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Sickle red blood cell (RBC) adhesion to the endothelium and

to exposed, underlying subendothelial proteins is believed

to contribute to vascular occlusion in sickle cell disease.

Laminin, a major component of the subendothelium, sup-

ports significant adhesion of sickle, but not normal RBCs.

The purpose of this study was to define the adhesive region

for sickle RBCs within a human laminin preparation using a

flow adhesion assay designed to mimic physiologic flow

through postcapillary venules. Because sickle RBCs did not

adhere to the common laminin contaminants entactin or

collagen type IV, neither of these proteins are likely to

contribute to the observed adhesion to laminin. Known

adhesive regions of laminin neither supported nor inhibited

sickle RBC adhesion to laminin, suggesting a mechanism of

adhesion previously uncharacterized in other laminin adhe-

sion studies. Moreover, sickle RBCs did not adhere to mouse

EHS laminin or to human laminin-2 (merosin), eliminating

the a1, a2, b1, and g1 chains as mediators of sickle cell

adhesion. The monoclonal antibody 4C7, which binds at or

near the G-domain of the laminin a5 chain, significantly

inhibited sickle RBC adhesion. These results suggest that an

adhesive region for sickle RBCs is contained within the

laminin a5 chain.
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THE HALLMARKS OF sickle cell disease are vascular
occlusion and painful crises.1 Although crises vary among

patients in severity, frequency, and duration, they are all
periodic, acute episodes of pain believed to be caused by local
disruptions of blood flow with possible tissue ischemia or
infarction.1 The homozygous state for the sickle mutation (SS)
generally has the most severe clinical course,2 which may
ultimately lead to organ failure and death.3

The disruption of blood flow that leads to vascular occlusion
may occur in large vessels4,5 but is most commonly associated
with the microvasculature. Whereas erythrostasis due to the
rigidity of polymerized S hemoglobin (Hb S) contributes to
vaso-occlusion,6 erythrostasis alone is probably insufficient to
explain the extent of vascular occlusion seen in patients.7,8

Sickle red blood cells (RBCs) have been shown to adhere to the
endothelium in vitro9,10 and may contribute to vessel occlusion
in vivo by delaying RBC travel time, leading to greater
decreases in oxygen tension, increased cell sickling,11,12 and
endothelial damage.

In addition to endothelial cell adhesion, sickle cells may also
adhere to subendothelial proteins, because factors such as
increased levels of tumor necrosis factor a (TNFa), fibrin/
fibrinogen degradation products, and thrombin generation exist
in sickle cell disease and are known to retract endothelial cells,
causing subendothelial protein exposure in vitro.13-18 In fact,
sickle cell patients have greater levels of circulating endothelial
cells19-21 and extensive vascular damage upon postmortem
examination.22

Once endothelial integrity has been compromised, extracellu-
lar matrix (ECM) components such as laminin, thrombospon-
din, fibronectin, von Willebrand factor, vitronectin, and colla-
gen are potentially exposed to sickle RBCs. Abnormal adhesion
between sickle RBCs and thrombospondin under static and flow
conditions has been documented,23,24 as well as even greater
levels of adhesion to the ECM protein laminin.24 However, the
mechanism of adhesion or the region of laminin that is adhesive
to sickle cells is unknown.

Laminin is a multidomain, heterotrimeric protein composed
of one each of the five known a, three known b, and two known
g chains.25 The chains complex in various combinations to form
a characteristic cross-shape of three short arms and one long
arm with a large globular domain at its C-terminus.26 Human
placental laminin preparations likely contain a mixture of

laminin isoforms, in addition to common contaminants entactin
and collagen type IV.27

In this study we sought to better characterize the adhesion of
sickle cells to laminin, to identify the component of the laminin
preparation that is adhesive for sickle cells, and to identify the
adhesive region within this component. We not only eliminate
many likely adhesive sites, but also provide evidence that the
laminin a5 chain, at or near the G-domain, contains an adhesive
region for sickle cells, based on the inhibition studies with the
4C7 monoclonal antibody (MoAb). Because the laminin a5
chain is present in the subendothelium,25 this chain may
contribute to vaso-occlusion suffered by sickle cell patients.

MATERIALS AND METHODS

Reagents. Human placental laminin and human collagen type IV
were obtained from GIBCO (Grand Island, NY). Recombinant human
entactin was generously provided by R. Timpl (Max-Planck Institute,
Martinsried, Germany). The antihuman laminin polyclonal antibody
(pAb) was purchased from Upstate Biotechnology Inc (Lake Placid,
NY). The MoAb 4C7 was purchased from GIBCO and Chemicon
(Temecula, CA). Protein G Sepharose beads were obtained from
Pharmacia Biotech (Piscataway, NJ). Synthetic laminin peptides of
known adhesive regions of laminin were kindly provided by H.
Kleinman (National Institutes of Health, Bethesda, MD). Hank’s
Balanced Salts Solution (HBSS) was obtained from Sigma Chemical
Co (St Louis, MO).

