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Summary

Over three decades after the generation of the first mouse
monoclonal antibodies by Kohler and Milstein, recombinant
antibodies are the fastest growing class of therapeutic proteins.
Furthermore, antibodies are key detection reagents in research
and diagnostics. Technology improvements have provided sev-
eral approaches to manufacturing human antibodies with high
affinity for biologically relevant targets. Approximately 300 de-
velopment programs for therapeutic antibodies have been re-
ported in industrial and academic laboratories, and this clearly
demonstrates the expectations towards antibody technology.
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Antibody fragments are a subclass with growing clinical import-
ance.This review focuses on single-chain antibodies as one of the
smallest possible format for recombinant antibodies and their
use as diagnostic tools and therapeutic agents.We describe the
structure, selection and production of single-chain antibodies.
Furthermore, we review current applications of antibody frag-
ments focusing on thrombus targeting using fibrin- and platelet-
specific single-chain antibodies as well as describing novel non-
invasive imaging approaches for the diagnosis of thrombosis and
inflammation.
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Structure, selection and production
of single-chain antibodies

With the advent of hybridoma technology, it was possible to pro-
duce monoclonal antibodies of defined antigen specificity (1). A
major breakthrough in the field of antibody engineering was the
generation of antibody fragments as recombinant proteins in the
periplasmatic space of Escherichia coli (2). The genes encoding
the variable regions of monoclonal antibodies were cloned into
E. coli expression vectors in order to produce antibody frag-
ments, which preserve the binding specificity of the parental hy-
bridoma antibodies (3). These generated single-chain antibodies
(scFvs) are a minimal form of functional antibodies (Fig. 1). The
scFv format demonstrates several advantages compared with
mouse-derived antibodies or their fragments; the ease of cloning
in bacteria offers the opportunity of genetic engineering, such as
further optimisation and the construction of fusion molecules
without loss of binding function. Single-chain antibodies are ex-
pected to be only minimally immunogenic, especially when gen-

erated from human libraries. Their small size facilitates tissue
penetration, but also results in a rapid clearance from circulation
4).

Most of the growing number of antibodies in clinical trials
are derived from phage-display technology (5) or transgenic
mice that express human immunoglobulin genes (6). The bind-
ing affinity of human antibodies from transgenic mice is often
high, reflecting affinity maturation in vivo. Using large natural
and synthetic libraries, specific high-affinity antibodies can be
selected by linking antigen binding to genotype, thereby allow-
ing simultaneous recovery of the gene encoding the selected
antibody. Despite the availability of various alternative methods
(7) such as bacterial surface display, ribosomal display, puromy-
cin display or yeast surface display, phage display has become
the most widely used method. The technique for isolating spe-
cific antibodies by their binding activity in vitro is called “pan-
ning”. The antigen is immobilised on a solid surface, such as ni-
trocellulose, magnetic beads, a column matrix, plastic surfaces,
microtiter plates or even presented on the cell surface (8). It is
also possible to select scFv in vivo using phage display as de-
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Figure I: Structure of
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scribed recently (9, 10). The antibody phages are incubated with
the immobilised antigen, followed by washing to remove excess
non-binding antibody phages. The bound phages can sub-
sequently be eluted and reamplified by infection of E. coli for the
next selection round. Usually two to six panning rounds are
necessary to select specifically binding antibody phages. After
their isolation some antibody fragments have a sufficiently high
binding affinity or biological potency for therapeutic appli-
cations.

Production of antibodies for preclinical and clinical trials has
been evaluated in numerous expression systems, but bacteria are
favoured for small, non-glycosylated Fab and scFv fragments as
they can be expressed at low cost and are easily amenable to
commercial scale up, usually with terminal polypeptides for af-
finity purification (11). Several antibody fragments have been
produced at gram-per-litre titres by E. coli fermentation, a feat
that has only recently been approached for IgG molecules in this
host (12).

Single-chain antibodies as diagnostic agents

Immunosensors

Recombinant antibodies provide an emerging strategy in the de-
velopment of new diagnostic agents. In particular, scFvs can be
isolated and expressed in bacterial systems that also allow their
manipulation in vitro at the gene level to introduce linker groups
for immobilisation and coupling to nanoparticles. For example,
the introduction of a cysteine residue at the C terminus of an scFv
construct allows covalent attachment to gold-coated sensor inter-
faces in directed orientation (13). An array of simultaneous de-
tection measurements revealed specific antigen binding in this
system, which was proportional to the antigen concentration.
Shen et al. (14, 15) used an additional cysteine or two additional
histidines within the linker peptide of the scFv to immobilise the
antibody to a gold piezoimmunosensor surface. All scFvs were
correctly oriented, retained antigen-binding activity, and coupled
at high surface concentration. These results suggest that the lo-
cation on the linker sequence, in which the amino acids were in-
corporated, was well tolerated and did not interfere with scFv

binding activity. Recently, the same group could further improve
this approach by generating a polycationic arginine peptide
linker absorbed to anionic charged template surfaces (16). These
immunosensors have potential applications as highly sensitive
detection assays.

