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Abstract

Introduction: Activated platelets are key players in thrombosis and inflammation. We
previously generated single-chain antibodies (scFv) against ligand-induced binding sites
(LIBS) on the highly abundant platelet glycoprotein integrin receptor IIb/IIla. The aim of this
study was the construction and characterisation of a novel '8F PET radiotracer based on this
antibody.

Methods: ScFvani-LiBs and control antibody mut-scFv were reacted with N-succinimidyl-4-
['8F]fluorobenzoate (S['®F]FB). Radiolabeled scFv was incubated with in vitro formed
platelet clots and injected into mice with FeCls induced thrombus in the left carotid artery.
Clots were imaged in the PET scanner and amount of radioactivity measured using an
ionization chamber and image analysis. Assessment of vessel injury as well as the
biodistribution of the radiolabeled scFv was studied.

Results: After incubation with increasing concentrations of '8F-scFvansi-LiBs clots had retained
significantly higher amounts of radioactivity compared to clots incubated with radiolabeled
I8F-mut-scFv (13.3 £ 3.8 vs 3.6 £ 1 KBq, p < 0.05, n = 9, decay corrected). In the in vivo
experiments we found an high uptake of the tracer in the injured vessel compared with the
non-injured vessel, with 12.6 + 4.7% injected dose per gram (ID/g) uptake in the injured
vessel and 3.7 + 0.9% ID/g in the non-injured vessel 5 minutes after injection (p < 0.05, n=6).
Conclusions: Our results show that the novel antibody radiotracer '8F-scFvansi-Liss is useful
for the sensitive detection of activated platelets and thrombosis.

Advances in knowledge and implications for patient care: We describe the first '8F variant
of a scFvaniLiBs against activated platelets. This diagnostic agent could provide a powerful

tool for the assessment of acute thrombosis and inflammation in patients in the future.



Introduction

Mortality from acute thrombosis such as myocardial infarction and stroke caused by rupture
of atherosclerotic plaques remains high due to limitations in our ability to diagnose
vulnerable rupture prone plaques that cause little or no stenosis [1]. Currently, diagnosis by
coronary angiography in patients presenting with angina pectoris provides information about
the vessel lumen but not the morphology of the vessel wall itself, which is critical to
distinguish unstable, rupture-prone plaques from stable plaques [2]. Platelets play a key role
in atherosclerosis and atherothrombosis [3]. They can be found on the surface of inflamed
non-ruptured vulnerable plaques [4-6], and after plaque rupture they participate in thrombus
formation [3,7].

Early and non-invasive detection of platelets associated with vulnerable plaques would be of
clinical interest before total thrombotic occlusion of vessels occurs. Molecular imaging of
cells or cellular epitopes is a rapidly evolving field, which allows non-invasive detection of
certain pathologies [8,9]. Targeting surface epitopes in atherosclerosis has been described in
various animal models, allowing detection of early atherosclerosis or thrombus formation in
arterial vessels [10,11].

Molecular imaging has most commonly utilized monoclonal antibodies to detect molecular
targets associated with disease, however due to their relatively large size radiolabeled
monoclonal antibodies persist in the circulation for an extended period of time of days to
weeks [12]. This persistence is not ideal for PET imaging especially with short lived radio-
isotopes such as '8F as it causes a high background signal making targeted uptake difficult to
distinguish. Ideally smaller antibody fragments lacking the Fc portion should be used for PET
imaging, as antibody fragments lacking the Fc portion are cleared more rapidly [13]. ScFvs

consist of the variable light and variable heavy portions of an antibody and are ideal for



imaging as they are cleared rapidly from the circulation and are able to penetrate tissues
[14,15].