RBC preparation. Sickle RBCs were obtained from homozygous
sickle cell patients (Hb SS) during clinic visits to the UNC Comprehen-
sive Sickle Cell Center. Normal RBCs (Hb AA) were obtained from
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healthy volunteers. All blood samples were drawn by venipuncture into
0.13 mol/L sodium citrate and processed immediately upon venipunc-
ture by centrifuging at 150g for 15 minutes to isolate blood cells from
plasma and platelets. RBCs were then washed three times in CGS (1.29
mmol/L sodium citrate, 3.33 mmol/L glucose, 124 mmol/L NaCl, pH
7.2), then resuspended in phosphate-buffered saline (PBS; 137 mmol/L
NaCl, 10.2 mmol/L NaH2PO4, 1.76 mmol/L KH2PO4, 2.68 mmol/L
KCl), and packed by centrifugation at 800g for 10 minutes. A 1%
hematocrit was then prepared by diluting 30 µL of packed RBCs per 1.5
mL of perfusion media (HBSS supplemented with 0.3% bovine serum
albumin [BSA] and 20 mmol/L HEPES, pH 7.4).

For experiments shown in Table 1, RBC density fractions were
prepared from unpacked RBCs using a modified arabinogalactan
density gradient, using a high potassium isotonic buffer as previously
modified23 from Sorette et al,28 an approach designed to minimize
reticulocyte dehydration. RBCs from the top 20% and bottom 5% of the
gradient were used. We found by methylene blue staining of RNA that
reticulocytes made up 20% to 90% of the top fraction and less than 5%
of the bottom fraction. Nucleated RBCs were not observed in Wrights
stain of the isolated fractions. By trypan-blue exclusion, approximately
90% of the isolated RBCs were intact. Experiments were performed
immediately after RBC isolation.

Antibody purification. Protein G Sepharose beads were washed and
resuspended in an equal volume of PBS to create a 50% slurry. This
slurry (50 mL) was then added to the 4C7-ascites solution and inverted
slowly at 4°C for 18 hours. After collecting the cleared ascites fluid, the
beads were washed twice in PBS and then treated with 0.1 mol/L
glycine HCl, pH 2.7, to elute the 4C7 MoAb. Tris, pH 9.0, was added
to neutralize the purified antibody, which was stored at 4°C until use.

Flow adhesion assay. The flow adhesion system used for this study
was designed by J. Moake and L. McIntire (Rice University, Houston,
TX) to mimic blood flow through postcapillary venules, as described.23

The protein of interest (0.75 µg) was immobilized onto each of the two
identical wells in the silicon gasket by incubating at 4°C overnight, thus
allowing two separate conditions to be performed during each experi-
ment.

A 1% hematocrit solution (1.5 mL) was made to flow over wells at a
rate of 1.0 mL/min and constant shear stress of 1 dyne/cm2. This shear
stress has been measured in postcapillary venules,29 in which some
investigators think vaso-occlusion occurs29,30 and in which the greatest
in vitro sickle cell adhesion has been measured.31-33 After a 6-minute
wash period, the number of adhered cells from 4 representative areas of
the well were counted from a 0.25-mm2 field, normalized, averaged, and
presented as cells per square millimeter 6 SD. Any white blood cells
that may have adhered were not counted.

Inhibition assays. Potential inhibitors of adhesive regions of lami-
nin or the appropriate control were added to the wells containing the
immobilized protein and incubated at 37°C for 2 hours. Wells were then
washed with PBS before continuing the flow adhesion assay. Potential
inhibitors of laminin receptors on RBCs were tested by adding the
inhibitor to the 1% hematocrit solution and incubating at 37°C for at
least 30 minutes before the flow adhesion assay.

RESULTS

Using a microvessel flow adhesion system, we measured
sickle RBC adhesion to the ECM protein laminin isolated from
human placenta (hLAM). Laminin supported approximately
3,000 adherent sickle cells/mm2, but did not support the
adhesion of normal RBCs (Fig 1A). These results suggest that
laminin contains an adhesive site for RBCs that may be unique
to the sickle cell disease state.

Human placental laminin preparations, regardless of source,
are commonly contaminated with the proteins entactin and/or
collagen type IV.27 To rule these proteins out as the mediators of
sickle cell adhesion to human laminin, recombinant human
entactin and collagen type IV were immobilized and tested for
their ability to support sickle RBC adhesion. Neither protein
supported the adhesion of the sickle cells beyond the back-
ground levels observed to the BSA control (Fig 1B). Therefore,
it is unlikely that either of these contaminants is responsible for
the observed adhesion of sickle RBCs. Furthermore, an antilami-
nin polyclonal antibody (hLAM pAb) was incubated on laminin-
coated wells before the flow adhesion experiment. The hLAM
pAb inhibited sickle RBC adhesion to laminin by 96% (Fig 1C),
providing further evidence that laminin, not a contaminant of
the preparation, is adhesive for sickle cells.