Single-chain antibodies in magnetic resonance

and near infrared imaging

Atherosclerosis is an inflammatory disease leading to plaque
formation and expression of proinflammatory proteins, extracel-
lular matrix proteins and proteases. Imaging of plaque-associ-
ated proteins appears to be interesting especially when their ex-
pression can be related to local inflammation or characteristics
of plaque instability. It has been shown that Extra domain B-con-
taining (ED-B) fibronectin is a potential target for plaque im-
aging. Dietrich et al. (17) used a novel anti-ED-B scFv con-
jugated for near infrared fluorescence imaging (NIRF). They
examined the association of ED-B with the presence of macro-
phages in a murine model of atherosclerosis. Expression of
ED-B was observed in plaque areas in apolipoprotein E-defi-
cient (apoE—/—) mice, which increased with age and plaque load.
Plaque lesion ED-B was expressed by smooth muscle cell and
was closely associated to macrophage infiltrates indicating
plaque instability.

Platelets are the key to thrombus formation and play a role in
the development of atherosclerosis (18, 19). They are lining rup-
ture-prone atherosclerotic plaques and could therefore facilitate
detection of platelet-mediated pathology in atherothrombotic
disease. The platelet integrin GPIIb/II1a mediates the final com-
mon pathway of platelet aggregation and is the key to thrombus
formation on ruptured atherosclerotic plaques. We have recently
developed a single-chain antibody that recognises ligand-in-
duced binding sites (LIBS) of GPIIb/IIIa that become exposed
only upon receptor activation (20). The LIBS-epitope is located
outside the fibrinogen binding area and therefore yields high
specificity for the activated GPIIb/II1a receptor. Consequently, it
can also be targeted even in the presence of fibrinogen or GPIIb/
I1Ia receptor antagonists.
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Figure 2: In vivo MRI after
carotid artery injury and
subsequent treatment with
intravenous mouse uroki-
nase. Enlarged transverse sec-
tions of the injured right carotid
artery. A) The vessel before
injection, with a marked and
progressive diminution in signal
after LIBS MPIO injection
between 12 and 48 minutes.

B) Thrombolysis was performed
after the 48-minute scan. Images
obtained after intravenous appli-
cation of urokinase show the re-
appearance of the vessel lumen
signal over time indicated by
©).

mm mm

+ 96 min ,
+ 48 min after lysis

Recent progress in molecular magnetic resonance imaging
(MRI) provides the opportunity to image cells and cellular re-
ceptors using iron oxide particles, which provide a potent
negative contrast in T2*-weighted MRI. Recent studies have
used microparticles of iron oxide (MPIOs) for this purpose
(21-23). These MPIOs convey a payload of iron that is many
orders of magnitude greater compared to ultrasmall particles of
iron oxide. They cause local magnetic field inhomogeneity and
therefore MRI signal distortions within an area up to 50 times of
the size of the particle depending on the MRI imaging method.
We conjugated MPIOs to anti-LIBS-scFv’s via the poly-his tag at
the C-terminus. In a well-established mouse model of carotid in-
jury, we induced non-occlusive mural thrombi with 6% ferric
chloride and imaged thrombosis and thrombolysis at 9.4 tesla by
MRI (24). A significant signal void in the carotid artery was ob-
served with LIBS MPIOs, corresponding to MPIO accumu-
lation. After thrombolysis, the signal void subsided, indicating
successful thrombolysis (Fig. 2). On histology, the MPIO-con-
tent of the thrombus, as well as thrombus size, correlated signifi-
cantly with LIBS MPIO-induced signal void. In another study,
we were able to image platelet adhesion at the site of injury on a
11.7-tesla MRI scanner ex vivo, following guidewire injury to
mouse femoral artery (25). LIBS-MPIO binding, as quantified
by MRI, was four-fold higher with anti-LIBS-MPIO in compari-
son to control MPIO. We could also validate LIBS-MPIOs at a
lower and clinically more relevant magnetic field strength on a 3
Tesla clinical MRI-scanner (26). Ex-vivo binding to human pla-
telet-rich clots as well as significant binding of LIBS-MPIO to a
platelet matrix under venous/arterial flow conditions in vitro was
observed.

Platelets also play an important role in acute inflammation,
interacting with leukocytes, and endothelial cells. Cerebral ma-
laria is associated with elevated levels of cytokines in the brain
and adherence of platelets to the microvasculature. Using the
LIBS-MPIO contrast agent in a mouse model of cerebral ma-
laria, we could detect activated platelets in brains of malaria-in-
fected mice six days after inoculation with Plasmodium berghei
(27). Importantly, this was at a time when the pathology was
otherwise undetectable by conventional MRI. Temporal studies
revealed that the level of MPIO-induced contrast was propor-
tional to the number of platelets bound.

These studies highlight the potential of platelet targeted
LIBS-MPIO contrast agents for diagnostic, mechanistic, and
therapeutic studies in vitro and in vivo in inflammation and
thrombotic events. Further studies will have to prove if the
identification of vulnerable, rupture-prone atherosclerotic
plaques is possible via non-invasive MRI.

