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Abstract

Objective: Refrigeration-induced binding of von Willebrand factor (VWF) to platelets 

contributes to the rapid clearance of refrigerated platelets. In this study, we investigate whether 

inhibiting VWF binding by a DNA-based aptamer ameliorates the clearance of refrigerated 

platelets without significantly impeding hemostatic functions.

Approach and Results: Platelets were refrigerated with or without aptamer ARC1779 for 48 

hours. VWF binding, the effective lifetime of ARC1779, platelet post-transfusion recovery and 

survival, and the hemostatic function were measured. ARC1779 treatment during refrigeration 

inhibited the platelet-VWF interaction. ARC1779-treated refrigerated murine platelets exhibited 

increased post-transfusion recovery and survival than untreated ones (recovery of ARC1779-

treated platelets: 76.7±5.5%; Untreated: 63.7±0.8%, p<0.01. Half-life: 31.4±2.36 hr vs. 28.1±0.86 

hr, p<0.05). A similar increase was observed for refrigerated human platelets (Recovery: 

49.4±4.4% vs. 36.8±2.1%, p<0.01; Half-life: 9.2±1.5 hr vs. 8.7±0.9 hr, n.s.). The effective lifetime 

of ARC1779 in mice was 2 hours. Additionally, ARC1779 improved the long-term (2 hours after 

transfusion) hemostatic function of refrigerated platelets (tail bleeding time of mice transfused 

with ARC1779-treated refrigerated platelets: 160±65s; Untreated: 373±96s, p<0.01). The addition 

of an ARC1779 antidote before transfusion improved the immediate (15 minutes after transfusion) 

hemostatic function (bleeding time of treated platelets: 149±21s; Untreated: 320±36s, p<0.01).

Conclusion: ARC1779 improves the post-transfusion recovery of refrigerated platelets, and 

preserves the long-term hemostatic function of refrigerated platelets. These results suggest that a 

short-acting inhibitor of the platelet-VWF interaction may be a potential therapeutic option to 

improve refrigeration of platelets for transfusion treatment.
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Introduction

Compared to erythrocytes, which can be refrigerated for 42 days, platelets can only be stored 

for up to 5 days at room temperature (RT) under constant agitation1, 2. One main reason for 

the short shelf life of platelets is the risk of bacterial contamination at RT1, 3. Storing 

platelets at cold temperatures (1–6°C) is a potential option for reducing bacterial 

contamination and increasing storage time. Refrigerated platelets have recently been 

approved by U.S. Food and Drug Administration4, 5. One major purpose for transfusing 

refrigerated platelets is for the treatment of massive hemorrhage, because refrigerated 

platelets are preactivated and can stop bleeding effectively4. Another purpose for transfusing 

refrigerated platelets is for the prophylactic treatment of thrombocytopenia. However, 

refrigerated platelets are rapidly cleared upon transfusion6–8. The mechanism of fast 

clearance of refrigerated platelets is not fully understood.

A significant increase of von Willebrand factor (VWF) binding to platelets after platelet 

refrigeration was previously reported9, 10. Glycoprotein (GP)Ibα is the receptor of VWF on 

the platelet surface, and the interaction between GPIbα and VWF often leads to platelet 

clearance. Patients with type 2B von Willebrand disease, in which VWF binds GPIbα 
spontaneously11–13, often present with thrombocytopenia14. Consistently, in a mouse model 

expressing type 2B VWF, platelet-VWF complexes are cleared by macrophages in the liver 

and spleen15. We previously demonstrated that the interaction between the ligand-binding 

domain (LBD) of GPIbα and the A1 domain of VWF leads to unfolding of the 

mechanosensory domain (MSD) in GPIbα when a mechanical pulling force is applied16. 

Unfolding of the MSD thereafter results in intracellular signaling events mediated by 

glycoprotein Ib-IX complex (GPIb-IX), including platelet desialylation, phosphatidylserine 
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(PS) exposure, P-selectin expression, and intracellular Ca2+ elevation, and eventually platelet 

clearance17–19.

During refrigeration VWF binding to human and WT mouse platelets is increased9, 10. 

Interestingly, refrigerated VWF−/− platelets exhibited much better post-transfusion recovery 

and survival compared to refrigerated WT platelets, indicating that VWF binding contributes 

to rapid clearance of refrigerated platelets. Further, the addition of OS1 peptide 

(CTERMALHNLC)20, 21, which binds the LBD and blocks the GPIbα-VWF interaction, 

during platelet refrigeration improved the recovery and survival of refrigerated platelets10. 

