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Bernard-Soulier syndrome (BSS) is a rare congenital disease
characterized by macrothrombocytopenia and frequent
bleeding. It is caused by pathogenic variants in three genes
(GP1BA, GP1BB, or GP9) that encode for the GPIba, GPIbb,
and GPIX subunits of the GPIb-V-IX complex, the main
platelet surface receptor for von Willebrand factor, being
essential for platelet adhesion and aggregation. According to
the affected gene, we distinguish BSS type A1 (GP1BA), type
B (GP1BB), or type C (GP9). Pathogenic variants in these genes
cause absent, incomplete, or dysfunctional GPIb-V-IX receptor
and, consequently, a hemorrhagic phenotype. Using gene-edit-
ing tools, we generated knockout (KO) human cellular models
that helped us to better understand GPIb-V-IX complex assem-
bly. Furthermore, we developed novel lentiviral vectors capable
of correcting GPIX expression, localization, and functionality
in human GP9-KO megakaryoblastic cell lines. Generated
GP9-KO induced pluripotent stem cells produced platelets
that recapitulated the BSS phenotype: absence of GPIX on
the membrane surface and large size. Importantly, gene ther-
apy tools reverted both characteristics. Finally, hematopoietic
stem cells from two unrelated BSS type C patients were trans-
duced with the gene therapy vectors and differentiated to pro-
duce GPIX-expressing megakaryocytes and platelets with a
reduced size. These results demonstrate the potential of lentivi-
ral-based gene therapy to rescue BSS type C.

INTRODUCTION
Bernard-Soulier syndrome (BSS) is an extremely rare, autosomal
recessive disease characterized by severe macrothrombocytopenia
associated with frequent mucocutaneous bleeding.1,2 Its prevalence
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is less than 1 in 1,000,000, although it may be underestimated.3 Its
clinical manifestations include, but are not limited to, purple,
epistaxis, menorrhagia, gingival, and gastrointestinal bleeding.

Molecularly, the origin of the disease is caused by pathogenic variants
of theGP1BA,GP1BB, or GP9 genes that encode three components of
the GPIb-V-IX glycoprotein complex, a membrane receptor for von
Willebrand factor (vWF) expressed in megakaryocytes (MKs) and
mature platelets.4 According to the affected gene, we can differentiate
BSS type A1 (GP1BA), BSS type B (GP1BB), or BSS type C (GP9).
Most cases of BSS are caused by homozygous or compound heterozy-
gous mutations. Some monoallelic variants affecting these genes
cause an autosomal dominant form of macrothrombocytopenia,
mostly asymptomatic.5,6 To date, about 100 different variants have
been reported in BSS patients worldwide spread across all three genes.
The most commonly mutated gene is GP9 (44% of cases), followed
equally by GP1BA (28%) and GP1BB (28%).5

GPIb-V-IX complex is the receptor for vWF, a multimeric protein
required for the initial adhesion and activation of platelets
upon vascular injury, resulting in the formation of a platelet
thrombus that arrests bleeding.1,2 Genetic variants in GP1BA,
GP1BB, or GP9 genes can result in the absence or dysfunction of
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the GPIb-V-IX complex and consequently frequent bleeding.7

Currently, the standard treatment for BSS is similar to that of other
bleeding-associated genetic thrombopathies, including antifribrino-
lytic agents, desmopressin, or hormonal treatments in women.8,9

In cases of trauma or major surgical interventions, platelet transfu-
sion may be required. Patients receiving repeated platelet transfu-
sions are at high risk of developing alloantibodies against molecules
in the HLA or the proteins of the GPIb-V-IX complex, resulting in
platelet refractoriness. Therefore, platelet transfusion should be
restricted as much as possible and, when required, the use of leu-
koreduced platelets obtained from a single donor with a compatible
HLA is recommended.8

Hematopoietic stem cell (HSC) transplantation from donors with
identical HLA has been successfully tested in few BSS patients who
had developed platelet refractoriness and had healthy family mem-
bers who served as compatible donors.10,11 However, autologous
HSC transplantation of genetically rescued HSCs would be a safer op-
tion for BSS patients with no HLA-compatible donors. Being a mono-
genic disease, BSS is a future candidate for replacement gene therapy
like other platelet disorders.12

In the last decades, gene therapy has been successfully used for the
treatment of monogenic diseases,13 including several inherited he-
matopoietic diseases such as X-associated severe combined immuno-
deficiency (SCID-X1),14 Wiskott-Aldrich syndrome,15,16 b-thalas-
semia,14,17,18 and Fanconi Anemia Subtype A (FA-A).19 Few genetic
rescue studies have been conducted on BSS animal models in vivo.
Ware et al. generated aGp1ba knockout (KO)mouse model that reca-
pitulated many of the characteristics of BSS patients and could be
rescued by overexpression of the human GP1BA gene by transgenic
technology.20 Later, Kanaji et al. used a lentiviral vector-based gene
therapy strategy to fully correct platelet defects in this murine
model.21 Similarly, Strassel et al. used lentiviral vectors to overexpress
human GP1BB reverting GPIb-V-IX complex deficiency in Gp1bb
KO mice.22

Significant advances in the optimization of megakaryocytic differen-
tiation from human pluripotent cells have been achieved.23–25

Recently, Mekchay et al. generated induced pluripotent stem cells
(iPSCs) from BSS type A1 and type B patients.26 Platelets derived
from BSS-iPSCs were larger than their wild-type (WT) counterparts.
Importantly, lentiviral correction restored GPIb-V-IX expression,
improved platelet production, and reduced platelet size in both
BSS-iPSC models.
Figure 1. Modeling Bernard-Soulier syndrome in megakaryoblastic cell lines

(A) Schematic representation of the GPIb-V-IX receptor, indicating the composition and s
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plus Tukey multiple comparison test (ns = non-significant, *p < 0.05, **p < 0.01, and **
Although GP9 is the most commonly affected gene in BSS, no genetic
rescue studies have been conducted in BSS type C disease models to
date. Here, we report the generation and characterization of new hu-
man cellular models for BSS type C using CRISPR-Cas9 gene-editing
technology. We demonstrate that lentiviral expression of human
WT GP9 restores GPIb-V-IX complex expression, localization and
function in GP9-KO cells. Moreover, we show that this new gene
therapy tool rescues GPIX expression in MKs and platelets derived
from GP9-KO iPSCs cellular models and two independent BSS type
C patients.

