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Abstract 

A Novel Diagnostic Assay for Platelet-Type von Willebrand Disease 

By Ally Jane Su 

Platelet-type von Willebrand disease (PT-VWD) is rare and often misdiagnosed due to its 

phenotypically similar symptoms with type 2B VWD. Both subtypes possess gain-of-

function mutations that increase the affinity between the von Willebrand factor (VWF) and 

the glycoprotein Ib⍺ of the platelets. For PT-VWD, this mutation occurs on GPIb⍺. For type 

2B VWD, it develops on VWF. The current diagnosis utilizes ristocetin-induced platelet 

aggregation mixed studies and genetic sequencing, which are unstandardized and expensive. 

This study established a cell-based model for PT-VWD to circumvent obtaining patient 

plasma samples and developed a flow cytometry assay to identify PT-VWD. A stable cell 

line expressing mutated GPIb⍺ (W230L) was generated through transfection and maintained 

with hygromycin. GPIb⍺ (W230L) bound to full-length VWF and monomeric A1 at a higher 

affinity than GPIb⍺ WT, as observed in flow cytometry. The binding difference between 

GPIb⍺ (W230L) and GPIb⍺ WT was amplified in a dose-dependent manner when incubated 

with activators such as botrocetin and 1D12. Utilizing truncated A1 (NAIM-A1) or diluting 

plasma at a 1:1 ratio also heightened the binding difference between GPIb⍺ (W230L) and 

GPIb⍺ WT. By employing these parameters to maximize the binding of GPIb⍺ (W230L), it 

becomes possible to identify PT-VWD and diagnose patients via a rapid and accessible assay. 
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Chapter 1. An Introduction to von Willebrand Factor and Platelet-Type Willebrand 

Disease 
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1.1 An Overview  

von Willebrand factor (VWF) is a multimeric protein consisting of almost thirty 

different subunits in each monomer.1-5 It possesses three A domains, A1,6-10 A2,11-13 and 

A3,14-16 each contributing specific functions to the protein. The D assemblies bind to other 

proteins such as factor VIII, mediate assembly, and act as a site for disulfide linkages.3, 17 The 

VWC modules provide VWF with length and flexibility,18 and the O-glycosylated 

polypeptides contain the binding site to ristocetin.19-21 VWF is released in the bloodstream 

after being cleaved by ADAMTS13.22 Under normal conditions, VWF is coiled23, 24 and 

inactive. However, flow forces with varying velocities in the bloodstream called shear flow 

can occur during an injury.18 These forces cause VWF to become unwound.25, 26 The different 

subunits of VWF, including the A1 domain, are now exposed to their surrounding 

environment. Located from amino acids 1238 to 1493, the A1 domain contains the binding 

epitope for the glycoprotein (GP)Ib-IX complexes expressed on the surface of platelets.6, 10, 27 

The A1 domain allows VWF to interact and bind with platelets.28-33 Containing up to 200 

monomers,34 VWF acts as a net that traps platelets to induce blood aggregation.  

 

1.2 von Willebrand Disease  

von Willebrand disease (VWD) is one of the most common genetic bleeding disorders 

in the United States that affects up to 1% of the population.35 In healthy individuals, clots 

consisted of red blood cells and platelets will form at the site of blood vessel injuries to 

prevent further blood loss. In individuals with von Willebrand disease, clot formation does 

not occur normally. VWD is the broad term to describe diseases that arise from defected 

VWF. There are three main types of VWD—type 1, type 2, and type 3.4 Type 1 and type 3 

are categorized as quantitative defects in VWF and type 2 as qualitative defects in VWF. 

Type 1 patients have lower-than-average VWF levels and can present symptoms of excessive 
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bleeding.35 Patients with type 3 VWD also possess a quantitative defect in VWF; however, 

they have low levels of factor VIII in addition to low levels of VWF.35 Factor VIII is a 

similar blood-clotting protein that binds to VWF to stabilize its half-life.18 Type 2 VWD is 

characterized by a qualitative defect in VWF and is categorized into four subtypes—2A, 2B, 

2M, and 2N.35 Specifically, type 2B VWD possesses a gain-of-function mutation located on 

the A1 domain to increase its binding affinity to GPIb⍺.36  

1.3. Glycoprotein Ib-IX 

The glycoprotein (GP)Ib-IX receptor is one of the most common receptors expressed 

on the surface of platelets. The complex contains three distinct subunits, GPIb⍺, GPIbβ, and 

GPIX, expressed in a 1:2:1 ratio, respectively.37, 38 The GPIb⍺ subunit is the largest among 

the three, containing seven leucine-rich repeats39 and a “thumb” region responsible for 

binding to the A1 domain of VWF.37, 40  The negatively charged GPIb⍺ interacts with the 

positively charged A16. Even though GPIb⍺ contains most of the bindings sites for the GPIb-