However, OS1 has a robust binding affinity to the GPIbα LBD (KD=0.74 nM)21, and the 

GPIbα-OS1 complex is highly stable20. The GPIbα LBD on OS1-treated refrigerated 

platelets may be completely occupied by OS1 after transfusion, resulting in the impaired 

hemostatic function of the refrigerated platelets. Therefore, a short-acting antagonist for 

either the LBD of GPIbα or the A1 domain of VWF, which can be quickly removed from 

circulation after transfusion, should be a more applicable alternative.

The DNA aptamer ARC1779 was previously developed to bind the VWF A1 domain22. The 

binding site of ARC1779 is located within Phe507-Thr705 on VWF A1, which clashes with 

the GPIbα-binding site23. ARC1779 has a high binding affinity to VWF A1 domain (KD ~ 2 

nM)24, and binding assays suggested that 2 μg/ml of ARC1779 could inhibit nearly 90% of 

VWF activity and 10 μg/ml could completely inhibit VWF activity22. ARC1779 was 

developed to treat VWF-related platelet disorders and diseases. In several Phase II clinical 

trials, ARC1779 was found to successfully ameliorate thrombotic thrombocytopenia purpura 

(), type 2B VWD (), cerebral microembolism () and thrombotic microangiopathy ()25–28. 

However, because ARC1779 is an inhibitor of VWF, ARC1779 treatment may decrease the 

hemostatic function of refrigerated platelets. Importantly, the half-life of ARC1779 in 

human is about 2 hours22. Due to the short in vivo half-life of ARC1779, the hemostatic 

function of ARC1779-treated refrigerated platelets may not be severely impaired after 

transfusion. In this study, we investigated the effect of ARC1779 in improving the recovery 

and survival of refrigerated platelets, and in preserving their hemostatic function.

Materials and methods

The authors declare that all supporting data are available within the article and its online 

supplementary files.

Materials and animals

DNA aptamer ARC1779 (PEG20K-NH2-mGmCmGmUdGdCdAmGmUmGmCmCmU-

mUmCmGmGmCdCmG-s-

TmGdCdGdGTmGmCdCmUdCdCmGmUdCmAmCmGmC-3T) and the reverse 

complementary DNA strand (GCGTGACGGAGGCA) were synthesized by IDT (Coralville, 

Iowa). Allophycocyanin (APC)-labeled anti-mouse CD41 antibody (Cat: 133913), and 

carboxyfluorescein succinimidyl ester (CFSE, Cat: 423801) were purchased from Biolegend 

(San Diego, CA). APC anti-human CD41 antibody (clone HIP8, Cat: 559777) was from BD 

Pharmingen (San Diego, CA). Fluorescein isothiocyanate (FITC)-labeled anti-mouse CD41 

antibody (Cat: 553848) was obtained from BD Biosciences (San Jose, CA). FITC-labeled 
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anti-VWF (Cat: P150–1) was from Emfret Analytics (Eibelstadt, Germany). Horseradish 

peroxidase (HRP)-conjugated anti-VWF antibody (Cat: P0226) was from DAKO 

(Denmark). 1-Step Ultra TMB (Cat: 34–28) was purchased from Thermo Scientific 

(Rockford, IL). Apyrase (Cat: A7646–500UN), prostaglandin I2 (PGI2, Cat: P6188–1MG), 

PGE1 (Cat: P5515), protease inhibitor cocktail (Cat: P8340), and DNAse I (Cat: 

10104159001) were from Sigma-Aldrich (Saint Louis, MO). Human Type IV Collagen was 

from Southern Biotech (Cat: 1250–01S). Gas-permeable bag (Cat: PL07) was from OriGen 

(Austin, TX). Snake venom from Bothrops jararaca (Cat: V5625–100MG) was obtained 

from Sigma-Aldrich (Saint Louis, MO).

C57BL/6J (wild-type, WT; Stock No. 000664) and NOD.CB17-Prkdcscid/J (NOD-SCID; 

Stock No. 001303) mice were purchased from The Jackson Laboratory. Transgenic mice 

expressing chimeric human IL4Rα/ human GPIbα (IL4R-IbαTg) have been described2, 29. 

Six- to 8-week-old mice were used in the study as approved by the IACUC of Emory 

University. Both sexes of age-matched littermates were generally used for the study. All 

animals were randomized before the experiment, and investigators were blinded to group 

allocation during data collection. Human leukoreduced apheresis-derived platelets (LR-

ADP) were obtained from Emory Hospital. Human whole blood was drawn from healthy 

volunteers in 0.38% sodium chloride. The informed consent and related protocols were 

approved by Emory University institutional review boards.