RESULTS
GP9, GP1BA, and GP1BB gene-editing KOs prevent GPIb-V-IX

complex assembly

The GPIb-V-IX receptor is localized on the MKs and platelet surface
membrane and is assembled by four subunits: GPIba, GPIbb, GPIX,
and GPV, in 2:4:2:1 stoichiometry27 (Figure 1A). To investigate the
contribution of each subunit in the GPIb-V-IX assembly, we knocked
out GP9, GP1BA, or GP1BB in two different megakaryoblast cell lines
(DAMI and MEG-01) using CRISPR-Cas9. Single guide RNAs
(sgRNAs) specific for GP1BA, GP1BB, and GP9 genes were selected
at the beginning of the coding sequence (CDS) considering maximal
score and minimal off-target criteria (Figure 1B). These sgRNAs
together with Cas9-expressing vector were lipofected into DAMI
and MEG-01 WT cells, and single-cell clones were isolated for each
cell model carrying different mutations. In all cases, open reading
frames from both alleles were interrupted by frameshift variants
leading to truncated proteins lacking their functional extracellular
domains (Tables S1–S3).

Next, we analyzed CD42A (GPIX), CD42B (GPIba), and CD42C
(GPIbb) expression by flow cytometry in all WT and KO cellular
models. Every single component was expressed in both DAMI
and MEG-01 WT cells. Interestingly, the expression level of all the
proteins was higher in MEG-01 WT than in DAMI WT cells
(Figures 1C and S1). As expected, GPIX expression was completely
absent in both GP9-KO cell line models and variable in the other
two KO models (Figures 1C–1E and S1). While GPIX expression
was absent or residual in GP1BB-KO cells (p < 0.0001), its expression
was significantly reduced for GP1BA-KO, in terms of mean fluores-
cence intensity (MFI) (�230 vs. �2300) and percentage of positive
cells (�60%) in MEG-01 cells (p < 0.0001). Similarly, GPIX MFI
(�80 vs. �880) and percentage (�30%) were reduced (p < 0.0001)
in the DAMI GP1BA-KO cellular model. Importantly, GPIba surface
expression is absent in terms of percentage in all three KOmodels for
toichiometry of the subunits. (B) KO establishment for each subunit of the GPIb-V-IX

orescence intensity (MFI) comparison of GPIX (left panel), GPIba (middle panel), and

metry dot plots indicating GPIX expression for WT and GP9-KO (BSS) in DAMI (top)

P1BA-KO, and GP1BB-KO in both megakaryoblastic cell models, DAMI (top), and

hst (nucleic DNA, cyan), CD41 (blue), and GPIX (red). The last channel corresponds

dependent experiments. Statistical significance was assessed with ANOVA two-way

**p < 0.0001).
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both cell lines (p < 0.0001) (Figures 1C and S1). In contrast, GPIbb
subunit could eventually be exported to the cell membrane in
GP9-KO: �60 vs. �190 and 20% positive cells in MEG-01; and
�50 vs. �85 and 10% positive cells in DAMI cell model. Likewise,
GPIbb expression was observed in MEG-01 GP1BA-KO cells
(�70 vs. �190 and 50% of positive cells), but it was less evident in
DAMI GP1BA-KO cells (�40 vs. �85 and only 5% of positive cells)
(Figures 1C and S1).

ImageStream platform allowed us to determine protein expression
and localization at the single-cell level. We analyzed GPIX expression
in GP9-KO, GP1BA-KO, and GP1BB-KO cell models. In line with the
flow cytometry results, MEG-01 WT cells expressed higher levels of
GPIX on the cell surface than DAMIWT cells (Figure 1E). Regarding
the KO models, GPIX expression is absent in all models, except for
MEG-01 GP1BA-KO cells, where we could observe a markedly
affected GPIX export to the cell surface in comparison with
MEG-01 WT cells. In addition, CD41 was always expressed on the
outer membrane, indicating that cells maintained their megakaryo-
blast commitment upon impaired GPIb-V-IX complex migration
(Figure 1E).

Altogether, our results indicate that the lack of only one of the com-
ponents of the GPIb-V-IX complex does not always impair the export
of the remaining subunits to the cell surface. Focusing on BSS type C,
both GP9-KO cell models lacked GPIX expression on the cell mem-
brane, becoming ideal BSS type C cellular models for testing the effi-
cacy of lentiviral vectors-based gene therapy tools.

