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Abstract 

Background: Emicizumab is a bispecific antibody to factor (F)IXa and FX that mimics FVIIIa 

cofactor function. Emicizumab prophylaxis markedly decreases bleeding episodes in patients with 

hemophilia A (PwHA), irrespective of the presence of FVIII-inhibitors. However, thrombotic 

microangiopathy (TMA) was reported when repeated high doses of activated prothrombin complex 

concentrates ( aPCC) was concomitantly used with emicizumab. Although bypassing agents (BP As) 

are vital in the hemostatic treatment for PwHA with inhibitors, the mechanism of 

emicizumab-related TMA remains unclear. Aim: To assess the risk of excessive thrombus 

formation associated with BP As and emicizumab under high shear condition. Methods: Perfusion 

flow-chamber experiments under high shear conditions were performed using whole blood from 

PwHA in the presence of emicizumab without or together with FVIII or BPAs ex viva. Results: 

Emicizumab (100 µg/ml) added ex-viva to whole blood from PwHA improved defective thrombus 

formation in a similar manner to that observed with the addition of recombinant FVIII at the early 

phase, while FVIII continued to be important at the later stages. aPCC (1.2 U/ml equal to 100 U/kg) 

or recombinant FVIIa (rFVIIa: 1.1 µg/ml; equal to 90 µg/kg) together with emicizumab further 

promoted platelet interactions and fibrin formation ex viva but did not induce excessive thrombus 

formation. Conclusion: Emicizumab enhanced thrombin generation at local sites and improved 

defective hemostasis in whole blood from PwHA under high shear conditions. Simple concomitant 

use of BP As with emicizumab did not mediate excessive thrombus formation and remains an option 

for hemostatic management of emicizumab-treated PwHA with inhibitors. 

Key words; emicizumab, factor VIII, thrombus formation, bypassing therapy, flow chamber 
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What is known about this topic? 

QI Emicizumab improves impaired coagulation function m severe patients with hemophilia A 

(PwHA). 

• Emicizumab-related TMA has been rep01ied when repeated high doses of aPCC was 

concomitantly used with emicizumab; however its mechanism(s) remains unclear. 

What does this paper add? 

• Emicizumab improved defective thrombus formation in PwHA under high shear conditions at 

the early phase, while FVIII continued to be important at the later stages. 

® The simple co-presence of bypassing agents and emicizumab did not mediate untoward 

thrombus fonnation. 
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Introduction 

Hemophilia A (HA) is a congenital bleeding disorder caused by a defect or deficiency of factor 

(F)VIII. Intravenous infusion of FVIII concentrates is the first-line therapeutic option for patients 

with HA (PwHA) without inhibitor. 1 Regular prophylaxis with FVIII concentrates reduces the 

incidence of bleeding episodes, delays the onset of arthropathy and contributes greatly to 

improvements in quality of life in these individuals. 1-4 There are some barriers with current 

therapies, however. The need for multiple intravenous infusions is associated with a substantial 

mental and physical burden especially in children, and hemostatic treatment for PwHA with 

inhibitors is especially difficult.2 Anti-FVIII alloantibodies neutralize FVIII coagulant activity, and 

severely limit the effectiveness of FVIII concentrates. 5 Bypassing agents (BP As) including 

recombinant FVIIa (rFVIIa) and activated prothrombin complex concentrates (aPCC) are used as 

alternative hemostatic agents in these circumstances. 6•7 Clinical responses to treatment with BP As 

vary among patients, however.8·9 

In this context, emicizumab, a recombinant, humanized bispecific monoclonal antibody (mAb) that 

binds to FIX/FIXa and FX/FXa and mimics FVIIIa cofactor activity in the tenase complex, has been 

developed. 10•11 This antibody mediates an appropriate conformational structure for FIXa-catalyzed 

activation of FX. In the clinical trials, once-weekly, bi-weekly, and tetra-weekly subcutaneous 

administration of emicizumab substantially diminished bleeding episodes in PwHA, irrespective of 

the presence of inhibitor. 12-18 The antibody has received regulatory approval for routine prophylaxis 

in PwHA with or without inhibitors in US, EU, and Japan. 