IX complex, studies have observed that GPIb⍺ will not be expressed if the surface lacked 

expression of GPIbβ and GPIX.41 

1.4. Platelet-Type VWD 

In 1980 and 1982, Takahashi and Miller almost simultaneously published their data 

on a puzzling new subtype of von Willebrand disease.42, 43 Despite patients producing 

identical symptoms of type 2B VWD, their von Willebrand factor demonstrated normal 

binding activity with platelets from a healthy individual.42, 43 On the other hand, when their 

platelets were exposed to von Willebrand factor from a healthy individual, the assay had 

demonstrated higher than normal levels of aggregation.42, 43 Miller coined the term “platelet-

type von Willebrand disease”42 to describe this rare and unusual form of VWD in which a 

gain-of-function mutation on GPIb⍺ induced higher binding affinity with VWF.4, 7 As a 
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result, the longer VWF concatemers were cleared selectively44 and perceptible for cleavage 

by ADATMS13,18 resulting in symptoms of excessive bleeding.  

Four mutations were reported to induce platelet-type (PT) VWD—W230L, G233V, 

M239V, and a 27 base pair deletion.45 G233V is the most common mutation while W230L is 

the least common.46 Interestingly, the W230L mutation exhibited the most detrimental effects 

by inducing the greatest increase of GPIb⍺’s binding to A1.47 Studies have demonstrated 

through hydrogen-deuterium exchange that the mutations induce a conformational change 

which destabilizes GPIb⍺6, 7, 48 and exposes its A1 binding site.47, 49 

Although type 2B VWD and PT-VWD have their characteristic symptoms, it is not 

easy to distinguish between them. Physicians follow a standardized flowchart to help them 

reach the correct diagnosis.50 VWF levels and different VWD symptoms are measured and 

quantified. Since the diagnosis will influence the treatment, it is imperative to reach the 

correct conclusion. A misdiagnosis could be lethal. Patients with type PT-VWD present 

similar symptoms as type 2B VWD. Both subtypes exhibit low to normal platelet counts but 

maintain normal factor VIII and VIII-antigen activity.50 They are sensitive to low 

concentrations of ristocetin, an activator, to induce platelet agglutination and have decreased 

high molecular weights of VWF multimers.50 Therefore, it is crucial to accurately pinpoint 

the source of mutation. Ristocetin-induced platelet aggregation (RIPA) mixed studies and 

genetic testing50 are two current ways physicians can differentiate between the PT-VWD and 

type 2B. 

1.4.1. Ristocetin-Induced Platelet Aggregation Mixed Studies 

Ristocetin-induced platelet aggregation (RIPA) assays utilities the concept that type 

2B VWD possesses a gain-of-function mutation on VWF to induce a higher affinity to 

GPIb⍺. The patient’s VWF is incubated with platelet-rich plasma from a healthy individual 

and treated with a low concentration of ristocetin. If the patient has type 2B VWD, the 
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sample will respond to ristocetin and induce platelet aggregation. If the patient has a fully 

functional VWF, then the level of ristocetin will not induce aggregation.51 This assay can also 

be mixed to experiment on the patient’s platelets by incubating them with healthy VWF 

samples. If the patient’s platelets demonstrate high levels of aggregation with low levels of 

ristocetin, it can be concluded that the patient has PT-VWD.51 Although RIPA mixed studies 

prove to be highly informative of the patient’s gain-of-function mutation, the assay is highly 

unstandardized. Both platelet and VWF samples are obtained from healthy individuals and 

the quality of the plasma will differ from person to person. Additionally, the shelf life of 

platelets is only five days long, placing a short expiration date on the resource. 

1.4.2. Genetic Testing 

Genetic testing is another way to test for PT-VWD. Patients suspected of type 2B 

VWD are advised to receive genetic sequencing to screen for type 2B mutations. If they test 

positive for one of the mutations, they are diagnosed with type 2B. If they do not test positive 

for any of the mutations, then there is a high chance they have PT-VWD. A RIPA mixed 

study may further confirm this diagnostic.51 Due to the rarity of PT-VWD, only four 

mutations have been reported47 and it is uncommon to screen for PT-VWD mutations. 

Despite its conclusive results, genetic testing for PT-VWD is not comprehensive due to its 

reliance on the exclusion of type 2B. The assay is also lengthy and expensive for most 

hospitals. 