Single-chain antibodies as therapeutic agents

Inhibition of inflammation and complement system
suppression

The complement system contributes significantly to the patho-
genesis of numerous acute and chronic diseases. Inflammation is
a cornerstone of the post-myocardial infarction. Also, during a
heart bypass procedure, the ,,complement activation causes an
inflammatory response that can lead to side effects such as chest
pain, heart attack, stroke, heart failure, or death. Pexelizumab
(Alexion Pharmaceuticals), a recombinant humanised scFv to
C5, was the first scFv to enter clinical trial (28-30). Pexelizumab
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is designed to inhibit complement-mediated tissue damage as-
sociated with reperfusion injury and inflammation that occurs
during open heart surgery. In clinical trials it appears to reduce
cardiac enzyme release and possibly mortality in patients under-
going coronary artery bypass graft surgery and also in the treat-
ment of acute myocardial infarction (31, 32). Pexelizumab can
also be used as adjunctive therapy to fibrinolysis and primary
percutaneous coronary intervention.

Selectins are a family of adhesion receptors, which mediate
rolling of leukocytes on the luminal surfaces of the vascular en-
dothelium. Selectin-mediated rolling is a particularly attractive
target for therapeutic intervention because it occurs early in the
inflammatory cascade before firm adhesion and extravasation
into the surrounding tissue. Blocking selectin binding may re-
duce tissue damage by both decreasing the number of leukocytes
that enter the surrounding tissue and reducing the quantity of
proinflammatory cytokines that are released. Blocking scFv
have been described against two prominent members of the se-
lectin family: E-selectin (33) and P-selectin (34). Anti-E-selectin
antibodies have been effective for the therapy of septic shock,
where signs of shock resolution were registered after treatment
(35). Blocking P-selectin has been shown to inhibited neutrophil
recruitment into chemically inflamed mouse peritoneum after
stimulation (36).

Another important adhesion molecules involved in inflam-
mation is the leukocyte integrin Mac-1. Upon leukocyte acti-
vation, Mac-1 undergoes a conformational change exposing in-
teraction sites for multiple ligands. We recently generated scFvs
directed against activation-specific Mac-1 ligand-binding sites
using human scFv phage libraries (37). Potential therapeutic use
was tested in adhesion assays under static and flow conditions
demonstrating the selective blockade of activated monocytes
only. To demonstrate the feasibility of activation-specific anti-
Mac-1 scFvs as diagnostic tools, we investigated patients with
severe sepsis. Compared to a matched control group without
clinical or laboratory signs of inflammation, patients with sepsis
demonstrated a significantly increased binding of MAN-1 to pe-
ripheral blood monocytes. Thus, anti-Mac-1 scFv’s also repre-
sent a diagnostic tool for the detection of monocyte activation in
sepsis.

Fibrin-targeted anticoagulants

Fibrin is an obvious target to concentrate antithrombotic or fi-
brinolytic agents at the clot. Sufficient amounts of fibrin are
present even in platelet-rich thrombi. Fibrin targeting can be
achieved with the monoclonal antibody 59DS8, which selec-
tively binds to the amino-terminus of the fibrin beta-chain that
becomes exposed after cleavage of fibrinopeptide B by throm-
bin (38). Because exposure of this epitope is an early event in
the conversion of fibrinogen to fibrin, it is likely that 59D8 ac-
cumulates at sites of high thrombin activity, such as a develop-
ing arterial clot. Other antibodies such as MA-15CS5, directed
against the fragment D-dimer of cross-linked human fibrin,
have also been used successfully to target clots (39), but these
are predominately directed against structures of already cross-
linked and thus older clots. Another scFv antibody was devel-
oped directed against human fibrin clots by using a fully
human phage display library (40). The scFv could specifically

recognise human fibrin clots and indicate no binding ability
with human fibrinogen shown by ELISA.

Based on the monoclonal antibody 59D8, we generated a fi-
brin-specific scFv and constructed three different anti-throm-
botic fusion proteins. We fused hirudin to the generated fibrin-
specific scFv of 59D8 using recombinant techniques to target a
developing clot (41). Hirudin can inhibit thrombin that is bound
to the clot or to soluble fibrin degradation products (42) and, in
contrast to heparin, has no natural inhibitors. Furthermore, hiru-
din can displace thrombin from platelet thrombin receptors (43).
Because hirudin needs a free amino- as well as a free carboxyl-
terminus for antithrombin activity, a direct fusion at the terminus
of hirudin was expected to result in a functional loss. Therefore,
a factor Xa (FXa) cleavage site was introduced between the
scFvsopg and hirudin. Without an activated coagulation system,
the fusion protein would be inert. However, as a clot develops,
the combination of fibrin targeting and dependence on cleavage
by FXa could result in an effective thrombin inhibition at the clot
without systemic anticoagulation. The generated fusion protein
inhibited appositional growth of whole blood clots in vitro more
efficiently than native hirudin.