Along with the emergence of emicizumab, novel assays that can precisely assess the hemostatic 

effect of emicizumab are required. In this context, careful attention should be paid to introduce the 

conventional assays for this purpose. Unlike FVIII, emicizumab does not require activation by 

thrombin, and the shortening effect of the antibody on the activated partial thromboplastin time 

(aPTT) is more pronounced than that of FVIII. 10•19,2° The results of aPTT-based one-stage assays, 

therefore, do not directly reflect emicizumab activity. Global coagulation tests, including rotational 

thromboelastometry (ROTEM),21 thrombin generation assays (TGA),22 and clot waveform analysis 

(CWA),23 have been reported as alternatives for assessing hemostasis in these circumstances. These 
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assays depend on a variety of trigger reagents, however, and are perfom1ed under static (TGA and 

CWA) or semi-static (ROTEM) conditions. The data obtained from these assays may not represent 

physiological hemostasis, because one of the obvious differences in this mimicry of emicizumab to 

FVIII is the lack of direct phospholipid binding ability10 and may lead to a somewhat different way 

of action in the intravascular flow condition. However, techniques to confinn the potential role of 

emicizumab in thrombus and fibrin fonnation in native whole blood from PwHA under the flow 

conditions remain challenging and has not been reported as of yet. 

While rFVIIa and aPCC are widely used to treat bleeding episodes in PwHA with inhibitors,6,7 

thrombotic adverse events are the potential risk related with BPAs. The rep01ied incidence of 

thrombosis related with rFVIIa is limited to 1-2 %.24•25 aPCC can be also prothrombotic and 

complications such as venous thromboembolism, myocardial infarction, and disseminated 

intravascular coagulation (DIC) have been reported.26 Recent reviews of phase 3 clinical trials have 

noted that three PwHA with inhibitor had developed thrombotic microangiopathy (TMA). 14•27 These 

adverse events occurred only when the emicizumab-treated PwHA received repeated administration 

of aPCC for breakthrough bleeding. Notably, the TMA was not associated with more widespread 

DIC, although as expected, the concomitant therapy of aPCC with emicizumab consolidated overall 

coagulation potential. The mechanism(s) of emicizumab-related TMA in these circumstances 

remains unclear. The major reported causes of TMA include a disintegrin-like and metalloproteinase 

with thrombospondin type 1 motifs 13 (ADAMTS13) deficiency, abnonnalities of complement 

regulation, and enteric infections with Shiga-toxin producing organisms.28 None of these 

complications were evident in the emicizumab-treated patients, however. 14 Platelet micro-thrombi 

in small arterioles and capillaries at high shear stress may, therefore, contribute to TMA more than 

disordered blood coagulation. The pathogenesis of TMA is difficult to investigate using static 

assays, and we hypothesized that the modern, real-time, micro capillary perfusion methods using 

whole blood under high shear may reproduce the physiological conditions relevant to TMA. In fact, 

flow-based perfusion technique has been utilized to reproduce the condition of micro-vessel 

thrombosis for the ADAMTS 13 study, since the ADAMTS 13 function to cleave von Willebrand 

factor is regulated by the hydrodynamic shear force. 29 
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Our studies focused, therefore, on novel perfusion experiments using whole blood from PwHA, to 

analyze emicizumab-mediated platelet thrombus at high shear stress and to assess the risk of 

excessive thrombus formation associated with BPA and emicizumab under the condition, 

attempting to reflect the pathogenic mechanisms of TMA and to evaluate a current risk management 

for emicizumab-related TMA in clinical. 

Materials and Methods 

This study was approved by the Medical Research Ethics Committee of Nara Medical University. 

Blood samples were collected after informed consent following the Universities ethical guidelines. 