1.4.3. Issues 

Platelet-type and type 2B von Willebrand disease both present gain-of-function 

mutations that enhance the binding affinity between von Willebrand factor and GPIb⍺. The 

two subtype’s similar phenotypical symptoms make a diagnosis difficult. Ristocetin-induced 

platelet aggregation mixed studies and genetic testing are two assays used to determine 

whether the gain-of-function mutation exists on VWF or GPIb⍺. However, RIPA mixed 
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studies are unstandardized and genetic testing is expensive and lengthy. 15% of PT-VWD 

cases are estimated to be misdiagnosed.46 The biggest obstacle to acquiring more information 

regarding the subtype is the rarity of cases and inaccessibility to plasma samples. This study 

tackled this problem by establishing a cell-based model for PT-VWD to optimize a diagnostic 

assay using flow cytometry. 
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2.1. Experimental Overview 

In this study, we hypothesized that we can mimic the effects of PT-VWD by 

expressing the mutated GPIb⍺ protein on the surface of cells. After establishing a cell-based 

model, we developed a novel diagnostic assay for PT-VWD utilizing flow cytometry. We 

utilized a Chinese hamster ovary (CHO) cell line and decided to express the W230L mutation 

due to its greatest effect on GPIb⍺. 

We first established a stable CHO cell line expressing high levels of wildtype GPIb⍺ 

and GPIb⍺ (W230L). The transfection was conducted with a stable CHO cell line expressing 

GPIbβ and GPIX. The expression of GPIb⍺ was confirmed with western blot and flow 

cytometry. The cells underwent cell sorting to select for those with high expression of GPIb⍺. 

Lastly, the conditions for flow cytometry was optimized.  

 

2.2. Establishment of a Stable Cell Line 

2.2.1. The Plasmid  

The engineered plasmid had a pcDNA 3.1 vector that contained the coding sequence 

for human GPIb⍺. In addition, it possessed a FLAG tag with the amino acids DYKDDDDK 

for identification, a hygromycin resistance gene, and several target sites for restrictive 

enzymes such as SPEI, NheI, Xhol, and EcoRI. 

2.2.2. Restriction Digestion 

The plasmid was sent to Genescript to conduct the site-directed W230L mutagenesis. 

Once received, the identity of the plasmid was confirmed with the use of restriction enzymes. 

NheI-HF (Catalog #R3131S), Xhol (Catalog #R0146S), EcoR1 (Catalog #R0101S), and 

SPEI-HF (Catalog #R3133S) from BioLabs (New England) were used. 500ng of the plasmid 

was used with 10x CutSmart (BioLabs), 1 µL of digestive enzymes, and nuclease- 
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free water up to a volume of 25 µL. The sample was let rest in a 37˚C incubator for 45 

minutes and ran on a 0.7% agarose gel with a 6x 1kb ladder (BioLabs).  

 

Figure 1. The Engineered GPIb𝜶 Plasmid. The plasmid contained the sequence for human 

GPIb𝛼, an identification FLAG tag (DYKDDDDK), a hygromycin resistance gene, and 

several target sites for restrictive enzymes. 

2.2.3. Cell Culture 

Chinese hamster ovary cells (CHO) were grown in DMEM media with 10% fetal 

bovine serum (FBS) and 1% pen strep. At 80% confluency, the CHO cells were harvested or 

passed. 5 mL of Versene was added to the plate and placed in a 37˚C incubator for 5 minutes. 

Once the cells have detached from the surface of the plate, they were harvested and 

centrifuged at 500 g for 5 minutes. The supernatant was removed and resuspended in PBS 

with 10% FBS and 0.01% sodium azide for experimental use. To pass the cells, the pellet was 

resuspended in 10 mL of DMEM and spread on a 10 cm cell culture plate.  
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2.2.4. Transfection 

The transfection was performed with the lipofectamine 3000 transfection kit 

(Invitrogen, Waltham, MA. Catalog # L3000001) with a CHO cell line stably expressing 

GPIb⍺ and GPIX. 2µl of lipofectamine and 2µL of P3000 were individually added to 

different tubes containing 75µL of Opti-MEM (Gibco, Waltham, MA. Catalog # 51985091). 

1µg of DNA was added to the lipofectamine solution and let rest for 5 minutes. The P3000 

solution was combined with the lipofectamine solution, mixed gently, and let sit for 20 

minutes. The solution was then added to a 12-well dish with CHO cells plated at 80% 

confluency in 1 mL of Opti-MEM. After 6 hours, the Opti-MEM was replaced with DMEM. 

The transfection was conducted for GPIb⍺ (W230L), GPIb⍺ WT, and GFP. An untransfected 

sample of CHO cells was also plated as a control.  

2.2.5. Cell Lysis  

48 hours after the transfection, the cells were harvested and 50 µL of the cell lysis 

buffer (5mM N-Em, 58 mM sodium borate at pH 8.0, and 1% Triton-X 100) was added. 