Molecular imaging of activated platelets on the surface of arterial thrombosis has been
described previously with magnetic resonance imaging (MRI) [6,16,17]. Microparticles of
iron oxide (MPIO) were conjugated to a scFv targeted to the ligand—induced binding site of
the activated glycoprotein IIb/IIla-receptor. These microparticles typically cause a signal void
in T2*-weighted MRI. These targeted MPIO’s allowed the non-invasive detection of a non-
occlusive, wall-adherent thrombus in the carotid arteries of mice in vivo. Monitoring
thrombus size and thrombolytic therapy was made possible using these microparticles [6].
However due to the negative contrast created by iron oxide based contrast reagents, the
obtained signal can often be disturbed by motion artefacts [18,19]. The lack of sensitivity of
these microparticles may also make them ineffective at detecting small platelet aggregates
that are typically associated with inflammatory development of vulnerable atherosclerotic
plaques. Therefore improving the sensitivity and decreasing the problems associated with
motion artifacts is important, especially in the context of detecting coronary plaques where
motion artifacts are significant due to the constant movement of the heart. Radiotracers
provide excellent sensitivity allowing detection in the picomolar range [20,21]. Radiotracer
sensitivity of detection is also less affected by motion artifacts in comparison to MRI contrast
reagents [19]. We have previously investigated imaging of activated platelets in SPECT [22].
Given the even higher sensitivity of PET over SPECT, the aim of this study was the
construction and characterization of a novel radiotracer for use in PET targeting the LIBS
epitope of activated platelets. We used a well described non-blocking scFv against GPIIblIla
on activated platelets as well as a non-binding control scFv [6,17,23-25]. We used both in

vitro formed human clots rich in activated platelets as well as an in vivo mouse model of a



wall adherent non-occlusive thrombosis. Firstly, scFvani-LiBs was conjugated to
Succinimidyl-4-!8F-fluorobenzoate. Then, binding of the radiotracer to activated platelets was
tested by flow cytometry and autoradiography. In the in vivo model, the thrombus was
detected using PET. This approach allowed the accurate and highly sensitive detection of
activated platelets in the vessel. This radiotracer is hoped to be applicable to the future
detection of activated platelets associated with atherosclerosis and atherothrombosis in

humans.

Material and methods

Production of scFvanti-LiBs

ScFvani-Liss and mut-scFv were produced in an E.coli expression system. Characterization
and purification of scFv have been described previously [23,26]. In brief: the scFv was
produced in TG1 E.coli transformed with a pHOG expression vector containing the sequence
for the scFv with a histidine protein purification tag. Bacterial pellets were collected from 1
litre cultures that were allowed to grow for 5 hours at 37° C. A lysate was produced using a
protein extraction buffer according to the manufacturer’s instruction (BugBuster, Merck/
Novagen). The lysate was cleared and his-tagged antibodies were extracted from the cleared
lysate on a FPLC system with 5 ml columns packed with Ni-agarose beads (Ni-NTA
Superflow cartridge, Qiagen,). The captured scFv was eluted from the column with 250 mM
imidazole, fractions containing high levels of protein were dialysed against PBS (pH 7.2) to
remove excess imidazole from the pure scFv solution. Samples of fractions from the
purification were analyzed by SDS-PAGE under reducing conditions. The binding function of
the purified antibody was evaluated using flow cytometry. Protein concentration was

determined using BCA protein assay (Pierce, Thermo Scientific).



Radiolabeling

500 pg of purified ScFv in 500 pul PBS (with Ca?'/Mg?") was added to dried N-
Succinimidyl-4-'8F-fluorobenzoate (!®F-SFB) which was synthesized as described previously
in full lead shielding [27]. The reaction was gently mixed on a rotor for 30 minutes at room
temperature. Free '8F-SFB was removed from the radiolabeled scFv using 10 KD cut-off 0.5
ml centrifugal filters (Amicon Ultra, Millipore). Reactions were spun in a bench-top
centrifuge for 20 minutes at 16,000 x g and washed twice with PBS to remove excess !8F-
SFB. The radioactivity of labeled scFv was measured using a CRC-25W well counter
(Capintec Inc, New Jersey, USA). The function of the radiolabeled scFv was tested using
flow cytometry after full decay as described before [23,26]. In short, platelet rich plasma was
collected from the blood of healthy volunteers. Non-activated and activated platelets
(stimulated with adenosine diphosphate, ADP, Sigma) were incubated with radiolabeled
scFvani-Lies / control scFv, and following this, platelets were incubated with a secondary
antibody conjugated to a fluorochrome (Penta HIS Alexa Fluor 488, Qiagen) which
selectively binds to the histidine-protein-purification-tag. Platelets were fixed and analyzed
on a BD FACScalibur flow cytometer, fluorescence signal was examined on 10,000 gated

events. Assessment of fluorescence signal was conducted using CellQuest Pro software.