Reagents - Emicizumab and recombinant (r) anti-idiotype mAb to emicizumab (anti-emicizumab 

mAb; rcAQ8 to anti-FIXa-Fab)30 were obtained from Chugai Pham1aceutical Co (Gotemba, 

Shizuoka, Japan). rFVIII (Advate®, Takeda Pharma Co. Ltd, Tokyo, Japan), aPCC (FEIBA ®, 

Takeda), rFVIIa (NovoSeven®, Novo Nordisk, Bagsvrerd, Denmark), collagen I/III (MP 

Biomedicals, Santa Ana, CA), r-hirudin (Enzo Life Science, Fanningdale, NY), phalloidin-Alexa 

488 (Molecular Probes, Eugene, OR), Cytopenn/Cytofix (BD, Franklin Lakes, NJ), anti-thrombin 

antibody (Abeam, Cambridge, United Kingdom), anti-fibrin antibody (DAKO, Santa Clara, CA), 

Alexa 568 and 647 labeling kit (Molecular Probes, Eugene, OR) were purchased from the indicated 

vendors. An anti-FVIII C2 polyclonal antibody (polyAb) was obtained from a severe PwHA with 

inhibitor, and was used for immunostaining as previously described. 31,32 

Perfusion chamber experiments - Perfusion experiments were performed as previously described.33 

Briefly, microscopy slides designed for cell culture and high resolution microscopy (µ-slide VI 0.1; 

Ibidi, Martinsried, Germany) were coated with collagen I/III (300 µg/ml) in sodium 

carbonate/bicarbonate buffer at room temperature (RT) overnight, washed three times with 

phosphate buffer saline (PBS), blocked with 5 % bovine serum albumin for 1 hr at RT, and washed 

with PBS prior to use. Whole blood samples were obtained from PwHA with or without inhibitor, 

using hirudin (25 µg/ml) as an anticoagulant. Hirudin was selected to keep the platelet function as 

much as possible to form physiological platelet thrombus to reproduce the condition of TMA where 

platelet thrombus fom1ation plays a major role. Preliminary experiments were performed and 25 
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µg/ml of hirudin was the minimum dose for the completion of this experimental system. (data not 

shown). The study subjects had not taken any medication that may have affected platelet function or 

blood coagulation in the two-week period prior to blood sampling. Each FVIII, emicizumab (100 

µg/ml), rFVIIa ( 1.1 µg/ml; corresponded to 90 µg/kg) and aPCC (1.2 Ulm!; corresponded to 100 

U/kg) were added to the whole blood ex viva, followed by perfusion into the prepared chamber at 

the high shear rates (2,500 s-1) controlled by the syringe pump NE- l 600TM (New Era Pump Systems, 

Farmingdale, NY). The final concentration of aPCC or rFVIIa in whole blood was calculated using 

the following formula; therapeutic dose (U/kg or µg/kg)/80 = final concentration (U/ml or µg/ml, 

respectively). In this experiment, we utilized higher concentrations of emicizumab ( 100 µg/ml) than 

clinically therapeutic concentrations (30-80 µg/ml) 14- 18 to ensure maximum activity for thrombus 

formation ex viva. Reactions on the collagen that was coated surface under these conditions 

represented thrombus fonnation at high shear. 

Immunostaining - After the perfusion experiments, the developing thrombi were fixed with 

Cytopenn/Cytofix® and immunofluorescent staining was performed as previously reported.33 The 

fixed thrombi were penneabilized with PBS containing 1 % Triton X-100 for 10 min at RT and 

blocked with serum free protein block (DAKO) for 20 min, followed by incubation with 

phalloidin-Alexa 488 (6 µg/ml), anti-thrombin antibody (10 µg/ml) labeled with Alexa 568, and 

anti-FVIII polyAb (1 µg/ml) overnight at 4 °C. In some experiments, fluorescent patterns were 

visualized with anti-fibrin antibody or anti-emicizumab mAb conjugated with Alexa 64 7. After 3 

washes with PBS, thrombi were mounted in DAKO-fluorescence mounting medium prior to 

photo-microscopy. Preliminary experiments, confirmed sufficient infiltration of fluorescent 

antibodies into thrombi. Platelet, thrombin and fibrinogen/fibrin reactions were visualized using 

confocal laser scanning microscopy (FV-lOOO™, Olympus, Tokyo, Japan). The digital images were 

obtained at 1-µm intervals from the collagen surface to a height of 60 µm. Surface coverage was 

measured by calculating the percentage of the area covered by adhering platelets based on sliced 

images at the 2 µm from the bottom of the thrombus using ImagePro 6.0™ (Media Cybernetics, 