Once the solution precipitated, the sample was spun down at 20,000 g for 15 minutes.   

2.2.6. Western Blot 

10 uL of the cell lysis supernatant was used to check the cell’s expression of GPIb⍺. 

The samples were boiled for 10 minutes and ran on an SDS page gel (GenScript) in reducing 

and non-reducing conditions. The 6x 1kb marker (BioLabs) was used as a reference and a 

sample of platelet lysate was run as a positive control. The antibodies used were WM23 and 

RAM1 that were produced and purified in the laboratory. The secondary antibodies were 

Goat anti-Mouse 680 RD (Li-COR, Lincoln, Nebraska. Catalog # 926-68070) and Goat anti-

Rat 800 CW (Li-COR. Catalog # 926-32219).  

 

 

https://www.thermofisher.com/order/catalog/product/51985091
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2.2.7. Cell Sorting 

A 10cm dish with confluent GPIb⍺ (W230L) and GPIb⍺ WT CHO cells were 

harvested and resuspended in 800µL of PBS with 10% FBS and 0.01% sodium azide. 50µL 

of PE anti-CD42a (BD Pharmingen, San Diego, California. Catalog #561853) and 10 µL of 

APC anti-CD42b (BD Pharmingen, Catalog #551061) were added to the cells and incubated 

for 40 minutes on ice. The cells were centrifuged at 500g for 5 minutes and resuspended in 

800µL of PBS with 10% FBS and 0.01% sodium azide. The solution was filtered with a 0.22 

µm membrane and added to 2 mL of DMEM. Flow cytometry with the BD FACSDiva 

software was used to sort for CHO cells expressing both GPIb⍺ and GPIX at a high 

expression with APC and PE intensities from 103-104. The remaining cells were grown in a 

6-well dish and pressured with 250 µg/mL of hygromycin (Invitrogen) and transferred to a 10 

cm dish after confluency.  

 

2.3. Flow Cytometry 

GPIb⍺ (W230L) and GPIb⍺ WT were harvested at confluency in a 6-well dish and 

resuspended in PBS with 10% FBS and 0.01% sodium azide at 106 cells per mL. The samples 

were incubated with antibodies, plasma, or activators in a 96-well round-bottom plate for 30 

minutes on ice. 200 µL of PBS with 10% FBS and 0.01% sodium azide was added to the 

wells after incubation and centrifuged at 500g for 5 minutes. The excess liquid was removed 

from the plate and the cells were resuspended in 200 µL of PBS with 10% FBS and 0.01% 

sodium azide.  

The flow cytometry experiments were conducted with the CytoFLEX Flow 

Cytometry (Beckman Coulter, Brea, California). The fluorophores were standardized to 

intensities of 103 utilizing CHO cells incubated with the corresponding fluorophore as a 
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control. The events were gated to particles with a forward side scatter and side-side scatter 

that is characteristic of live cells. 10,000 events were collected within this gate for analysis.  

2.3.1. Expression of GPIb⍺ and GPIX 

To check the expression of GPIb⍺ and GPIX, 200 µL of the resuspended cells were 

incubated with 20µL of PE anti-human CD42a and 2µL of APC anti-DYKDDDDK tag 

(BioLegend, San Diego, CA. Catalog # 37307). The samples were incubated on ice for 45 

minutes to 1 hour.  

2.3.2. GPIb⍺ Binding to Full-length VWF  

            100 µL of cells were incubated with purified biotinylated VWF at 250 µM. To test the 

binding of GPIb⍺ with full-length VWF in the plasma, 100µL of cells were incubated with an 

equal volume of pooled normal plasma (George King Bio-Medical, Overland Park, Kansas. 

Catalog #0010-1). When the plasma was diluted, the volume of cells at 106 cells per 50 µL 

and plasma were added in ratios of neat, 1:2, 1:4, 1:16, 1:32, and 1:64 to a total volume of 10 

µL. The samples were also treated with 2µM of botrocetin. 3µL of FITC-conjugated anti-

human VWF (Emfret Analytics, Eibelstadt, Germany. Catalog #P150-1) and 1µL of APC 

anti-DYKDDDDK tag were added to the mix and let incubate for 30 minutes.   

2.3.3. Activators 

            1D12 is an A1 activator previously characterized by Ph.D. candidate Nicholas Arce in 

the laboratory. 50µL of pooled normal plasma and 50µL of cells were combined with 

different concentrations of 1D12 at 2000nM, 500nM, 125nM, 31nM, and 7.45nM. 2uL of 

FITC-conjugated anti-human VWF was added and the sample was left on ice for 30 minutes.  