Refrigeration of platelets

Whole blood from WT mice was collected into sodium citrate and platelet-rich plasma 

(PRP) was isolated as described30, 31. Apyrase (0.02 U/ml) and PGI2 (0.1 μg/ml) were added 

to inhibit platelet activation during PRP preparation. Human whole blood was drawn from 

healthy volunteers in 0.38% sodium citrate and PRP was separated by centrifugation of 

140g, 12 min. PRPs were refrigerated with or without 10 μg/ml ARC1779 in gas-permeable 

bags (OriGen, Austin, TX) at 4°C for 48 hours. Unless otherwise noted, after refrigeration 

PRP was rewarmed to 37˚C for 10 min before further characterization.

Measurement of VWF binding to platelets

Fresh and refrigerated PRPs were incubated with FITC anti-VWF antibody at room 

temperature (RT) for 10 min. After incubation, platelets were fixed with 2% PFA and 

analyzed on a CytoFLEX flow cytometer. VWF binding was quantified by mean 

fluorescence intensity (MFI) of the measured cell population, subtracted by that of a 

negative control, and normalized with the relative MFI of fresh platelets (without storage) 

being 1.

Post-transfusion recovery and survival of platelets in vivo

Fresh or refrigerated human platelets were concentrated by centrifugation in the presence of 

3 μM PGE1. After that, human platelets were injected into the retro-orbital plexus of 

recipient NOD-SCID mice at 108 platelets per 10g of body weight. Fresh or refrigerated WT 

platelets were labeled with 2 μg/ml CFSE, and concentrated in the presence of apyrase and 

PGI2
2. CFSE-labeled WT platelets were infused into WT mice at 108 platelets per 10g of 

body weight. At indicated time points afterwards, ~30 μl of whole blood was collected via 
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the facial vein of infused NOD-SCID and WT mice into heparinized capillary tubes (Fisher 

Scientific, West Chester, PA) and incubated with appropriate antibodies for 30 min. All 

samples were then treated with 200 μl RBC Fix/Lyse solution (eBioscience, San Diego, CA) 

for 10 min, centrifuged at 400 g for 5 min, and platelet pellets were washed once, 

resuspended in 100 μl PBS, then fixed in 100 μl 4% PFA for flow cytometry analysis2. 

Human platelets recovery was calculated as anti − hCD41+   cells

anti − hCD41+   cells   +   anti − mCD41+   cells
, and 

normalized to that of fresh human platelets at 20-min post transfusion as 100%. WT mouse 

platelets recovery was calculated as CFSE+   cells

anti − mCD41+   cells   +   CFSE+   cells
, and normalized to 

that of fresh WT platelets at 1-hour post transfusion as 100%. Platelet survival (half-life 

time, T1/2) was calculated using one phase exponential decay32, 33.

Tail bleeding time

PBS, fresh platelets, untreated refrigerated platelets, ARC1779-treated refrigerated platelets, 

and ARC1779/antidote-treated refrigerated platelets (adding 0.9 μM ARC1779 antidote, 

three times of the molar mass as 10 μg/ml ARC1779, before transfusion) were transfused 

into IL4R-IbαTg at 108/10g of body weight. Two hours or 15 minutes after infusion, mice 

were placed on a heat plate and anesthetized by mask inhalation of isoflurane vaporized at 

concentrations of up to 4%. A 2-mm segment of the tail tip was cut off with a scalpel, and 

the tail was immediately placed in warmed (37°C) saline. Bleeding time from starting 

bleeding to occlusion was recorded and blood loss was measured. Occlusion was defined 

when the tail bleeding ceased for 30 seconds34. The blood loss was calculated as 
weight   o f   blood   loss   mg

mouse   body   weight   g .

In vivo lifetime of ARC1779

A 96-well plate was coated with 6 μg/ml human GPIb-IX (purified as described35, 36) at 4°C 

overnight, and was blocked by 1% BSA at RT for 1 hour. Refrigerated WT platelets with 10 

μg/ml ARC1779 were transfused into WT mice. At various time points (before transfusion, 

20 min, 1 hour, 2 hours, 4 hours, 8 hours and 24 hours after transfusion), 60 μl blood was 

collected via facial vein and plasma was isolated by centrifugation. The isolated plasma then 

was added into the ELISA plate in the presence of 1 μg/ml botrocetin (Botrocetin is purified 

from Bothrops jararaca venom as described17), and incubated at RT for 1 hour. An HRP-

conjugated anti-VWF antibody was applied and incubated at RT for 1 hour to detect VWF-

GPIbα association. The bound anti-VWF antibody was quantified by adding TMB 

substrates and recording optical density (OD) at 450 nm. The OD450 reading from the 

plasma isolated before transfusion was normalized as 100%, indicating the endogenous 

VWF activity before transfusion was 100%.

