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CHAPTERR 8 
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Summary y 

Severee thrombocytopenia frequently occurs in patients receiving chemotherapy or in 

patientss with auto-immune disorders. Thrombocytopenia is associated with bleeding, 

whichh may be serious and life threatening13. Current treatment strategies for thrombo-

cytopeniaa may require transfusion of allogeneic platelets, which is associated with 

importantt drawbacks4. These include the occurrence of anti-platelet antibodies, which may 

resultt in refractoriness to further platelet transfusions, and the potential risk of transfer of 

bloodd borne diseases ' . 

Therefore,, we have recently developed a platelet substitute product (Synthocytes™), 

whichh is composed of human albumin microcapsules with fibrinogen immobilized on 

theirr surface. Here, we show that the intravenous administration of these microcapsules 

nott only corrects the prolonged bleeding time in rabbits rendered thrombocytopenic 

eitherr by anti-platelet antibodies or by chemotherapy, but also reduces bleeding from 

surgicall  wounds inflicted in the abdominal skin and musculature. No potential systemic 

prothromboticc effect of the microcapsules was observed in a model of rabbit venous 

thrombosis. . 

Concerningg the mechanism of action, experiments with normal and thrombocytopenic 

humann blood in an endothelial cell matrix-coated perfusion chamber demonstrated an 

interactionn between the fibrinogen-coated albumin microcapsules and native platelets. It 

wass shown that the fibrinogen-coated albumin microcapsules could facilitate platelet 

adhesionn to endothelial cell matrix and correct the impaired formation of platelet 

aggregatess in relatively platelet-poor blood. 

Thee present study indicates that fibrinogen-coated albumin microcapsules can act to 

improvee primary hemostasis under thrombocytopenic conditions and may eventually be a 

promisingg agent for prophylaxis and treatment of bleeding in patients with severe 

thrombocytopenia. . 
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Introduction n 

Too determine the effect of the fibrinogen-coated albumin microcapsules on thrombocytopenic 

bleeding,, we used models of immune thrombocytopenia and of chemotherapy-induced 

thrombocytopeniaa in rabbits. 

Inn rabbits that had received an intravenous bolus injection of goat anti-rabbit platelet 

antibodies,, a rapid and significant decline of the platelet count from 452 (  87) xlOVl to 30 (

13)) xlO /l was observed (figure la). The thrombocytopenia was associated with a substantial 

increasee in the ear template bleeding time from 1.7 (  0.4) minutes to 21.7 (  4.4) minutes 

(figuree lb). A subsequent intravenous bolus injection of fibrinogen-coated microcapsules at a 

dosee of 1.5x10 microcapsules/kg or 0.75x10 microcapsules/kg significantly shortened the 

prolongedd bleeding time to 5.2 (  1.7) minutes (p< 0.001) and 6.5 (  1.7) minutes (p< 0.001), 

respectively,, at 15 minutes after the injection. At 60 minutes, the correction of the bleeding 

timee was still apparent, although the bleeding time in the rabbits that were treated with the 

lowerr dose of Synthocytes was longer than in the rabbits that had received the higher dose of 

Synthocytess (8.8 ) minutes in the low dose group versus 4.3 (  0.8) minutes in the high 

dosee group, p<0.05). Two control groups of rabbits that had received saline or non-coated 

albuminn microcapsules did not show any change in the prolonged bleeding time throughout 

thee period of observation (figure lb). 

