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Single-chain antibody fragments derived from a human synthetic phage-display
library bind thrombospondin and inhibit sickle cell adhesion
Nicholas A. Watkins, Lily M. Du, J. Paul Scott, Willem H. Ouwehand, and Cheryl A. Hillery

The enhanced adhesion of sickle red
blood cells (RBCs) to the vascular endo-
thelium and subendothelial matrix likely
plays a significant role in the pathogene-
sis of vaso-occlusion in sickle cell dis-
ease. Sickle RBCs have enhanced adhe-
sion to the plasma and extracellular matrix
protein thrombospondin-1 (TSP) under
conditions of flow in vitro. In this study,
we sought to develop antibodies that
bind TSP from a highly diverse library of
human single-chain Fv fragments (scFvs)
displayed on filamentous phage. Follow-
ing 3 rounds of phage selection of increas-

ing stringency 6 unique scFvs that bound
purified TSP by enzyme-linked immu-
nosorbent assay were isolated. Using an
in vitro flow adhesion assay, 3 of the 6
isolated scFvs inhibited the adhesion of
sickle RBCs to immobilized TSP by more
than 40% compared with control scFvs
(P < .001). Furthermore, scFv TSP-A10
partially inhibited sickle RBC adhesion to
activated endothelial cells (P < .005). Us-
ing TSP proteolytic fragments to map the
binding site, we showed that 2 of the
inhibitory scFvs bound an epitope in the
calcium-binding domain or proximal cell-

binding domain of TSP, providing evi-
dence for the role of these domains in the
adhesion of sickle RBCs to TSP. In sum-
mary, we have isolated a panel of scFvs
that specifically bind to TSP and differen-
tially inhibit sickle RBC adhesion to sur-
face-bound TSP under flow conditions.
These scFvs will be useful reagents for
investigating the role of the calcium and
cell-binding domains of TSP in sickle
RBC adhesion. (Blood. 2003;102:718-724)
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Introduction

The major cause of morbidity and mortality in sickle cell disease is
tissue ischemia and infarction due to vascular occlusion. The
pathogenesis of vaso-occlusion remains unclear and likely involves
many complex steps related to both the primary event of deoxyhe-
moglobin S polymerization and the many resultant pathologic
changes in both the sickle erythrocyte and the vascular endothe-
lium.1 The increased adhesion of sickle red blood cells (RBCs) to
vascular endothelium through multiple adhesive pathways likely
contributes to the pathogenesis of vaso-occlusion in sickle cell
disease.2-7 For example, sickle RBCs can bind directly to the
plasma and extracellular matrix protein thrombospondin-1 (TSP)8,9

as well as to cultured endothelial cells via a TSP-dependent
pathway.10,11 Additionally, sickle RBCs bind to TSP in the subendo-
thelial matrix exposed between thrombin-stimulated endothelial
cells.12 In agreement, the addition of TSP increases sickle RBC
adhesion to the rat mesocecal microcirculation ex vivo.13 Finally,
Browne et al14 found that levels of circulating plasma TSP
significantly increase in patients with sickle cell disease during
crisis to concentrations that can support maximal sickle RBC
adhesion to endothelial cells in vitro.

The exact site on TSP that binds sickle RBCs is not known.
We found that digestion of the carboxy-terminal cell-binding
domain of TSP (TSP-CBD), which is adjacent to the calcium-
binding domain, fully disrupts sickle RBC adhesion to surface-
bound TSP.15 However, monoclonal antibody (mAb) C6.7,

which binds the TSP-CBD and blocks platelet and melanoma
cell adhesion to TSP,16,17 does not inhibit sickle RBC adhesion
to TSP.15 Additionally, adhesive peptides from the TSP-CBD
that inhibit as well as support TSP-mediated adhesion of
platelets and transformed cells18 failed to either inhibit or
support sickle RBC adhesion to TSP within our experimental
model.15 This suggests that sickle RBCs may bind to a unique
adhesive site within the TSP-CBD that is exposed after TSP
binds to a matrix.