The interaction of collagen IV and VWF

A 96-well ELISA plate was coated with 5 μg/ml human Collagen IV at 4°C overnight, and 

was blocked by 1% BSA. Human plasma was incubated with 10 μg/ml ARC1779 or saline 

for 10 minutes. The plasma was then added into the plate, and incubated at RT for 1 hour. 
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An HRP-conjugated anti-VWF antibody was applied to detect the bound VWF. The OD450 

reading from plasma incubated with saline was normalized as 100%.

Platelet aggregometry

Human whole blood was obtained from healthy donors, and PRP was isolated from the 

whole blood by centrifugation. The PRP then was adjusted to the concentration of 5 × 105 

platelets/μl2. After that, the PRP was incubated with or without 10 μg/ml ARC1779 for 10 

minutes, and ARC1779-incubated PRP was further incubated with 0.9 μM ARC1779 

antidote or PBS for 10 minutes. Then, the PRP was stimulated by 0.9 mg/ml ristocetin, and 

the aggregation/agglutination was monitored in a dual-channel Chrono-Log aggregometer 

(Havertown, PA).

Statistics

The Kolmogorov-Smirnov test was used to confirm that all data had a normal distribution. 

Bartlett’s test was used to check variance between groups, and in all cases the results 

showed that equal variance was accepted. Figures 1 and 4 were analyzed by a two-way 

ANOVA with Tukey’s posthoc test. Figure 2 was analyzed by a one-way ANOVA with 

Tukey’s posthoc test. Figure 3 was analyzed by repeated measures ANOVA with Tukey’s 

posthoc test. Supplementary Figure 1 was analyzed by Student t-test. P<0.05 was considered 

as statistically significant.

Results

ARC1779 inhibits refrigeration-mediated VWF binding

To investigate the effect of ARC1779 in inhibiting refrigeration-mediated VWF binding, 

PRPs obtained from human and WT mouse whole blood were refrigerated with or without 

10 μg/ml ARC1779 in gas-permeable bags at 4˚C for 48 hours under static conditions, then 

re-warmed at 37°C for 10 min10. VWF binding was detected by flow cytometry using a 

FITC-labelled anti-VWF antibody (Fig. 1A). PRPs freshly isolated from humans and WT 

mice were also measured for comparison. Illustrated in Fig. 1B and 1C, both human and 

mouse platelets exhibited significantly increased VWF binding after refrigeration. Compared 

to fresh human platelets, VWF binding to refrigerated human platelets was increased 

approximately 10-fold. Similarly, refrigerated mouse platelets exhibited a more than 6-fold 

increase of VWF binding compared to fresh mouse platelets (Fig. 1D). The extent of the 

increased VWF binding is similar to our previous report10. Importantly, this increased VWF 

binding was abolished by the addition of ARC1779. In conjunction with our previously 

published data showing that anti-GPIbα LBD peptide OS1 inhibited refrigeration-mediated 

VWF binding, these results further confirm that refrigeration leads to the increased 

interaction between GPIbα and VWF, and antagonists against either the VWF A1 domain or 

the GPIbα LBD can inhibit this interaction.

In addition to platelets, the A1 domain of VWF binds collagen IV37. As ARC1779 interacts 

with the A1 domain of VWF, it may have an inhibitory effect on the interaction of VWF and 

collagen IV. To investigate this, an ELISA assay was performed to demonstrate that 

ARC1779 can reduce the VWF-collagen IV interaction by 34% (Supplementary Figure I).
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Improved post-transfusion recovery and survival in ARC1779-treated refrigerated platelets

We previously reported that refrigerated VWF−/− platelets, as well as refrigerated human 

platelets incubated with peptide OS1, had higher post-transfusion recovery and longer 

survival time10. Here we investigated whether inhibiting VWF binding by ARC1779 could 

achieve a similar effect. Both human and WT mouse platelets were refrigerated for 48 hours 

in the presence or absence of 10 μg/ml ARC1779. Refrigerated human platelets, as well as 

fresh human platelets, were transfused into NOD-SCID mice at 108 platelets per 10 g of 

body weight, and the recovery and survival of the transfused human platelets were 

monitored. Similarly, fresh or refrigerated WT mouse platelets were transfused into WT 

mice after fluorescence labeling. The post-transfusion recovery and survival were measured 

by flow cytometry. ARC1779-treated refrigerated mouse platelets exhibited significantly 

better post-transfusion recovery (76.71 ± 5.51% vs. 63.78 ± 0.81%) and prolonged survival 

time (31.45 ± 2.37 hours vs. 28.16 ± 0.86 hours) compared to untreated refrigerated platelets 

(Fig. 2A, Table 1). Consistent with these data, ARC1779 treatment also improved the post-

transfusion recovery (49.46 ± 4.44% vs. 36.89 ± 2.13%) of refrigerated human platelets 

(Fig. 2B, Table 2). These results demonstrate that inhibition of VWF binding by ARC1779 

ameliorates quick clearance of refrigerated platelets.