GPIX lentiviral vectors rescue GPIX expression and localization

in GP9-KO BSS cellular models

Lentiviral vectors (LVs) are one of the most successful tools to treat
different hematopoietic malignancies.28 We aimed to develop LVs
overexpressing GP9 to potentially treat BSS type C patients. To
restrict GPIX expression to megakaryocytic lineage, we tested three
MK-specific promoters previously described.29 We selected a long
version of the human GP6 promoter (hGP6L(p)) because of its activ-
ity and specificity in human megakaryocytic cell models (Figure S2).
Thus, we designed a therapeutic cassette composed of hGP6L(p) fol-
lowed by the complete human GP9 CDS. For the reporter construct
(R-GPIX), we used the SEIs2Rev LV that contains an SFFV(p)-
EGFP cassette, allowing us to check transduction efficiency.23 For
the therapeutic construct (T-GPIX), we removed the SFFV-EGFP
Figure 2. Genetic rescue of GP9-KO megakaryoblastic cell models by GPIX len

(A) Schematic representation of lentiviral vector constructs: reporter empty vector (R-EV

(T-GPIX). (B) The evaluation of EGFP and GPIX mean fluorescence intensities (MFIs) ove

vectors (right panel). (C) EGFP (left panel), GPIX (right top panel), and GPIba (right bott

expression for GPIX and GPIba and to R-EV for EGFP. (D) Representative overlayed flo

expression inWT,GP9-KO, andGP9-KO genetically rescued MEG-01 cells. (E) Represe

transduced with R-EV, R-GPIX, T-EV, and T-GPIX for DAMI (left panel) andMEG-01 (righ

DNA, cyan), EGFP (green), and GPIX (red). The last channel corresponds to the merged c

experiments. Statistical significancewas assessedwith ANOVA two-way plus Tukeymul

(C) (ns = non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
cassette from the R-GPIX. Our LV backbones included an insulator
sequence (SAR2-HS 650) that prevents epigenetic silencing after
genomic integration.30 As shown in Figure 2A, we used their empty
vector counterparts, R-EV and T-EV, respectively, as negative
controls.

First, we evaluated LV specificity in different human cell lines from
the non-megakaryocytic lineage (Figure S3). 293-T (embryonic kid-
ney cells), THP-1 (monocytic origin), and Jurkat (lymphocytic origin)
cell lines were transduced with our four LV vectors and analyzed for
EGFP and GPIX expression by flow cytometry. EGFP expression was
detected in all three cell lines transduced with R-EV or R-GPIX vec-
tors as expected due to constitutive SFFV(p)-EGFP regulation.
Notably, none of the three cellular models tested showed any expres-
sion of GPIX on the cell membrane after transduction with either
R-GPIX or T-GPIX.

Next, we used DAMI GP9-KO cells to test these four LVs (R-EV,
R-GPIX, T-EV, and T-GPIX). The analysis of GPIX expression
over 28 days for these LVs showed a relatively high and stable trans-
duction of the reporter vectors, in terms of EGFP MFI (�700) and
percentage of EGFP-positive cells (�80%) in both R-EV and
R-GPIX, throughout the analysis (day 7 to day 28). As expected,
only R-GPIX restored GPIX expression, observing an increase over
time (MFI �800 and �75% of GPIX-positive cells on day 28) (Fig-
ure 2B, left and Figure S4A, left). Similarly, T-GPIX vector restored
GPIX expression levels progressively during the time reaching the
maximum MFI and percentage at day 28 (�600 and �72% of
GPIX-positive cells; p < 0.01), while T-EV vector could not recover
GPIX expression (Figure 2B, right and Figure S4A, right).

We also evaluated the LVs in MEG-01 GP9-KO cells (Figures 2C and
2D). At day 28 of analysis, the transduction efficiency was very high,
with�98% EGFP expression (p < 0.0001) for R-GPIX and R-EV con-
structs (Figure S4B, left panel), and similar MFI values showed by
MFI ratio relative to R-EV (Figure 2C, left panel). Importantly, the
GPIX expression, shown as MFI ratio in comparison with GPIX pro-
tein levels in MEG-01WT cells, was very high (Figure 2C, right panel,
and Figure 2D, left panel), and an excellent percentage of GPIX
expression, around 98%, in both R-GPIX and T-GPIX vectors was
also achieved (Figure S4B, right panel) (p < 0.0001) demonstrating
their effectiveness. As expected, both R-EV and T-EV constructs
did not recover GPIX expression (Figures 2C, 2D, and S4B).
tiviral-mediated expression

), reporter vector (R-GPIX), therapeutic empty vector (T-EV), and therapeutic vector

r 28 days in DAMI GP9-KO cells transduced with reporter (left panel) or therapeutic

om panel) MFI ratios at 28 days post-transduction. MFI ratios are relativized to WT

w cytometry histograms for GPIX (top panel) and GPIba (bottom panel) cell surface

ntative single-cell images taken by ImageStream of WT,GP9-KO, andGP9-KO cells

t panel). Channels indicate the localization and expression levels for Hoechst (nucleic

hannels, except for the brightfield. Data represent mean ± SD for three independent

tiple comparison test (B) or ANOVA one-way plus Dunnett’smultiple comparison test
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Furthermore, GPIX rescue with R-GPIX or T-GPIX LVs also restored
GPIba expression on the cell membrane with similar MFI values
compared with WT cells (Figure 2D, right panel), showing GPIb-
V-IX complex reassembly in the presence of exogenous GPIX.

Finally, we evaluated GPIX expression and localization in both
GP9-KO cell models using ImageStream platform (Figure 2E).
DAMI and MEG-01 GP9-KO cells transduced with R-EV and
R-GPIX constructs showed a nuclear and cytosolic homogeneous
expression of EGFP and only the cells transduced with R-GPIX
restored GPIX expression localized on the plasma membrane. Simi-
larly, DAMI and MEG-01 GP9-KO cells transduced with T-GPIX
recovered the normal GPIX expression and distribution all on the
cell surface.

Taken together, these results demonstrate that our LVs are specific for
megakaryocytic cells and restore expression and localization of GPIX
in both GP9-KO BSS cellular models.

Rescued GP9-KO BSS cellular models recover GPIb-V-IX

receptor functionality in vitro

GPIb-V-IX complex binds to vWF through the interaction of the
amino-terminal end of the GPIba with the A1 domain of vWF.31

Having demonstrated that our GPIX-expressing LVs restore both
expression and localization of GPIX in GP9-KO cells, we aimed to
verify that the rescued GPIb-V-IX complex was functional.