            When working with botrocetin, 50µL of cells were incubated with 5µL of biotinylated 

A1 (1238-1493) at 0.3mg/mL, 1:1000 dilution of PE-conjugated Streptavidin (BD 

Pharmingen. Catalog #554061), and 1:100 dilution of Pacific Blue anti-DYKDDDDK tag. 
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Different concentrations of botrocetin at 0.5 µM, 1 µM, and 2 µM were added to the sample 

and let rest on ice for 1 hour.   

2.3.4. Data analysis on FlowJo 

            The raw experimental data from CytoFLEX Flow Cytometry were imported to the 

software FlowJo. The x- and y-axes of SSC-H against FSC-H were adjusted to a logarithmic 

scale. Cells cluttered at a high intensity were selected for further analysis (Figure 2A). 

Aggregated cells were sorted out by converting plotting SSC-H against SSC-A and drawing a 

vertical line below the high density areas (Figure 2B). The graph was then converted to a 

histogram, adjusting the x-axis to the fluorophore of interest as PE, APC, FITC, or PB 

(Figure 2C). The intensities of the control samples should center around 103. Intensity levels 

higher than 103 demonstrate a positive response. The higher the intensity levels, the higher 

the binding. All statistical numbers of the number of events and average fluorescent intensity 

were obtained through FlowJo.   

 

Figure 2. Event Selection for Data Analysis.  
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3.1. Establishment of a Stable Cell Line 

3.1.1. Confirmation of the Plasmid with Restriction Digestion 

In this study, we established a cell-based model of platelet-type von Willebrand 

disease by expressing GPIb⍺ on the surface of Chinese hamster ovary cells. The plasmid we 

engineered contained the sequence for human GPIb⍺, an identification FLAG tag 

(DYKDDDDK), a hygromycin resistance gene, and several target sites for restrictive 

enzymes such as SPEI, NheI, Xhol, and EcoRI. To confirm that the plasmid we received 

indeed contained the coding sequence for GPIb⍺, the plasmid was treated with three pairs of 

digestive enzymes. The samples treated with Nhel and Xhol should yield two bands at 1959 

and 5507 Da, EcoR1 and SPE1 at 3485 and 3981 Da, and Xhol at 7466 Da. The plasmid was 

confirmed to be correct after running the samples on an agarose gel.  

3.1.2. Visualization of GFP in CHO cells 

           Previous research has demonstrated the necessity of expressing all three subunits of 

the GPIb-IX complex to ensure expression of GPIb⍺.41 Therefore, the transfection was 

performed with a CHO cell line stably expressing GPIbβ and GPIX. The success of the 

transfection can be confirmed by running an SDS page gel of the cell lysis 48 hours after the 

procedure. After two unsuccessful attempts, it became useful to determine the success of the 

transfection without needing to undergo the two-day Western Blot experiment. As a result, 

green fluorescent protein (GFP) was transfected alongside the samples as a control. Cells that 

successfully integrated the plasmid into their DNA and expressed the protein would fluoresce 

green under the microscope. The GFP control samples provided an indirect way to determine 

the success of the transfection. Once GFP was visualized, the next step was initiated. 
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3.1.3. Validation of the GPIb⍺ Transient Transfection by Western Blot 

            Forty-eight hours after transfection, the cells were harvested and lysed. The 

supernatants were run on an SDS page gel in reducing and non-reducing conditions. Platelet 

lysate was utilized as a positive control with its characteristic band at 135 kDa representing 

the alpha subunit of the glycoprotein Ib. Antibody WM23 was used to target GPIb⍺ and  

RAM1 for GPIbβ. The wild type and two W230L cell lines all exhibited a band at 135 kDa 

for GPIb⍺ and 26 kDa for GPIbβ. A higher band at around 200 kDa was also visualized on 

the western blot for the samples. It was hypothesized that this may be a combination of all 

 

Figure 3. Establishment of a stable CHO cell line expressing GPIb𝛂. (A) Agarose gel 

demonstrated the correct plasmid sizes of GPIb𝛂 after treated with restrictive enzymes. Nhel 

and Xhol at 1959 and 5507 Da; EcoRI and SPEI at 3485 and 3981 Da; and Xhol at 7466Da. 

(B) Microscopic image of CHO cells fluoresced green 48 hours after transfection with GFP. 

(C) Western Blot with two GPIb𝛂 (W230L) samples demonstrated the presence of the alpha 

subunit at 135 kDa in non-reducing conditions. (D) Flow cytometry on the GPIb𝛂 (W230L) 

and GPIb𝛂 WT cell line after undergoing sorting. The second sort produced CHO cells with 

high expression levels of GPIb𝛂 in comparison to 32.9% and 26.4% of cells with high 

expression from the first sort. 
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three subunits of the glycoprotein with GPIβ at 26 kDa and GPIX at 20 kDa; however, it is 

unclear what the bands may be exactly.  

