
reasoned that a similar increase in binding of soluble laminin
would suggest that binding of RBC to soluble and immobilized
laminin were likely to be through the same receptor.

In initial experiments, we compared the binding of soluble
laminin to intact SS and AA RBCs at room temperature. Un-
der those conditions, we examined 20 samples from 16 patients
with hemoglobin SS, 13 samples from 11 patients with hemo-

τW
6µQ

wH (x)
2

-------------------=

 

globin SC, and 23 samples from 15 normal control subjects
with no known hemoglobinopathy. None of the subjects whose
RBC were examined had been recently transfused (within 1 mo)
or were receiving hydroxyurea therapy. In these experiments,
we found that an average of 7.495

 

6

 

0.935% (SEM) of SS RBC
bound laminin, compared to 2.535

 

6

 

0.396% of AA RBC (

 

P

 

 

 

,

 

0.001). In contrast, 5.269

 

6

 

1.055% of SC RBC bound laminin
(

 

P

 

 

 

5

 

 0.006 compared to AA RBC). We then examined lami-
nin binding at 37

 

8

 

C rather than at 22

 

8

 

C. We examined 29
samples from 25 SS RBC donors, 57 samples from 36 AA
RBC donors, and nine samples from five SC RBC donors in
experiments at 37

 

8

 

C. An average of 8.776

 

6

 

0.855% SS RBC
bound laminin, compared to 2.356

 

6

 

0.151% AA RBC (

 

P

 

 

 

,

 

0.001), thus confirming that there was a statistically significant
difference in laminin binding by SS and AA RBC at physio-
logic temperature as well (Fig. 1). At 37

 

8

 

C, an average of
5.211

 

6

 

1.868% SC RBC bound laminin (

 

P

 

 

 

5

 

 0.001 compared
to AA RBC).

 

SS RBC adhere to immobilized laminin despite high shear
stress.

 

When SS RBC and AA RBC were compared in the
flow chamber assay, SS RBC from multiple donors bound to
immobilized laminin despite high shear stresses. SS RBC ex-
hibited adherence to laminin with critical shear stresses of up to
15 dynes/cm

 

2

 

 (Fig. 2). Normal RBC, on the other hand, never
showed adhesion with critical shear stresses 

 

.

 

 2 dynes/cm

 

2

 

 and
usually bound so weakly that critical shear stress was measured
as 

 

,

 

 1 dyne/cm

 

2

 

 (Fig. 2). However, some SS RBC examined
showed relatively low adhesion to laminin in this system, so
that while many patient’s RBC exhibited marked adhesion to
immobilized laminin, RBC from other patients exhibited ad-
hesive properties within the normal range or only moderately
increased (e.g. critical shear stress of 

 

z

 

 

 

5 dynes/cm

 

2

 

). In this
way, the flow chamber assay of adhesion to immobilized lami-
nin exhibited a patient-to-patient variability similar to that
seen in the flow cytometric assay, in which some patients’ cells
gave results that fell within the normal range (Fig. 1).

 

Identification of the protein binding soluble laminin in West-
ern blots.

 

We found that laminin bound to RBC membrane
protein with an approximate molecular weight of 80,000 and
the reactive protein was visualized as a doublet. We therefore
explored the possibility that laminin was binding to CD44, a
widely expressed RBC membrane protein that has previously
been described as able to bind laminin (33). In RBC mem-
branes, CD44 occurs as a predominant 80-kD protein accom-
panied by a slightly smaller protein band due to the presence
of an isoform missing a portion of CD44 exon 5 (Cobourn,
S.D., and M.J. Telen, unpublished data). However, we were
unable to demonstrate that purified CD44 (34) bound laminin
in solid phase assays or that cells transfected with either form
of CD44 cDNA (9) were thereby induced to bind laminin
(data not shown). We therefore sought to identify whether an-
other protein of somewhat similar molecular weight might be
the laminin receptor identified in Western blots.