First, we analyzed GPIba expression and localization inWT andGP9-
KO cells by flow cytometry and ImageStream (Figures 3A and 3B).
We compared MFI vs. cell percentage in DAMI and MEG-01 cellular
models (Figure 3A). MEG-01 WT cells showed the highest MFI and
percentage values by conventional flow cytometry and a clear distri-
bution of GPIba in the plasma membrane by ImageStream in com-
parison with DAMI WT cells (Figure 3B). Importantly, both GP9-
KO BSS cellular models lost GPIba expression on their cell surface.
Therefore, we considered MEG-01 cellular models as the best system
to test vWF binding capacity.

Next, we evaluated cellular binding capacity of cells to bind vWF
upon stimulation with ristocetin by flow cytometry. As shown in Fig-
ure 3C, while MEG-01 WT cells bound vWF efficiently, we could not
Figure 3. Evaluation of vWF-GPIba interaction in genetically rescued GP9-KO

(A) Comparison of the percentage of positive cells vs. mean fluorescence intensity (MF

Representative ImageStream images for DAMI and MEG-01 individual cells indicating

corresponds to the merger of the other channels, except for the brightfield. (C) Relative

R-EV, R-GPIX, T-EV, and T-GPIX. Percentages were acquired by flow cytometry and re

(right panel) previously incubated with a vWF-Ristocetin mixture over a 15-min period a

(DS) (left panel). Endpoint data were transferred to the right panel, where we indicated th

(E) Immunocytofluorescence of cells incubated with botrocetin on a vWF coating. Merg

cells adhere to vWF. The first row shows the vWF binding behavior of WT cells, WT cells

third rows illustrate cell behavior whenGP9-KO cells were transduced with R-EV, R-GPIX

Data transferred to a graph. The bars represent the number of vWF-adherent cells rel

experiments. Statistical significance was assessed with ANOVA one-way plus Dunne

comparison test (D and F) (ns = non-significant, **p < 0.01, ***p < 0.001, and ****p < 0
detect vWF binding to MEG-01 GP9-KO cells. Remarkably, MEG-01
GP9-KO cells transduced with LVs expressing GPIX (R-GPIX and
T-GPIX) recovered their vWF binding capacity (p < 0.0001), reaching
similar levels as MEG-01 WT cells. In contrast, MEG-01 GP9-KO
cells transduced with their empty vector counterparts were not able
to bind to vWF (Figure 3C). These results indicate that exogenous
GPIX constitutes functional GPIb-V-IX complexes capable of inter-
acting with vWF molecules in vitro.

Since ristocetin induces platelet agglutination in the presence of
vWF via GPIba,32 we aimed to test whether megakaryocytic cells
expressing GPIb-V-IX complex exposed to ristocetin and vWF
could agglutinate by bridging GPIba-vWF-GPIba. However, due
to the large size of the cells, the traditional RIPA assay does not
work and therefore an adapted assay was developed. Here, cells
were incubated with ristocetin and vWF for 2 min under stirring
conditions, followed by sedimentation under static conditions. As
shown in Figure 3D (left panel), MEG-01 WT cells formed dou-
blets/multiplets in suspension, while MEG-01 GP9-KO cells were
unable to aggregate with each other. Moreover, we could observe
a clear difference in the sedimentation curve between MEG-01
WT and GP9-KO cells using a light-transmission aggregometer
(Figure 3D, middle panel). MEG-01 WT cells sedimented faster
due to the rapid formation of agglutinates, while MEG-01 GP9-
KO cells showed higher transmittance percentage (less sedimenta-
tion rate) from minute 6 to the end of the analysis (15 min).
Importantly, MEG-01 GP9-KO rescued with GPIX-expressing LVs
(R-GPIX and T-GPIX) showed similar or even higher agglutination
properties than MEG-01 WT cells. Endpoint data for each lentiviral
transduction are shown in Figure 3D, right panel. Comparison of
reporter vectors, R-EV vs. R-GPIX (80% vs. 60% transmittance,
respectively), demonstrated a higher sedimentation rate after the ge-
netic rescue. Similarly, MEG-01 GP9-KO transduced with the ther-
apeutic vector (T-GPIX) achieved percentages of transmittance
identical to MEG-01 WT cells.

To confirm GPIba adhesion to surface-coated vWF, we performed
vWF-coating assays in the presence of botrocetin (Figure 3E). This
molecule has been isolated from Bothrops jararaca snake venom
and, similarly to ristocetin, induces a conformational change in
vWF that promotes platelet agglutination.33 MEG-01 WT cells
cells

I) for GPIba subunit expression in MEG-01 and DAMI WT and GP9-KO models. (B)

Hoechst (cyan), CD41 (blue), and GPIba (pink) expression levels. The last channel

frequency of vWF+ cells in WT, GP9-KO cells, and GP9-KO cells transduced with

lativized to WT percentage. (D) Example of a 100X image of WT and GP9-KO cells

nd their associated sedimentation curves showed as differential sedimentation rate

e differences for each pair: WT vs.GP9-KO, R-EV vs. R-GPIX, and T-EV vs. T-GPIX.

ed channels of phalloidin (red), DAPI (blue), and GFP (green) can be observed when

incubated with 6B4, GPIba-blocking antibody, and GP9-KO cells. The second and

, and R-GPIX+6B4 (second row) and T-EV, T-GPIX, and T-GPIX+6B4 (third row). (F)

ative to vWF-adherent WT cells. Data represent mean ± SD for three independent

tt’s multiple comparison test (C) or ANOVA one-way and Holm-�Sı́dák’s multiple

.0001).