That the exact site on TSP that binds sickle RBCs is not known
has hampered attempts to develop reagents that effectively inhibit
sickle RBC adhesion to TSP. Therefore, in this study, we sought to
develop reagents that bind TSP and inhibit sickle RBC adhesion
using a highly diverse library of human single-chain variable
domain antibody fragments (scFvs) displayed on the surface of
filamentous bacteriophage.19 This library is composed of the
complete repertoire of human germ-line heavy and light chain
variable genes (VH and VL, respectively), to which random
nucleotide sequences of variable length have been appended to
introduce coding sequence for the third complementarity determin-
ing regions (CDR3s).20 The repertoire of synthetic VH and VL
domains can be expressed on the surface of filamentous bacterio-
phage, permitting the isolation of scFvs with desired specificities.
This library was selected on purified TSP and screened for scFvs
that inhibited the binding of sickle RBCs to TSP.
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Materials and methods

The Griffin.1 library

The Griffin.1 library is composed of human scFvs containing highly diverse
CDR3s in both the VH and VL domains. This library was derived by
recloning VH and VL from human synthetic Fab lox library vectors20 into
the phagemid vector pHEN2.21 ScFvs can be displayed on the surface of
bacteriophage when expressed in suppressor Escherichia coli strains (eg,
TG1) or as soluble fragments that also contain the c-myc tag and
carboxy-terminus His-tag in nonsuppressor E coli strains (eg, HB2151).

Selection of TSP-specific scFvs

Phage particles expressing scFv were prepared as previously described.22

TSP, purified from human platelet releasate15,23 and diluted in carbonate
buffer, was coated (10 �g/mL) on Maxisorp immunotubes (Nunc, Roches-
ter, NY) overnight at 4°C. The tubes were then blocked with phosphate-
buffered saline (PBS) containing 2% dry milk (MPBS), and approximately
1014 phage in 4 mL MPBS was incubated with the TSP-coated immunotube
for 120 minutes at room temperature. After washing 10 times with PBS
containing 0.1% Tween 20 and 10 times with PBS, bound phage were
eluted with 100 mM triethylamine, neutralized with 1 M Tris (tris(hydroxy-
methyl)aminomethane; pH 7.4), and used to infect E coli. Infected bacteria
were plated on tryptone yeast extract agar (TYE) containing 1% glucose
and 100 �g/mL ampicillin in a BioAssay dish (Nunc) and grown overnight
at 30°C. An aliquot of the BioAssay dish bacterial lawn was used to produce
phage for additional rounds of selection.22 A total of 3 rounds of selection
were performed under increasingly stringent conditions to augment the
specificity and affinity of selected bound phage. The immunotubes were
washed 40 times in round 2 and 60 times in round 3.

Screening of selected clones

Following each round of selection, the HB2151 nonsuppressor strain of E
coli was infected with an aliquot of eluted phage in order to allow
expression of soluble scFv. From each round, 96 random colonies were
picked and scFv expression was induced with isopropyl beta-D-galactopyr-
anoside as previously described.22 Following overnight expression, the
scFvs were screened for binding to TSP by enzyme-linked immunosorbent
assay (ELISA). Bacterial supernatant (100 �L) containing expressed scFv
was incubated for one hour at room temperature in microtiter wells that had
been coated with TSP (10 �g/mL TSP in carbonate buffer, 50 �L/well, 4°C
overnight) and blocked with bovine serum albumin (BSA; 2% BSA in PBS,
2 hours at room temperature). The wells were washed 3 times and bound
scFv detected with mAb 9E10 (4 �g/mL in PBS/1% BSA), followed by
horseradish peroxidase (HRP)–conjugated goat anti–mouse immunoglobu-
lin G (IgG; Fc specific, 1:500). The mAb 9E10 recognizes the c-myc tag,
which is expressed at the carboxy-terminus of all scFvs.24 Immune
complexes were detected with 3,3�,5,5�-tetramethylbenzidine (Sigma, St
Louis, MO).

TSP-specific scFvs were purified by means of the carboxy-terminus
His-tag using a Talon metal affinity column as directed by the manufacturer
(Clontech, Palo Alto, CA).

DNA sequencing

Phagemid DNA was isolated from 2 mL overnight cultures of TSP-specific
clones using Qiagen Minipreparation kit according to the manufacturer’s
instructions (Valencia, CA). The nucleotide sequence of the VH and VL
genes of selected clones was determined using the primers FOR_LinkSeq
(GCCACCTCCGCCTGAACC) and pHEN-SEQ (CTATGCGGCCCCAT-
TCA) using dye terminator chemistry (ABI Ready Reaction mixture;
Applied Biosystems, Foster City, CA). The nucleotide sequences obtained
were compared with germ-line V gene sequences using the online Vbase
directory.25