Rockville, MD). Thrombus volume was calculated by summing all sliced images of identical 

portions. The average thrombus height was also calculated. 
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Data analyses - All data and statistical analyses were performed usmg Graphpad pnsm 7.0 

(Graphpad Software, San Diego, CA). The results are illustrated as means and standard deviations 

(SD). Statistical significance between two groups was assessed using Student's t-tests and 

differences between more than two groups were evaluated using 2-way ANOVA. P-values <0.05 

were considered as statistically significant. 

Results 

Ex vivo FVIII or emicizumab enhanced thrombus formation in whole blood from PwHA under 

high shear - Thrombus formation with whole blood from PwHA without inhibitor was first 

compared with healthy control blood using the perfusion chamber technique. Whole blood samples 

from controls, severe PwHA in the presence or absence of FVIII (100 IU/dl) were perfused in the 

flow chamber and coated slides were fixed at the indicated time points. Representative images are 

shown in Figure lA. Thrombus formation after the ex viva addition of FVIII to whole blood from 

PwHA was enhanced and accelerated compared to that in the absence of FVIII. After 8 min 

perfusion, surface coverage (SC) and thrombus height (TH) in untreated PwHA were 5.2 ± 3.4 % 

and 0.64 ± 0.43 µm, respectively, and were 35.3 ± 6.8 % and 5.3 ± 0.48 µm, respectively in the 

presence of FVIII. These measurements indicated restoration of thrombus formation to 

approximately normal levels (SC; 36.2 ± 1.9 %, TH; 4.7 ± 0.44 µm) (Figure lB). Similarly, the 

addition of emicizumab (100 µg/ml) also augmented thrombus formation, especially at the early 

stages of thrombus formation (Figure lA). 

Emicizumab enhanced thrombus formation especially at the early stages - To further understand 

the effect of emicizumab on thrombus formation, the data in Figure lB was reformatted to 1 min, 4 

min, and 8 min and comparison of time variation was made between FVIII and emicizumab on 

thrombus formation (Figure 2). After 1 min perfusion, the effects of emicizumab on thrombus 

formation (SC; 14.5 ± 1.8 %, TH; 1.25 ± 0.18 µm) were comparable to that ofFVllI (SC; 14.3 ± 

5.8 %, TH; 1.39 ± 0.43 µm). The final thrombus sizes in the presence of FVIII after 4 min (SC; 28.7 

± 8.0 %, TH; 0.45 ± 0.23 µm) and 8 min (SC; 35.3 ± 6.8 %, TH; 5.3 ± 0.48 µm) perfusion were 

significantly greater than after the addition of emicizumab at the same time-points, however ( 4 min: 

SC; 20.6 ± 1.9 %, TH; 2.00 ± 0.14 µm, and 8 min: SC; 23.9 ± 2.54 %, TH; 2.66 ± 0.13 µm). 
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Distribution of FVIII, emicizumab, and thrombin in thrombi under high shear - To confirm the 

role of enhanced coagulation reactions mediated by FVIII and emicizumab in thrombus fonnation at 

high shear, thrombi were examined by immunostaining with anti-thrombin antibody labeled with 

Alexa 567 and anti-FVIII polyAb labeled with Alexa 647 31 (Figure 3A). Increases in the intensity 

of thrombin staining were observed (1,805 ± 785 and 5,295 ± 320 AU, respectively) after the ex 

viva addition of FVIII (0 and 100 IU/dl; Figure 3B). An anti-emicizumab mAb (rcAQ8 to 

anti-FIXa-Fab)-labeled with Alexa 647 demonstrated that emicizumab was stained throughout the 

formed thrombus and in addition was co-localized with thrombin (Figure 3A). Moreover, 

emicizumab enhanced the intensity of thrombin (4,940±306 AU), equivalent to ~80% of ex v;va 

addition of FVIII (100 IU/dl) (Figure 3B). These findings indicated that emicizumab contributed to 

thrombus formation in these circumstances. 