Molecular Therapy: Nucleic Acids Vol. 33 September 2023 81

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Nucleic Acids

82 Molecular Therapy: Nucleic Acids Vol. 33 September 2023



www.moleculartherapy.org
incubated with EDTA, to prevent an aIIbb3 integrin adhesion to
vWF, and botrocetin were able to attach to vWF-coated well surface
(Figure 3E, top left panel). To demonstrate the specificity of this inter-
action, GPIba-blocking antibody 6B4 was added.34 In the presence of
6B4 blocking antibody, cells were unable to recognize and attach to
vWF-coated surfaces, having the same behavior as MEG-01 GP9-
KO cells lacking GPIba (Figure 3E, top central and right panels).
MEG-01 GP9-KO cells transduced with GPIX-expressing vectors
(R-GPIX and T-GPIX) regained vWF binding capacity, while the
specificity of the interaction was demonstrated with 6B4 blocking
antibody (Figure 3E, middle central and right panels for R-GPIX; bot-
tom central and right panels for T-GPIX). In contrast, MEG-01 GP9-
KO cells transduced with empty vectors (R-EV and T-EV) failed to
bind to coated vWF (Figure 3E, middle and bottom left panels). To
quantitatively analyze cellular attachment to vWF-coated surfaces,
we performed at least three independent replicates for every cellular
model and experimental condition (Figure 3F).

Altogether, we have demonstrated that lentiviral transduction of
GP9-KO cells with exogenous GPIX restored a functional GPIb-V-
IX able to interact through its reassembled GPIba subunit with solu-
ble or immobilized vWF.

BSS-iPSC model reproduces the disease and can be corrected

using GPIX-expressing lentivirus

To further demonstrate the efficacy of our GPIX-expressing LVs, we
also evaluated these tools in iPSCs, which is the most appropriate
physiological human BSS model available. During megakaryocytic
differentiation, iPSCs progress to mature MKs (CD41+/CD42+)
capable of releasing functional platelets (Figure S5A).23–25

iPSC megakaryocytic differentiation was performed as previously
described by Moreau et al. using lentiviral overexpression of three
essential transcription factors: GATA1, FLI1, and TAL1.25 The differ-
entiation process can be monitored analyzing several differentiation
markers (Figures S5B and S5C).

The iPSCGP9-KO cellular model was created using the CRISPR-Cas9
technology previously described. As shown in Figure 4A, CRISPR-
Cas9-expressing vector together with sgRNAs for GP9 were intro-
duced into WT iPSCs by nucleofection. Forty-eight hours later,
EGFP+ iPSCs were sorted and cultured in pools of few cell numbers
(�100 cells/pool). Since iPSCs do not express GPIX at the pluripotent
stage, genomic DNA from different nucleofected cell pools were
sequenced to analyze GP9 locus. From the most enriched pool, sin-
Figure 4. BSS type C model generation in iPSCs and its correction by GPIX len

(A) Schematic diagram of GP9-KO creation and isolation process in iPSCs. (B) Left pa

platelets (day 36) indicating differentiation surface markers. Right panel: Graphical data c

(top) or platelets (bottom). (C) Percentage (top panel) and MFI values (bottom panel) of M

transduced with LVs. (D) Percentage (top panel) and MFI values (bottom panel) for CD4

images of human platelets and platelets generated from all our iPSC models showing

expression in each case. (F) Representation of platelet diameter (mm) from WT, GP9-K

independent experiments. Statistical significance was assessed with unpaired Student

ANOVA one-way plus Dunnett’s multiple comparison test (F) (ns = non-significant, ****
gle-cell cloning was performed and several GP9-KO iPSC clones
were isolated. Once characterized (Table S3), GP9-KO iPSCs were
differentiated into MKs and platelets and analyzed by flow cytometry,
demonstrating the lack of GPIX after 21 and 36 days for MKs and
platelets, respectively (Figure 4B, left panels). CD41+/GPIX+ popula-
tions were �85% for WT and totally absent for GP9-KO iPSC deriv-
atives (Figure 4B, right panels).

Next, BSS-iPSCs cells were transduced with EGFP reporter (R-EV
and R-GPIX) or therapeutic vectors (T-EV and T-GPIX) and differ-
entiated into MKs (Figure 4C) and platelets (Figure 4D). R-EV- and
R-GPIX-transduced iPSCs generated MKs containing similar EGFP
expression (�70% and �60%, respectively, Figure 4C, upper panel).
However, platelets generated from these MKs showed lower EGFP
expression levels (�60% and �40%, respectively) (Figure 4D, upper
panel). Importantly, both R-GPIX and T-GPIX LVs restored GPIX
expression in both MKs and platelets in terms of percentage (�70%
and �80%, respectively, Figures 4C and 4D, upper panels) and MFI
ratio compared with WT iPSC derivatives (�0.7 in both MKs and
platelets, Figures 4C and 4D, lower panels) (p < 0.0001). The dy-
namics of megakaryocytic differentiation in GPIX-expressing GP9-
KO iPSCs was similar to WT iPSCs with GPIX expression appearing
from day 15 onward (data not shown).

Using ImageStream, we observed that platelets produced in vitro from
WT iPSCs and human platelets from healthy donors co-express CD41
and GPIX on their cell surface (Figure 4E). Interestingly, GP9-KO-
iPSC-derived platelets reproduced both the GPIX absence and the
larger size in comparison with WT counterparts. GP9-KO-iPSCs
transduced with reporter vectors generated EGFP-positive platelets.
R-EV maintains a larger size and the absence of GPIX expression
like non-transduced platelets from GP9-KO iPSCs. Finally, using
ImageStream analysis tools, we determined the size of the platelets
generated from the different iPSC cellular models (Figure 4F). The
diameter of platelets derived from WT iPSCs was approximately
2.5 mm, whereas the platelets obtained from GP9-KO iPSCs doubled
their size. Remarkably, platelets derived from GPIX-transduced GP9-
KO iPSCs showed GPIX expression and reduced their size to their
WT counterparts, thus reverting the BSS phenotype.