Inn a model of chemotherapy-induced thrombocytopenia produced by repeated busulfan 

administration,, a similar degree of thrombocytopenia was observed, without reduction of the 

hemoglobinn or white blood cell levels (table 1). Busulfan-treated rabbits with a mean platelet 

countt of 15 (  5.2) xlO /l had a prolonged ear template bleeding time of 18.6 (  2.1) minutes 

andd a blood loss from a standardized abdominal surgical incision of 2354 (  351) mg/5 

minutess (figure 2). The administration of the fibrinogen-coated albumin microcapsules 

(1.5x100 microcapsules/kg) resulted in a 3.5-fold shortening of the ear bleeding time to 5.3 (

2.7)) minutes and a 8.6-fold reduction of the blood loss from the surgical incision to 276 (  102) 

mg/55 minutes, which effect lasted for at least 3 hours. In rabbits treated with a lower dose of 

Synthocytess (0.75x10 microcapsules/kg) a similar effect was observed initially. Although at 2 

andd 3 hours after the bolus administration of the lower dose the shortening of the bleeding 

timee gradually lessened, both measures of hemostasis remained significantly improved. At 3 

hourss after the administration of the lower dose, the ear bleeding time was 12.5 (  2.5) 

minutesminutes and the blood loss from the surgical incision 923 (  121) mg/5 minutes, as compared 

withh 7.9 (  1.9) minutes and 400 (  61.9) mg/5 minutes in the rabbits that had received 1.5x10 

microcapsules/kgg (p<0.05). At 8 and 24 hours after administration of the fibrinogen-coated 

albuminn microcapsules, however, no significant reduction in ear bleeding time or surgical 

woundd bleeding remained detectable (figure 2). 
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FigureFigure 1 Effect of the bolus administration of goat-anti-rabbit platelet antibody and the subsequent 
administrationadministration of fibrinogen-coated albumin microcapsules (Synthocytes) or control agents (n = 6 per 
group). group). 
UpperUpper panel, platelet count before the administration of the anti-platelet antibody (t = -30) and throughout 
thethe experiment (A: Synthocytes 1.5x1(1/kg : Synthocytes 0.75xlu/kg : non-coated albumin microcapsules 
1.5xl(f/kg1.5xl(f/kg and V: saline). Platelet levels were not statistically significant between the groups. 
LowerLower panel, template ear bleeding time measurements at the start of the experiment (t=-30), 30 minutes 
afterafter the administration of the anti-platelet antibody but before the administration of the study agents (t=0) 
andand at 15 and 60 minutes after the administration of Synthocytes 1.5xlu/kg (f bar), Synthocytes 
0.75xl(f/kg0.75xl(f/kg (2nd bar), non-coated albumin microcapsules 1.5x101/kg (3r bar), and saline (4 bar). The 
administrationadministration of the fibrinogen-coated albumin microcapsules resulted in a statistically significant 
shorteningshortening of the prolonged bleeding time (*:  p< 0.001 as compared with saline or non-coated albumin 
microcapsules).microcapsules). At 60 minutes after the administration of the relatively lower dose of Synthocytes the bleeding 
timetime was less reduced as compared with the administration of the higher dose, but remained significantly 
shortershorter than the controls (#:p< 0.05). 
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TableTable 1 Blood cell counts before and after busulfan treatment in the four experimental groups. 

Treatmentt allocation platelet count hemoglobin leukocytes 

(xlOVl)) (mmol/1) (xlOVl) 

active e 
Synthocytes s 
(1.55 x 10 microcapsules/kg) 

Synthocytes s 
(0.755 x 10 microcapsules/kg) 

control l 
non-coatedd microcapsules 
(1.55 x 10 microcapsules/kg) 

saline e 

(control) ) 

beforebefore busulfan 

afterafter busulfan 

beforebefore busulfan 

afterafter busulfan 

beforebefore busulfan 

afterafter busulfan 

beforebefore busulfan 

afterafter busulfan 

4366 (  74.7) 

177 ) 

4666 ) 

166 (  7.3) 

4499 ) 

133 (  5.7) 

4200 (  36.3) 

155 (  5.3) 

7.99 (  0.6) 

7.77.7 ) 

8.11 ) 

7.77.7 (  0.9) 

7.88 (  0.5) 

7.66 (  0.8) 

8.00 (  0.7) 

7.88 (  0.8) 

6.88 (+ 0.5) 