Encouraged by the promising results obtained with the tar-
geted thrombin inhibitor scFvsgpg-Xa-hirudin, we designed a tar-
geted direct FXa inhibitor, which promises to enhance local anti-
coagulative potency at the clot and reduce systemic anticoagu-
lation, which potentially results in less bleeding complications
(44).

Efficient blocking of FXa can be achieved with the serine
protease inhibitor tick anticoagulant peptide (TAP), originally
isolated from Ornithodoros moubata (45). The recombinant
form of TAP has been shown to have a strong antithrombotic ef-
fect in models of experimental arterial and venous thrombosis
(46) mediated through a specific and potent direct inhibition of
fXa independent of other plasma cofactors. In contrast to the
scFvsopg-Xa-hirudin, we could show that no FXa cleavage site
was necessary and the recombinant fusion did not destroy the
function of the fusion partners. This finding introduces TAP as a
potent partner for fusion molecules. In human whole blood clots,
scFvsops-TAP revealed anticoagulative properties at concen-
trations where non-targeted TAP did not reveal anticoagulative
activity at all.

Targeted recombinant plasminogen activators

Fibrinolysis has been proven to be very beneficial in patients
with acute myocardial infarction (47). The single-chain uroki-
nase-type plasminogen activator (scuPA) is a glycoprotein of 54
kDa. Cleavage by plasmin or kallikrein results in a two-chain
derivate (tcuPA) connected by a disulfide bond with a much
higher plasminogen activation rate than scuPA. Thus, scuPA gen-
erates plasmin activity at the site of a clot, which then potentiates
plasminogen activation by converting scuPA to the highly active
form tcuPA. However, limitations in thrombolytic efficacy have
caused an ongoing search for improved thrombolytic drugs.
Using an scFv directed against the fragment D-dimer of cross-
linked human fibrin, scuPA has been successfully targeted to
clots (39) and tested in different venous thrombosis models in
vivo (48). We used the fibrin-specific scFv 59D8 to target scuPA
to a thrombus in order to enhance thrombolytic potency and clot
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specficity (49). In human plasma clots, thrombolysis by
scFvsops-scuPAM™MW is significantly faster and more potent com-
pared with the clinically used urokinase.

Recent work was published about a chimeric protein consist-
ing of the C-terminal sequence of hirudin, scu-PA and an RGD
sequence derived from the leech protein decorsin also targeting
platelets (50). The constructed protein has plasminogen-depend-
ent fibrinolytic activity, platelet aggregation inhibitory activity
and antithrombin activity. A thrombus-targeting chimera
composed of annexin B1, scuPA and a fibrin-adherent peptide
was also described. An in-vitro test showed that the chimera was
a thrombolytic agent with activated-platelet membrane and fi-
brin binding activity. Compared to scuPA, the chimera had less
reperfusion time, higher reperfusion ratio, and less bleeding ef-
fects on coronary thrombolysis in a dog model (51).

The group of Vladimir Muzykantov elegantly used a scFv
antibody against platelet-endothelial-cell adhesion molecule 1
(PECAM-1) for targeted thrombolysis. To prevent thrombus
formation, they anchored scuPA to the vascular lumen (52-54) in
the lung and the brain. In a model of pulmonary embolism and
stroke the chimera protein was more effective than scuPA alone,
thereby providing support for the concept of thromboprophyla-

xis using recombinant scFv-fibrinolytic fusion proteins. To
avoid premature activation and inactivation and to limit systemic
toxicity, they also replaced the native plasmin activation site in
scuPA with a thrombin activation site, activated by thrombin in-
stead of plasmin (55). In mouse models of pulmonary thrombo-
sis caused by thromboplastin and ischaemia-reperfusion, the tar-
geted construct provided more potent thromboprophylaxis and
greater lung protection than the plasmin-sensitive counterpart.

Most recently a heterodimer diabody that inhibits thrombin
activatable fibrinolysis (TAFI) and plasminogen activator in-
hibitor-1 (PAI-1) simultaneously has been reported (56). Both
play important roles in fibrinolysis by reducing plasmin gener-
ation. It was shown that the diabody revealed a similar affinity
and inhibitory properties for TAFI and PAI-1 as that of the par-
ental antibodies in vitro. These observations demonstrate that
simultaneous inhibition of TAFI and PAI-1 results in faster lysis
of the formed thrombus.

ScFvs against the platelet integrin GPIlIb/llla

The platelet integrin GPIIb/Illa is of pivotal importance for co-
agulation and thrombosis. Its conformation-unspecific blockade
has been one of the major advances in antithrombotic therapy of
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recent years. The chimeric mouse-human Fab-fragment abcixi-
mab, the cyclic peptide eptifibatide, and the synthetic peptido-
mimetic tirofiban have been successfully used in patients with
acute myocardial infarction, unstable angina, or angioplasty
(57). However, this current type of GPIIb/Illa blockade is ac-
companied by several adverse effects. All of these problems are
associated with the property of the inhibitors to bind to the
GPIIb/111a receptor, irrespective of its activation state, and to act
partially as ligand-mimetics.