Impact of the co-presence of BPAs and emicizumab on ex-vivo thrombus formation in PwHA 

with inhibitor - The effects of BP As without or with emicizumab on thrombus formation in PwHA 

with inhibitor were assessed using aPCC (1.2 U/ml; equivalent to 100 U/kg), rFVIIa (1.1 µg/ml; 

equivalent to 90 µg/kg), emicizumab (100 µg/ml), emicizumab/aPCC, and emicizumab/rFVIIa 

added to whole blood from PwHA with inhibitor prior to perfusion as described in Methods. The 

formed thrombi were fixed, and immunostained with phalloidin-Alexa 488, Alexa 647-labeled 

anti-thrombin antibody, and Alexa 567-labeled anti-fibrinogen/fibrin antibody. Representative 

images and analysis of thrombus formation in the presence of aPCC, rFVIIa, emicizumab, 

emicizumab/aPCC, and emicizumab/rFVIIa after 4 min perfusion are shown in Figure 4A and 4B. 

The ex viva addition of either aPCC or rFVIIa alone improved the parameters of thrombus 

formation (aPCC: SC; 17.7 ± 1.2 %, TH; 1.55 ± 0.16 µm: rFVIIa: SC; 29.8 ± 1.9 %, TH; 2.32 ± 

0.17 µm). rFVIIa appeared to have a greater impact than emicizumab alone, but conversely, 

emicizumab seemed to be more effective than aPCC. The combined mixtures of emicizumab and 

BPAs further enhanced thrombus formation (aPCC plus ernicizumab: SC; 34.4 ± 3.7 %, TH; 2.59 ± 

0.15 µrn: rFVIIa plus ernicizumab: SC; 31.3 ± 1.7 %, TH; 2.97 ± 0.18 µrn) (Figure 4B). These 

measurements were not equivalent, however, to those determined after the addition of FVIII (I 00 

JU/di) to PwHA whole blood (see Figures lB and 2). 
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Discussion 

Emicizumab, a humanized bispecific antibody to FIX/IXa and FX/FXa that mimics FVIIIa cofactor 

function, is predicted to be a paradigm-shifting therapeutic agent for PwHA, irrespective of 

presence of inhibitor. 12,1 7 The pre-clinical studies using TGA demonstrated that emicizumab at 

30-50 µg/ml could be comparable to nearly FVIII:C 10 IU/dl, in which the potency of emicizumab 

seemed to be a little underestimated. 12) 4 This global assay may be beneficial for monitoring 

emicizumab concentrations in blood, but it does not fully reflect emicizumab activity. In this 

context, TMA has been reported after the concomitant use of aPCC in emicizumab-treated PwHA 

with inhibitor, 14 and this unexpected complication is difficult to predict using static assays. We have 

utilized a novel flow-chamber perfusion technique, therefore, to assess emicizumab activity under 

near-physiological, high shear conditions,33 and have examined the characteristics of thrombus 

formation in the presence of emicizumab. The levels of emicizumab in plasma at 

30-80 1'1-18 In the nn='~"'"' therapeutic 

reflect of TMA and to evaluate current risk 

to 

for 

ernicizmriab-related TMA rn clinical of I 00 1.1g/ml as the maxirnum 

concentration at high re gun en H1 

Our results confinned that platelet interactions and fibrin formation leading to thrombus formation 

in the whole blood from PwHA under the high shear conditions were severely impaired (Figure 1 ). 