LU antigens reside on a membrane glycoprotein expressed
as two spliceoforms of 78 and 85 kD (20, 23). These two pro-
teins both bear the antithetical antigens Lu

 

a

 

 and Lu

 

b

 

, as well as
a number of other high- and low-frequency blood group anti-
gens. RBC can have a LU antigen-negative [Lu(a

 

2

 

b

 

2

 

)] phe-
notype via several mechanisms. In the autosomal dominant, or

 

In(Lu)

 

 Lu(a

 

2

 

b

 

2

 

), phenotype, a thus far uncharacterized ge-
netically dominant mechanism causes markedly reduced ex-
pression of both LU protein as well as CD44 (34). However, in

Figure 1. Binding of soluble laminin to red cells. Soluble laminin was 
incubated with RBC containing the types of hemoglobins indicated, 
and laminin binding was detected by rabbit antilaminin, followed by 
FITC-conjugated anti–rabbit Ig. At both 228C (data not shown) and 
378C, SS and SC RBC bound significantly more laminin than did AA 
RBC. Horizontal lines indicate mean percent cells binding laminin.
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the recessive Lu(a

 

2

 

b

 

2

 

) phenotype, B-CAM/LU expression is
totally absent, presumably due to alteration of the 

 

B-CAM/LU

 

gene, while CD44 expression is normal (35). We used RBC
membrane proteins of cells with these Lutheran blood group
antigen-negative phenotypes to determine if presence or ab-
sence of B-CAM/LU protein correlated with ability or inabil-
ity to bind laminin in Western blots. Results of staining mem-
brane proteins from RBC with these phenotypes, as well as
from SS and AA RBC with normal LU blood group antigen
expression, demonstrated that absence of B-CAM/LU protein
was associated with absence of laminin binding, thus strongly
suggesting that it was B-CAM/LU protein that bound laminin
(Fig. 3). Normal expression of CD44 without B-CAM/LU was

not sufficient for laminin binding. In addition, membrane
B-CAM/LU protein from SS RBC appeared to bind more
laminin than did an equal amount of protein from AA RBC.
This increase was more evident for the 78- than the 85-kD pro-
tein band.

 

Identification of B-CAM/LU protein as the protein binding
both soluble and immobilized laminin.

 

To confirm further the
identity of the SS RBC protein binding soluble laminin, we
adapted the MAIEA (monoclonal antibody-specific immobili-
zation of erythrocyte antigen) assay of Petty (27) to one in-
volving ligand (i.e., laminin) binding, as described in Methods.
Intact SS RBC were coincubated with soluble laminin and one
of several monoclonal antibodies to surface membrane pro-

Figure 2. Adhesion of normal and 
SS RBC to immobilized laminin. 
Laminin was applied to glass slides 
and RBC were allowed to adhere in 
the absence of flow and then ex-
posed to flow to determine the shear 
stress required to detach adherent 
cells. Normal (AA) RBC detached 
when exposed to low shear stresses, 
while SS RBC typically remained 
adherent unless exposed to high 
shear stresses. Critical shear stress, 
i.e., the shear stress required to re-
move 50% of the cells, was z 5 
dyne/cm2 for the SS RBC used in 
this experiment, while the majority 
of AA RBC detached when exposed 
to a shear stress of , 1 dyne/cm2. 
Multiple other AA and SS RBC 
gave similar results, as discussed in 
the text.

Figure 3. Soluble laminin reacts 
with two RBC membrane protein 
bands of 85 and 78 kD, absent from 
Lu(a2b2) RBC. Solubilized RBC 
membrane proteins were separated 
by SDS-PAGE and transferred to 
nitrocellulose, as described in Meth-
ods. Duplicate sets of lanes were re-
acted with either laminin, anti–
B-CAM/LU, or anti-CD44, and 
binding of these antibodies was de-
tected with the appropriate second-
ary antibodies. Lanes contained 
membrane proteins from cells with 
the following phenotypes: (1)
SS RBC: Lu(a2b1), CD441; (2) 
AA RBC: Lu(a2b1), CD441 (nor-
mal phenotype); (3) AA RBC: 
Lu(a2b2), CD44weak (dominant 
In[Lu]); (4) AA RBC: Lu(a2b2), 
CD441 (recessive Lu[a2b2] phe-
notype). Laminin reacted with pro-
tein bands of molecular weight con-
sistent with B-CAM/LU and absent 
from both Lu(a2b2) (Lutheran 
null phenotype) RBC.
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teins, then lysed with detergent. Lysate was then incubated in
wells coated with anti–mouse Ig. Laminin was cocaptured with
membrane protein only when an antibody to B-CAM/LU was
used to coat intact RBC (Fig. 4 A). Antibodies to other surface
proteins, such as CD44, did not appear to react with a laminin
receptor in this assay. AA RBC did not show significant bind-
ing of laminin to B-CAM/LU protein in the solid phase assay
using soluble laminin (data not shown).