We (58, 59) and others (60—62) have taken advantage of the
existence of different conformational states of GPIIb/Illa to de-
velop an alternative, unique strategy that targets only activated
platelets. As scFv phage display permits an in-vitro imitation of
the natural immunisation process, we used a subtractive panning
strategy to select antibodies against discretely differing epitopes
(8). This strategy is unique in its property to target complex cell
membrane proteins, such as integrins, which cannot be immobi-
lised without loss of function-determining conformation. The
generated human scFvs are a promising basis for a new type of
GPIIb/I1a-blocking agents with several advantages: 1) Acti-
vation-specific inhibitors promise not to inhibit GPIIb/IIla-me-
diated platelet adhesion to immobilised fibrinogen, which is for
example exposed on injured vessel walls. Thus, the formation of
aplatelet monolayer at the site of vascular injury may still be pos-
sible. 2) Activation-specific scFvs do not bind and do not induce
LIBS expression on resting platelets. Because thrombocytopenia
is attributed mainly to an immune response directed against
LIBS epitopes (63), thrombocytonia is not expected to occur.

To demonstrate the advantages of activation-specific GPIIb/
IIIa blockade in vivo, we chose a ferric chloride induced mouse
carotid artery thrombosis model (Fig. 3). The antithrombotic ef-
fect of our activation-specific GPIIb/IIla blocker was com-
parable to eptifibatide and tirofiban. In contrast to eptifibatide
and tirofiban, the scFv did not prolong bleeding times. More-
over, the combination of an anticoagulant (enoxaparine) and a
GPIIb/I11a blocker, which is a typical combination used in the
clinic, revealed an even stronger difference between eptifibatide
and the activation-specific scFv (58).

In addition, we used the anti-LIBS scFv described above and
genetically fused it to the potent, direct FXa inhibitor TAP (64).
Antithrombotic efficiency was determined by Doppler-flow in a
ferric chloride-induced carotid artery thrombosis model in mice.
ScFv anti-LIBS-TAP prolonged occlusion time comparable to
enoxaparine, recombinant TAP, and non-targeted mutant-scFv-
TAP. ScFv anti-LIBS-TAP revealed antithrombotic effects at low
doses at which the non-targeted mutant-scFv-TAP failed. In
contrast to the other anticoagulants tested, bleeding times were
not prolonged by scFv anti-LIBS-TAP.

Two scFvs that block the interaction between GPIb and von
Willebrand factor (VWF) have been described as anti-platelet
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Perspectives

Antibodies are highly promising in various clinical areas.
Single-chain antibodies possess a number of major advantages:
they are expected to be minimally immunogenic and can be pro-
duced on large scale at low cost in E. coli; scFvs are amendable
to further optimisation by cloning and genetic engineering in
bacteria; and they can be selected in vitro from human antibody
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design antibodies that only target specific conformation and
thereby only block specific functional states of the therapeutic
target. Furthermore, the opportunity of constructing fusion mol-
ecules, imaging nanoparticles and immunosensors without loss
of binding function guide the way to new applications. Highly
selective antibodies carrying anticoagulants, fibrinolytics and
contrast agents specifically to the target of choice can be gener-
ated in a single unique molecule.

1. Kohler G, Milstein C. Continuous cultures of fused
cells secreting antibody of predefined specificity. Na-
ture 1975; 256: 495-497.

2. Skerra A, Pluckthun A. Assembly of a functional
immunoglobulin Fv fragment in Escherichia coli.
Science 1988; 240: 1038-1041.

3. Toleikis L, Broders O, Dubel S. Cloning single-
chain antibody fragments (scFv) from hybridoma cells.
Methods Mol Med 2004; 94: 447-458.

4. Kipriyanov SM, Moldenhauer G, Schuhmacher J,
etal. Bispecific tandem diabody for tumor therapy with
improved antigen binding and pharmacokinetics. ] Mol
Biol 1999; 293: 41-56.

1017

5. Hoogenboom HR. Selecting and screening recom-
binant antibody libraries. Nat Biotechnol 2005; 23:
1105-1116.

6. Lonberg N. Human antibodies from transgenic ani-
mals. Nat Biotechnol 2005; 23: 1117-1125.

Downloaded from www.thrombosis-online.com on 2012-05-26 | IP: 38.107.179.234
For personal or educational use only. No other uses without permission. All rights reserved.

Intravascular Biology Meeting 2008



Intravascular Biology Meeting 2008

Hagemeyer et al. Diagnostic and therapeutic scFvs

7. Jostock T, Dubel S. Screening of molecular reper-
toires by microbial surface display. Comb Chem High
Throughput Screen 2005; 8: 127-133.

8. Eisenhardt SU, Schwarz M, Bassler N, et al. Sub-
tractive single-chain antibody (scFv) phage-display:
tailoring phage-display for high specificity against
function-specific conformations of cell membrane
molecules. Nat Protoc 2007; 2: 3063-3073.

9. Robert R, Jacobin-Valat MJ, Daret D, et al. Identifi-
cation of human scFvs targeting atherosclerotic
lesions: selection by single round in vivo phage display.
J Biol Chem 2006; 281: 40135-40143.