To further characterize the adhesion of SS RBCs to laminin,
sulfated carbohydrates were tested as potential inhibitors. High
molecular weight dextran sulfate (1 mg/mL) or fucoidan
(1 mg/mL) was incubated in 1% SS RBC hematocrit for 1 hour
at 37°C before the flow adhesion assay. High molecular weight
dextran sulfate (HMW DS) and fucoidan inhibited the adhesion
of SS RBCs to laminin by 87% and 80%, respectively (data not
shown), suggesting that these sulfated carbohydrates may be
useful in studies to isolate the SS RBC receptor and characterize
its interaction with laminin.

To identify the most adhesive fraction of SS RBCs, the least
dense (reticulocyte-enriched) or most dense (reticulocyte-
depleted) fractions of SS RBCs were allowed to interact with
immobilized laminin under flow conditions. The most dense SS
RBC fraction was significantly more adherent to laminin than
the least dense fraction (Table 1). However, because these
fractions are not completely reticulocyte-depleted or enriched
(see Materials and Methods), we cannot firmly conclude which
age of SS RBCs is most adhesive. Interestingly, these results
differ from our previous observations of SS RBC adhesion to
thrombospondin, which supported higher levels of adhesion of
least dense, reticulocyte-enriched RBCs.23 These results suggest
that the laminin receptor on SS RBCs is more available in the
denser fraction. Furthermore, only 10% of the SS RBCs
adhering to laminin had visibly sickled morphologies (data not
shown), suggesting that extensive distortion of the SS RBC
membrane is not required to expose the laminin receptor on the
SS RBC or for the adhesion to occur.

To determine if known adhesive sites of laminin mediate the
adhesion of sickle cells, peptides representing these regions34

were tested for their activity with sickle RBCs in our flow
adhesion system. These peptides interact with a variety of cell
types and are known to retain their biological activity in peptide
form in their respective adhesion studies35-37 and when immobi-
lized onto plastic.38,39 The RGD sequence in the laminin a chain

Table 1. Adhesion of Most Dense and Least Dense Sickle RBC

Fractions to Immobilized Laminin

Fraction Adherent Cells/mm2 6 SD

Least dense 335.8 6 75.0

Most dense 2,662.5 6 366.6

SS RBC fractions were separated by density on arabinogalactan

gradients. Equal numbers of cells in each fraction were used in the

flow adhesion assay. Denser, reticulocyte-depleted RBCs were approxi-

mately nine times more adhesive to hLAM than the least dense,

reticulocyte-enriched fraction. Data from 4 patients are shown.
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promotes cellular attachment via integrins, IKVAV of the a
chain promotes neurite outgrowth, and YIGSR of the b chain
inhibits tumor metastases.34 In our flow adhesion system,
neither the GRGDSP, IKVAV, nor YIGSR peptides supported
sickle cell adhesion beyond background levels (Fig 2A). These
peptides (1 mmol/L) also did not inhibit the adhesion of sickle
cells to laminin when incubated with sickle RBCs before the
flow adhesion assay (data not shown). Results of this experi-
ment suggest that none of these regions mediates the interaction
between laminin and sickle RBCs. Moreover, laminin itself in
solution did not inhibit sickle cell adhesion to immobilized
laminin (data not shown), which suggests that adhesive sites of
laminin differ in the immobilized and soluble forms.

Human placental laminin is likely a mixture of laminin
heterotrimers, containing 1 each of the 5 known a chains, 3 b

chains, and 2 g chains. Laminin-2, or merosin, has the a2, b1,
g1 configuration. When tested for its ability to support sickle
cell adhesion, only background levels of sickle RBCs adhered
to the immobilized protein (Fig 2B). In inhibition assays,
laminin-2 also did not inhibit the adhesion of sickle RBCs to
immobilized human placental laminin (data not shown). The
lack of interaction between sickle cells and laminin-2 suggests
that the a2, b1, and g1 chains are not involved in the adhesion
of sickle RBCs. Similarly, sickle cells did not adhere to murine
EHS laminin (Fig 2B). Although this may be due to disparate
regions between the mouse and human versions of the proteins,
this is less likely, because murine versions of the laminin
molecules are highly homologous40 and often behave simi-
larly.41,42 Murine EHS laminin has been characterized as
containing the a1, b1, and g1 chains,42 further decreasing the

Fig 1. Sickle RBCs adhere to laminin. A 1% hema-

tocrit of sickle (SS) RBCs or normal (AA) RBCs was

flowed across immobilized protein (0.75 mg). Adher-

ent cells from four representative regions were

counted by microscopy, normalized to cells per

square millimeter, and shown as the mean 6 SD. (A)

Significant adhesion of sickle, but not normal, RBCs

was observed to human laminin (hLAM). Only back-

ground levels of adhesion were observed with sickle

RBCs to the negative control BSA. Data from 10

sickle cell patients are shown. (B) Sickle RBCs were

flowed across immobilized recombinant human en-

tactin (ENT) or collagen IV (Coll IV). SS RBCs did not

adhere to either entactin or collagen IV. BSA and

hLAM are shown as negative and positive controls,

respectively. Data from 3 patients are shown. (C)