In vitro platelet rich clots

In vitro formed platelet rich clots were used to evaluate binding of labeled scFv as described
before [28]. In summary, platelet rich plasma was collected from the blood of healthy
volunteers. 0.5 ml of plasma was added to 50 ul of ADP (200 uMol/ml), 44 ul Actin FS,
(Dade Behring, Siemens diagnostics) 12.5 ul CaClz (1 M) in a 1.5 ml tube. The mixture was

then incubated at 37° C for 12 minutes until a solid clot formed. Solid clots were washed in



PBS (with Ca?"/Mg?") prior to incubation with radiolabeled scFv (15 minutes at room
temperature). After incubation radioactivity retained by the clots was measured using an
ionization chamber and a PET scan of the clots were obtained using a Philips Allegretto PET
scanner. Experiments to demonstrate specificity of binding were also performed. After
washing in PBS a group of clots were pre-incubated with increasing amounts of cold non-
labeled scFvani-Liss for 30 minutes at room temperature prior to incubation with '8F-scFvangi-
Lies. Radioactivity retained was compared to clots only incubated with radiolabeled scFv-anti-
LiBs alone. Absolute amounts of scFv incubated with the clots were determined after the
incubation experiment and once the radioactivity had decayed using BCA protein assay. The
amount of scFv in microgram varies from 71.19 + 14.34 ng, 124.54 + 21.96 ng, 276.11 +
45.25 pg (scFvani-Ligs) to 161.66 £ 47.86 ng, 200.82 + 35.06 ng, 381.47 + 66.16 pg (mut-
scFv) for 10 pl, 20 pl and 40 ul respectively. After both these processes clots were embedded

and frozen in OCT for histological analysis.

Acute carotid artery thrombosis model

An established carotid artery thrombosis model in mice was used to induce a small wall
adherent thrombus [6,24]. In brief, 12-16 weeks old female C57BL/6 mice weighing > 22g
were anesthetized by intraperitoneal injection of ketamine (100pg/kg body weight, BW) and
xylazine (5 pg/kg BW) and were then placed under a dissecting microscope. Under full
anesthesia a segment of the left carotid artery of the mouse was isolated by a superficial
incision of the skin and blunt dissection of the fascia surrounding the vessel. This vessel was
exposed to a 3x3 mm filter paper impregnated with a 5% FeCls solution for 3 minutes, after
which the filter paper was removed and the wound sealed with surgical tape, mice were then

kept on a 37° C heating-pad and full anesthesia maintained. A wall-adherent thrombus was



allowed to develop for 25min. The right carotid artery was left untouched as the control non-
injured vessel. Following this, 100 pl of radiolabeled scFv was injected via the tail vein. Mice

were then used in biodistribution experiments or PET imaging.

Biodistribution studies

After the induction of an acute thrombus mice were each injected via the tail vein with
radiolabeled scFvanti-Lies (953.52 + 211.05 pg) or radiolabeled mut-scFv (877.60 + 225.82
ug) in 100 pl PBS (with Ca?*/Mg?"). The mice were killed and dissected at 5, 15, 30, and 45
minutes after injection. The blood, major organs and both carotid arteries were collected and
the wet weight and radioactivity of all tissues were measured were counted on a Wallac
WIZARD Automatic Gamma Counter (Perkin Elmer Inc). The results are presented as
percentage injected dose per gram (%ID/g). The radioactivity in the tissue samples for each
mouse was standardised against a known amount of the injected dose. Afterwards the injured
and contralateral vessels were embedded in OCT TissueTec (Sakura Finetec, Japan), sectioned
and immuno-stained as described before [6]. In addition one group of mice were pre-injected
with increasing concentrations of non-labeled scFvansi-LiBs 30 minutes prior to injection of '#F-
scFvani.LiBs. Organs and carotid arteries were collected and radioactivity was measured as

described earlier.

Small animal imaging

Prior to the PET scan, a whole body CT image was obtained on Philips Gemini PET/CT
hybrid system (90 kVp, 100 mAs, 50 mm transaxial FOV) which was reconstructed to an
image with a voxel size of 0.098x0.098x1.000 mm. After thrombus induction and injection

of radiolabeled scFvs, 1 hour dynamic PET images were obtained on Philips Allegretto PET



scanner in 5 minute frames. Both PET and CT images were imported into the Fusion toolbox
of PMOD 3.2 (PMOD technologies Ltd., Ziirich, Switzerland) for spatial co-registration and
subsequent image analysis.