In summary, we have generated and characterized a novel iPSCmodel
of BSS by gene editing using CRISPR-Cas9. Furthermore, we have
demonstrated that GPIX-expressing LVs are very effective in
restoring GPIX expression and the size of iPSC-derived platelets.
tiviral vector transduction on MKs and platelets

nel: Flow cytometry dot plots for WT and GP9-KO differentiated cells (day 21) and

orresponding to CD41+/GPIX+ double-positive population in WT and GP9-KO MKs

Ks (CD41+) on day 21 expressing EGFP or GPIX for WT, GP9-KO, or GP9-KO cells

1 expression in iPSC-derived platelets on day 36. (E) Representative ImageStream

their size, cytosolic EGFP expression (green), CD41 (blue), and GPIX (red) surface

O, and GP9-KO transduced iPSCs. Data represent mean ± SD for at least three

’s t test (B), ANOVA two-way plus Dunnett’s multiple comparison test (C and D), or

p < 0.0001).
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Rescue of GPIb-V-IX surface expression in MKs and platelets

generated from HSCs of BSS patients

Our final aim was to genetically engineer HSCs from BSS type C pa-
tients, our future target cells for ex vivo therapy. Peripheral mononu-
clear blood cells were obtained from two unrelated BSS type C pa-
tients recruited in the multicentric Spanish project of inherited
platelet disorders.35 Genomic DNA was purified and sequenced
to confirm the presence of homozygous variants p.Phe55Ser
and p.Trp71Arg (Figure 5A). Patients’ platelets were analyzed by
ImageStream confirming GPIX absence, increased CD41 expres-
sion,36 and large size compared with WT platelets (Figures 5B
and 5C).

Due to the reduced number of circulating CD34+ cells purified
(�50,000 cells/50 mL blood), we only used the R-GPIX lentiviral vec-
tor, as this one allowed us to follow transduction efficiency and GPIX
recovery by ImageStream. CD34+ isolated HSCs from both patients
were expanded, transduced with R-GPIX, and differentiated to
MKs/platelets for 10 days. Non-transduced MKs neither expressed
EGFP nor GPIX, while transduced cells re-established GPIX expres-
sion/localization together with EGFP cytoplasmatic expression (Fig-
ure 5D, upper panel). For platelet analysis, mature MK culture super-
natants were collected, platelets were enriched by centrifugation,
labeled with CD41 and GPIX, and analyzed by ImageStream. As
shown in Figure 5D, platelets derived from non-rescued HSCs were
larger and did not have GPIb-V-IX complex at surface, whereas plate-
lets produced from transduced HSCs showed smaller size, expressed
GPIX on the surface, and expressed EGFP. Finally, platelet size study
using ImageStream analytical tools from WT donors, BSS patients,
and CD34-derived platelets confirmed that R-GPIX LV not only
restored GPIX expression but also, and more importantly, platelet
size (Figure 5E). These results demonstrate that lentiviral-mediated
therapy restores GPIX expression in MKs and platelets generated
from primary HSCs isolated from BSS type C patients.

DISCUSSION
The assembly of the GPIb-V-IX receptor present in the plasma mem-
brane of MKs and platelets occurs through the combination of four
subunits: GPIba, GPIbb, GPIX, and GPV. These subunits interact
in the endoplasmic reticulum and reach their mature forms inside
the Golgi apparatus before being transported to the cell surface. Over-
expression experiments performed in mammalian cells, L cells, and
CHO cells demonstrated that GPIba export to the plasma membrane
is primarily dependent on GPIbb and GPIX expression.37 In contrast,
Figure 5. BSS type C patients’ characterization and generation of MKs-platele

(A) Characterization ofGP9-associated variants for two unrelated BSS patients. (B) Repr

and expression of CD41 (blue) andGPIX (red) surfacemarkers. (C) ImageStream dot plots

expressing platelets from this first population. (D) ImageStream events corresponding

W71R-BSS-HSCs and F55S-BSS-HSCs, respectively. The top panel showsMKs from th

localization and expression levels for Hoechst (nucleic DNA, cyan), EGFP (green), CD41

for the brightfield. (E) Representation of platelet size showed by their diameter (mm) belon

and those produced from non-transduced and R-GPIX-transduced F55S isolated and d

significance was assessed with ANOVA one-way plus Tukey multiple comparison test
GPV appears to play a secondary role in this process. Subsequently,
CHO cells have gained popularity in the biotechnology industry
due to their ability to produce very efficiently human cellular proteins
containing posttranslational modifications, such as glycosylations.38

As a result, they have emerged as the primary platform for analyzing
GPIb-V-IX receptor assembly and the effects of diverse mutations
identified in BSS patients.39–45

Despite its widespread use, the CHO cell model has its limitations,
such as its non-human origin and it requires overexpression of the
subunits, which may impact the physiological relevance of the results.
To address this concern, researchers have conducted assays using hu-
man 293T cells.43 Again, these cells do not naturally express the com-
ponents of the GPIb-V-IX complex due to their origin. In light of
these limitations, we evaluated the functionality of DAMI and
MEG-01, two megakaryoblastic leukemia cell models that endoge-
nously express and regulate the expression of all four subunits of
the GPIb-V-IX complex. BSS cellular models were generated by intro-
ducing frameshift mutations with CRISPR-Cas9 at the beginning of
GP1BA, GP1BB, and GP9 coding sequences.