The ex-viva addition of FVIII significantly improved these interactions demonstrating that FVIII 

played a significant role in thrombus formation even under high shear. Our findings for the first 

time identified that FVIII continued to be important at the later stages ( 4 and 8 min), in contrast to 

emicizumab which significantly contributed to increased thrombus formation at early-reaction 

phases (within 1 min) but decreased its contribution at the later phase ( 4 and 8 min). It seemed 

likely that further thrombin would be generated at the later phases of thrombus formation, and FVIII 

could have a greater impact than emicizumab in the final thrombus size. These data suggested that 

FVIII and emicizumab play significant roles in thrombus formation even under high shear and this 

experimental system would be valuable to evaluate a risk of emicizumab-related TMA. 

JO 

Page 10 of 2~ 



3ge 11 of 25 Thrombosis and Haemostasis 

The immunofluorescent images indicated that emicizumab was co-localized with thrombin 

throughout the thrombi, and suppmied a role for emicizumab in coagulation under high shear. 

Emicizumab enhanced the thrombin intensity within the fibrin structures, which is in keeping with a 

potent generation of thrombin at sites of local thrombus formation. The findings also might suppmi 

the clinical studies that have demonstrated a low incidence of bleeding episodes in PwHA receiving 

emicizumab prophylaxis. Since the dose of emicizumab (100 µg/ml) in this study was higher than 

that in patients in the HA VEN series of clinical trials, 14- 18 emicizumab alone did not seem to be 

more thrombotic than FVIII. 

Given that BP As are the first choice for treatment of breakthrough bleeds in emicizumab-treated 

PwHA with high titer inhibitors and the reported TMA was associated with repeated concomitant 

use of high doses of aPCC with emicizumab, 14 we next investigated the influence of BP As with and 

without emicizumab on thrombus formation using the same technique (Figure 4A). Both rFVIIa and 

aPCC enhanced thrombus formation in whole blood from PwHA with inhibitor. Interestingly, 

impact of rFVIIa on surface coverage and thrombus height was greater than that of aPCC (Figure 

4B). This data were not consistent with the clinical data that the efficacy of rFVIIa and aPCC are 

comparable.6 The reason may be explained by the differences in the 

rlFVHa clnd aPCC. The plasma half-life of aPCC is 8-12 hours while that of rFVIIa is only 2-4 

hours. By contrast, co-presence of emicizumab reduced the difference of thrombus size between 

rFVIIa and aPCC. The reason why emicizumab further enhanced thrombus size not in rFVIIa but in 

aPCC remains unclear. As one possibility, aPCC contains FIXa and FX, which may increase the 

FIXa-emicizumab-FX complex, while rFVIIa does not. The thrombus area and height increased 

with co-presence of emicizumab and a standard dosage of BPA did not exceed that formed in blood 

from control individuals, however. 

TMA appears to be a clinical complication in emicizumab-treated PwHA only when frequent high 

doses of aPCC are used concomitantly for breakthrough bleeding. 14 The imbalanced coagulation 

interactions in these circumstances may not have been fully represented in our experimental system, 

and further analyses using whole blood from emicizumab-treated PwHA with various doses of 
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BP As are required. The availability of patients in this category is limited, however. Neve1iheless, 

our data indicated that a single standard dose of rFVIIa or aPCC seemed unlikely to severely 

modify the hemostatic balance in the presence of emicizumab (100 µg/ml). 

Emicizumab-related TMA was not clearly reproduced in this experimental system. Therefore, 

further study will be required. Collagen was used in our model as a surrogate of damaged 

endothelial vessel wall. However, microvascular occlusion occurs at a distance from any endothelial 

damage and non-collagen bound component of active hemostatic components might help our 

understandings. Another possibility would be in viva thrombosis model for the experiment although 

emicizumab does not cross-react with mouse proteins and its hemostatic effect cannot be 

reproduced in mice. 