6.11 ) 

5.77 {+ 0.7) 

5.00 (  0.9) 

5.99 (  0.6) 

7.88 (  1.2) 

5.44 (  0.3) 

5.22 {+ 0.9) 

Thrombuss growth in control animals, two hours after treatment with saline or non-coated 

albuminn microcapsules, was 46.6 (  4.5)% and 49.6 (  3.7)% of initial thrombus volume, 

respectively.. The administration of fibrinogen-coated microcapsules (1.5x10 microcap-

sules/kg)) did not significantly affect thrombus accretion (50.3 (  5.0)%, p = not significant as 

comparedd with controls). Similarly, at 4 hours after administration of the fibrinogen-coated 

microcapsuless or saline, there was no difference in thrombus growth between the groups (64.4 

(  7.1)% after fibrinogen-coated microcapsules and 69.8 (  6.6%) after saline administration, 

p== not significant). 

Singlee dose toxicity studies in rats and cynomolgus monkeys, specifically aimed at 

histologicall  analysis of the organs up to 15 days after dosing, did not reveal adverse effects 

fromm the administration of fibrinogen-coated albumin microcapsules at doses up to 7.5x10 

microcapsules/kg.. In addition, studies of cardiorespiratory function and pulmonary resistance 

andd compliance in rabbits and dogs did not show significant effects of the administration of 

fibrinogen-coatedd albumin microcapsules (at doses up to 7.5X109) on hemodynamics, heart 

ratee and rhythm, blood gases or other pulmonary parameters. 

Studies,, in which the tissue distribution and clearance from the blood of '" I-labelled 

fibrinogen-coatedd albumin microcapsules were investigated, showed that the amount of 

microcapsuless in the circulation initially rapidly declined to about 15% of the total injected at 

155 minutes after administration and thereafter more gradually disappeared. A rapid tissue 

distributionn of the albumin microcapsules was observed, with peak levels of radioactivity in 

lungss and liver (28.8% and 41.5% of the injected dose, respectively) occurring between 5 

minutess and 1 hour. Thereafter, levels of radioactivity gradually declined and were no longer 

detectablee at 24 to 72 hours after administration of the radiolabelled fibrinogen-coated 
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FigureFigure 2 Effect of the administration offibrinogen-coated microcapsules (Synthocytes 1.5x10 /kg (A), and 
SynthocytesSynthocytes 0.75xlff/kg 0), non-coated albumin microcapsules (1.5xlu /kg, ) , and saline (V) on the ear 
bleedingbleeding time (upper panel) and the 5 minutes blood loss from a standardized abdominal surgical incision 
(lower(lower panel) in busulfan-treated thrombocytopenic rabbits (n = 6 per group). Statistical significance as 
comparedcompared with saline or non-coated albumin microcapsules is indicated (*:  p < 0.001, **:  p < 0.01). At 120 
andand 180 minutes after the administration of Synthocytes the difference between the two doses of Synthocytes is 
statisticallystatistically significant (#: p<0.05). 
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albuminn microcapsules. 

Too elucidate the mechanism of action of the fibrinogen-coated albumin microcapsules and to 

investigatee whether they could also function in human blood, experiments were performed in 

whichh the microcapsules (40x10 /ul) were added to whole human blood and perfused over a 

PMA-stimulatedd endothelial cell matrix for 5 minutes at a shear rate of 300 s . When the 

fibrinogen-coatedd albumin microcapsules were added to relatively platelet-poor blood (40x10 

platelets/1)) the surface covered with aggregates increased from 4,6 (  0.9)% to 8.6 (  0.7)% 

(p<0.01).. The addition of the fibrinogen-coated albumin microcapsules to normal blood 