Short lifetime of ARC1779 in mouse

ARC1779 has a relatively short half-life of about 2 hours in healthy human volunteers22. In 

the present study, we investigated the lifetime of ARC1779 in mice after transfusing 

ARC1779-treated platelets. Mouse platelets were refrigerated for 48 hours with 10 μg/ml 

ARC1779, and were transfused into WT recipient mice. At indicated time points before (0 

min) and after transfusion, plasma was isolated from 60 μl of recipient mouse whole blood. 

An ELISA assay was performed to measure the plasma VWF activity by detecting 

botrocetin-mediated GPIbα-VWF binding. OD450 reading at 0 min was normalized as 

100%. As shown in Fig. 3, the VWF activity was dropped at 20 min after transfusion by 

approximately 40%, but was fully recovered at 2 hours. These data suggest that the in vivo 
lifespan of ARC1779, which was contained in refrigerated PRPs, was 2 hours after 

transfusion.

The hemostatic function of ARC1779-treated refrigerated platelets

ARC1779 binds the VWF A1 domain and inhibits the GPIbα-VWF interaction. Since the 

GPIbα-VWF interaction is critical for primary hemostasis, one limitation of ARC1779 is 

that it may inhibit the hemostatic function of refrigerated platelets. Therefore, measuring the 

hemostatic function of ARC1779-treated refrigerated platelets is critical. Figure 3 suggests 

that the hemostatic function of ARC1779-treated refrigerated platelets may return to normal 

when the VWF activity recovered at 2 hours after transfusion. We performed tail bleeding 

time assays to determine the hemostatic function of ARC1779-treated and untreated 

refrigerated platelets in vivo. Refrigerated platelets (with or without ARC1779 treatment), 

fresh platelets, or PBS, were transfused into IL4R-IbαTg mice at 108 platelets per 10 g of 

body weight. Two hours after transfusion, a 2-mm tail tip of IL4R-IbαTg mice was cut off 

with a scalpel, and the tail was put into pre-warmed saline immediately. Bleeding time (Fig. 

4A) and blood loss (Fig. 4B) were measured. Mice transfused with ARC1779-treated 
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refrigerated platelets exhibited shorter bleeding time (160 ± 65 s) compared to those 

transfused untreated refrigerated platelets (373 ± 96 s). When the bleeding time of mice 

transfused with fresh platelets (155 s) is normalized as 100%, the bleeding time of mice 

transfused with ARC1779-treated refrigerated platelets is 103 ± 42% and untreated 

refrigerated platelets is 240 ± 62%. Similarly, blood loss in mice transfused with ARC1779-

treated platelets (0.93 ± 0.12 mg/g, 158 ± 20% compared to fresh platelets) was less than 

those transfused with untreated platelets (1.56 ± 0.57 mg/g, 263 ± 97% compared to fresh 

platelets). Importantly, no significant difference could be observed between mice transfused 

with ARC1779-treated refrigerated platelets and mice transfused with fresh platelets 

(bleeding time: 155 ± 80 s; blood loss: 0.59 ± 0.31 mg/g). These results demonstrate that 2 

hours after transfusion, ARC1779-treated refrigerated platelets had better hemostatic 

function compared to untreated refrigerated platelets.

Clinically, one major purpose of transfusing refrigerated platelets is to treat trauma patients 

with severe bleeding4, 5. The immediate hemostatic function of transfused platelets is 

required to stop severe bleeding. Here, we assessed the immediate hemostatic function of 

ARC1779-treated refrigerated platelets by measuring the tail bleeding time and blood loss at 

only 15 minutes after transfusion of refrigerated platelets. As shown in Fig. 4C and 4D, mice 

transfused with ARC1779-treated refrigerated platelets displayed similar tail bleeding time 

(275 ± 49 s, or 229 ± 41% of fresh platelets) and blood loss (1.39 ± 0.27 mg/g, 240 ± 42%) 

when compared to untreated ones (Bleeding time: 320 ± 36 s, 266 ± 30%; Blood loss: 1.67 