Immobilized hLAM was pretreated with an antilami-

nin polyclonal antibody (pAb) before the introduc-

tion of the SS 1% hematocrit. The antilaminin pAb

significantly inhibited the adhesion of sickle RBCs to

hLAM. Adhesion to laminin in the absence of an

antibody (hLAM) and in the presence of a nonspe-

cific, isotype-matched IgG antibody are shown as

negative controls. Data shown represent experi-

ments from 4 patients.
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likelihood that the b1 or g1 chains are adhesive and potentially
eliminating the a1 chain as well. It should also be noted that,
relative to results presented below, murine EHS laminin prepa-
rations lack the a5 chain.26

Because the greatest diversity of laminin is between its
various a chains, the anti-a chain MoAb 4C7, which binds to
the laminin a5 chain43-45 within or near the G-domain,41 was
tested for its ability to inhibit sickle cell adhesion to laminin.
Significantly less sickle cells adhered to human laminin in the
presence of the antibody (79.6% inhibition), but not in the
presence of an isotype-matched IgG2 control antibody (Fig 3).
When the commercial antibody preparation was cleared of
ascites, sickle RBC adhesion to laminin was still inhibited by
approximately 60%, whereas the ascites fluid alone did not
inhibit the adhesion (Fig 3). Finally, the 4C7 MoAb, relative to a
control MoAb, reacted strongly with immobilized laminin in an

enzyme-linked immunosorbent assay (data not shown), demon-
strating that the 4C7 epitope is present in the human placental
laminin preparation used in these studies. These results suggest
that the laminin a5 chain contains an adhesive site for sickle
RBCs at or near the G-domain and are consistent with a lack of
sickle cell adhesion to the laminin-2 and murine EHS laminin
preparations.

DISCUSSION

This study provides evidence that the laminin a5 chain
contains an adhesive region for sickle RBCs. The a1, a2, b1, or
g1 chains of laminin are unlikely to account for the interaction
with SS RBCs, because laminin-2 and EHS laminin did not
support sickle cell adhesion. Furthermore, regions of laminin
known to be adhesive to other cell types are not responsible for
sickle cell adhesion, because peptides representing these re-

Fig 2. Sickle RBCs do not adhere to known adhe-

sive regions of laminin, murine EHS laminin, or

human laminin-2. (A) Peptides representing known

adhesive regions of laminin (GRGDSP, IKVAV, and

YIGSR) were immobilized (1 mmol/L) and tested for

their ability to support sickle RBC adhesion. These

peptides did not support sickle RBC adhesion be-

yond nonspecific background levels. Adhesion to

BSA and hLAM are shown as negative and positive

controls, respectively. N 5 number of patients tested

for each peptide. (B) SS RBCs were flowed across

immobilized laminin-2 or mouse EHS laminin. Only

background levels of sickle cells adhered to laminin-2

(hLAM-2) or mouse laminin (mLAM) compared with

human placental laminin (hLAM). Both positive and

negative controls are presented. Data shown repre-

sent the mean 6 SD from six experiments involving 3

patients.
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gions were not active in our assay. Finally, the 4C7 MoAb,
which recognizes the laminin a5 chain43-45 at or near the
G-domain,41 significantly inhibited sickle cell adhesion to
laminin. These results suggest that the laminin a5 chain
contains an adhesive site within or near its G-domain to which
sickle RBCs bind under flow conditions. This conclusion is
consistent with a lack of adhesion to laminin preparations
lacking the a5 chain, ie, laminin-2 and EHS laminin. The
observed adhesion of sickle cells to laminin may be a contribut-
ing factor in vascular occlusion and the onset of the sickle cell
crisis event.

Distinct topological features of the sickle RBC membrane
and increased concentrations of certain plasma components
combine to make sickle cells abnormally adherent to the
endothelium.46 Sickle RBCs may also adhere to the subendothe-
lium when subendothelial proteins are abnormally exposed.
Endothelial damage22 and increased levels of circulating endo-
thelial cells19-21 have both been documented in sickle cell
disease. The ECM proteins thrombospondin and laminin are
both adhesive for sickle RBCs,23,24 but laminin supports higher
levels of sickle RBC adhesion than any other reported adheso-
genic molecule. Our assay involves the examination of sickle
cell adhesion to immobilized laminin, which is most likely to
mimic the conformation of laminin in its biologically relevant
form, ie, immobilized in the ECM. With the strong correlation
between levels of sickle cell adhesion to the endothelium and
clinical vaso-occlusive severity,47 the interaction between sickle
cells and laminin may be an important determinant of crisis
onset and severity.

Laminin-mediated adhesion of sickle RBCs appears to be the
result of a receptor distinct from that which mediates SS RBC
binding to thrombospondin, because the less dense, reticulocyte-
enriched RBC population is associated with a higher level of
adhesion to thrombospondin.23 In contrast, the denser, reticulo-
cyte-depleted fraction of SS RBCs is more adhesive to laminin.