Immunoblot analysis and TSP digestion

Purified TSP (2 �g/lane) was resolved by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) under reducing condi-
tions, transferred to polyvinylidene fluoride (PVDF) membrane, blocked
with 3% gelatin (one hour, 37°C), and incubated with bacterial supernatants
containing expressed scFv (4°C, overnight). Bound scFv was incubated
with mAb 9E10 (10 �g/mL), followed by alkaline phosphatase–conjugated
goat anti–mouse IgG (1:3000). Immune complexes were detected using
ImmunoPure NBT/BCIP Substrate kit according to the manufacturer’s
instructions (Pierce, Rockford, IL). Rabbit polyclonal anti–TSP-CBD
(Cell-5, kindly provided by Dr William Frazier, Washington University)
was used for a positive control and was detected with alkaline phosphatase–
conjugated goat anti–rabbit IgG.

TSP in Tris-buffered saline (TBS, 20 mM Tris-HCl, pH 7.4, 150 mM
NaCl) was digested with thermolysin (1:100, wt/wt) in the presence of 1
mM CaCl2 (40 minutes) or chymotrypsin (1:100, wt/wt) in the presence of 1
mM CaCl2 (60 minutes) or 10 mM EDTA (ethylenediaminetetraacetic acid;
35 minutes) at room temperature as previously described.15,26-28 The
reactions were stopped by boiling in 4X NuPAGE lithium dodecylsulfate
sample buffer (Invitrogen, Carlsbad, CA) for 5 minutes. Digested TSP (3
�g/lane) was resolved using 4% to 12% NuPAGE Bis-Tris Gel with or
without reduction using NuPAGE 10� Reducing Agent following the
manufacturer’s guidelines (Invitrogen). The gels were either stained with
Coomassie blue or transferred to PVDF membrane and blocked with MPBS
(5% dried milk, room temperature, overnight). Following incubation with
bacterial supernatants containing expressed scFv (3 hours, 37°C), bound
scFv was detected with mAb 9E10 (10 �g/mL in 2% MPBS), followed by
HRP-conjugated goat anti–mouse IgG (1:1000 in 2% MPBS). Immune
complexes were detected by fluorescent exposure of autoradiography film
using enhanced chemiluminescence Western blotting detection kit (Amer-
sham, Arlington Heights, IL).

Blood preparation and flow adhesion assay

Approval for these studies was obtained from the Children’s Hospital of
Wisconsin institutional review board. After obtaining informed consent,
blood samples were collected from patients with homozygous sickle cell
disease (hemoglobin SS) in 3.8% sodium citrate (vol, 1:9). The RBCs were
washed 3 times and resuspended at a 2% hematocrit in M199 serum-free
cell culture medium (Sigma) containing 0.2% bovine serum albumin
(SFM-BSA) as previously described.8 Sickle RBC adhesion was studied
using a parallel plate perfusion chamber on an inverted phase microscope at
37°C as previously described.8 In brief, purified TSP was coated on a
35-mm2 tissue culture plate (2 �g/cm2, 60 minutes, 37°C), followed by an
incubation with 2% BSA in TBS with 1 mM CaCl2 to block the surface.
Following insertion of a gasket and the flow chamber, the wells were rinsed
for a period of 3 to 5 minutes with SFM-BSA. Washed RBCs were perfused
through the chamber at a wall shear stress of 1 dyne/cm2. Following a
5-minute rinse period, the number of adherent RBCs was counted by direct
microscopic visualization of 4 random fields/well in duplicate wells. For
inhibition experiments, bacterial supernatant containing the expressed scFv
being tested was incubated with the coated and blocked surface for 30
minutes at 37°C prior to the initiation of the flow adhesion assay.

For the endothelial cell adhesion assays, human umbilical endothelial
cells (HUVECs) were isolated from anonymous umbilical cords, obtained
in accordance with established institutional guidelines, and grown as
previously described.29 Third-passage HUVECs, grown to confluence on
gelatin-coated 35-mm2 tissue culture plates, were treated for 4 to 8 hours
with recombinant human tumor necrosis factor-� (500 U/mL or 5.5 ng/mL;
Sigma)30 and interleukin-1� (50 pg/mL; Peprotech, Rocky Hill, NJ)31,32

prior to the flow adhesion assay. The cytokine-treated HUVEC monolayer
was placed into the flow chamber, rinsed briefly with SFM-BSA, and then
incubated with SFM-BSA or 5 �g/mL TSP in SFM-BSA for 20 minutes at
37°C under static conditions. Washed RBCs (2% hematocrit in 3 mL
SFM-BSA) or heparinized whole blood (20 U/mL heparin, 1 mL total
volume) were perfused through the chambers and rinsed, and adherent
RBCs were counted as described in the previous paragraph.
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Resonant mirror biosensor measurement of scFv
binding to TSP

