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Malaria-parasitized erythrocytes have increased endothelial plasma factors, required micromolar levels of peptide, was
sequence-specific, and was found with both L- and D-iso-adherence due to exposure of previously buried intramem-

branous sites of band 3. Because sickle erythrocytes also mers. The active peptides also inhibited the increased adher-
ence induced by low-dose calcium loading of normal redshow increased adhesiveness and because the membrane

portion of band 3 is aggregated in both types of cells, we blood cells. Finally, a monoclonal antibody against an active
peptide specifically immunostained a fraction of sickle cells.examined the role of band 3 in sickle cell adhesiveness. Syn-

thetic peptides derived from the second and third exofacial, These findings implicate a role for band 3 in at least one
type of sickle cell adhesiveness via the exposure of normallyinterhelical regions of band 3 completely inhibited the abnor-

mal adherence of sickle cells to an endothelial monolayer in cryptic membrane sites.
q 1997 by The American Society of Hematology.a static assay. This effect was observed independently of

T Human red blood cells parasitized by mature stages of theHE MOLECULAR ABNORMALITY of sickle cell he-
moglobin and its consequent tendency to polymerize malarial parasite, Plasmodium falciparum, also show in-

in vivo is the essential basis of sickle cell disease. However, creased endothelial adherence.7 Two types of adhesion-re-
the vaso-occlusive clinical symptoms of sickle cell disease lated surface proteins of the malaria-infected red blood cell
are not conclusively correlated with either the concentration have been described: (1) a parasite-encoded, antigenically
of sickle hemoglobin or its polymerization state. Accord- variable family of proteins, named P. falciparum erythrocyte
ingly, multiple factors have been proposed to have an adju- membrane protein 1 or PfEMP-1 and sequestrin8-12; and (2)
vant role in intensifying local sickling that results in the alterations in the erythrocyte band 3 protein. PfEMP-1 is a
ischemia and intermittent crises of this disease.1-3 These in- strain-specific, high molecular weight (ú200 kD), Triton X-
clude metabolic effects, which can influence the cells’ hydra- 100 insoluble antigen encoded by the var gene complex.8,11,12

tion state or pH; whole blood viscosity effects, which can Baruch et al9 have shown that different domains of PfEMP-
influence the cells’ duration of hypoxic exposure; and cellu- 1 can act as receptors for both CD369 and thrombospondin,
lar and humoral factors, which can influence the cells’ adhe- whereas sequestrin is a conserved antigenically invariant par-
sion to the endothelial lining of blood vessels.4 In the hypoxic asite protein that binds only to CD36.10 Immunologic find-
venous microcirculation the adhesive effects are particularly ings have provided evidence that the adhesiveness mediated
attractive candidates for modulating local vaso-occlusion, as by band 3 involves a membrane conformational change,
there is ample anatomic opportunity for adhesive red blood which exposes previously buried interhelical regions of band
cells lining small vessels to reduce flow and initiate stasis 3, providing novel sites for endothelial adhesion.13-15 Im-
of poorly-deformable cells behind which more cells may portant additional support for the importance of band 3 has
accumulate to amplify the blockage and lead to the vicious been collected both in vitro and in vivo. For example, syn-
cycle of sickling classically proposed by Ham and Castle5

thetic peptides patterned on these abnormally exposed se-
and subsequently iterated by Kaul et al.6 quences effectively inhibit the increased adherence of ma-

laria-infected red blood cells in vitro.16,17 Also, in vivo,
infusion of such band 3 peptides into monkeys infected with
falciparum malaria resulted in the marked accumulation ofFrom the Department of Laboratory Medicine, University of Cali-

fornia, San Francisco; the Department of Biology, University of parasitized red blood cells in the peripheral circulation rather
California, Riverside, CA; and the Cardeza Foundation, Thomas than the deeper tissues, presumably due to a block in the
Jefferson University, Philadelphia, PA. adhesion of these cells in the microcirculation.16
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MATERIALS AND METHODS
‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely to

Peptides. Peptides were synthesized using the t-butoxycarbonylindicate this fact.
method followed by HF release and were obtained from Coast Scien-q 1997 by The American Society of Hematology.