This SS RBC population contains less deformable RBCs that
are more likely to cause erythrostasis, possibly suggesting a
greater likelihood of decreased flow rates and increased oppor-
tunity to interact with the subendothelium. Our experimental
protocol precludes specific identification of the age of cells that
actually adhere, preventing a firm conclusion of whether older
cells are actually more adherent. However, these results do
suggest that the laminin receptor is more readily available in the
denser population of SS RBCs. An acidic glycolipid has been
proposed as the SS RBC receptor for both thrombospondin and
laminin.24 If so, our results suggest that density-related confor-
mational differences in the SS RBC membrane make the lipid
more or less adhesive for a given matrix protein. Alternatively,
the denser SS RBC may feature a separate and distinct receptor
for laminin. The protein B-CAM/LU of the lutheran blood
group antigens is also a likely receptor candidate for the
adhesion of SS RBCs to laminin, because it is uniquely
adhesive to laminin in the sickle cell disease state.48 Whichever
receptor is involved, our results with sulfated carbohydrates
suggest that its ability to bind to laminin should be inhibited by
HMW DS or fucoidan.

Having been studied widely for its interactions with various
cell types, specific laminin regions have been identified as
adhesive. Peptides representing known laminin adhesive re-
gions were tested for their interaction with sickle RBCs.
Although these peptides are reported to support and/or inhibit
the adhesion of other cell types,35-37 we found that none had
activity for sickle cells in our flow adhesion system. These
results suggest that sickle RBC adhesion to laminin is mediated
by a mechanism not previously described in other laminin
adhesion studies. The adhesion also appears to be specific to the
sickle cell disease state, because normal RBCs showed little
affinity for immobilized laminin and did not adhere beyond
background levels (Fig 1A). Similarly, RBCs with high reticulo-

Fig 3. Sickle cell adhesion to laminin is inhibited

by the 4C7 MoAb. Immobilized laminin was treated

with the 4C7 antilaminin MoAb (4C7 MoAb) in asci-

tes before the 1% hematocrit flow adhesion. Concen-

trations of the 4C7 IgG2 in ascites ranged from 15.0 to

37.5 mg/well. Adhesion of sickle RBCs to laminin was

greatly reduced by the 4C7 MoAb, but not by an

isotype-matched IgG2 control antibody at amounts

up to 37.5 mg/well or by ascites fluid isolated from

the commercial 4C7 preparation. Adhesion to human

laminin in the absence of antibody is presented as a

negative control. Data shown represent 10 experi-

ments involving 4 patients.
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cyte counts do not adhere to laminin in the absence of the Hb S
hemoglobinopathy.24

When the MoAb 4C7 was allowed to interact with the
immobilized laminin before the introduction of sickle RBCs in
the flow adhesion assay, 4C7 significantly inhibited sickle cell
adhesion to laminin. Although the antibody’s epitope has not
been precisely mapped, it has been shown to be present in a
basal membrane component that is expressed in capillaries.49

Electron micrograph and immunohistochemical studies indicate
that 4C7 likely recognizes the G-domain of the laminin a5
chain.41,43-45 The inhibition of sickle cell adhesion to laminin by
4C7 therefore suggests that the laminin a5 chain, within or near
the G-domain, is the adhesive region of laminin for sickle cells.
Because a5 forms both laminin-10 and laminin-11,25 it is likely
that these two molecules are the laminin isoforms that are
adhesive for sickle RBCs.

The laminin a5 chain is believed to have the widest
expression of the a chains, with its transcripts being found in
nearly all tissues,25 making it largely available for sickle cell
interaction wherever the endothelium is damaged. The laminin
a5 chain is also found in areas of regeneration43 and is likely to
be abundant around sites of endothelial damage where higher
concentrations of plasma proteins like fibronectin also exist and
increase the adhesiveness of sickle cells.46 Furthermore, topo-
logical orientation of the laminin molecule in the basal lamina
indicates that the G-domain is adjacent to the endothelium,50

making it potentially available for RBCs upon exposure of the
ECM.

In our study, sickle cells did not adhere to laminin-2. This
laminin isoform (a2, b1, g1) has characteristically conserved a
chain regions, with homology to the other a chains exceeding
80% in some domains. However, the a2 G-domain is only 20%
homologous to the a5 G-domain,51 suggesting likely differ-
ences in properties and functions. The inability of laminin-2 to
support sickle RBC adhesion provides additional evidence that
the highly conserved, known adhesive regions of laminin are
not active in sickle cell adhesion and suggest the role of a
laminin domain that is not highly conserved among the
isoforms. Of the known a chains, all have similarly low levels
of homology among the G-domains. Therefore, adhesive inter-
actions of the G-domains are likely to be chain-specific. This
may explain why sickle cells did not adhere to the highly
homologous murine laminin, which also does not contain the a5
chain.25

It is interesting to note that, although the G-domain has been
described as responsible for most of the cell binding activity of
laminin,52 few specific regions or sequences from this domain
have been characterized for adhesion. This may be due to the
high level of variability between a chain G-domains51 and the
fact that the a3,53 a4,54 and a555 chains were only recently
identified. Adding to the complexity is the possible existence of
novel isoforms of individual a chains, as is the case with the a3
chain.25 Moreover, the widely used 4C7 antibody was until
recently thought to interact with the a1 G-domain,43-45 therefore
causing often conflicting data about a chain expression.