± 0.25 mg/g, 288 ± 38%). These results suggest that although ARC1779-treated refrigerated 

platelets have better post-transfusion recovery, their immediate hemostatic function is not 

better than untreated refrigerated platelets. The main reason is that the VWF activity in the 

mice transfused with ARC1779-treated platelets was transiently reduced by 40% (Fig. 3). To 

overcome this limitation, an antidote, which is the oligonucleotide complementary to 

ARC1779 and inhibitory to ARC1779 (Supplementary Figure II), was added into ARC1779-

treated refrigerated platelets before transfusion. The immediate hemostatic function of these 

platelets was measured by the tail bleeding time assay. As shown in Fig. 4C and 4D, the 

bleeding time of the mice transfused with these antidote-treated platelets (149 ± 21 s, 124 

± 18% of fresh platelets) was shorter than those without antidote, and blood loss (0.84 ± 0. 

mg/g, 145 ± 24 %) was less. Taken together, these results indicate that ARC1779-treated 

refrigerated platelets may be effective in the prophylactic treatment of thrombocytopenia, 

but they may not be very effective in the treatment of acute hemorrhage, and that the 

addition of the ARC1779 antidote before transfusion can be applied to refrigerated platelets 

to treat acute hemorrhage.

Discussion

Although refrigerated platelets are less likely to be contaminated by bacteria and have higher 

hemostatic function compared to platelets stored at RT38, they are rapidly removed from 

circulation upon transfusion6–8. Previous studies showed that VWF binding to platelets was 

strongly enhanced after refrigeration9, 10. While it remains unclear how refrigeration induces 

VWF binding, there are some potential explanations. First, during refrigeration, VWF and 

GPIbα may undergo conformational changes to promote their interaction39, 40. Second, 

platelet-derived VWF, which is more active41, may be secreted by platelets during 
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refrigeration, leading to the increased binding. However, additional studies are required to 

understand the mechanism of refrigeration-induced VWF binding. Based on refrigeration-

mediated VWF binding, we demonstrated that this VWF binding resulted in MSD unfolding 

after physiological shear treatment, and subsequent GPIb-IX signaling events, including 

intracellular Ca2+ elevation, PS exposure and β-galactose exposure, which consequently 

induced platelet clearance10. In the present study, we used the DNA aptamer ARC1779 to 

inhibit refrigeration-mediated VWF binding to platelets. We found that the addition of 

ARC1779 during refrigeration significantly improved the post-transfusion recovery and 

survival of both refrigerated human and mouse platelets. In addition, due to the short in vivo 
lifetime of ARC1779, aptamer-treated refrigerated platelets exhibited preserved hemostatic 

function compared to untreated ones. These results indicate the efficacy of ARC1779 as a 

potential therapeutic option for improving the quality of refrigerated platelets.

ARC1779 was developed to treat VWF-related disorders, including Type 2B VWD, 

thrombotic thrombocytopenia, thrombotic microangiopathy, and stroke25–28. In addition, 

ARC1779 can inhibit botrocetin-mediated VWF binding to platelets and subsequent platelet 

agglutination24. However, the effect of ARC1779 on platelet refrigeration and transfusion 

has not been investigated so far. In our previous research, we demonstrated that inhibiting 

GPIbα-VWF interaction by OS1 enhanced the recovery and survival of refrigerated platelets 

upon transfusion10. In the present study, we demonstrate that ARC1779 can completely 

inhibit refrigeration-mediated VWF binding in both human and murine platelets (Fig. 1). 

Subsequently, inhibiting GPIbα-VWF binding by ARC1779 improved the recovery of 

refrigerated human platelets by approx. 13%, and refrigerated mouse platelets by approx. 

13% (Fig. 2; Table 1 and 2). This effect is very similar to that of OS1, which improved the 

recovery of refrigerated platelets by approx. 14%10. Additionally, ARC1779 improved the 

post-transfusion survival of refrigerated mouse platelets (from T1/2 of 28.16 ± 0.86 hours to 

31.45 ± 2.37 hours). These results demonstrate for the first time that ARC1779 plays a 

positive role in facilitating platelet refrigeration and transfusion.

One major limitation of nucleic acid as therapeutics is that it may be quickly degraded or 

cleared in blood stream. Although ARC1779 contains many modifications, including 26 

modified 2’-O-methyl-substituted nucleotides and 1 inverted deoxythymidine nucleotide as a 

3’ terminus ‘cap’, to minimized endonuclease and exonuclease digestions22, 23, the in vivo 
half-life in human body is relatively short, approximately 2 hours22. However, the activities 

of these enzymes are highly temperature-dependent and at refrigeration temperature (1–

6°C), the activities of most of the endonucleases and exonucleases are extremely low. 