The affinity of selected scFvs for TSP was determined using an IAsys
auto� affinity sensor (Affinity Sensors, Cambridge, United Kingdom).
Purified TSP was immobilized onto the surface of a carboxymethyl-dextran
cuvette following the manufacturer’s instructions. The binding of purified
scFv TSP-A10 was then detected over a 7 to 0.1 �M concentration range.
The dissociation constant (Kd) of TSP-A10 was determined on 3 separate
occasions using the IAsys Affinity Sensor and proprietary software from
IAsys (FastFit). The final value reported is an average of the 3 measurements.

Statistical analysis

Data were analyzed by the 2-sample Student t test in which a 2-tail P value
less than .05 was considered statistically significant.

Results

Selection of TSP-specific scFvs

Phagemid particles displaying scFvs from the Griffin.1 library20

that bound purified TSP were isolated following 3 rounds of phage

selection as described.22 Soluble scFv expressed from 96 random
clones from the second and third rounds of selection was screened
for binding to TSP by ELISA. A total of 6 unique scFvs specific for
TSP were selected for further characterization (Figure 1).

Immunoblot analysis of scFv with TSP proteolytic fragments

While all scFvs bound native TSP in ELISA (Figure 1), only scFvs
TSP-A10, TSP-C6, TSP-D2, and TSP-E9 bound denatured TSP
resolved by SDS-PAGE with TSP-A10 and TSP-E9 recognizing
both reduced and nonreduced TSP (Figure 2A). To further define
the region of TSP that these scFvs bound, several strategies were
used to generate proteolytic fragments of TSP. Thermolysin
digestion of TSP in the presence of calcium generates a 25-kDa
fragment that contains the amino-terminal heparin-binding domain,
and a 140-kDa carboxy-terminal proteolytic fragment (Figure
2B).26 Chymotrypsin digestion of TSP in the presence of EDTA
produces a 70-kDa TSP fragment that contains the type 1 and type 2
repeats. Alternatively, chymotrypsin digestion of TSP in the
presence of calcium, which protects the Ca��-binding domain
from proteolytic cleavage, yields a 120-kDa carboxy-terminal
proteolytic fragment that is similar to the 140-kDa fragment except
for loss of the final 18 to 20 kDa of the carboxy-terminal portion of
the TSP-CBD.27 The approximate locations of the 25-kDa, 140-
kDa, 120-kDa, and 70-kDa proteolytic fragments as identified by
amino-terminal sequencing and size17,26,28,33 are shown in Figure 2B.

As shown in Figure 2C-D, the scFv clone TSP-A10 bound both
reduced and nonreduced 140-kDa and 120-kDa TSP fragments, but
not the more amino-terminal 25-kDa and 70-kDa fragments. A
similar pattern was seen for the scFv clone TSP-E9, suggesting that
the binding sites for these 2 scFvs are located in the Ca��-binding
domain or a proximal portion of the TSP-CBD. The scFv clones
TSP-C6 and TSP-D2, which recognized only nonreduced intact
TSP (Figure 2A), both bound the 70-kDa TSP fragment in addition
to the 140-kDa and 120-kDa TSP fragments under nonreducing
conditions (Figure 2D). This suggests that both TSP-C6 and
TSP-D2 bind to the more central region of TSP. The scFv clones

Figure 1. scFvs specifically bind TSP. Bacterial supernatants containing ex-
pressed soluble scFv (TSP-A10, -C5, -C6, -D2, -E7, -E9, or anti–human thyroglobulin
(a-hTG) control scFv that binds hTG were incubated in microtiter wells coated with
0.5 �g/well of purified human TSP-1 (TSP, u) or control protein hTG (�). Bound
scFvs were detected by ELISA using anti–c-myc mAb 9E10 as described in
“Materials and methods.” The graph depicts the means � SEs of 4 experiments.