Since it has been hypothesized that immobilized laminin
may display different binding surfaces than laminin in solution,
we also determined which SS RBC membrane protein(s)
bound immobilized laminin. This assay involved solubilization
of RBC membrane proteins coated with antibody to mem-
brane proteins before incubation with immobilized laminin; it
again showed similar results (Fig. 4 B). Antibodies to B-CAM/

LU identified proteins bound to laminin, while antibodies to
other membrane proteins, including CD44, did not. Proteins
from SS RBC membranes gave more strongly positive results
than proteins from AA RBC membranes, as would have been
predicted from flow cytometric laminin-binding assays. These
results therefore confirm that B-CAM/LU protein binds both
soluble and immobilized laminin.

Level of expression of B-CAM/LU protein is increased on
SS RBC and correlates with the ability to bind laminin. To ex-
plore why laminin appeared to bind better to B-CAM/LU on
SS than AA RBC, we used immunofluorescence and flow cy-
tometry to assess the level of expression of B-CAM/LU pro-
tein on SS RBC. We compared SS RBC to RBC samples from
African-American and Caucasian controls who qualified as
blood donors (and therefore were likely to have either hemo-
globin AA or AS). African-Americans with hemoglobin SS
(19 samples from 18 patients) reacted with anti–B-CAM/LU

Figure 4. Solid phase capture assays identifying B-CAM/LU as the 
laminin receptor. (A) SS RBC were reacted with soluble laminin 
(LAM) and murine mAb to a membrane protein component (CD44 
or B-CAM/LU) or a negative control murine Ig (P3), washed, coated 
with rabbit antilaminin, and then solubilized, as described in Meth-
ods. Increased absorbance indicates cocapture of laminin/rabbit anti-
laminin complexes and the mAb to a membrane protein. Data shown 
are from three representative SS RBC samples from different pa-
tients (Pt). AA RBC showed no reactivity (data not shown). (B) SS 
RBC were reacted with a murine mAb to a membrane component, 
solubilized, and reacted with immobilized laminin, as described in 
Methods. Increased absorbance indicates binding of a mAb target 
protein to immobilized laminin. Data shown are for three SS RBC 
patients and for two AA RBC controls (Nl). All bars represent the 
mean of assays performed in triplicate. In general, triplicates did not 
vary . 10% from the mean.

Figure 5. Relationship of laminin binding to B-CAM/LU expression 
among African-Americans with normal hemoglobin and hemoglobin 
SS and SC. All samples were analyzed in a single experiment, using 
mAb 8H3 to B-CAM/LU and soluble laminin, as described in Meth-
ods. The correlation (r value) between the percent of cells binding 
laminin and the mean fluorescence channel (MFC) of cells reacted 
with anti–B-CAM/LU is indicated in each graph. Similar results
were also obtained using the anti-Lub Mab LM342/767:31 (data not 
shown).
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antibodies more strongly than did RBC from normal Cauca-
sian and African-American controls (33 samples from 26 do-
nors). Using a monoclonal antibody to B-CAM/LU protein,
the mean fluorescence channel (MFC) for all RBC in SS RBC
samples was 66.9362.83, while the average MFC for AA RBC
samples was 56.9161.98 (P 5 0.005). Caucasian and African-
American blood donors with normal phenotypes had equiva-
lent levels of red cell B-CAM/LU expression (average MFC
60.3664.87 and 55.9862.16, respectively, P 5 0.375).

We then attempted to determine whether there was a cor-
relation between the degree of laminin binding and the expres-
sion of B-CAM/LU. For AA, SC, and SS RBC, the degree of
fluorescence obtained using mAb to B-CAM/LU protein was
directly proportional to the percent of RBC binding laminin,
with r $ 0.89 for both AA and SS+SC populations (Fig. 5).
This observation is further support of the hypothesis that
B-CAM/LU protein is indeed the major receptor for laminin
on red cells.