Transfusing 10 μg/ml ARC1779-treated refrigerated PRP into mice still decreased the 

endogenous VWF activity of recipient mice by approximately 40%, demonstrating that 48-

hour refrigeration did not result in excessive degradation of ARC1779 (Fig. 3). Further, the 

endogenous VWF activity was fully recovered 2 hours after transfusion, suggesting that 

ARC1779 in refrigerated PRPs could survive for only 2 hours in mice, where the 

temperature is 37°C and a large number of endonucleases and exonucleases present (Fig. 3).

Although the ARC1779 inhibits VWF-mediated platelet activation and thrombus formation, 

the extent of bleeding complication caused by ARC1779 treatment is much less than the 

GPIIb/IIIa inhibitor abciximab, especially at low concentrations22, 24. In this study, we 
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further investigated the hemostatic function of ARC1779-treated refrigerated platelets by a 

tail bleeding time assay. IL4R-IbαTg mice, which have severe bleeding phenotype due to 

the lack of normal GPIbα, were used as recipient mice. Two hours after transfusing 

platelets, a 2-mm tail tip of the recipient mice was cut off, and the bleeding time and blood 

loss were quantified. Refrigerated platelets with ARC1779 exhibited significantly higher 

hemostatic function compared to those without ARC1779 (Fig. 4A and 4B). In addition to 

detecting the hemostatic function two hours after transfusion, we also determined the 

immediate hemostatic activity (15 minutes after transfusion) of ARC1779-treated 

refrigerated platelets. The immediate hemostatic function of ARC-1779 treated refrigerated 

platelet was not different compared to untreated refrigerated platelets. However, the addition 

of ARC1779 antidote before transfusion can improve the immediate hemostatic function of 

ARC1779-treated refrigerated platelets. Several factors may contribute to these results. First, 

refrigerated platelets with ARC1779 have better post-transfusion recovery and survival than 

those without ARC1779. Second, transfusing ARC1779-treated platelets leads to a 40% 

reduction of endogenous VWF activity and this effect is completely eliminated at 2 hours 

after transfusion due to its short in vivo survival term. Third, the amount of ARC1779 in the 

refrigerated PRPs is not sufficient to binding all endogenous VWF in recipient mice after 

transfusion. Upon transfusion, more than 60% of endogenous VWF in recipient were active 

(Fig. 3) and capable of binding the transfused platelets to initiate hemostasis. Taken together, 

these results suggest that ARC1779 can be a novel option for adding into refrigerated 

platelets and treating thrombocytopenia, but ARC1779-treated refrigerated platelets are not 

effective for treating acute hemorrhage. The antidote of ARC1779 may be required to add 

into ARC1779-treated refrigerated platelets before transfusion to treat acute hemorrhage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

GPIbα Glycoprotein Ibα

GPIb-IX Glycoprotein Ib-IX complex

VWF von Willebrand factor

RT Room temperature

WT wild-type

Chen et al. Page 10

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CFSE carboxyfluorescein succinimidyl ester

MSD mechanosensory domain

LBD ligand-binding domain

PRP platelet-rich plasma

LR-ADP Human leukoreduced apheresis-derived platelets
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Highlights

• An anti-VWF aptamer improves the post-transfusion recovery and survival of 

refrigerated platelets.

• Adding an antidote into aptamer-treated refrigerated platelets before 

transfusion can improve their immediate hemostatic function.
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Figure 1. 
ARC1779 inhibits refrigeration-mediated VWF binding. A, Platelet refrigeration strategy. 

Human or murine WT PRPs were refrigerated with or without ARC1779 for 48 hours. 

Refrigerated platelets and fresh platelets were then warmed to 37°C, and VWF binding was 

analyzed by flow cytometry. B and C, Flow cytometry histogram of VWF binding to human 

platelets (B) and mouse platelets (C). The histogram of the negative control is filled by gray 

area. The dotted black line is fresh platelets. The dashed black line is refrigerated platelets 

treated with ARC1779, and the solid black line is untreated refrigerated platelets. D, 

Quantification of VWF binding to human platelets (n=3, left) and mouse platelets (n=3, 

right). Each VWF binding was quantified by mean fluorescence intensity of the histogram, 

subtracted by that of negative control, and normalized with that of fresh platelets as 1. 