3.1.4. Enrichment of Cells Over-Expressing GPIb⍺ by Flow Sorting 

            Once the expression of GPIb⍺ was confirmed for the transient transfection of both 

GPIb⍺ WT and GPIb⍺ (W230L), the transfection was repeated with the optimized protocol. 

The cells were amplified and pressured with hygromycin, an antibiotic, to select for cells that 

are hygromycin resistant. The cell lines then underwent two sessions of cell sorting where 

those with high expression of both GPIb⍺ and GPIX were kept. After amplification, the two 

cell lines were run on flow cytometry to determine their GPIb⍺ and GPIX expression. Both 

GPIb⍺ WT and GPIb⍺ (W230L) demonstrated a low percentage of their cells with high 

fluorescence intensity of APC anti-TAG after the first sort. The population shifted drastically 

to the right after the second cell sort. A stable cell line of GPIb⍺ (W230L) and GPIb⍺ WT 

was established.  

 

3.2. Higher Binding Affinity of GPIb⍺ (W230L) with the von Willebrand Factor in 

Plasma 

            To determine whether the cell-based model of GPIb⍺ (W230L) accurately reproduced 

the effects of platelet-type von Willebrand disease, the two cell lines were incubated with 

pooled normal plasma. Using flow cytometry, it was observed that the fluorescence intensity 

of FITC anti-VWF was shifted to the right for GPIb⍺ (W230L) in comparison to GPIb⍺ WT. 

The discrepancy between the two cell lines was minimum; however, this demonstrated the 

usability of the GPIb⍺ (W230L) cell-based model.  
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3.3. Optimizing the Conditions  

3.3.1. GPIb⍺ (W230L) Responds Dose-Dependently to Botrocetin 

            Botrocetin, a snake venom, is known to activate VWF.52 The addition of botrocetin 

was hypothesized to increase the binding between GPIb⍺ and the A1 domain. When the cells 

lines were incubated with pooled normal plasma and botrocetin at a concentration of 1 µM 

and 2 µM, the fluorescence intensities of both GPIb⍺ (W230L) and GPIb⍺ WT were shifted 

to the right in a dose-dependent manner; however, this shift was much more substantial for 

GPIb⍺ (W230L). It was observed that GPIb⍺ (W230L) exhibited a higher binding to VWF 

than its wild-type counterpart both with and without the presence of botrocetin. The binding  

 

Figure 4. GPIb𝜶 (W230L) demonstrated higher binding to VWF in plasma than GPIb𝜶 

WT in the presence of botrocetin. The binding of GPIb𝜶 WT with VWF in plasma did not 

change with the addition of botrocetin (bc). GPIb𝜶 (W230L) exhibited dose-dependent 

binding to VWF in plasma with botrocetin. Without botrocetin, GPIb𝜶 (W230L) exhibited 

slightly higher binding to VWF than GPIb𝜶 WT. However, this difference increased in the 

presence of 2 µM of botrocetin. 
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of GPIb⍺ (W230L) to VWF without botrocetin remained higher than the wild type’s binding 

in the presence of botrocetin. As a result, GPIb⍺ WT’s lack of effect in a dose-dependent 

manner to botrocetin may magnify the binding differences between the two cell lines when a 

higher concentration of activator is used.  

3.3.2. GPIb⍺ (W230L) Exhibits Higher Binding to Activated A1 

            When the end region is removed from A1, the domain displays an enhanced binding 

ability to GPIb⍺ and is “activated”. The two cell lines were incubated with activated A1 at 

900 nM for 30 minutes. Through flow cytometry, it was observed that GPIb⍺ (W230L) 

exhibited higher binding to activated A1 than GPIb⍺ WT. However, it was uncertain whether 

the difference in binding had resulted from the GPIb⍺ (W230L) mutation or activated A1. 

Thus, the two cell lines were incubated with different concentrations of activated A1 and A1. 

GPIb⍺ (W230L) and GPIb⍺ WT exhibited higher binding to activated A1 than A1, with the 

mutant reaching an almost three-fold binding increase at 1 µM. All four samples responded 

in a dose-dependent manner to A1. The maximum binding occurred at 1 µM for GPIb⍺ 

(W230L).  