Figure 2. Immunoblot of selected scFvs with purified intact TSP and TSP digests. Bacterial supernatants containing expressed soluble scFv (TSP-A10, -C5, -C6, -D2,
-E7, and -E9) were incubated with (A) purified human platelet TSP or (C-D) TSP digested with thermolysin in the presence of CaCl2 (Th/�), chymotrypsin in the presence of
CaCl2 (Ch/�), or chymotrypsin in the presence of EDTA (Ch/�) resolved by PAGE under reducing (A,C) or nonreducing (D) conditions and transferred to PVDF membrane.
Bound scFv was detected by anti–c-myc mAb 9E10 as described in “Materials and methods.” (B) Schematic illustration of TSP monomer with selected domains as described in
the text. HBD indicates heparin-binding domain; PC, procollagen-like region; type 1, type 1 repeats; type 2, type 2 repeats; Ca�� Binding, Ca��-binding domains or type 3
repeats; CBD, cell-binding domain; S, site of cysteines that disulfide link TSP chains to form trimer; and S-S, disulfide bond in C-terminal region. The approximate locations of
the 25-kDa, 140-kDa, 120-kDa, 18-kDa, and 70-kDa proteolytic fragments as identified by amino-terminal sequencing and size26,28,33 are indicated by arrows. The 25-kDa
fragment is a monomer,26 the 70-kDa, 120-kDa, and 140-kDa fragments are trimers,33 and the 18- to 20-kDa C-terminal fragment remains disulfide linked to the 120-kDa
fragment.17
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TSP-C5 and TSP-E7 did not bind full-length or digested TSP under
either reducing or nonreducing SDS-PAGE conditions (Figure 2A
and data not shown). This suggests that the epitopes recognized by
these 2 scFv Abs are destroyed when TSP is denatured.

Effect of scFv on sickle RBC adhesion to TSP

Sickle RBCs avidly bind immobilized TSP under flow condi-
tions.8,10,11 To date, multiple, well-characterized TSP-specific mAbs
do not inhibit sickle RBC adhesion within our experimental
model.8,15 Therefore, the selected scFvs were tested for their ability
to inhibit sickle RBC adhesion. Bacterial supernatants containing
soluble scFv were incubated with TSP immobilized on the surface
of a parallel plate flow adhesion assay. Washed sickle RBCs were
then perfused over the treated TSP at a wall shear stress of 1
dyne/cm2, a force similar to that found in postcapillary venules, a
proposed site of vascular obstruction in sickle cell disease.5,34

Bacterial supernatants containing clones TSP-A10, TSP-C5, and
TSP-E9 inhibited sickle RBC adhesion to TSP compared with
bacterial supernatants containing a control (anti–human thyroglobu-
lin; a-hTG) scFv (Figure 3, P 	 .001). In contrast, scFv clones
TSP-C6, TSP-D2, and TSP-E7 did not inhibit sickle RBC adhesion
compared with the control scFv (Figure 3). Of note, bacterial
supernatant containing the control scFv directed against human
thyroglobulin that does not bind native TSP (Figure 1, a-hTG)
modestly inhibited sickle RBC adhesion compared with buffer
control (76% RBC adhesion, P 
 .03), showing a mild nonspecific
effect likely due to the bacterial supernatant.

Effect of purified scFv on sickle RBC adhesion to TSP

To characterize this inhibition further, scFv TSP-A10 was ex-
pressed and purified by Talon affinity chromatography. When the
purified scFv was incubated with TSP and included during the RBC
perfusion (10 �g/mL), TSP-A10 consistently inhibited the adhe-
sion of sickle RBCs to immobilized TSP by approximately 40%
(Figure 4, P 
 .0002). This inhibition required the inclusion of
scFv throughout the experiment. If the flow chamber was rinsed
prior to the RBC perfusion, the effect on RBC adhesion was modest
and variable (data not shown). This suggests that scFv TSP-A10 has a
relatively low affinity. In agreement, kinetic studies found that scFv
TSP-A10 bound purified TSP with a Kd of approximately 2 �M (data
not shown). The use of purified scFv reduced the nonspecific inhibition
that was seen when bacterial supernatant was used (Figures 3-4).

Effect of scFv TSP-A10 on sickle RBC adhesion
to activated endothelial cells

In order to determine whether the scFv TSP-A10 affected sickle
RBC adhesion under more physiologic conditions, we incubated
cytokine-stimulated endothelial cells with TSP-A10 followed by
perfusion of washed sickle RBCs through the flow chamber. As
shown in Figure 5, there was no effect of TSP-A10 on sickle RBC
adhesion to activated endothelial cells until TSP was also added to
the experimental system. This suggests that TSP-A10 is specific for
inhibiting sickle RBC adhesion to endothelial cells via TSP-
dependent mechanisms. Interestingly, when whole blood was
perfused over activated endothelial cells preincubated with TSP,
there was a significant increase in overall adhesion that was only
partially inhibited by TSP-A10. These data emphasize the complex-
ity of sickle RBC adhesion and demonstrate that additional plasma
and cellular factors also contribute to sickle RBC adhesion in vivo.