(containingg 160x10 platelets/1) resulted in an enhancement of the area covered with 

aggregatess from 12.0 (  0.8)% to 16.4 (  1.6)% (p<0.01). Addition of non-coated albumin 

microcapsuless (control) did not influence total aggregate formation in either normal or 

thrombocytopenicc blood. Incubation of blood with the potent and specific platelet inhibitor 

dRGDWW resulted in a complete prevention of fibrinogen-coated albumin microcapsule-

inducedd aggregate formation, whereas incubation with the thrombin inhibitor hirudin 

inhibitedd aggregate formation from 16.2 (  0.2)% to 10.4 (1.9)% (p<0.01). These results may 

suggestt a direct interaction between platelets and microcapsules and a partial role of 

thrombinn and fibrin strand formation in the action of the microcapsules. When the 

coverslipss were examined with scanning electron microscopy to visualize the interaction 

betweenn the fibrinogen-coated albumin microcapsules and platelets, combined aggregates of 

plateletss and microcapsules, with connecting fibrin fibers, were seen (figure 3). 

FigureFigure 3 Scanning electron microscope photograph showing the interaction of the fibrinogen-coated 
albuminalbumin microcapsules and platelet aggregates with connecting fibrin fibers. 
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FigureFigure 4 Electron microscope photograph of a biopsy from a bleeding time wound a rabbit 15 minutes after 
thethe administration of fibrinogen-coated albumin microcapsules (1.5x10 microcapsules/kg), showing the 
presencepresence of the microspheres at the site of the hemostatic plug mainly surrounded by degranulated platelets. 

Alsoo in biopsies taken from bleeding time wounds in the rabbit experiments, the presence of 

thee fibrinogen-coated albumin microcapsules, mainly surrounded by degranulated platelets, 

wass confirmed (figure 4). 

Inn summary, the administration of fibrinogen-coated albumin microcapsules results in a 

significantt reduction of enhanced bleeding in rabbits made thrombocytopenic with either 

platelett antiserum or with chemotherapy. These results are in agreement with preliminary 

observationss using another preparation of cross-linked human serum albumin spheres . The 

mechanismm of the Synthocytes-induced improvement of primary hemostasis appears to rely 

onn the facilitation of adhesion of the remaining platelets to the endothelium. A limitation of 

ourr observations may be that measurement of the bleeding time may represent a function of 

thee primary hemostatic system in vivo, but may poorly predict the occurrence of bleeding in 

clinicall  situations . Hence, studies in patients with severe thrombocytopenia are required to 

establishh a beneficial effect of this agent in the treatment or prevention of thrombocytopenic 

bleeding.. However, the present data suggest that fibrinogen-coated albumin microcapsules 

mayy be an effective and novel replacement therapy for platelet transfusion in the management 

off  thrombocytopenia. 
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Methods s 

ProductionProduction and characterization of fibrinogen-coated microcapsules 

Humann albumin and human fibrinogen were recovered from large pools of human plasma by 

loww temperature controlled fractionation according to the Cohn process. Albumin 

microcapsuless were formed by spray drying a 10% w/v solution of human albumin. The 

albuminn was atomized with compressed air and the microcapsules were subsequently formed 

byy rapid drying of the droplets. Control of the pressure of the atomization air and the feed 

ratee defined the size and size distribution of the microcapsules to a median diameter of 3.5-4.5 

urn.. Less than 2% of the microcapsules were greater than 6 |im, in order to facilitate transit 

acrosss the pulmonary capillary bed. Fibrinogen was immobilized onto the surface of sterile 

albuminn microcapsules by incubation for up to 4 hours at a controlled ionic strength at a pH 

rangee of 6.0-6.5. Tangential flow microfiltration was used to remove unbound fibrinogen, and 

thee washed fibrinogen-coated microcapsules were suspended in 25 raM phosphate buffered 

isotonicc mannitol, to achieve a final concentration of 1.5x10 microcapsules/ml (total protein 

200 mg/ml). Fibrinogen bound to the microcapsules was determined by a sandwich ELISA 

usingg a polyclonal antibody to human fibrinogen to capture the immobilized fibrinogen. The 

fibrinogenn concentration represents less than 2% of the total protein of the microcapsules. 