10. Valadon P, Garnett JD, Testa JE, et al. Screening
phage display libraries for organ-specific vascular im-
munotargeting in vivo. Proc Natl Acad Sci USA 2006;
103: 407-412.

11. Todorovska A, Roovers RC, Dolezal O, et al. De-
sign and application of diabodies, triabodies and tetra-
bodies for cancer targeting. J Immunol Methods 2001;
248: 47-66.

12. Simmons LC, Reilly D, Klimowski L, et al. Ex-
pression of full-length immunoglobulins in Escher-
ichia coli: rapid and efficient production of aglycosyl-
ated antibodies. J Immunol Methods 2002; 263:
133-147.

13. Backmann N, Zahnd C, Huber F, et al. A label-free
immunosensor array using single-chain antibody frag-
ments. Proc Natl Acad Sci USA 2005; 102:
14587-14592.

14. Shen Z, Mernaugh RL, Yan H, et al. Engineered
recombinant single-chain fragment variable antibody
for immunosensors. Anal Chem 2005; 77: 6834-6842.
15. Shen Z, Stryker GA, Mernaugh RL, et al. Single-
chain fragment variable antibody piezoimmunosen-
sors. Anal Chem 2005; 77: 797-805.

16. Shen Z, Yan H, Zhang Y, et al. Engineering peptide
linkers for scFv immunosensors. Anal Chem 2008; 80:
1910-1917.

17. Dietrich T, Perlitz C, Licha K, et al. ED-B fibronec-
tin (ED-B) can be targeted using a novel single chain
antibody conjugate and is associated with macrophage
accumulation in atherosclerotic lesions. Basic Res Car-
diol 2007; 102: 298-307.

18. Gawaz M, Langer H, May AE. Platelets in inflam-
mation and atherogenesis. J Clin Invest 2005; 115:
3378-3384.

19. Gawaz M, Stellos K, Langer HF. Platelets modulate
atherogenesis and progression of atherosclerotic
plaques via interaction with progenitor and dendritic
cells. J Thromb Haemost 2008; 6: 235-242.

20. Schwarz M, Katagiri Y, Kotani M, et al. Reversibil-
ity versus persistence of GPIIb/Illa blocker-induced
conformational change of GPIIb/Illa (alphallbbeta3,
CD41/CD61). J Pharmacol Exp Ther 2004; 308:
1002-1011.

21. McAteer MA, Schneider JE, Ali ZA, et al. Mag-
netic resonance imaging of endothelial adhesion mol-
ecules in mouse atherosclerosis using dual-targeted
microparticles of iron oxide. Arterioscler Thromb Vasc
Biol 2008; 28: 77-83.

22. McAteer MA, Sibson NR, von Zur Muhlen C, et al.
In vivo magnetic resonance imaging of acute brain in-
flammation using microparticles of iron oxide. Nat
Med 2007; 13: 1253-1258.

23. Shapiro EM, Skrtic S, Sharer K, et al. MRI detec-
tion of single particles for cellular imaging. Proc Natl
Acad Sci USA 2004; 101: 10901-10906.

24. von zur Muhlen C, von Elverfeldt D, Moeller JA, et
al. Magnetic resonance imaging contrast agent targeted
toward activated platelets allows in vivo detection of
thrombosis and monitoring of thrombolysis. Circu-
lation 2008; 118: 258-267.

25. von Zur Muhlen C, Peter K, Ali ZA, et al. Visualiza-
tion of Activated Platelets by Targeted Magnetic Res-

onance Imaging Utilizing Conformation-Specific
Antibodies against Glycoprotein IIb/IIla. J Vasc Res
2009; 46: 6-14.

26. von Zur Muhlen C, von Elverfeldt D, Choudhury
RP, et al. Functionalized magnetic resonance contrast
agent selectively binds to glycoprotein IIb/I1Ia on acti-
vated human platelets under flow conditions and is de-
tectable at clinically relevant field strengths. Mol Im-
aging 2008; 7: 59-67.

27.von Zur Muhlen C, Sibson NR, Peter K, et al. A
contrast agent recognizing activated platelets reveals
murine cerebral malaria pathology undetectable by
conventional MRI. J Clin Invest 2008; 118:
1198-1207.

28. Evans MJ, Rollins SA, Wolff DW, et al. In vitro and
in vivo inhibition of complement activity by a single-
chain Fv fragment recognizing human C5. Mol Immu-
nol 1995; 32: 1183-1195.

29. Thomas TC, Rollins SA, Rother RP, et al. Inhibition
of complement activity by humanized anti-C5 antibody
and single-chain Fv. Mol Immunol 1996; 33:
1389-1401.

30. Fitch JC, Rollins S, Matis L, et al. Pharmacology
and biological efficacy of a recombinant, humanized,
single-chain antibody C5 complement inhibitor in pa-
tients undergoing coronary artery bypass graft surgery
with cardiopulmonary bypass. Circulation 1999; 100:
2499-2506.

31. Theroux P, Armstrong PW, Mahaffey KW, et al.
Prognostic significance of blood markers of inflam-
mation in patients with ST-segment elevation myo-
cardial infarction undergoing primary angioplasty and
effects of pexelizumab, a C5 inhibitor: a substudy of the
COMMA trial. Eur Heart J 2005; 26: 1964-1970.