Presumably, each a chain has specific as well as overlapping
functions. Unique phenotypes have linked a2 to a muscular
dystrophy subset56 and a3 to epidermolysis bullosa.57 This
study suggests that a5 may play a role in sickle cell disease. The

recent identification of laminin a5 in an endothelial cell line58

used widely in previous studies of sickle cell adhesion to the
endothelium9,59 suggests that laminin could be involved in
endothelial as well as subendothelial adhesion of sickle cells.
Higher levels of a5 expression in the lungs and kidneys58 may
correspond to the clinical features of acute chest syndrome and
kidney complications that are common in sickle cell patients.2

Increased levels of a5 expression at the onset of sexual
maturity58 could possibly explain why some patients do not
experience painful crises until adolescence or early adulthood.60

Given the amount of adhesion in vitro in the absence of the
many adhesogenic factors present in patients, sickle RBC
adhesion to laminin may prove to be an important factor in the
initiation of vaso-occlusion and the onset of crises. A therapeu-
tic agent designed to inhibit sickle cell adhesion to laminin may
aid in preventing vaso-occlusion, thus preserving health and
improving the quality of life of sickle cell patients.

ACKNOWLEDGMENT

Many thanks to David Shock for his technical assistance and to Susan
Jones, Wendy O’Kelly, B.J. Lee, Anne Criss, and the UNC Comprehen-
sive Sickle Cell Center for their help recruiting patients and obtaining
samples for this study.

REFERENCES

1. Embury SH, Hebbel RP, Steinberg MH, Mohandas N: Pathogen-
esis of vaso-occlusion, in Embury SH, Hebbel RP, Mohandas N,
Steinberg MH (eds): Sickle Cell Disease: Basic Principles and Clinical
Practice. New York, NY, Raven, 1994, p 311

2. Beutler E: Erythrocyte disorders: Anemias related to abnormal
globin, in Williams WJ, Beutler E, Erslev AJ, Lichtman MA (eds):
Hematology (ed 4). New York, NY, McGraw-Hill, 1990, p 613

3. Thomas AN, Pattison C, Serjeant GR: Causes of death in sickle
cell disease in Jamaica. Br Med J 285:633, 1982

4. Merkel KH, Ginsberg PL, Parker JC, Donovan MJ: Cerebrovascu-
lar disease in sickle cell anemia: A clinical pathological and radiological
correlate. Stroke 9:45, 1978

5. Russel MO, Goldberg HI, Hodson A, Kim HC, Halus J, Reivich
M: Effect of transfusion therapy on arteriographic abnormalities and on
recurrence of stroke in sickle cell disease. Blood 63:162, 1984

6. Ham TH, Castle WB: Relation of increased hypotonic fragility
and of erythrostasis to the mechanism of hemolysis in certain anemias.
Trans Assoc Am Phys 55:127, 1940

7. Eaton WA, Hofrichter J: Sickle cell hemoglobin polymerization.
Adv Protein Chem 40:63, 1990

8. Mozzarelli A, Hofrichter J, Eaton WA: Delay time of hemoglobin
S polymerization prevents most cells from sickling in vitro. Science
237:500, 1987

9. Hoover R, Rubin R, Wise G, Warren R: Adhesion of normal and
sickle erythrocytes to endothelial monolayer cultures. Blood 54:872,
1979

10. Hebbel RP, Yamada O, Moldow CF, Jacob HS, White JG, Eaton
JW: Abnormal adherence of sickle erythrocytes to cultured vascular
endothelium. Possible mechanism of microvascular occlusion in sickle
cell disease. J Clin Invest 65:154, 1980

11. Kaul DK, Fabry ME, Windisch P, Baez S, Nagel RL: Erythro-
cytes in sickle cell anemia are heterogeneous in their rheological and
hemodynamic characteristics. J Clin Invest 72:22, 1983

12. Kaul DK, Fabry ME, Nagel RL: Microvascular sites and
characteristics of sickle cell adhesion to vascular endothelium in shear
flow conditions: Pathophysiological implications. Proc Natl Acad Sci
USA 86:3356, 1989

2956 LEE ET AL



13. Francis RB, Haywood LJ: Elevated immunoreactive tumor
necrosis factor and interleukin-1 in sickle cell disease. J Natl Med Assoc
84:611, 1992

14. Malave I, Perdomo Y, Escalona E, Rodriguez E, Anchustegui M,
Malave H, Arends T: Levels of tumor necrosis factor a/cachectin
(TNFa) in sera from patients with sickle cell disease. Acta Haematol
90:172, 1993

15. Leichtman DA, Brewer GJ: Elevated plasma levels of fibrinopep-
tide A during sickle cell anemia pain crisis-evidence for intravascular
coagulation. Am J Hematol 5:183, 1978