ROI’s were drawn in the CT image for both injured vessel and intact vessel. From the ROI a
VOI was generated. A VOI with the same volume as the injured vessel VOI was also
generated for skeletal muscle on the right hindlimb of each mouse and radioactivity uptakes
were examined. Counts per voxel for each VOI were determined and ratios between the
injured vessel and skeletal muscle as well as intact vessel and skeletal muscle was
determined. After gamma counting both carotid arteries were embedded in OCT TissueTec

and sectioned as described in the previous section.

Statistical analysis

Data was subjected to 2 tailed student t-test. All presented quantitative data were expressed as
mean £ SEM. Means were compared by use of a 1-way ANOVA and the Student t-test. P
values of less than 0.05 were considered statistically significant. Number of animal are

indicated in the results section and figure legends.

Ethics statement
Care and use of laboratory animals followed the national guidelines and was approved by the
institutional animal ethics committees of the University of Melbourne, Austin Hospital

Heidelberg.
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Results

ScFVani-Ligs production and purification

Expression of scFvani.Lis in BL21 E.coli cultures yielded 10 pg/ml of culture and for mut-
scFv cultures 9 pg/ml. After affinity chromatography, purified proteins were analyzed by
SDS-PAGE. On the SDS gel the scFv migrated as monomers at the predicted molecular mass

of 33 kDa under reducing conditions (data not shown).

Radiolabeling and immunoreactivity

The synthesis of '8F-SFB was conducted in a fully automated synthesis module according to
a methods reported recently by us [29] with typical decay corrected radiochemical yields of
around 80%. The specific activity of '®F-SFB was 80-149 GBg/umol at the end of synthesis
as determined by radio HPLC and radiochemical purity was determined to be 97%. ScFvant-
Liss and mut-scFv were added to dried '8F-SFB and the conjugation was performed for 30
minutes. The specific activity of '*F-scFvanti-Liss and 'F-mut-scFv was 405 + 141 MBq/mmol
and 521 £ 111 MBg/mmol respectively. After conjugation and to obtain the final formulation
the labeled scFv was purified from free '8F-SFB. The radiotracer showed negligible amounts
of free SFB left after two washes with less than 0.5% of the initial '8F-SFB amount remaining
in the second wash fraction. The radiochemical yield for '8F-scFvani-Liss and '8F-mut-scFv
was 1.8 £0.5% and 3.2 + 0.6% respectively.

Binding activity of the radiolabeled scFvani-Liss to activated platelets in flow cytometry was
decreased compared to non-labeled scFvani-Liss (n=7, p=0.025). Platelets incubated with 1 ug
of BF-scFvani-Liss showed 34.4 + 11.4% positive staining in comparison to non-labeled
sCFVani-LiBs with 61.1 + 13.1% of platelets positive (Fig. 1A). '8F-scFvani-LiBs showed

minimal non-specific binding to non-activated platelets and this was not significantly
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different from non-labeled scFvani-Ligs. '®F-mut-scFv showed no binding to platelets in the

radiolabeled or non-labeled form (Fig. 1B).

Clot binding assay

In vitro formed clots incubated with increasing amounts of labeled scFv retained a
significantly greater amount of activity in comparison to clots that were incubated with !8F-
mut-scFv (p<0.01). Clots incubated with '8F-scFvani-LiBs retained 3.4 + 0.1% of the original
activity in comparison to clots incubated with '8F-mut-scFv which only retained 1.3 + 0.1%
of the original activity (Fig. 2A). Clots incubated with '8F-scFvani-LiBs showed significantly
higher counts per voxel in comparison to clots that were incubated with 8F-mut-scFv.
Immunohistochemistry of these clots are also positive for the platelet marker CD41,
confirming the presence of the target receptor on platelets (Fig. 2B). Clots that were pre-
incubated with non-labeled scFvaniLiss showed significantly lower radioactivity uptake in

comparison to clots incubated with '8F-scFvansi-Ligs alone (Fig. 2C).