0006-4971/97/9010-0019$3.00/0 tific (San Diego, CA). All peptides were ú97% pure as determined
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by high-performance liquid chromatography (HPLC) and mass spec- single plate with four or more replicate wells for each sample. Repli-
cates were always distributed into different wells in each plate sotrometry and were stored as dry powders under refrigeration at 47C.

Immunostaining. Thin blood films were first incubated with the as to minimize potential experimental and counting biases. The mean
number of cells bound per cm2 in replicate wells was determined1F4 hybridoma supernatant, then incubated with biotin-conjugated

goat antimouse antibody and finally stained with fluorescein-conju- for each sample. All statistical comparisons between the adherence
of normal and sickle cells were directly performed on these rawgated avidin, as previously described.21

Endothelial cell culture. Human umbilical vein endothelial cells adherence values for the indicated number of experiments according
to the Student’s t-test. However, because of substantial day-to-day,(HUVECs) were obtained from Clonetics (San Diego, CA) and used

for up to six additional passages. Two days before the assay HU- plate to plate variability in the number of bound red blood cells
(which correlated neither with specific blood samples nor their age),VECs were transferred and grown to confluency in 24-well polysty-

rene plates (Nunc, Inc, Naperville, IL) using endothelial basal me- the adherence data from each paired experiment was presented as a
relative adherence ratio between sickle and normal cells. This rela-dium (MCDB 131) containing 10 ng/mL human recombinant

epidermal growth factor, 1 mg/mL hydrocortisone, 5% fetal bovine tive adherence of sickle cells was defined as follows:
serum, 12 mg/mL bovine brain extract, and 10 mg/mL heparin

(Relative adherence)sickle Å (Adherence)sickle/(Adherence)normal(Clonetics) at 377C in a 95% air/5% CO2 incubator.
Red blood cell preparation. Blood from five normal and nine Abnormal adherence was defined as the adherence of sickle cells

sickle (homozygous) volunteer donors was collected in citrated vacu- above that of normal cells as follows:
tainer tubes (ACD solution; Becton Dickinson, Rutherford, NJ) and
stored on ice. Before use, red blood cells were washed three times (Abnormal adherence)sickle Å (Adherence)sickle 0 (Adherence)normal

with 10 vol of Hanks’ Balanced Salt Solution (HBSS; 138 mmol/L
For the presentation of peptide experiments, we chose to expressNaCl, 5 mmol/L KCl, 0.3 mmol/L Na2HPO4, 0.3 mmol/L KH2PO4,

the effect of peptide on the abnormal adherence data from each0.4 mmol/L MgSO4, 1.3 mmol/L CaCl2 , 0.5 mmol/L MgCl2 , 4
experiment as an abnormal adherence ratio for sickle cells betweenmmol/L NaHCO3, 5.6 mmol/L glucose, pH 7.4 containing 0.5%
the presence and the absence of peptide. This relative abnormalbovine serum albumin (BSA) with removal of plasma and buffy
adherence of sickle cells in the presence of peptide with respect tocoat after each wash by aspiration. For experiments with calcium-
their abnormal adherence in the absence of peptide was defined asloaded cells, normal red blood cells, washed and suspended in cal-
follows:cium and magnesium-free HBSS-BSA, were incubated for 30 min-

utes at 377C with 10 mmol/L calcium chloride and 10 mmol/L
(Relative abnormal adherence)sickle ÅA23187 (final concentrations) as described earlier,18 and then washed

three times in HBSS-BSA just before use in the adherence assay. (Abnormal adherence)sickle / peptide/(Abnormal adherence)sickle Å
Endothelial adherence assay. Studies of endothelial adherence

were conducted using minor modifications of Hebbel’s original grav- [(Adherence)sickle / peptide 0 (Adherence)normal]/ [(Adherence)sickle

ity sedimentation assay.18 Washed red blood cells were resuspended
0 (Adherence)normal ]to 2.5% hematocrit in HBSS-BSA ({ peptide), and 2.6 mL of this

cell suspension was gently layered over the confluent HUVECs in We chose to use ratios to simplify presentation of the data. How-
each well and incubated without agitation in air for 40 minutes at ever, all statistical analyses were performed by direct comparison
377C. For plasma experiments, red blood cells were instead resus- of the raw adherence values of sickle cells obtained in the absence
pended in citrated autologous plasma. Then, for all experiments, or in the presence of peptide for the indicated number of experiments
0.75 mL of HBSS-BSA ({ peptide) was added to the wells to create according to the Student’s t-test.
a slight convex meniscus over each well, and a sheet of Saran wrap
(Dow Brands, Inc, Indianapolis, IN) was laid down so as to displace