In conclusion, we have described the use of an ex viva flow chamber technique to explore the 

possible mechanism of emicizumab-mediated TMA. Emicizumab appeared to augment platelet 

interactions and fibrin formation in whole blood from PwHA under high shear conditions, although 

the bispecific antibody was not as effective as conventional FVIII. Simple concomitant use of 

rFVIIa or aPCC with emicizumab did not mediate excessive thrombus formation and remains an 

option for the hemostatic management of emicizumab-treated PwHA with inhibitor. 
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Figure Legends 

Figure 1. Time course changes of thrombus formation in severe PwHA without inhibitor 

under high shear conditions - (Panel A) Representative images of thrombi in whole blood from 

healthy individuals (normal) and PwHA without inhibitor at the indicated reaction-times ( 1, 4, and 8 

min) after perfusion. FVIII (100 IU/dl) or emicizumab (100 µg/ml) was added to the whole blood 

from PwHA, followed by staining the platelets with phalloidin-Alexa 488 as described in Methods. 

The scale bar is set at 30 µm. (Panel B) Statistical analyses corresponding to the images shown in 

(A); Values and error bars represent the mean(± SD) of surface coverage and thrombus height in 15 

defined areas (each 133x100 µm) randomly selected in 5 separate flow experiments. Surface 

coverage (SC; left panel) and thrombus height (TH; right panel) are shown. *p<0.05, **p<0.01, 

***p<0.001 

Figure 2. Comparisons between emidzumab and FVIII on thrombus formation under high 

shear at each time point - The data in Figure 1 was reformatted and summarized at 1, 4, and 8 min. 
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Statistical analyses corresponding to the images shown in Figure JA; Surface coverage (SC; left 

panel) and average thrombus height (TR right panel) are shown. *p<0.05, **p<O.Ol, ***p<0.001 

Figure 3. Thrombin localized in formed thrombi under high shear after the addition of 

emicizumab and FVIII - (Panel A) Thrombi in whole blood from PwHA with ex viva FVIII (final 

concentration of 0 and 100 IU/dl) after 4 min perfusion were stained with phalloidin-Alexa 488 

(green), anti-thrombin antibody-Alexa 567 (red pseudo-color), and anti-FVIII antibody Alexa 647 

(blue pseudo-color). Emicizumab (100 µg/ml) was added instead of FVIII. Anti-emicizumab mAb 

conjugated with Alexa 647 was used to visualize the localization of emicizumab on thrombi (blue 

pseudo-color). Representative images of multi-color immunostaining of thrombi are shown. The 

scale bar is set at 30 µm. (Panel B) Intensity measurements of thrombin were derived and expressed 

as arbitrary units (AU). Statistical analyses corresponding to the images in (A) are shown. Values 

and error bars represent the mean (± SD) of the intensity measurement in 15 defined areas (each 

133x 100 µm) randomly selected in 5 separate flow experiments. *p<0.05, **p<0.01, ***p<0.001 

Figure 4. Ex vivo effects of BPAs in the absence or presence of emicizu.mab on thrombus 

formation in PwHA with inhibitor - (Panel A) aPCC (1.2 U/ml; equivalent to 100 U/kg) (a), 

rFVIIa (1.1 µg/ml; equivalent to 90 µg/kg) (a), emicizumab (100 µg/ml) (b), aPCC (1.2 

U/ml)/emicizumab (100 µg/ml) (b), and rFVIIa (1.1 µg/ml)/emicizumab (100 µg/ml) (b) were 

added to whole blood from PwHA with inhibitor prior to perfusion. Thrombi were stained with 

phalloidin-Alexa 488 (green), anti-thrombin antibody-Alexa 567 (red pseudo-co/or), and anti-fibrin 

antibody-Alexa 647 (blue pseudo-co/or). Representative images of immunostaining are shown. 

Normal comparator was also shown. The scale bar is set at 30 µm. (Panel B) Statistical analyses 

corresponding to the images shown in (A). Values and error bars represent the mean (± SD) of 

surface coverage (SC) and thrombus height (TH) in 15 defined areas (each 133xlOO µm) randomly 

selected in 5 separate flow experiments. Surface coverage (SC; left panel) and average thrombus 

height (TH; right panel) are shown. *p<0.05, **p<0.01, ***p<0.001 
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