DNA sequence analysis of TSP binding scFv Abs

Analysis of the nucleotide sequences of the VH and VL genes of
the 6 TSP-specific scFvs indicated that these clones were restricted
to just 3 VH genes and 2 VL genes (Figure 6). Interestingly, the
scFv clones TSP-A10 and TSP-E9, which bound the Ca��-binding
domain or proximal TSP-CBD (Figure 2C) and inhibited sickle
RBC adhesion (Figure 3), use genes from different VH families,
but both contained adjacent proline and arginine residues in the
VH-CDR3 (Figure 6). Additionally, clones TSP-E7 and TSP-D2,

Figure 3. Effect of scFv on sickle RBC adhesion to immobilized TSP. Parallel
plate flow chambers were coated with purified TSP (2 �g/cm2), blocked with 2% BSA,
and incubated with bacterial supernatants containing scFv. Control scFv (Ctrl scFv
[a-hTG], n 
 12), TSP-A10 (A10, n 
 6), TSP-C5 (C5, n 
 6), TSP-C6 (C6, n 
 6),
TSP-D2 (D2, n 
 7), TSP-E7 (E7, n 
 6), TSP-E9 (E9, n 
 7), or control buffer
(buffer, n 
 19). Washed sickle RBCs were perfused through flow chambers at a wall
shear stress of 1 dyne/cm2 as described in “Materials and methods.” After rinsing,
adherent RBCs per unit area were counted by direct microscopic visualization. The
results are shown as the means � SEs of sickle RBC adhesion, normalized to sickle
RBC adhesion to buffer-treated TSP (900 � 110 RBCs/mm2, n 
 19). The * indicates
a P value of .001 or less compared with control scFv.

Figure 5. TSP-dependent sickle RBC adhesion to activated endothelial cells is
inhibited by scFv TSP-A10. Cytokine-stimulated endothelial cells were incubated
with SFM-BSA (buffer) or TSP in SFM-BSA (5 �g/mL, TSP, whole blood) with (u) or
without (�) purified scFv TSP-A10 (2.3 �g/mL) for 20 minutes at 37°C as described in
“Materials and methods.” Washed sickle RBCs (buffer, TSP) or whole blood was
perfused over the treated endothelial cells and rinsed, and adherent RBCs were
counted as described in Figure 3. The results are shown as the means � SEs of
adherent RBCs/mm2 (n 
 3 for buffer, n 
 5 for TSP and whole blood). The *
indicates a P value less than .005 comparing TSP-A10–treated assays with control
assays, and § indicates a P value of .01 or less comparing whole blood with either
buffer or TSP under control conditions.

Figure 4. Sickle RBC adhesion to TSP is inhibited by the purified scFv TSP-A10.
Washed sickle RBCs and TSP immobilized on perfusion chamber wells were
incubated with control buffer (TSP), purified scFv TSP-A10 (10 �g/mL, n 
 10), or
purified control scFv (a-hTG; 10 �g/mL, n 
 6) for 60 minutes at room temperature.
Treated RBCs were perfused through flow chambers at a wall shear stress of 1
dyne/cm2, and adherent cells were counted as described in Figure 3. The results are
shown as the means � SEs of adherent RBCs/mm2. The * indicates a P value of
.0002 or less compared with control scFv.
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which did not affect sickle RBC adhesion to TSP, have VH domains
derived from the heavy chain gene VH3-23 and have the nearly
identical VL genes with the same VL-CDR3s. Finally, clones
TSP-C5, TSP-C6, and TSP-E9 all use VH genes homologous to the
VH4-4b gene and identical VL-CDR3s.

Discussion

In this study, we isolated 6 unique human scFvs with “synthetic”
third CDRs that specifically bound to purified human TSP. These
scFvs, which all recognize native TSP by ELISA (Figure 1), were
isolated by selecting with TSP purified from platelet releasate. In
immunoblotting, only TSP-A10, TSP-C6, TSP-D2, and TSP-E9
bound denatured TSP (Figure 2). Using proteolytic fragments of
TSP we were able to characterize the epitopes recognized by the
scFvs. TSP-C6 and TSP-D2 recognized nonreduced TSP and
bound to the 70-kDa TSP fragment, signifying that these 2 scFvs
likely bind an epitope within the midregion of TSP that includes the
type 1 and type 2 repeats as well as the procollagen-like region
(Figure 2B). While TSP-C5 and TSP-E7 bound native TSP by
ELISA, they did not recognize denatured TSP by immunoblot
analysis, suggesting that the essential conformational epitopes for
these scFvs are lost when TSP is denatured or that the scFvs have a
low affinity.