Laminin-binding RBC are those that express B-CAM/LU
most strongly. Although all RBC express B-CAM/LU, the
range of expression is variable from cell-to-cell when analyzed
by flow cytometry. To determine if the level of expression of
B-CAM/LU on individual cells correlated with their ability to
bind soluble laminin, two-color immunofluorescence assays
were performed. These assays showed a double-positive popu-
lation of cells characterized by both high B-CAM/LU expres-
sion and laminin binding (Fig. 6 A). 91.9% of cells in the re-
gions indicating positivity for laminin binding were in the

region indicating high B-CAM/LU expression, despite the fact
that 28% of all cells showed low B-CAM/LU expression. Fur-
thermore, a plot of the double-positive cells formed a diagonal
arising from the B-CAM/LU plot, suggesting that individual
RBC B-CAM/LU expression and the degree of laminin bind-
ing were directly correlated. However, a correlation was not
found between laminin binding and expression of another
RBC membrane adhesion molecule, CD44. Furthermore,
when laminin binding was compared to staining with thiazole
orange, a marker of reticulocytes, this pattern was also not
seen (data not shown, three samples studied), even though
blood from patients with SCD contains relatively high num-
bers of reticulocytes.

Expression of recombinant B-CAM induces laminin bind-
ing. When murine erythroleukemia (MEL) cells were stably
transfected with either vector alone or vector containing
B-CAM cDNA, the Lub antigen was easily detected in the
transfectants containing B-CAM cDNA but not in cells con-
taining vector alone (Fig. 7 A). When transfected cells were
tested for their ability to bind soluble laminin, laminin bound
to 0.8% of MEL cells transfected with vector alone. (0.4% of
untransfected cells bound laminin.) In contrast, laminin bound
to 15.7% of MEL cells expressing recombinant B-CAM (rB-
CAM) (Fig. 7 B). Solid phase assay of the same transfectants
showed that rB-CAM reacted with anti–B-CAM/LU and
bound immobilized laminin (OD405 5 0.53460.028, P 5 0.004
vs vector alone), while cells transfected with vector alone did
not (OD405 5 0.07160.002).

Figure 6. Two-color immunofluorescence 
correlation of laminin binding with
B-CAM/LU expression. Fluorescence due 
to binding of laminin, followed by rabbit 
antilaminin, is graphed along the X axis, 
while fluorescence due to binding of anti–
B-CAM/LU (anti-Lub) is graphed along 
the Y axis. (A) staining with both laminin/
antilaminin and anti–B-CAM/LU; (B) dou-
ble negative control, consisting of cells 
stained with BSA, followed by rabbit anti-
laminin and FITC-anti–rabbit Ig, as well as 
P3 myeloma protein, followed by phyco-
erythrin-conjugated anti–mouse Ig; (C) 
anti–B-CAM/LU only; (D) laminin/anti-
laminin only. Regions along the x and y 
axes were drawn based on analysis of the 
double negative control, so that # 2.1% of 
negative control cells fell within any “posi-
tive” region.
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The expression of rB-CAM by MEL cells also induced
strong adhesion to immobilized laminin in the flow chamber
assay. In multiple experiments, MEL cells expressing rB-CAM
adhered to immobilized laminin with critical shear stresses . 15
dyne/cm2, while MEL cells expressing vector DNA only ad-
hered with an average critical shear stress of 5.25 dyne/cm2.
Representative experiments are shown in Fig. 8.

Discussion

We have used assays measuring binding of both soluble and
immobilized laminin to determine the identity of the major
laminin binding protein of SS RBC. Our data indicate that the
human RBC LU proteins, the smaller spliceoform of which
has also been called B-CAM, bind laminin. Soluble laminin
binds only to B-CAM/LU protein in lysates of RBC mem-
branes, as clearly shown by ligand blots using RBC lacking
B-CAM/LU. Moreover, our data support the hypothesis that,

for SS RBC, both soluble and immobilized laminin bind to the
same receptor. In solid phase assays, B-CAM/LU was again
identified as the only significant ligand for laminin, irrespec-
tive of whether the laminin was bound in soluble or immobi-
lized form. Thus, while B-CAM/LU becomes another protein
in the rather long list of adhesion molecules expressed but
functionally inactive on normal erythrocytes, B-CAM/LU is
now the first such molecule shown to exhibit abnormal activity
in a disease state.

In our studies, the degree of laminin binding to RBC was
proportional to the strength of B-CAM/LU expression, as
measured by two antibodies to B-CAM/LU protein. This cor-
relation again supports the role of B-CAM/LU as the major
RBC laminin receptor. In immunofluorescence assays, B-CAM/
LU and the Lutheran antigen Lub, recognized by the mAbs
8H3 and LM342/767:31, respectively, appeared to be relatively
overexpressed by SS RBC, when compared with normal RBC
from African-American or Caucasian controls. Moreover, in-
creased B-CAM/LU antigen expression was correlated with
increased laminin binding for both AA and SS RBC. The in-
creased laminin binding by SS RBC did not appear due to the
reticulocytosis present in patients homozygous for hemoglobin
S, as cells identified as reticulocytes by thiazole orange staining
also did not account for the majority of laminin-binding RBC
in two-color flow cytometry (data not shown).