 

 

Figure 5. GPIb𝜶 (W230L) exhibited higher binding to activated A1 and bound in a 

dose-dependent manner with A1. (A) GPIb𝜶 (W230L) exhibited higher binding to 

activated A1 at 900 nM than GPIb𝜶 WT. (B) Both GPIb𝜶 (W230L) and GPIb𝜶 WT 

exhibited binding to activated A1 (1461) and A1 (1493) in a dose-dependent manner. A1 at 1 

µM produced the highest binding for GPIb𝜶 (W230L). The binding of GPIb𝜶 (W230L) with 

both activated A1 and A1 was significantly higher than GPIb𝜶 WT.  
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and was where the difference between the two cell lines was the greatest. Incubation of the 

wild type with activated A1 still resulted in a lower MFI than GPIb⍺ (W230L) with A1.  

 

3.3.3. Determining the Ideal Plasma Concentration at a 1:1 Dilution 

We next explored the ideal plasma dilution to induce the highest binding response 

with GPIb⍺ (W230L). In figure 5, we observed that although both cell lines responded to 

activated A1 and A1 in a dose-dependent manner, a concentration of 1 µM provided the 

highest binding with GPIb⍺ (W230L), not at 2 µM as we might expect. A dilution not only 

alters the concentration of VWF but also the multitude of other proteins that exist in the 

plasma. Therefore, a dilution could potentially increase the accessibility of VWF by GPIb⍺. 

The plasma was incubated with the two cell lines at a ratio of neat, 1:1, 1:4, 1:6, 1:32, and 

1:64. The average amount of VWF in plasma contains 1.8 to 1.9 international units per mL, 

where 1 IU/mL = 9.8 µg/mL.53 Neat plasma has a VWF concentration of approximately 69.7 

µM and this value was divided accordingly to obtain the different x-values. GPIb⍺ (W230L)  

 

 

Figure 6. Diluting plasma at a 1:1 ratio and the addition of activators such as botrocetin 

and 1D12 increased the binding difference between GPIb𝜶 (W230L) and GPIb𝜶 WT. 

(A) The mean FITC fluorescence intensity (MFI) was graphed against the plasma dilution. 

GPIb𝜶 (W230L) exhibited the highest MFI at a 1:1 ratio dilution of pooled plasma with PBS. 

The addition of botrocetin further increased the binding difference between GPIb𝜶 (W230L) 

and GPIb𝜶 WT. (B) The MFI was graphed against the concentration of 1D12 in nM. GPIb𝜶 

(W230L) exhibited a dose-dependent binding to A1 in the presence of 1D12; however, the 

binding of the GPIb𝜶 WT remained consistent as the concentration of 1D12 increased. 
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and GPIb⍺ WT that were not treated with botrocetin exhibited a consistent, minimum binding 

to VWF despite the increasing concentrations of VWF. On the other hand, the samples 

treated with botrocetin were observed to have a much higher MFI and responded in a dose- 

dependent manner. At a neat concentration of plasma, the MFI of both GPIb⍺ (W230L) and 

GPIb⍺ WT dropped compared to the 1:1 plasma dilution.  

 

3.3.4. 1D12 is a Great Activator 

            1D12 was previously characterized by Ph.D. candidate Nicholas Arce as an activator 

of A1. GPIb⍺ (W230L) and GPIb⍺ WT were incubated with different concentrations of 1D12 

at 2000 nM, 500 nM, 125 nM, and 31 nM in the presence of plasma diluted at a 1:1 ratio. It 

was observed that GPIb⍺ (W230L) responded in a dose-dependent manner, with the highest 

binding at 2000 nM of 1D12. The binding of GPIb⍺WT with VWF remained consistent 

across the different concentrations of 1D12.  
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4 Discussion 

            In this paper, we established a stable CHO cell line expressing GPIb⍺ (W230L) that 

exhibited enhanced binding to VWF in plasma and purified monomeric A1 in comparison to 

GPIb⍺ WT. The addition of A1 activators such as botrocetin and 1D12, and the use of plasma 

at a 1:1 dilution further increased the binding of GPIb⍺ (W230L). With these established 

parameters, it was possible to distinguish the two cell lines from each other to identify the 

GPIb⍺ (W230L) sample through flow cytometry.  

4.1. Optimizing the Use of Streptavidin-Conjugated Violet Fluorophore Beads 

            The assays in this paper utilized PE-conjugated streptavidin. However, we had 

attempted to optimize the use of streptavidin-conjugated violet fluorophore beads instead. A1 

and activated A1 are not inherently fluorescent. Therefore, it was necessary to add a 

fluorophore to the incubation step to visualize the binding between GPIb⍺ and A1. It was 

hypothesized that fluorescent A1 can be created by conjugating the protein to beads. Violet-

fluorescent beads were selected due to the violet channel’s lack of wavelength emission 

overlap with the FITC, APC, and PE channels on flow cytometry. The streptavidin-coated 

fluorescent purple beads were incubated with biotinylated A1 on a shaker at 1 hour, 

overnight, and for three days. After the conjugation, the beads were added to an equal volume 

of CHO cells and let rest for an hour.  