Both TSP-A10 and TSP-E9 bound an epitope on TSP present on
the 120-kDa fragment, but not the 70-kDa amino-terminal subpor-
tion of this fragment (Figure 2). Therefore, both TSP-A10 and
TSP-E9 likely recognize an epitope that derives from either the
Ca��-binding domain or a neighboring portion of the TSP-CBD.
Interestingly, both scFvs also produced the greatest inhibition of
sickle RBC adhesion under flow conditions (Figure 3), suggesting
that there is a site within the Ca��-binding domain or the amino
portion of the TSP-CBD that interacts with sickle RBCs. In

agreement, TSP-C6 and TSP-D2, which both recognize an epitope
outside of this region, had no significant effect on sickle RBC
adhesion (Figure 3).

We were unable to characterize the epitope recognized by
TSP-C5 and TSP-E7 by immunoblot. The former scFv showed
good levels of inhibition of sickle RBC adhesion to TSP, while the
latter was inert. The difference between these 2 scFvs in producing
inhibition of sickle RBC adhesion implies that they either recog-
nize different epitopes on TSP or bind with different affinities.

The serologic and functional characterization of the scFvs have
interesting correlates with their deduced amino acid sequences
(Figure 6). Clone TSP-A10 is derived from unique VH and VL
genes (VH3-20 and VL-L11, respectively), while clone TSP-E9,
with similar TSP regional binding and sickle RBC inhibition
profiles, has different VH and VL genes (VH4-4b and VL-1g,
respectively). Comparison of the CDR3 regions show that both
TSP-A10 and TSP-E9 contain a proline adjacent to a positively
charged arginine within the VH-CDR3. These may provide impor-
tant conformational and/or charge properties necessary for scFv
binding. Interestingly, the noninhibitory clones TSP-D2 and TSP-E7
share common VH and VL domains that are derived from the
VH3-23 and VL-1g genes, respectively. Finally, clones TSP-C5,
TSP-C6, and TSP-E9, which have different levels of inhibition of
sickle RBC adhesion, all use the same VH and VL genes, VH4-4b
and VL-1g, respectively. The observation that scFvs with highly
homologous VH and VL domains may target different epitopes and
that this is solely controlled by the VH-CDR3 sequence confirms
earlier studies from our laboratory with scFv against the family of
Rh proteins.35

TSP is an adhesive plasma and extracellular matrix glycoprotein
that mediates cell attachment, migration, and spreading, and plays a
significant role in angiogenesis, wound healing, and phenotypic
differentiation.36 Sickle RBCs avidly bind purified, immobilized
TSP under conditions of low shear flow in vitro.8,10,11 In addition,

Figure 6. Deduced amino acid sequences of TSP-specific scFvs. The VH (A) and VL (B) segments of the TSP-specific scFvs were sequenced as described in “Materials
and methods.” The deduced amino acid sequences are shown compared with the closest germ-line V gene sequence. Homology is shown by dashed lines and silent mutations
by lowercase letters, with numbering according to Kabat.51 GenBank accession numbers AF396468 to AF396479.
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soluble TSP enhances the adhesion of sickle RBCs to cultured
endothelial cells and surface-bound TSP.10,11,37 We found that
TSP-A10 inhibited sickle RBC adhesion to both immobilized
purified TSP as well as to sickle RBCs bound to cytokine-activated
endothelial cells in the presence of soluble TSP. Interestingly, we
also found a baseline level of sickle RBC adhesion to cytokine-
stimulated endothelial cells that was unaffected by scFv TSP-A10
as well as a marked increase in whole blood RBC adhesion to
activated endothelial cells that was only partially inhibited by
TSP-A10. These data emphasize the complexity of sickle RBC
adhesion and confirm the theory that multiple adhesive pathways
likely contribute to mediating sickle RBC adhesion in vivo. The
fact that TSP-A10 significantly inhibited sickle RBC adhesion in
the more complex system of activated endothelial cells and whole
blood suggests a potentially physiologic role for sickle RBC–TSP–
endothelial cell interactions in vivo. The inhibitory effect of
TSP-A10 in the whole blood–endothelial cell system also compels
further studies of this scFv using in vivo models of sickle
cell disease.