Biodistribution

Biodistribution of '8F-scFvani-Liss was conducted in female C57/BL6 mice with a thrombus
induced only in the left carotid artery by FeCls injury. As seen in Fig. 3A '8F-ScFVani-LiBs iS
excreted rapidly via the renal pathway with the accumulation of activity in the kidney rising
sharply 5 minutes (21.3 £ 9.5% ID/g) and 15 minutes (24.8 + 13.8% ID/g) after injection.
Due to excretion into the bladder the accumulated activity in the kidney decreases beyond 15
minutes. Uptake in all organs including the injured vessel is high at 5 minutes after injection
and the only organ with a higher uptake than the injured vessel is the kidney. The activity in

the blood pool was low (10.5 = 4.4% ID/g) and also decreased over all time points
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investigated. Activity accumulation in the injured vessel was significantly higher in
comparison to the intact vessel at 5 minutes (12.6 £+ 4.7% ID/g compared to 3.7 + 0.9% ID/g).
The uptake of '8F-scFvani-Liss decreased in all organs over time. Despite this, the ratio of
uptake in the injured vessel compared to blood remained steady between 15-45 minutes after
injection. Ratio of uptake in the injured vessel : muscle between 5 and 45 minutes after
injection was also high (164.8 = 76.9, 49.6 + 11.2, 73.4 + 25.8, 44.3 £ 12.7 at 5, 15, 30 and
45 minutes after injection). The radiolabeled mut-scFv showed no significant difference in
uptake between the injured and intact vessel (p>0.05) at all time points investigated. Pre-
injection of scFvani-Ligs of all concentrations inhibited '8F-scFvani-Ligs uptake in the injured
vessel (Fig. 3B) in comparison to mice injected with '8F-scFvani-Ligs alone (100 pg, 200 pg,
pre-injection uptake: 3.6 £ 1.5% ID/g, 2.3 + 0.7% ID/g, uptake of control, '®F-scFVani-LiBs

alone: 13.4 +£4.7% ID/g).

PET imaging and histology

High contrast PET images of the whole body were acquired at 45 minutes after injection.
Coronal, sagital and axial images from 45 minutes after injection are shown in Fig. 4A.
Specific tracer accumulation is observed in the injured vessel compared to the non-injured
vessel (arrow in Fig. 4A). We also observed high uptake of both the mut-scFv and scFvangi-
LiBs radiotracers in the kidney and bladder which correlated well to the biodistribution study
and supports a renal clearance pathway for the scFv radiotracers. Injured and intact vessels
were collected for immunohistochemistry after biodistribution and scanning and were stained
with anti-CD41 to confirm the presence of platelets in the injured vessel.
Immunohistochemistry on the resected carotid vessels revealed positive staining for the

platelet marker CD41 in vessels that were exposed to the ferric chloride solution confirming
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the presence of platelets in those sections. In contrast, immunohistochemistry on intact vessel
sections showed no CD41 staining. These results indicate that the intact vessel was suitable

as a platelet negative control (Fig. 4B).

PET image analysis

VOI analysis reveals that '3F-scFvani-LiBs began to accumulate 5 minutes after injection. '8F-
scFvani-LiBs uptake in the injured vessel was significantly higher than the uptake in the intact
vessels after injection when normalized to uptake in muscle, chosen as a background tissue
(Fig. 5A, ratio of counts/voxel of injured vessel to skeletal muscle: 2.8 + 0.6; ratio of counts/
voxel of intact vessel to skeletal muscle: 1.6 + 0.4, n=8, p<0.05). Analysis of uptake of 8F-
mut-scFv revealed no significant difference between injured and non-injured vessels over the
1 hour scan. The average ratio of radioactivity uptake of injured : intact vessels were 2.4 +
0.2 for '"8F-scFvani-uiss and 1 + 0.1 for '8F-mut-scFv (Fig. 5B). In contrast to the
biodistribution analysis where the optimal time point was at Smin, for the imaging results we
conclude that 45minutes after injection appears to be the optimal time point to obtain a high
contrast image as the activity in the blood pool and non-associated organs has largely been

cleared. The region of skeletal muscle used for the analysis is shown in Fig. 5C.

Discussion

In this study, we developed a novel immunoPET radiotracer capable of targeting the GPIIb/
[ITa surface antigen in its active conformation. The activated receptor is essential for
mediating platelet aggregation and is expressed in abundant quantities on the surface of
activated platelets [30,31] which are a major component of thrombi. Human platelets express

between 30-100,000 GPIIb/Illa receptors on their surface [30]. Murine platelets have
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comparable expression with a reported 60-80,000 receptors per platelets [32]. The estimated
number of LIBS sites in the in vifro formed clots are estimated to be 6.5 x 10'2 based on the
assumption that 1 pl of PRP contains 200,000 platelets [33] and each platelet carries on
average 65,000 receptors. Accordingly in vivo, with an approximate thrombus volume of 2.4
ul, the estimated number of LIBS in the thrombus is 3 x 10!°, The actual accessible target
density in vivo and in vitro will be smaller because not all receptors are exposed to the
antibody.