32. Mahaffey KW, Van de WerfF, Shernan SK, et al. Ef-
fect of pexelizumab on mortality in patients with acute
myocardial infarction or undergoing coronary artery
bypass surgery: a systematic overview. Am Heart J
2006; 152: 291-296.

33. Casalvilla R, Duenas M, Ayala M, et al. A bacterial
single-chain Fv antibody fragment that inhibits binding
of its parental anti-E-selectin monoclonal antibody to
activated human endothelial cells. J Biotechnol 1999;
72: 1-12.

34. Swers JS, Widom A, Phan U, et al. A high affinity
human antibody antagonist of P-selectin mediated roll-
ing. Biochem Biophys Res Commun 2006; 350:
508-513.

35. Friedman G, Jankowski S, Shahla M, et al. Admin-
istration of an antibody to E-selectin in patients with
septic shock. Crit Care Med 1996; 24: 229-233.

36. Borges E, Eytner R, Moll T, et al. The P-selectin
glycoprotein ligand-1 is important for recruitment of
neutrophils into inflamed mouse peritoneum. Blood
1997; 90: 1934-1942.

37. Eisenhardt SU, Schwarz M, Schallner N, et al. Gen-
eration of activation-specific human anti-alphaMbeta2
single-chain antibodies as potential diagnostic tools
and therapeutic agents. Blood 2007; 109: 3521-3528.
38. Hui KY, Haber E, Matsueda GR. Monoclonal anti-
bodies to a synthetic fibrin-like peptide bind to human
fibrin but not fibrinogen. Science 1983; 222:
1129-1132.

39. Holvoet P, Laroche Y, Stassen JM, et al. Phar-
macokinetic and thrombolytic properties of chimeric
plasminogen activators consisting of a single-chain Fv
fragment of a fibrin-specific antibody fused to single-
chain urokinase. Blood 1993; 81: 696-703.

40. Yan JP, Ko JH, Qi YP. Generation and characteriz-
ation of a novel single-chain antibody fragment spe-
cific against human fibrin clots from phage display
antibody library. Thromb Res 2004; 114: 205-211.
41. Peter K, Graeber J, Kipriyanov S, et al. Construc-
tion and functional evaluation of a single-chain anti-

1018

body fusion protein with fibrin targeting and thrombin
inhibition after activation by factor Xa. Circulation
2000; 101: 1158-1164.

42. Weitz JI, Leslie B, Hudoba M. Thrombin binds to
soluble fibrin degradation products where it is pro-
tected from inhibition by heparin-antithrombin but sus-
ceptible to inactivation by antithrombin-independent
inhibitors. Circulation 1998; 97: 544-552.

43. Meyer BJ, Badimon JJ, Chesebro JH, et al. Dissol-
ution of mural thrombus by specific thrombin in-
hibition with r-hirudin: comparison with heparin and
aspirin. Circulation 1998; 97: 681-685.

44. Hagemeyer CE, Tomic I, Jaminet P, et al. Fibrin-tar-
geted direct factor Xa inhibition: construction and
characterization of a recombinant factor Xa inhibitor
composed of an anti-fibrin single-chain antibody and
tick anticoagulant peptide. Thromb Haemost 2004; 92:
47-53.

45, Waxman L, Smith DE, Arcuri KE, et al. Tick anti-
coagulant peptide (TAP) is a novel inhibitor of blood
coagulation factor Xa. Science 1990; 248: 593-596.
46. Sitko GR, Ramjit DR, Stabilito, II, et al. Conjunc-
tive enhancement of enzymatic thrombolysis and pre-
vention of thrombotic reocclusion with the selective
factor Xa inhibitor, tick anticoagulant peptide. Com-
parison to hirudin and heparin in a canine model of
acute coronary artery thrombosis. Circulation 1992;
85: 805-815.

47. Armstrong PW, Collen D, Antman E. Fibrinolysis
for acute myocardial infarction: the future is here and
now. Circulation 2003; 107: 2533-2537.

48. Dewerchin M, Vandamme AM, Holvoet P, et al.
Thrombolytic and pharmacokinetic properties of a rec-
ombinant chimeric plasminogen activator consisting of
a fibrin fragment D-dimer specific humanized mono-
clonal antibody and a truncated single-chain urokinase.
Thromb Haemost 1992; 68: 170-179.

49. Hagemeyer CE, Tomic I, Weirich U, et al. Construc-
tion and characterization of a recombinant plas-
minogen activator composed of an anti-fibrin single-
chain antibody and low-molecular-weight urokinase. J
Thromb Haemost 2004; 2: 797-803.

50. Bi Q, Cen X, Huang Y, et al. Construction and char-
acterization of trifunctional single-chain urokinase-
type plasminogen activators. Eur J Biochem 2002; 269:
1708-1713.