            When GPIb⍺ (W230L) and GPIb⍺ WT were incubated with the violet beads 

conjugated to A1 for an hour, two distinct peaks were detected despite gating for events that 

were pacific blue (anti-FLAG) positive. It was observed from a preliminary flow cytometry 

experiment that the streptavidin-conjugated violet beads have a characteristic violet 610 

fluorescent intensity at around 105. Therefore, the events with a fluorescent intensity around 

so were presumed to be CHO cells that have successfully bound to the bead-A1 complex. 

The other bigger peak represented cells that were not successful in doing so. Instead of 
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having a peak shifted towards the right, GPIb⍺ (W230L) exhibited a higher number of events 

containing the fluorescent complex than GPIb⍺ WT. Due to the low percentage of desired 

events at an hour incubation time, a longer 1 and 3-day conjugation time was tested, and 

GPIb⍺(W230L) was observed to have a significantly higher number of desired events at 3 

days. However, the disparity between the two peaks remained overwhelming.  

A control assay was run to determine the non-specific binding of the violet beads. 

GPIb⍺ (W230L) and GPIb⍺ WT were incubated with 3-day conjugated beads and beads that 

were not conjugated. Unexpectedly, the samples containing the unconjugated beads were 

 

Figure 7. Non-specific binding of streptavidin-conjugated violet fluorophore beads with 

the GPIb𝜶 cell line. (A) The fluorescence intensity of the strep-conjugated violet 

fluorophore beads in the violet 610 channel has a characteristic intensity of 105. (B) When the 

streptavidin-conjugated violet fluorophore beads was incubated with A1 for an hour, GPIb𝜶 

(W230L) demonstrated slightly higher binding than GPIb𝜶 WT. (C) When the streptavidin-

conjugated violet fluorophore beads were incubated with A1 overnight, the difference in 

binding of GPIb𝜶 (W230L) than GPIb𝜶 WT increased significantly. (D) Streptavidin-

conjugated violet fluorophore beads without A1 demonstrated high, non-specific binding to 

both GPIb𝜶 WT and GPIb𝜶 (W230L).  
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observed to have a much higher number of pacific blue positive events than those with A1-

conjugated beads. The significant amount of non-specific binding and difficulty working with 

the violet fluorescent beads had led to the decision to utilize PE-conjugated fluorophore 

instead. Luckily, both A1 and NAIM-A1 were biotinylated and can be identified with 

streptavidin fluorophores.  

4.2. Further Studies with Ristocetin  

            A1 activators 1D12 and botrocetin have demonstrated their ability to increase the 

binding of GPIb⍺ (W230L) and magnify the difference between the wild type and mutant 

samples. Future PT-VWD diagnostic assays may most likely require the use of some sort of 

activator to identify the mutation. However, both 1D12 and botrocetin were expressed and 

purified in this lab, rendering the acquisition of the activators more labor-intensive. Due to 

the laboratory shortage of ristocetin, the more accessible activator was not examined. Future 

experiments should prioritize the investigation of the effects of ristocetin and GPIb⍺ 

(W230L). 

4.3. The Declining Homogenity of the CHO cell line 

            After a few months of passage, the CHO cell line exhibited an increasingly 

heterogeneous cell population with varying expression levels of GPIb⍺. Previous research 

have demonstrated that the interaction of GPIb⍺ with VWF induces the apoptosis pathway.54 

Therefore, freezing down early generations of the cell line had proven to be useful and 

additional cell sorting after a few months is necessary. In the meantime, it may be beneficial 

to add a fluorophore-conjugated anti-FLAG during incubation and gate for positive events to 

re-establish a homogenous population through the data analysis. 

  

 

 



   26 

4.4. Conclusion 

Platelet-type von Willebrand disease is a rare and often misdiagnosed disease. Current 

diagnostic assays include genetic sequencing and RIPA mixed studies, which are costly and 

not standardized. This study established the first cell-based PT-VWD model by generating a 

stable cell line expressing GPIb⍺ (W230L). The model had been observed to mimic the 

effects of PT-VWD by exhibiting an increased affinity binding to VWF and A1. Furthermore, 

the PT-VWD model responds in a dose-dependent manner to A1 activators. Through this 

study, we have established an optimized flow cytometry protocol and conditions to generate a 

distinct GPIb⍺ (W230L) signal, warranting its use as a PT-VWD diagnostic assay. Additional 

experiments with our cell-based PT-VWD model could provide information regarding the 

rare disease.  
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