The abundance and association of this antigen with activated platelets makes it an ideal target
for molecular imaging of thrombi. We have previously generated scFv which targets the
GPIIb/IIIa in it’s active conformation as well as a control non-binding mut-scFv [23,26].
Despite having slightly lowered immunoreactivity after radiolabeling with '8F-SFB (56% of
unlabeled scFv binding) the targeted scFv was still able to accumulate in the target thrombi,
both in in vitro formed human clots as well as the in vivo thrombi generated in mouse model
of acute thrombosis induced by exposure to FeCls. This indicates that good binding affinity,
and retention of specificity was still present after radiolabeling. Previous studies using !8F-
SFB to radiolabel small antibody fragments also showed decreased immunoreactivity after
radiolabeling [34]. The lowered immunoreactivity could be attributable to the presence of
lysine residues in the antigen binding site of the scFv. A site specific method of radiolabeling
may improve radiolabeling positron emitting isotopes to these antibodies without
compromising their binding activity.

Nevertheless in our study the radiolabeled scFv shows specific GPIIb/IIIa targeting with high
contrast images generated at 45-50 minutes post injection. Pre-incubation of in vitro formed
clots with non-labeled scFvaniLiss reduces radioactivity uptake in comparison to clots

incubated with '8F-scFvani-Ligs alone. Non-labeled scFvani-Lis was also pre-injected in vivo
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and at 5 minutes after injection these pre-injected mice had no significant difference in
radioactivity uptake between the injured and intact vessels. This demonstrates that uptake of
BF-scFvani-LiBs can be specifically blocked. Due to the relatively small size of the scFv and
the absence of the Fc portion in this antibody format, clearance was expected to be quite
rapid via the renal pathway. There is little accumulation in other organs such as spleen, liver,
heart or lung. This is in line with previous reports using even smaller RGD peptides as radio-
tracers to detect integrins [35]. Primarily designed to detect the avfp3 integrin during cancer
angiogenesis on inflamed endothelia cells, it is also expressed by macrophages in
atherosclerotic lesions [36]. Furthermore, RGD peptides are cross-reactive to the GPIIblIla
integrin and can be used to detect platelets. However, in contrast to our scFvani-Liss, RGD
peptides are ligand mimetics and can cause activation of platelets [37,38] and may therefore
not be suitable for diagnostic imaging in patients. Our biodistribution results showed
gradually increasing radioactivity at later time points in the kidneys for both scFv’s
demonstrating renal clearance of the scFv. The fast clearing of the scFv is ideal for imaging
in the setting of acute thrombosis where the window for obtaining images is relatively brief.
We typically see thrombus formation in our model after 3-5 mins, which reflects acute
thrombotic events in humans following plaque rupture leading to myocardial infarction and
stroke. A larger antibody format, such as a whole IgG, would be unsuitable due to it’s longer
serum half-life of up to 110 hours in comparison to scFv’s which generally have a serum half-
life of about 2 hours [14]. The presence of the Fc portion on IgG’s also adds to it’s prolonged
serum half-life as it reacts with neonatal Fc receptors (FcRn). An undesirable potential side
effect of the Fc portion is the inappropriate activation of cells expressing Fc receptors which
can cause cytotoxic effects [39]. Prolonged serum half-life of radiolabeled antibodies also

means prolonged radiation exposure for other non-target tissues which is also undesirable.
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The choice of '3F as the radiolabel instead of positron emitter with a longer half-life was also
considered and the broad availability of '8F and its radioactive half-life being suitably
matched to the serum half-life of scFv, made it the isotope of choice.

Specific activity of 8F-scFvamiLiss is relatively low at 405 + 141 MBg/mmol after
purification and separation from free '8F-SFB. This is at the lower end of what is regarded as
optimal for human use. Use of 8F-SFB as a method for radiolabeling small recombinant
antibodies such as scFvaniLiBs 1s always a trade off between specific activity and antibody
binding. The specific activity can be improved by increasing the amount of '8F-SFB in the
radiolabelling reaction. However increasing the ratio of '3F-SFB to scFv in the radiolabeling
reaction also causes an increased loss of scFv binding activity. A 5 fold increase in the ratio
of BF-SFB to scFv increases the specific activity by 3.5 fold (data not shown), but also
causes a reduction in scFvani-LiBs binding to activated platelets in flow cytometry to 2% of
positive staining (data not shown) in comparison to non-labeled scFvani.Liss with 62% of
platelets positive. Several optimization reactions were conducted at the outset to determine
the optimal ratio of '8F-SFB to scFv used in this study to balance specific activity and
immunoreactivity. We felt that a lowered specific activity was more acceptable than a large
loss of antibody activity.