RESULTSthe meniscus and seal all wells with gentle pressure before inverting
the plate as described.22 After incubation in this upside down position First, to investigate the possibility that sickle cells might
for an additional 30 minutes at 377C, the wells were gently washed expose normally buried epitopes as do malaria-infected cells,
three times with 1.5 mL HBSS-BSA ({ peptide) followed by aspira- we stained sickle cells with 1F4, a monoclonal antibody
tion; finally, 0.15 mL of HBSS-BSA ({ peptide) was added to each against a synthetic peptide based on an adhesive band 3
well, and all red blood cells bound to a central 0.25 cm2 region of sequence exposed in malaria-infected cells (residues 547-
the endothelial layer were counted by phase microscopy using a 25-

553).15 The immunostaining result presented in Fig 1 showsfield grid. Occasionally, red blood cells were found to adhere to the
that a small, but distinct, fraction of sickle red blood cellsplastic in atypical small spaces between endothelial cells; these were
exposes this band 3 epitope, which is inaccessible in normalnot counted.
cells. As seen in Fig 1A, the extent of this specific exposureAdherence of normal red blood cells and sickle cells was always

assayed simultaneously and multiple independent experiments were of a band 3 sequence was not uniform. The majority of cells
conducted with each patient. Initially, we examined the influence of are lightly stained, and a small subpopulation shows heavy
sample storage by comparing the adherence of fresh blood (4 to 24 staining. Consistent with the findings for malaria obtained
hours old) versus blood stored for 7 to 14 days from the same four with other antibodies against the same band 3 motif,13,14

patients. We found no statistical difference in adherence either in normal red blood cells showed virtually no staining with the
absolute terms or in the ratio of adherence between sickle and normal 1F4 antibody (Fig 1B). Importantly, the control in Fig 1C
cells. Further, previous investigators had found no effect of shipment

shows that sickle cells are not immunostained in the absencestorage for 4 days.23,24 Accordingly, for the most part, we used
of the primary antibody, 1F4.samples that were 1 to 7 days old and occasionally up to 14 days

To determine whether this abnormal epitope exposureold.
could play a role in the increased cytoadherence of sickleStatistical methods. Each separate experiment assaying the
cells, we sought to determine if this adhesiveness could bepaired adherence of normal (control) red blood cells and sickle (or

calcium-loaded) cells with and without peptide was conducted on a inhibited by specific band 3 peptides derived from the epi-
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Fig 1. Immunofluorescence staining of sickle cells by an antibody
to an adhesive band 3 sequence in malaria infected cells. Sickle cells
(A) and normal cells (B) were immunostained with monoclonal anti-
body (1F4) prepared against peptide 3d (band 3 residues 547-553),
which inhibits cytoadherence in malaria infected cells.15 (C) Control
immunostaining of sickle cells in the absence of primary antibody,
1F4.

topes of monoclonal antibodies previously shown to inhibit deviation [SD] Å 2.36 { 0.46). Further, as seen in Fig 2B,
when parallel measurements were conducted on the samethe increased adhesiveness of malaria-infected cells.13 This

approach was felt to be preferable to using monoclonal anti- samples with and without plasma, the increased adherence
of sickle cells was not significantly different (respective ad-bodies because their adhesion-blocking effects could be indi-

rect (eg, due to steric hindrance) and the monoclonal antibod- herence values for normal and sickle cells were 97 { 25 and
197 { 42 cells/cm2 in buffer, and 87 { 38 and 219 { 109ies, although very specific for band 3 motifs, exhibited some

cross-reactivity with endothelial cells (Prudhomme and Sher- cells/cm2 in autologous plasma). Subsequent studies were
conducted without added plasma.man, unpublished results).