16. Green D, Scott JP: Is sickle cell crisis a thrombotic event? Am J
Hematol 23:317, 1986

17. Francis RB: Elevated fibrin D-dimer fragment in sickle cell
anemia: Evidence for activation of coagulation during the steady state
as well as in painful crisis. Haemostasis 19:105, 1989

18. Ofosu FA, Kuranstin-Mills J, Safa T, Siegel R, Lessin LS:
Coagulation and fibrinolysis are enhanced in sickle cell disease. FASEB
J 5:A523, 1991

19. Sowemimo-Coker SO, Meiselman HJ, Francis RB Jr: Increased
circulating endothelial cells in sickle cell crisis. Am J Hematol 31:263,
1989

20. Blei F, Fancher T, Guarini L: Elevated levels of circulating
molecules of potential endothelial origin in sickle cell disease. Blood
84:409a, 1994 (abstr, suppl 1)

21. Solovey A, Lin Y, Browne P, Choong S, Wayner E, Hebbel RP:
Circulating activated endothelial cells in sickle cell anemia. N Engl J
Med 337:1584, 1997

22. Klug PP, Kay N, Jensen WN: Endothelial cell and vascular
damage in the sickle cell disorder. Blood Cells 8:175, 1982

23. Joneckis CC, Shock DD, Cunningham ML, Orringer EP, Parise
LV: Glycoprotein IV-independent adhesion of sickle red blood cells to
immobilized thrombospondin under flow conditions. Blood 87:4862,
1996

24. Hillery CA, Du MC, Montgomery RR, Scott JP: Increased
adhesion of erythrocytes to components of the extracellular matrix:
Isolation and characterization of a red blood cell lipid that binds
thrombospondin and laminin. Blood 87:4879, 1996

25. Miner JH, Patton BL, Lentz SI, Gilbert DJ, Snider WD, Jenkins
NA, Copeland NG, Sanes JR: The laminin a chains: Expression,
developmental transitions, and chromosomal locations of a1-5, identifi-
cation of heterotrimeric laminins 8-11, and cloning of a novel a3
isoform. J Cell Biol 137:685, 1997

26. Engel J: Laminins and other strange proteins. Biochemistry
31:10643, 1992

27. Timpl R: Structure and biological activity of basement mem-
brane proteins. Eur J Biochem 18:487, 1989

28. Sorette MP, Shiffer K, Clark MR: Improved isolation of normal
human reticulocytes via exploitation of chloride-dependent potassium
transport. Blood 80:249, 1992

29. Hebbel RP, Mohandas N: Sickle cell adherence, in Embury SH,
Hebbel RP, Mohandas N, Steinberg MH (eds): Sickle Cell Disease:
Basic Principles and Clinical Practice. New York, NY, Raven, 1994, p
217

30. Bookchin RM, Lew VL: Pathophysiology of sickle cell anemia.
Hematol Oncol Clin North Am 10:1242, 1996

31. Parise LV, Phillips DR: Fibronectin-binding properties of the
purified platelet glycoprotein Ib-IIIa complex. J Biol Chem 261:14011,
1986

32. Barbarino GA, McIntire LV, Eskin SG, Sears DA, Udden M:
Endothelial cell interactions with sickle cell, sickle trait, mechanically
injured, and normal erythrocytes under controlled flow. Blood 70:152,
1987

33. Hemler ME, Elices MJ, Parker C, Takada Y: Structure of the
integrin VLA-4 and its cell-cell and cell-matrix adhesion functions.
Immunol Rev 114:45, 1990

34. Yamada Y, Kleinman HK: Functional domains of cell adhesion
molecules. Curr Opin Cell Biol 4:819, 1992

35. Aumailley M, Nurcombe V, Edgar D, Paulsson M, Timpl R: The
cellular interactions of laminin fragments cell adhesion correlates with
two fragment-specific high affinity binding sites. J Biol Chem 262:
11532, 1987

36. Goodman SL, Deutzmann R, Von Der Mark K: Two distinct
cell-binding domains in laminin can independently promote neuronal
cell adhesion and spreading. J Cell Biol 105:589, 1987

37. Timpl R, Johansson S, Van Delden V, Oberbaumer I, Hook M:
Characterization of protease resistant fragments of laminin mediating
attachment and spreading of rat hepatocytes. J Biol Chem 258:8922,
1983

38. Grant DS, Tashiro K-I, Segui-Real B, Yamada Y, Martin GR,
Kleinman HK: Two different laminin domains mediate the differentia-
tion of human endothelial cells into capillary-like structures in vitro.
Cell 58:933, 1989

39. Tashiro K-I, Sephel GC, Weeks B, Sasaki M, Martin GR,
Kleinman HK, Yamada Y: A synthetic peptide containing the IKVAV
sequence from the A chain of laminin mediates cell attachment,
migration, and neurite outgrowth. J Biol Chem 264:16174, 1989

40. Engvall E, Earwicker D, Haaparanta T, Ruoslahti E, Sanes JR:
Distribution and isolation of four laminin variants: Tissue restricted
distribution of heterotrimers assembled from five different subunits.
Cell Regul 1:731, 1990