51. Ding FX, Yan HL, Lu YM, et al. Cloning, purifi-
cation and biochemical characterization of a thrombus-
ditargeting thrombolytic agent, comprised of annexin
B1, ScuPA-32K and fibrin-adherent peptide. J Biotech-
nol 2006; 126: 394-405.

52. Danielyan K, Ding BS, Gottstein C, et al. Delivery
of anti-platelet-endothelial cell adhesion molecule
single-chain variable fragment-urokinase fusion pro-
tein to the cerebral vasculature lyses arterial clots and
attenuates postischemic brain edema. J Pharmacol Exp
Ther 2007; 321: 947-952.

53. Ding BS, Dziubla T, Shuvaev VV, et al. Advanced
drug delivery systems that target the vascular endothe-
lium. Mol Interv 2006; 6: 98—-112.

54. Ding BS, Gottstein C, Grunow A, et al. Endothelial
targeting of a recombinant construct fusing a
PECAM-1 single-chain variable antibody fragment
(scFv) with prourokinase facilitates prophylactic
thrombolysis in the pulmonary vasculature. Blood
2005; 106: 4191-4198.

55. Ding BS, Hong N, Murciano JC, et al. Prophylactic
thrombolysis by thrombin-activated latent prouroki-
nase targeted to PECAM-1 in the pulmonary vascula-
ture. Blood 2008; 111: 1999-2006.

56. Develter J, Booth NA, Declerck PJ, et al. Bispecific
targeting of thrombin activatable fibrinolysis inhibitor
and plasminogen activator inhibitor-1 by a heterodimer
diabody. J Thromb Haemost 2008; 6: 1884—1891.

Downloaded from www.thrombosis-online.com on 2012-05-26 | IP: 38.107.179.234
For personal or educational use only. No other uses without permission. All rights reserved.



Hagemeyer et al. Diagnostic and therapeutic scFvs

57. Bhatt DL, Topol EJ. Scientific and therapeutic ad-
vances in antiplatelet therapy. Nat Rev Drug Discov
2003; 2: 15-28.

58. Schwarz M, Meade G, Stoll P, et al. Conformation-
specific blockade of the integrin GPIIb/IIla: a novel
antiplatelet strategy that selectively targets activated
platelets. Circ Res 2006; 99: 25-33.

59. Schwarz M, Rottgen P, Takada Y, et al. Single-chain
antibodies for the conformation-specific blockade of
activated platelet integrin alphallbbeta3 designed by
subtractive selection from naive human phage libraries.
Faseb J 2004; 18: 1704-1706.

60. Jacobin MJ, Robert R, Pouns O, et al. Improving se-
lection of alphallbbeta3-binding phage antibodies with
increased reactivity derived from immunized donors.
Clin Immunol 2003; 108: 199-210.

61. Robert R, Clofent-Sanchez G, Hocquellet A, et al.
Large-scale production, bacterial localization assess-
ment and immobilized metal affinity chromatography

purification of a human single-chain Fv antibody
against alphallb-beta3 integrin. Int J Biol Macromol
2006; 39: 51-59.

62. Robert R, Noubhani AM, Jacobin MJ, et al. Im-
provement in production and purification bioprocesses
of bacterially expressed anti-alphallbbeta3 human
single-chain FV antibodies. J] Chromatogr B Analyt
Technol Biomed Life Sci 2005; 818: 43-51.

63. Billheimer JT, Dicker IB, Wynn R, et al. Evidence
that thrombocytopenia observed in humans treated
with orally bioavailable glycoprotein IIb/IIla antago-
nists is immune mediated. Blood 2002; 99: 3540-3546.
64. Stoll P, Bassler N, Hagemeyer CE, et al. Targeting
ligand-induced binding sites on GPIIb/IIla via single-
chain antibody allows effective anticoagulation with-
out bleeding time prolongation. Arterioscler Thromb
Vasc Biol 2007; 27: 1206-1212.

65. Hagay Y, Lahav J, Levanon A, et al. Molecular char-
acterization of a human monoclonal antibody that in-

teracts with a sulfated tyrosine-containing epitope of
the GPIb receptor and inhibits platelet functions. Mol
Immunol 2006; 43: 443-453.

66. Zhu H, Wang Y, Jiang M, et al. Generation and char-
acterization of a recombinant single chain Fv antibody
to von Willebrand factor A1 domain from phage dis-
play library. Thromb Res 2005; 116: 385-391.

67. Cardinale A, Filesi I, Mattei S, et al. Intracellular
targeting and functional analysis of single-chain Fv
fragments in mammalian cells. Methods 2004; 34:
171-178.

68. Lobato MN, Rabbitts TH. Intracellular antibodies
as specific reagents for functional ablation: future
therapeutic molecules. Curr Mol Med 2004; 4:
519-528.

69. Strebe N, Guse A, Schungel M, et al. Functional
knockdown of VCAM-1 at the posttranslational level
with ER retained antibodies. J Immunol Methods 2009;
341: 30-40.

1019

Downloaded from www.thrombosis-online.com on 2012-05-26 | IP: 38.107.179.234
For personal or educational use only. No other uses without permission. All rights reserved.

Intravascular Biology Meeting 2008