To measure the adherence of sickle cells, we used a simple In buffer, red blood cell adherence values were 106 { 39
(range, 53 to 267) and 241 { 61 (range, 114 to 415) cells/static assay involving binding of gravity-sedimented sickle

cells to a cultured endothelial monolayer, gentle washing cm2 for normal and sickle cells, respectively. These absolute
binding values are substantially lower than those reportedsteps, and visual counting of the bound cells. As shown in

Fig 2A, this assay was able to reproduce the twofold to by Sugihara et al22 using similar binding conditions. They
are nevertheless consistent with this previous work, as ourthreefold increase in the endothelial adherence of sickle cells

compared with normal cells found previously by others.18,24-26 protocol included three washes, which may well account for
the lower number of bound cells. In addition, our visualAlso, consistent with the findings of others,27-29 irreversibly

sickled cells were not observed among the adhesive sickle counting method, which is limited to the center of the well,
avoids a large artifactual increase in red blood cells nearcells. The increased adhesiveness of sickle cells was found in

the absence of plasma (mean relative adherence { standard the periphery of the wells. The mean relative cytoadherence
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Fig 2. (A) Increased endothelial adherence of sickle cells in buffer.
Sickle cell and normal cell endothelial adhesiveness was measured
in HBSS-BSA buffer and the figure presents the relative adherence
with respect to normal controls (see Materials and Methods). (B)

Fig 4. Inhibition of sickle cell adherence by band 3 peptides. TheDirect paired measurement of the relative adherence of sickle cells
increased adherence of sickle cells above that of normal red bloodin buffer and in autologous plasma. Error bars associated with the
cells, referred to as ‘‘abnormal adherence,’’ is arbitrarily normalizedrelative adherence of sickle cells represent standard deviations for
in the first bar. Shown in the following bars are the relative effectsthe number of experiments indicated in the parentheses. By defini-
on this abnormal adherence of peptides 2f, 3d, 3d-D (an all D- isomertion, there is no standard deviation associated with the normalized
of 3d), 3dS (a scrambled sequence of 3d: LYPQHKT, and 7e). Concen-relative adherence of normal cells; however, in (A) and also in Figs
trations were 25 mg/mL for 3d, 3d-D, and 2f, and 42 mg/mL for 3dS4 and 6 below, a dashed error bar representing the average standard
and 7e. Error bars represent corresponding standard deviations fordeviation of the number of bound control cells in replicate wells
the number of experiments indicated in the parentheses and aster-within each experiment is provided as an additional index of internal
isks indicate statistical significance at P Ú .001 (see Materials andvariability independent of the statistical analysis. The asterisk in (A)
Methods).indicates statistical significance at P Ú .001 (see Materials and Meth-

ods). In (B), the relative adherence of sickle cells in buffer and in
plasma did not differ at the .05 level (sickle cell adherence in buffer
or in plasma was nonetheless significantly different from the unitary location of these regions and specifies the amino acid compo-
adherence of control normal cells at P Ú .001).

sition of peptide 2f from loop 2, which connects helices 3
and 4, and peptide 3d from loop 3, which connects helices

obtained for each patient in multiple experiments ranged 5 and 6. The adherence of sickle cells was then assayed in
from 2.05 to 2.69, and these values differed significantly the presence and in the absence of these peptides which,
between some individuals (P õ .05). when used, were present in all incubation and washing steps

To examine the effect of band 3 peptides on this increased at micromolar levels.
adhesiveness, synthetic peptides were prepared with amino The effects of band 3 peptides on the abnormal adherence
acid sequences found in connecting ‘‘loop’’ regions between of sickle cells, which is defined as the adherence of sickle
transmembrane helices of band 3. Figure 3 indicates the cells above that of normal cells, are summarized in Fig 4.

Micromolar concentrations of peptide 2f or 3d completely
abrogated the increased endothelial adherence of sickle cells
found in the present assay system. Remarkably, when pep-
tide 3d was composed of all D-amino acids (3d-D), it, too,
completely inhibited the abnormal sickle cell adherence. In
contrast, 3dS, a peptide using the same amino acids as those
in the active peptide 3d, but scrambled in order, did not
significantly inhibit the adherence of sickle cells. Further,
peptide 7e, derived from the region encompassing interheli-
cal loop 7 and distant from the region encompassing peptides
2f and 3d in the primary sequence, also had no effect.