Activityy of the immobilized fibrinogen was confirmed by measuring the rate of aggregation of 

thee fibrinogen-coated microcapsules following addition of thrombin. 

RabbitRabbit immune thrombocytopenia model and busulfan-induced thrombocytopenia model 

Thee studies were approved by the Institutional Animal Experiment Committee and were 

performedd according to the Dutch Law on Animal Experiments. New Zealand white rabbits 

(approximatelyy 2.5 kg) were anesthetized with an intramuscular cocktail of 9 mg Ketamin 

(Aescoket,, Boxtel, the Netherlands) and Rompun 2% (Bayer, Leverkusen, Germany) in 3 

versuss 1 volume units. To maintain adequate anesthesia, intramuscular injections of Ketamin 

weree repeated when appropriate. 

Too produce acute immune thrombocytopenia, the rabbits received a 5 minutes bolus 

infusionn of goat-anti-rabbit platelet polyclonal antibody (0.8 ml/rabbit), derived from goats 

thatt had been repeatedly immunized with washed rabbit platelets. The antiserum had been 

adsorbedd with washed rabbit red blood cells to remove anti-erythrocyte antibodies9,10 

AA busulfan-induced thrombocytopenia model was employed as described previously11. 

Briefly,, at day -12 and day -9, rabbits received a subcutaneous injection of busulfan (1,4 

butanedioll  dimethanesulfonate, Sigma, St Louis, MO; 15 mg/kg at day -12 and 10 mg/kg at 

dayy -9) in polyethylene glycol (average MW 400, Sigma). These injections invariably resulted 

inn a reduction of the platelet count on day 0 to 10-20xl09/l. 
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EarEar bleeding time and 5-minute blood loss 

Operatorss who were not aware of the treatment allocation of the rabbits performed bleeding 

timee and blood loss measurements in this controlled experiment. The template ear bleeding 

timee was measured using a Surgicutt device (International Technidyne Corporation, Edison, 

NJ).. The dorsal surface of the rabbit ear was shaved and a standardized incision was made at a 

sitee where no visible vessel was seen. Blood from the incision was carefully removed at exactly 

15-sec.. intervals with a filter paper, until bleeding had completely arrested J' \ 

Thee 5 minutes blood loss from a standardized surgical incision was measured as reported 

previously13.. Briefly, using a template, a standard 5 cm long and 0.5 cm deep surgical incision 

wass made in the anterior abdominal wall, incising the first layer of the anterior abdominal 

walll  muscles. A pre-weighed 5x5 cm gauze pad was placed in the incision and left in place for 

55 minutes. Then, the gauze pad was removed and its increase in weight was determined as an 

objectivee measure of blood loss (normal value 150-300 mg/5 minutes). 

Too examine the presence of the fibrinogen-coated albumin microcapsules at the site of the 

hemostaticc plug, biopsies were taken from bleeding time wounds that were made 15 minutes 

afterr injection of the fibrinogen-coated albumin microcapsules. The biopsies were 

immediatelyy immersed in 2% glutaraldehyde/3% paraformaldehyde in 0.1 M cacodylate 

buffer,, postfixed for 24 hours, dehydrated in methanol, and stained with May-Griinwald-

Giemsa. . 

ThrombusThrombus growth model 

Neww Zealand white rabbits (approximately 2.5 kg) were anesthetized as described above. The 

jugularr veins were exposed by a median incision in the neck and were cleared at both sites for 

aa distance of 2 cm; all side branches were ligated. The venous segments were isolated by 

applicationn of vessel clamps proximally and distally. To assess the extent of thrombus growth, 

non-radiolabeledd thrombi were formed in both isolated jugular vein segments by injection of 

1500 ul homologous rabbit blood, which had been previously aspirated into a 1 ml syringe 

containingg 25 p.1 human thrombin (Human Thrombin T7009, Sigma; 150 U/ml) and 45 ul 