VOI analysis in animals injected with the targeted scFv show the ratio of SUVmax of the
injured vessel : skeletal muscle being significantly higher than the SUVmax of the intact vessel
: skeletal muscle for the duration of the PET scan. Subsequent immunohistochemistry of both
the injured and intact vessels reveals that platelets and thrombi are only present in injured
carotid arteries. Together these results are convincing evidence that the targeted scFv
accumulates at the intended target: the carotid artery thrombus. This demonstrates !8F-

scFvanti-LiBs specific imaging of activated GPIIb/I1la present in activated platelets which are a
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component of the carotid artery thrombus. Imaging these small radiolabeled antibodies may
be useful in the future to identify and quantify atherosclerotic plaques that are prone to
thrombosis. In contrast the results of the biodistribution study shows that the radioactivity
uptake in the injured vessel is only higher than the intact vessel in the earlier time point
investigated. A possible explanation for this observation is that due to these tissues being
extremely small, measuring the weight accurately is difficult and this may have affected the
outcome of this measurement. In comparison, other recent immuno-PET studies [12] are
designed to accumulate radiolabeled antibodies in tumor xenografts, these target tissues are
orders of magnitude larger than the mouse carotid arteries investigated in this study. Another
explanation for this observation may be the rapid clearance of scFvs from the blood pool: the
level is high at 5 minutes post injection (10.5 + 4.4 % ID/g) whilst at all other time points
investigated, blood pool is very low (15 minutes: 6.3 + 3.2 % ID/g, 30 minutes : 2.8 + 0.8 %
ID/g, 45 minutes: 3.9 + 1.5 % ID/g). The thrombus in the injured vessel will still continue to
break apart (loss of radioactivity) and build up with new activated platelets (increase in
radioactivity uptake). However, after 5 minutes there is much less circulating '8F-scFVansi-LiBs
and as a result, less radioactivity is now incorporated into the thrombus. At the same time
previously bound 8F-scFvani-Lis on activated platelets is breaking off in fragments from the
wall adherent thrombus in the injured vessel and is being cleared from circulation. So
previously bound '8F-scFvani-LiBs on these fragments gets cleared from the system and are not
available in circulation to re-bind to the thrombus. Blood pool of '8F-scFvansi-Lis is low at 5
minutes post injection, but is comparable to previous studies using scFvs radiolabeled with
124Jodine for tumor imaging [40]. Clearance of thrombus fragments and activated platelets
bound to '8F-scFvani-LiBs in circulation may also be a reason why we see a relatively low

blood pool at 5 minutes.
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PET is an attractive technique that has previously been studied as a method to detect
vulnerable atherosclerotic plaques. Others have used non-targeted '8FDG in clinical studies as
a method to quantify inflammation associated with rupture prone plaques [41]. One drawback
to this approach is that inflammation is not a process specific to atherosclerosis, and 'FDG
has significant background uptake in unrelated tissues with high energy requirement such as
the brain or the heart. Detection of molecular markers that are specifically expressed in
atherosclerotic plaques would avoid the problems of high background in unrelated tissues.
Small peptides that bind to VCAM-1 expressed in activated or damaged endothelial cells
have been investigated as a potential method of detection and quantification of vulnerable
atherosclerotic plaques [42]. This study demonstrated good specific uptake of their '3F-
labeled peptide in atherosclerotic vessels of ApoE”- KO mice fed a high fat diet. VCAM-1
expression is associated with the early stage of lesion development in atherosclerosis [43,44].
Activated platelets are not only recruited to the injured endothelium in early lesion
development, but they are also associated with the thrombus that forms when the lesion
undergoes minor rupture events [4,45]. This feature of activated platelets suggests that '3F-
scFvanii-LiBs would be a useful radiotracer to detect and quantify atherosclerosis in both the
early stage of lesion development and in the later stage of disease where the plaque is
undergoing repeated rupture and repair [46]. This will be investigated in future studies. The
FeCls induced vascular thrombosis is one of the most commonly used models of vascular
thrombosis [47,48]. Complete vessel occlusion can be achieved within 20 minutes using
solutions of FeClz 10 % or greater [49]. Decreasing the concentration of FeCls, as we have
done in this study, produces a vessel-wall-adherent non-occlusive thrombus that mimics what
is seen in the development of human lesions, where activated platelets accumulate on the

surface of a plaque. Therefore, this animal model of vascular thrombosis resembles the
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clinical situation of the growing atherosclerotic lesion in humans, which continually draws

activated platelets during its buildup.