Interestingly, we found that GPIba expression is most dependent on
the presence of other subunits, as it is undetectable in both GP1BB-
KO or GP9-KO cellular models. In line with our data, Dong et al.
demonstrated that the surface expression of GPIba is dependent on
the co-expression of GPIbb and GPIX proteins.37 The absence of
either of these subunits results in the targeting and degradation of
GPIba in the lysosomes. In a BSS type C patient carrying the
p.Phe55Ser variant, Noris et al. confirmed reduced GPIba expression
using three different antibodies.36 The percentage of GPIba-positive
platelets ranged from 41.5% to 86.6%. Subsequently, several studies
have described reduced GPIba expression, less than 10% relative
expression, in all BSS patients analyzed, regardless of the disease-
causing variant.3,46,47 Furthermore, GPIX and GPIba were absent
in MKs and platelets from a BSS type C patient carrying a homozy-
gous deletion of the entire GP9 gene.48 In contrast, BSS patients car-
rying the W127X pathogenic variant in GP9, originally described in
Japan,49 exhibit a deficiency of GPIX expression while displaying re-
sidual surface expression of GPIba.50 Subsequently, Takata et al.
quantified GPIba relative MFI expression compared with healthy
controls, revealing that it ranged from 7% to 11% in this group of
BSS patients.45 Despite the reduced expression level of GPIba, plate-
lets from W127X patients were capable of binding to immobilized
vWF under high-shear conditions in vitro.
ts from transduced and non-transduced BSS-HSCs

esentative ImageStream platelet images from donor and BSS patients indicating size

obtained fromBSS and donor platelets showing CD41 expression profile andGPIX-

to differentiated MKs and platelets obtained from transduced and non-transduced

eW71R patient and bottom panel shows platelets from F55S. Channels indicate the

(blue), and GPIX (red). The last channel corresponds to the merged channels, except

ging to platelets from a human healthy control, W71R and F55S both BSS patients,

ifferentiated CD34+ cells. Data represent mean ± SD from nR 11 events. Statistical

(ns = non-significant, ****p < 0.0001).
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According to our results, GPIbb is relevant for the assembly of the
entire complex. In its absence, the remaining three subunits are not
detectable at the plasma membrane, with the exception of a basal
GPIX expression in MEG-01 GP1BB-KO cells. In contrast, the lack
of GPIX or GPIba subunits allows some expression of GPIbb on
the cell surface. In agreement, the GPIb-V-IX complex is fully absent
in BSS type B patients,6,51,52 and in a patient with velocardial syn-
drome with a hemizygous microdeletion of 22q11.2 containing the
GP1BB locus and p.Pro96Ser variant in the other GP1BB allele.53

Our data also indicate that GPIbb collaborates in GPIX export to
the outer membrane, as can be observed for GP1BA-KO cells.
This observation is supported by the absence of GPIX and GP1ba
on the platelets of two siblings carrying a compound heterozygous
frameshift (c.1601_1602delAT) and nonsense (c.1036C>T) variant
in GP1BA that abrogated the production of GP1ba.54 Similarly,
GPIX expression could be observed in some BSS type A1 patients
containing homozygous or compound heterozygous variants in
GP1BA.55,56 Additionally, overexpression experiments in CHO cells
show that co-transfection of mutant GP1BA, with WT-GP1BB and
WT-GP9, leads to a decreased GPIX expression in comparison with
CHO cells expressing WT-GP1BA. In contrast, when WT-GP1BA,
WT-GP9, and variant p.Asn64Thr GP1BB were co-transfected,
none of the subunits could be detected,52 suggesting GPIbb-GPIX
co-migration.52,53,57

Our results indicate that our new human KO cellular models are more
suitable than CHO cells for investigating the BSS disease due to their
ability to maintain a physiological allelic contribution. This allows us
to observe GPIb-V-IX complex localization, complete agglutination
experiments, or perform vWF-coating assays in the presence of risto-
cetin or botrocetin. Therefore, they will be more physiologically rele-
vant than CHO cells. Using lentiviral transduction or CRISPR-Cas9
technology, we could study biallelic, monoallelic, or heterozygous
dominant BSS-specific variants. In addition to vWF, the GPIb-V-IX
complex can bind multiple molecules and cell receptors, and hence
its role goes beyond platelet adhesion. Our new models would allow
us to introduce variants causative of dominant BSS, other platelet dis-
orders such as platelet-type vonWillebrand disease, and even to study
the relevance of this complex in the binding of other ligands/receptors
as previously carried out in mice.20,58 A similar strategy could be used
to target other platelet receptors and disorders, e.g., ITGB3/ITGA2 in
Glanzmann thrombastenia.59

Few previous studies have demonstrated that the use of LVs can
recover GPIb-V-IX expression in BSS type A1 and B animal
models.21,22 We have designed LVs that are suitable for treating
BSS type C patients resulting from any GP9 nonsense or missense
variant. Our LVs were functional recovering with high efficacy the
stable expression and appropriate surface membrane localization of
GPIX in three different GP9-KO cellular models: DAMI, MEG-01,
and iPSCs. The percentage of rescued MKs and platelets in our
GP9-KO iPSC cell model was very high (70%–80%) in comparison
with previous studies. Thus, Mekchay et al. reprogrammed peripheral
86 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
blood mononuclear cells from BSS type A1 and type B patients
(GP1BA-iPSCs and GP1BB-iPSCs). Using pTREG-LVs to express
WTGP1BA orGP1BB, their corresponding protein expression recov-
ery was only 18% and 42%, respectively.60

We also evaluated the functionality of the GPIb-V-IX recovered by
our LV therapy in GP9-KO cell models in vitro. vWF circulates
through the bloodstream in a folded conformation. Once an injury
occurs, subendothelial collagen becomes exposed binding vWF. In
blood vessels, the high shear rates promote vWF unfolding, where
the A1 domain becomes exposed being accessible to interact with
the platelet GPIb-V-IX receptor via GPIba. Therefore, platelets can
firmly attach to vWF and initiate aggregation and subsequent coagu-
lation.61,62 In the absence of shear, ristocetin and botrocetin modify
vWF, making the A1 domain accessible for GPIba binding.6,63 It is
noteworthy that we could demonstrate that the functional capacity
of MEG-01 WT stimulated with ristocetin to form cell agglutinates
leading to sedimentation is lost in GP9-KO MEG-01 and recovered
after transduction with GPIX-expressing vectors. Furthermore, this
functionality was corroborated in cells plated over a vWF-coated sur-
face and stimulated with botrocetin. Moreover, the specificity of the
vWF-GPIba interaction in these assays was confirmed with a GPIba
blocking antibody that abolished cellular adhesion.