Statistical analysis was performed by 2-way ANOVA. All data are shown as mean±SD. *, P 
< 0.05; and ***, P < 0.001.
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Figure 2. 
Improved post-transfusion recovery and survival of ARC1779 treated platelets. A, Fresh 

(gray), refrigerated (black) and refrigerated with ARC1779 (black dotted) WT platelets were 

labeled with CFSE, and transfused into WT mice at 108/10g. At 1, 24, 48, 72, and 96 hours 

after transfusion, about 30 μl of whole blood was drawn from recipient mice. The survival of 

the infused platelets was measured by flow cytometry. The recovery of WT fresh platelets at 

1-hour post transfusion was normalized as 100% (n=6). B, Fresh (gray), refrigerated (black) 

and refrigerated with ARC1779 (black dotted) human platelets were transfused into NOD-

SCID mice at 108/10g. Blood was drawn from recipient mice at 20 min, 1, 4, 24, and 48 

hours after transfusion. The recovery of fresh human platelet at 20 min was normalized as 

100% (n=6–8). Statistical analysis was performed by 1-way ANOVA. All data are shown as 

mean±SD. *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
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Figure 3. 
Short in vivo life time of ARC1779. WT PRP was refrigerated with 10 μg/ml ARC1779 for 

48 hours, and then transfused into WT recipient mice. At 0 min (considered as before 

transfusion), 20 min, 1, 2, 4, 8 and 24 hours after transfusion, 50 μl of whole blood was 

collected and plasma was isolated. An ELISA assay was performed to detect 1 μg/ml 

botrocetin-induced VWF-GPIb association, which can indicate the inhibiting activity of 

ARC1779. The OD at 450 nm of plasma collected at 0 min was normalized as 100% of 

endogenous VWF activity, meaning the inhibiting effect of ARC1779 at this time point was 

0%. The values at 20 min, 1, 2, 4, 8 and 24 hours were compared to that at 0 min. Statistical 

analysis was performed by repeated measures ANOVA. Data are presented as mean±SD 

(n=3). n.s., not significant; **, P < 0.01.
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Figure 4. 
Antidote treatment increases the hemostatic function of ARC1779-treated refrigerated 

platelets. A-B, Tail bleeding assay two hours after transfusion. IL4R-IbαTg mice were 

transfused with PBS, fresh, refrigerated, and refrigerated with ARC1779 WT platelets. Two 

hours after transfusion, 2 mm segment of the mouse tail was cut off, and the tail vein was put 

into warmed saline. Bleeding time (A) and the blood loss (B) then was recorded. C-D, Tail 

bleeding assay fifteen minutes after transfusion. IL4R-IbαTg mice were transfused with 

fresh, refrigerated, ARC1779-treated refrigerated platelets, and ARC1779/antidote-treated 

refrigerated platelets. Tail bleeding time assays were performed at 15 minutes after 

transfusion, and bleeding time (C) and blood loss (D) were measured. Statistical analysis 

was performed by 2-way ANOVA. All data are presented as mean±SD (n=3–7). n.s., not 

significant; *, P < 0.05; and **, P < 0.01.

Chen et al. Page 18

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chen et al. Page 19

Table 1.

Blocking VWF binding with ARC1779 enhanced the post-transfusion recovery and survival of refrigerated 

WT platelets.

Platelets (108/10g) Recovery (%) Survival (T1/2; hour)

Fresh WT platelets 100 ± 11.71 43.89 ± 5.23

Refrigerated WT platelets 63.78 ± 0.81 (**) 28.16 ± 0.86 (*)

Refrigerated WT platelets with ARC1779 76.71 ± 5.51 31.45 ± 2.37

The indicated platelets were transfused into WT mice (108/10g), and one hour later the recovery and half-life time (T1/2) of the transfused platelets 

were measured. The recovery of fresh WT platelets was considered as 100%. As indicated, the recovery of ARC1779 treated refrigerated WT 
platelets was higher than those without ARC1779 (n=6). Statistical analysis was performed by 1-way ANOVA.

*
, P < 0.05

**
, P < 0.01.
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Table 2.

ARC1779 treatment improved the post-transfusion recovery of refrigerated human platelets.

Platelets (108/10g) Recovery (%) Survival (T1/2; hour)

Fresh human platelets 100 ± 13.72 9.98 ± 1.2

Refrigerated human platelets 36.89 ± 2.13 (**) 9.21 ± 2.75

Refrigerated human platelets with ARC1779 49.46 ± 4.44 8.74 ± 0.91

Fresh or refrigerated human platelets were transfused into NOD-SCID recipient mice (108/10g). Twenty minutes after transfusion, the recovery and 
half-life time (T1/2) of the platelets was measured. The recovery of fresh human platelets was normalized as 100%. Significantly lower recovery 

was found in refrigerated platelets without ARC1779 compared to those with ARC1779. Statistical analysis was performed by 1-way ANOVA.

**
, P < 0.01.
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