0.255 MCaCl2, into the isolated venous segments14. After 30 minutes of aging, blood flow was 

restoredd by removing the vessel clamps, and 100 ul  u I-radiolabeled human fibrinogen 

(Amersham,, Den Bosch, the Netherlands, approximately 2 uCi/ml) was injected intra-

venously,, followed immediately by the i.v. administration of the study compounds. Thrombi 

weree removed 2 hours or 4 hours after restoration of the blood flow and administration of the 

studyy medication. Thrombus growth was assessed by measuring the accretion of I-radio-

labeledd human fibrinogen onto the preformed non-radioactive thrombi and was expressed as 

percentagee of the initial thrombus volume (200 ul). 
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I-labelledI-labelled fibrinogen-coated albumin microcapsules 

Fibrinogen-coatedd albumin microcapsules were radiolabelled with "'I, using the Iodogen 

method.. Stability of the label was confirmed by incubation in vitro in plasma for 72 hours. 

Ratss were injected with the radiolabelled microcapsules and tissue distribution of radioactivity 

wass measured in organs, tissues and body fluids at 5, 15, and 30 minutes, and 1, 6, 24 and 72 

hourss after the administration of the compound (n = 4 per time point). 

PerfusionPerfusion experiments 

Perfusionn experiments were carried out in a parallel perfusion chamber . Whole blood, 

obtainedd by venipuncture from healthy subjects taking no medication, was anticoagulated 

withh 1/10 (v/v) low molecular weight heparin (dalteparin, Pharmacia Upjohn, Stockholm, 

Sweden,, 50 U/ml). To vary the platelet count of the blood, platelets and red cells were 

separatedd from the blood and washed, and the blood was subsequently reconstituted to obtain 

aa hematocrit of 40% (v/v) and the desired platelet count . The fibrinogen-coated albumin 

microcapsuless or control non-coated albumin microcapsules (40x10 /ul) were added to the 

bloodd and the mixture was prewarmed at 37°C for 10 minutes. The perfusate was then 

recirculatedd though the perfusion chamber for 5 min at a wall shear rate of 300 s', over an 

endotheliall  cell matrix of endothelial cells stimulated with PMA (4-P-phorbol-12-myristate 13-

acetate,, Sigma, 20 ng/ml, 6 hours) After perfusion, the system was rinsed with HEPES-

bufferedd saline (10 mM HEPES, 150 mM NaCl, pH 7.4). The coverslips were removed, fixed 

inn 0.5% glutardialdehyde/PBS, dehydrated in methanol, and stained with May-Grünwald-

Giemsa.. The extent of platelet deposition was determined by light microscopy at a 

magnificationn of lOOOx using an image analyzer that was interfaced with the microscope. The 

resultss were expressed as the percentage surface covered with platelets. Similar experiments 

weree performed with platelets from blood that was pre-incubated with either the potent 

platelett inhibitor dRGDW (a synthetic RGD-containing peptide, Rhóne-Poulenc Rorer, 

Centree de Recherches de Vitry, France) or the thrombin inhibitor hirudin (30 U/ml, Ciba 

Geigy,, Horsham, United Kingdom). In addition, platelet-microcapsule interactions were 

examinedd using scanning electron microscopy. Coverslips from the perfusion chamber were 

fixedd in 2% glutardialdehyde for 1 hour, postfixed in 1% osmium tetroxide (Sigma) for 1 hour, 

andd then dehydrated through a graded ethanol series (50-100%). Samples were critical point 

dried,, sputtered with a thin layer of platinum, and examined with a scanning electron 

microscopee (Philips XL30, Eindhoven, the Netherlands). 

StatisticalStatistical analysis 

Statisticall  analysis was performed by ANOVA and the Newman-Keuls test. A p-value < 0.05 

wass considered statistically significant. All values are presented as mean  SD. 
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