41. Engvall E, Davis GE, Dickerson K, Ruoslahti E, Varon S,
Manthorpe M: Mapping of domains in human laminin using monoclo-
nal antibodies: Localization of the neurite-promoting site. J Cell Biol
103:2457, 1986

42. Beck K, Hunter I, Engel J: Structure and function of laminin:
Anatomy of a multidomain glycoprotein. FASEB J 4:148, 1990

43. Tiger C-F, Champliaud M-F, Pedrosa-Domellof F, Thornell L-E,
Ekblom P, Gullberg D: Presence of laminin a5 chain and lack of
laminin a1 chain during human muscle development and in muscular
dystrophies. J Biol Chem 272:28590, 1997

44. Kikkawa Y, Sanzen N, Sekiguchi K: Isolation and characteriza-
tion of laminin-10/11 secreted by human lung carcinoma cells. J Biol
Chem 273:15854, 1998

45. Church HJ, Aplin JD: BeWo choriocarcinoma cells produce
laminin 10. Biochem J 332:491, 1998

46. Mohandas N, Evans E: Adherence of sickle erythrocytes to
vascular endothelial cells: Requirement for both cell membrane changes
and plasma factors. Blood 64:282, 1984

47. Hebbel RP, Boogaerts MAC, Eaton JW, Steinberg MH: Erythro-
cyte adherence to endothelium in sickle cell anemia: A possible
determinant of disease severity. N Engl J Med 302:992, 1980

48. Udani M, Zen Q, Cottman M, Leonard N, Jefferson S, Daymont
C, Truskey G, Telen MJ: Basal cell adhesion molecule/Lutheran
protein: The receptor critical for sickle cell adhesion to laminin. J Clin
Invest 101:2550, 1998

49. Jaspars LH, van der Linden HC, Scheffer GL, Scheper RJ,
Meijer CJ: Monoclonal antibody 4C7 recognizes an endothelial base-
ment membrane component that is selectively expressed in capillaries
of lymphoid follicles. J Pathol 170:121, 1993

50. Schittny JC, Timpl R, Engel J: High resolution immunoelectron
microscopic localization of functional domains of laminin, nidogen, and
heparan sulfate proteoglycan in epithelial basement membrane of
mouse cornea reveals different topological orientations. J Cell Biol
107:1599, 1988

51. Durkin ME, Loechel F, Mattei M-G, Gilpin BJ, Albrechtsen R,
Wewer UM: Tissue-specific expression of the human laminin a5 chain,
and mapping of the gene to human chromosome 20q13.2-13.3 and to
distal mouse chromosome 2 near locus for the ragged (Ra) mutation.
FEBS Lett 411:296, 1997

SICKLE CELL ADHESION TO LAMININ 2957



52. Engvall E, Wewer UM: Domains of laminin. J Cell Biochem
61:493, 1996

53. Ryan M, Tizard R, VanDevanter DR, Carter WG: Cloning of the
LAMA3 gene encoding the a3 chain of the adhesive ligand epiligrin.
Expression in wound repair. J Biol Chem 269:22779, 1994

54. Richards AJ, Al-Imara L, Carter NP, Lloyd JC, Leversha MA,
Pope FM: Localization of the gene (LAMA4) to chromosome 6Q21 and
isolation of a partial cDNA encoding a variant laminin A chain.
Genomics 22:237, 1994

55. Miner JH, Lewis RM, Sanes JR: Molecular cloning of a novel
laminin chain, a5, and widespread expression in adult mouse tissues. J
Biol Chem 270:28523, 1995

56. Tome FM, Evangelista T, Leclerc A, Sunada Y, Manole E,
Estournet B, Barois A, Campbell KP, Fardeau M: Congenital muscular
dystrophy with merosin deficiency. C R Acad Sci III 317:351, 1994

57. Baudoin C, Aberdam D, Christiano AM, Uitto J, Ortonne JP,
Meneguzzi G: Impaired expression of the LAMA3 gene causes Herlitz
junctional epidermolysis bullosa. J Invest Dermatol 104:597, 1995

58. Sorokin LM, Pausch F, Frieser M, Kroger S, Ohage E, Deutz-
mann R: Developmental regulation of the laminin alpha5 chain suggests
a role in epithelial and endothelial cell maturation. Dev Biol 189:285,
1997

59. Grabowski EF: Sickle erythrocytes adhere to endothelial cell
monolayers (ECM’s) exposed to flowing blood. Prog Clin Biol Res
240:167, 1987

60. Shapiro BS, Ballas SK: The acute painful episode, in Embury
SH, Hebbel RP, Mohandas N, Steinberg MH (eds): Sickle Cell Disease:
Basic Principles and Clinical Practice. New York, NY, Raven, 1994,
p 531

2958 LEE ET AL


	Sickle Cell Adhesion to Laminin: Potential Role for the α5 Chain
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	ACKNOWLEDGMENT
	REFERENCES