Conclusions

This study demonstrates the rapid accumulation of '8F-scFvani-Ligs in thrombi containing
platelets expressing GPIIb/IIIa in the active conformation. PET sensitivity is several orders of
magnitude higher than other imaging modalities and is especially relevant for the detection of
molecular markers that are only present in minute amounts. Our radiotracer can potentially be
used to detect areas in vessels that are at risk of imminent plaque rupture. In particular this
will allow monitoring of vessels in “danger” areas such as coronary arteries and carotid
arteries, where a thrombus can cause a blockage that may prove to be fatal. This will be

investigated in future studies.
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Figure legends

Figure 1: Flow cytometry comparing binding of non-labeled scFvs and radiolabeled scFvs
The purple filled curve represents antibody binding to non-activated platelets and the green
curve shows binding to activated platelets. Fig. 1A shows a lower fluorescence signal when
platelets are incubated with radiolabeled scFvani-LiBs (right) compared to the non-labeled
scFvani-LiBs (left), indicating the labeled scFv has diminished binding activity in comparison
to the same non-labeled scFv (n=7). Fig. 1B shows no binding of the mut-scFv regardless of

radiolabeling.

Figure 2: Assessment of radiolabeled scFv binding to in vitro formed platelet rich clots

Clots incubated with the targeted scFvanti-LiBs showed significantly higher amounts of retained
activity bound to the clot in comparison to clots incubated with non-targeted mut-scFv (Fig.
2A, n=9). After incubation with the radiolabeled scFvs, clots were frozen in OCT and
sectioned at 7um thickness and stained using the human anti-platelet marker CD41. All in
vitro clots were positive for CD41, demonstrating the presence of platelets. The omit primary
control staining showed no signal (Fig. 2B). Pre-incubation with cold scFvans-LiBs results in a
dose depended reduction of tracer binding, indicating specific interaction between the radio-

tracer and the platelet integrin (Fig. 2C, n=3).

Figure 3: Biodistribution of radiolabeled sc Fvauii-LiBs

Radioactivity uptake in the different organs was measured using a gamma counter and
expressed as percentage injected dose per gram of tissue. Specific enrichment of targeted
scFvanti-LiBs 1n the injured vessel is shown. Clearance from the blood and rapid elimination via

the kidney is demonstrated (Fig. 3A, n=6). A strong reduction in the in vivo uptake of '3F-
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scFvani.LiBs at the 5 minute biodistribution time point is observed with the pre injection of
cold, non-labeled scFvani-LiBs. This indicates specific interaction between the radio-tracer and

the platelet integrin (Fig. 3B, n=3).

Figure 4: Co registered PET/CT image of a mouse injected with targeted sc Fvansi-LiBs

Uptake of '8F-scFvani-LiBs in the target area of FeCls injury (arrow) is shown in transverse,
sagital and coronal PET/CT views 45 min after injection (Fig. 4A). Other areas of high tracer
uptake are the kidneys and the bladder. After PET scanning both carotid arteries from the
mice were collected and frozen in OCT for histology. 7 um sections from both the injured
vessel and the intact vessel were stained for the mouse CD41 platelet marker. Positive (vector
red) staining for platelets is observed in the injured vessel and is absent in the intact vessel

sections (Fig. 4B).

Figure 5: PET image analysis

Image analysis shows higher specific uptake in the injured vessel when mice are injected
with BF-scFvani-Liss (blue line, Fig. 5A, n=8) compared to mice injected with the non-
targeted mut-scFv (red line, Fig. 5SA, n=8). This specific difference is also evident when
comparing the ratio between injured to intact vessel for '8F-scFvani-Lis (blue line, Fig. 5B,
n=8) and there is no difference for the non-targeted mut-scFv (red line, Fig. 5B, n=8). Fig 5C
shows the CT image of a mouse with VOI’s generated over the injured vessel in aqua and a

VOI over the skeletal muscle with the equivalent volume.
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