The peptide concentration required to maximally inhibit
sickle cell adhesiveness was examined. As shown in Fig 5,
for peptide 3d, there was a distinct concentration depen-
dence, with 50% inhibition of adherence occurring at approx-Fig 3. Sequence and location of band 3 peptides. The membrane

domain of the band 3 monomer is depicted as 14 transbilayer helices imately 4 mmol/L, and 100% inhibition occurring at approxi-
connected by loop sequences. The position and sequence of peptides mately 20 mmol/L. Supporting the result of Fig 4, the potency
2f (residues 476-485) from extracellular loop 2 connecting helices 3 of the L- and the D-isomer was equivalent. Very similarand 4, and 3d (residues 547-553) from extracellular loop 3 connecting

results (not shown) were obtained with peptide 2f.helices 5 and 6, are shown. Extracellular loop 7, the putative position
of peptide 7e (residues 814-820: KPPKYHP), is also indicated. Because very low dose calcium loading of normal cells
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increase in the number of adherent sickle cells suspended in
autologous plasma. However, in subsequent studies,22 this
effect was markedly reduced and of uncertain statistical sig-
nificance. In view of the fact that our method did not employ
plasma in all the washing steps as in Hebbel’s early work,
and the absence of a plasma effect in other studies where
plasma was absent during washing,26,31 it is possible that the
difference in response to plasma depends on its presence in
the washes. Other demonstrations of a plasma effect have
used very different assay systems (eg, using micropipettes
or flow chambers), which are presumably not comparable to
static assays because they are likely to emphasize different
binding characteristics or subpopulations.27,32-35

The present in vitro experiments indicate that specific pep-
tides derived from segments of the membrane domain of
band 3 effectively block at least one form of increased endo-
thelial adherence of sickle cells and implicate a role for
band 3 in that adherence. That peptides derived from the
neighboring connecting regions between helices 3 and 4 and
5 and 6 were active, whereas a peptide from a distinct region

Fig 5. Concentration dependence of inhibition of the abnormal of the molecule next to helix 13 was inactive, suggests that
adherence of sickle cells by peptide 3d. All-L or all-D isomers of pep-

a specific local region at the surface of band 3 has becometide 3d were added to the adherence assay at final concentrations
exposed to serve an adhesive role. The immunostaining ofbetween 2 and 25 mg/mL, as indicated (j ! L-isomer; s ! D-isomer).

The data presented represent the pool of multiple experiments. a fraction of sickle cells with a monoclonal antibody recog-
nizing the interhelical sequence comprising peptide 3d (Fig
1) further supports this assertion (immunostaining of a frac-

has been shown to reproduce both the abnormal adherence
and clumped surface charge distribution of sickle cells18 and
because band 3 is abnormally aggregated in the sickle mem-
brane,20 the effect of the band 3 peptides on the adherence
of these modified cells was also evaluated. Prior loading of
normal cells with 10 mmol/L calcium increased endothelial
adherence by 3.40{ 1.39-fold in 11 paired adherence experi-
ments conducted with and without peptide. As shown in
Fig 6, the abnormal adherence of calcium-loaded cells was
strongly inhibited by micromolar concentrations of peptides
3d or 2f. In contrast, no effect was observed with the scram-
bled peptide 3dS.

DISCUSSION

Although several different assays have been used to mea-
sure sickle cell adhesiveness, the one method that has pro-
vided data showing a correlation between the extent of adhe-
siveness and the clinical severity of sickle cell disease is
the static gravity sedimentation assay with gentle washing
developed by Hebbel et al.18,23 Because of this, we elected
to use this assay with only a minor modification: substituting
microscopic visualization for chromium labeling. We recog-
nize that the use of washes in this assay selects a fraction
of adhesive cells, which are comparatively firmly bound,
and thus reduces the total number of bound cells detected.