TSP has multiple sites that mediate cell adhesion, including the
amino-terminal heparin-binding domain,26 sequences within the
type 1 repeats that associate with CD36,38 the Arg-Gly-Asp
integrin-binding site within the last type 3 repeat of the calcium-
binding domain,39 and the carboxy-terminal TSP-CBD that binds to
platelets and transformed cells.18 Using purified TSP proteolytic
fragments, we have previously shown that the intact carboxy-
terminal cell-binding and neighboring Ca��-binding domains are
required for TSP to recognize the sickle erythrocyte.15 Controlled
chymotrypsin digestion that gradually cleaves the 140-kDa TSP
fragment into the disulfide-linked 120-kDa TSP and 18-kDa
fragments fully disrupted sickle RBC adhesion to surface-bound
TSP in a dose-dependent manner. Since the carboxy-terminal
18-kDa fragment remains disulfide-linked to the 120-kDa frag-
ment, the proteolytic cleavage likely destroys a critical conforma-
tional structure of the 18-kDa TSP fragment or the carboxy-
terminal regions of the 120-kDa TSP fragment. That scFvs
TSP-A10 and TSP-E9, which likely bind a similar region of TSP,
also disrupt sickle RBC adhesion lends further support to the thesis
that the carboxy-terminal regions of TSP, or the junction near the
Ca��-binding domain, and TSP-CBD are critical for RBC adhesion.

Integrin-associated protein (IAP or CD47) on endothelial cells,
platelets, and transformed cell lines interacts with the carboxy-
terminal TSP-CBD.40,41 Furthermore, the 4N1K peptide derived
from the TSP-CBD has been shown to bind IAP and modify the
adhesive phenotype of platelets and human melanoma cells via G
protein–linked signaling pathways.42-44 In agreement with a role for
the carboxy-terminus of TSP interacting with sickle RBCs, Brittain
et al45 have provided evidence that IAP on sickle RBCs, but not
normal RBCs, binds surface-bound TSP. Additionally, the 4N1K
peptide may also cause a modest15 or more striking37 increase in

sickle RBC adhesion that varies with experimental conditions. Our
finding that scFvs TSP-A10 and TSP-E9, which specifically bind
the TSP Ca��-binding domain or an adjacent portion of the
TSP-CBD, significantly inhibit sickle RBC adhesion provides
further evidence for an essential role of this region of TSP in the
interaction of sickle RBCs with TSP. The effect of these scFvs may
be due to either direct interference with a sickle RBC binding site
or to changes induced in a critical conformational epitope(s) on
TSP that is distal to the scFv binding site.

We have found that neither well-characterized adhesive peptide
sequences from within the TSP cell-binding domain18 nor mAbs
known to block cellular binding to the TSP cell-binding domain16

inhibit sickle RBC adhesion to TSP within our experimental
model.15 Thus, the site, or sites, on TSP that recognizes the sickle
RBC appears to be a novel adhesive site within the cell-binding
domain, or a distant site on TSP affected by the conformation of the
cell-binding domain. The lack of adhesive TSP peptides or mAbs
that bind TSP-CBD and inhibit sickle RBC binding to immobilized
TSP has greatly limited studies to further define sickle RBC–
adhesive ligand interactions. Therefore, the successful selection of
several unique scFvs that selectively bind TSP and affect sickle
RBC adhesion will provide tools to improve our understanding of
sickle RBC adhesion. The use of these scFvs in such studies may be
facilitated by improving their affinities by reducing the off rates
using in vitro affinity maturation techniques such as light-chain
shuffling, mutagenesis, or CDR3 randomization.46-49 The V genes
encoding such affinity-matured antibodies may then be recloned as
an IgG with modified heavy chain constant domains to produce a
TSP blocking antibody that does not activate complement or bind
Fc receptors.50

Sickle RBC adhesion to the vascular endothelium likely contrib-
utes to the pathogenesis of vascular obstruction in sickle cell
disease. Characterization of sickle RBC interactions with the
vascular endothelium and extracellular matrix will improve our
understanding of vaso-occlusive events in sickle cell disease and
should provide insight as to mechanisms that will inhibit the
adhesion of the sickle RBC to the vessel wall and prevent
endothelial injury and, therefore, subsequent vascular obstruction.
These newly identified antibodies will be novel reagents to further
investigate functional characteristics of sickle RBC interactions
with TSP, including the role of TSP in experimental models of
sickle cell vaso-occlusion.
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