The etiology of the apparent overexpression of B-CAM/
LU and its activation to bind laminin on SS RBC remains un-
determined. It is possible that the increased RBC production
and turnover present in sickle cell disease results in overex-
pression of B-CAM/LU by mature RBC, perhaps through an
alteration of B-CAM/LU expression at the level of transcrip-
tion during erythroid differentiation. Since B-CAM/LU is nor-
mally expressed by mature RBC (unlike the transferrin recep-
tor and other surface markers of reticulocytes that are lost as
RBC age), increased B-CAM/LU synthesis during stress
erythropoiesis could result in increased B-CAM/LU expres-
sion by mature RBC, such as is seen with the “i” antigen. How-
ever, the degree of overexpression appears relatively small.
Perhaps, therefore, increased copy number affects activation
through a process such as homotypic aggregation, which oc-
curs more readily with a higher copy number.

Or, the altered cell development present in stress erythro-
poiesis could result in an abnormal pattern of B-CAM/LU pre-
mRNA splicing, leading to relative overexpression of the 78-kD
form, as suggested by the Western blot results. There is reason
to speculate that the 78-kD form (originally described as
B-CAM) may have a higher affinity for laminin, as it is the
predominant form found at the basal surface of normal epithe-
lial cells (18).

Another alternative hypothesis is that the apparent in-
creased level of expression, as measured by immunofluores-
cence assays, as well as the increased ability to bind laminin
that B-CAM/LU exhibits on SS RBC, may both be due to
modification of the SS RBC membrane that occurs during cell
circulation and deoxygenation. Hebbel and colleagues (36–38)
have shown that denaturation of Hb S leads to the deposition
of hemichromes and free iron along the cytoplasmic surface of
the membrane. Such a process has been shown to occur
through protein oxidation, protein crosslinking, and lipid re-
distribution and may be responsible for a variety of alterations
of SS RBC membrane characteristics. Activation through al-
teration of the cytoplasmic domain has previously been shown

Figure 7. B-CAM expression and laminin binding by transfected 
MEL cells. (A) Binding of anti-Lub to MEL cells transfected with
B-CAM cDNA (B-CAM, dark line) and vector alone (vec, light line). 
Mean fluorescence channel (MFC) of all cells 5 136.7 and 64.2, re-
spectively. (B) Binding of soluble laminin to MEL cells transfected 
with B-CAM cDNA (dark line) or vector alone (light line). MFC of 
all cells 5 85.8 and 67.2, respectively.
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to occur in other adhesion molecules, including CD44 (the hy-
aluronan receptor) and integrins (39–41).

Identification of B-CAM/LU as the laminin receptor of SS
RBC now opens up the possibility of determining what process
leads to acquisition of the laminin-binding phenotype by SS
RBC and investigation of the physiological importance of
laminin binding to the overall process of vasoocclusion in
SCD. Further, knowledge of the SS RBC laminin receptor
structure should also allow development of inhibitors of recep-
tor function. Such inhibitors will be useful both for in vitro in-
vestigations of SS RBC adhesion, as well as perhaps eventually
for in vivo trials of the clinical efficacy of blocking this pathway
as a means of modulating the vasoocclusive process in sickle
cell disease. However, given the multiple measurable parame-
ters that appear to contribute to the clinical course of sickle
cell disease (e.g., activation of coagulation, presence of circu-
lating endothelial cells, Hb F level, and presence of one- and
two-gene deletion alpha thalassemia), it is likely that only a
large longitudinal clinical study and multivariate analysis will
be able to determine the clinical significance of increased RBC
binding to laminin in humans.

It is also interesting to speculate on the possible effect of
the previously described increased expression of B-CAM/LU
by epithelial tumor cells (18). Laminin is known to affect both
the ability of some cancer cells to metastasize as well as the
growth characteristics of some cancer cells (42). It remains to
be seen whether overexpression of the larger B-CAM/LU
spliceoform, which is a protein with a Src homology 3 binding
domain in its cytoplasmic tail, contributes to an increased
growth rate of epithelial cancer cells.
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