Fig 6. Peptide inhibition of increased adherence of calcium-loadedHowever, the fraction of bound cells that is physiologically
normal red blood cells. Red blood cells were loaded with 10 mmol/L

important has not been established for any assay. Impor- calcium using the ionophore A23187. The increased adherence of
tantly, the present assay closely reproduced the increased calcium-loaded cells above that of control cells is defined as abnormal

adherence and is arbitrarily normalized in the first bar. Shown in therelative adherence of sickle cells with respect to normal cells
following bars are the relative effects on this abnormal adherence offound with previous static assays.
peptides 2f, 3d-L, and 3dS at 10, 25, and 42 mg/mL, respectively. ErrorWith this assay, we found no significant difference in bars represent corresponding standard deviations for the number

adherence values when autologous plasma was present or of experiments indicated in the parentheses and asterisks indicate
statistical significance at P Ú .05 (see Materials and Methods).absent. In early work, Hebbel et al30 reported a substantial
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tion of sickle cells with antiband 3 antibodies has been con- multiple attachment sites.2 Sickle reticulocytes express the
molecules CD36,45 as well as the very late antigen-4 (VLA-firmed by the finding of õ1% to 8% reactive cells by fluo-

rescence-activated cell sorting [FACS] analysis in a separate 4) or a4b1 integrin,46 and these may play a role in binding
to the endothelium via thrombospondin47 and vascular cellstudy36). The results with the calcium-loaded cells indicate

that even normal cells can be induced to expose adhesive adhesion molecule-1,48 respectively. In addition, there is evi-
dence for an interaction between thrombospondin and vonsegments of band 3 and suggest the possibility of a common

intermediate (band 3 rearrangement) for increased adhesive- Willebrand factor in influencing the adhesion of sickle
cells.49 The present findings imply yet another adhesin,ness in various red blood cell disorders.

The surprising finding that a peptide composed of all D- namely altered band 3. The mechanism for exposure of band
3 adhesive segments remains undetermined. Abnormal dis-amino acids was just as active as one composed of all L-

amino acids is not without precedent. Recently, D-isomers tribution of intramembranous particles is a common denomi-
nator in malaria-infected cells19 and sickle cells,20,50 whichof small peptides have been found to be biologically active

in immunologic,37 neurologic,38 cell attachment,39 and in- both show band 3-dependent adhesion. Therefore, we pro-
pose that exposure of adhesive band 3 sites may be a com-flammatory systems.40 Further, in a direct parallel to the

present study, full activity of the D-peptides in inhibiting mon result of band 3 aggregation. That aggregation could
be, for example, due to oxidative damage from the increasedcytoadherence was also observed in malaria-infected red

blood cells.17 Perhaps, if the peptide is short enough and reactive oxygen species found in both malaria-infected and
sickle cells,51,52 or to calcium influx in normal red bloodflexible enough, the structural constraints of ‘‘handedness’’

are less important than usually assumed.37 cells. The band 3 aggregation in turn, would distort the con-
formation of the membrane domain to expose the adhesiveThe abnormally increased adhesiveness of sickle cells is

likely to have a pathophysiologic role in the morbidity of sites.
In parallel studies, no correlation was found between thesickle cell disease. Indeed, despite extensive and long-term

clinical observations,41-43 the only laboratory parameters immunostaining of sickle cells with various monoclonal anti-
bodies to the putative band 3 adhesin and the degree offound thus far to positively correlate with the vaso-occlusive

severity of sickle cell disease are higher hematocrit levels reticulocytosis36 (Swerlick personal communication, June,
1995). This suggests that, in contrast to some other formsand increased endothelial adherence.23,42,43 Thus, although

the intracellular concentration of sickle hemoglobin, the con- of sickle cell adhesiveness, the adherence observed here,
which appears to involve a structural change in band 3, iscentration of polymer, or the number of nondeformable cells,

might all be reasonably expected to have some role in what not dependent on the immaturity of the red blood cell.
Finally, the in vitro experiments described here with syn-is likely a multifactorial vaso-occlusive process, endothelial

adhesiveness appears to play a comparatively important role. thetic peptides derived from band 3 protein provide for the
possibility of a novel approach to the therapy of sickle cellPerhaps because of its importance, many studies have fo-

cused on the possible mechanism for the endothelial adher- disease. Both the low concentration of peptides required to
inhibit adhesion and the complete effectiveness of relativelyence of sickle cells. Because of their accepted role in cell/cell

interactions, several plasma factors have been considered protease-resistant D-isomers suggest that peptides might be
useful pharmacologic agents for sickle cell patients.as possible mediators.22,29,35 These include fibrinogen, von

Willebrand’s factor, and thrombospondin, which can potenti-
ate sickle cell adhesion to larger and smaller vessels, respec- REFERENCES
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