The biological functionality of the rescued GPIb-V-IX was also
observed in an iPSC cellular model. Platelets derived from GP9-KO
iPSCs mimicked the BSS phenotype increasing their size in compar-
ison with WT counterparts. Importantly, using ImageStream we
could observe that platelets generated from rescued GP9-KO iPSCs
recovered GPIX localization and reduced platelet size, in line with re-
sults in rescued GP1BA-iPSCs and GP1BB-iPSCs.60 Together, these
results showed that lentiviral therapy with GPIX-expressing vectors
was not only able to restore the expression and localization, but
also recovered full receptor assembly and functionality in vitro.

Finally, we evaluated the effectiveness of our novel gene therapy tools
in HSC from two unrelated BSS type C patients previously diagnosed
with the Spanish multicentric project on inherited platelets disor-
ders.35 Ethical concerns discourage aggressive procedures to obtain
HSCs from bonemarrow from these patients, but someHSCs are pre-
sent and could be isolated from non-mobilized peripheral blood.64–66

Purified HSCs were exposed to R-GPIX to track lentiviral transduc-
tion. Despite the reduced number of starting HSCs, we could recover
CD41-GPIX expression in EGFP+ MKs and platelets. As expected,
non-transduced HSCs generated MKs and platelets lacking GPIX
on their cell membrane. Furthermore, those platelets exhibited an
increased size mimicking the macrothrombocytopenia described in
BSS patients. In contrast, transduced HSCs produced smaller
GPIX+/EGFP+ platelets, which reverted both phenotypes. The
average size for WT, BSS, and BSS-rescued platelets produced
in vitro is similar to that described previously.3,43 These data in pri-
mary HSCs from BSS type C patients carrying different missense var-
iants encourage further development of this novel gene therapy strat-
egy for potential clinical use.
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In conclusion, we have generated LVs that efficiently recover a func-
tional GPIb-V-IX receptor in different GP9-KO cellular models and
primary HSCs from BSS type C patients. Our results demonstrate
that these novel LV-based therapies could be a therapeutic option
for all BSS type C patients, regardless the GP9 variant causing the dis-
ease. To the best of our knowledge, this is the first time that HSCs
from BSS patients have been rescued ex vivo. Additional preclinical
studies in animal models of BSS type C may be required to test the
specificity, effectiveness, and biosafety of these gene therapy tools
in vivo.
MATERIAL AND METHODS
Cell cultures

The MEG-01 cell line was acquired from ATCC. DAMI cells were a
gift from Dr. Gutierrez, (University of Oviedo, Spain). Both mega-
karyoblastic cell lines were cultured in RPMI 1640 medium
(Biowest) supplemented with 10% fetal bovine serum (FBS)
(Biowest) and 1X penicillin/streptomycin (Sigma-Aldrich). Cells
were passaged twice a week, seeding 1 � 105 cells/mL. THP-1
and Jurkat cells were grown under similar conditions. 293T cells
were cultured in DMEM-high glucose media (Biowest) supple-
mented with 10% FBS and 1X penicillin/streptomycin. Twice a
week cells were passaged (1:5–1:8) using 0.75X TrypLE Express
(Gibco) for 5 min.

iPSC#1 line was obtained from Cambridge Biomedical Research Cen-
ter Core Facility. This iPSC line was derived from adult dermal fibro-
blasts using integrative murine retroviral vectors and has been previ-
ously reported by Moreau et al. to efficiently produce MKs and
platelets in vitro.25 iPSCs were cultured over Matrigel-coated (BD
Biosciences) T25 flasks in Essential 8 Medium (E8).67 Confluent cul-
tures were split (1:5–1:8) using PBS-EDTA (0.5 mM) for 5–8 min.
The first day after passage, cells were supplemented with 10 mM
Y-27632 2HCl (Deltaclon).

All cell lines used in this study were grown at 37�C and 5% CO2 in a
humid incubator.
Flow cytometry analysis

Cells were collected and washed once with PBS. After centrifugation
(150 � g, 5 min), cells were resuspended to a final concentration of
1 � 106 cells/mL in PBS; 100 mL of cells was then supplemented
with antibody cocktails according to the experiment (1:100 of each
antibody): anti-human CD42a-APC (Miltenyi Biotech), CD42b-
APC (Miltenyi Biotech), rat anti-human RAM.168 (CD42C) conju-
gated with goat anti-rat Alexa Fluor 488 (Invitrogen), anti-human
CD41A-PE, and anti-human CD34-PE-Cy7 (BD Biosciences). For
functional experiments, we utilized anti-human vWF (Dako, 1:500)
conjugated with anti-rabbit-AlexaFluor 647 (Biolegend). Then, cells
were incubated for 30 min at room temperature, washed with PBS,
centrifuged, resuspended in FACS buffer (PBS supplemented with
5% FBS and EDTA 2 mM) and stained with 7AAD cell viability solu-
tion (BD Biosciences).
To conduct platelet experiments, blood samples were collected into
EDTA K2 Vacutainer tubes (BD Biosciences). Platelet-rich plasma
(PRP) or supernatants from in vitro cell cultures were separated by
centrifugation (120 � g, 10 min), and a second centrifugation was
required to obtain platelet pellets (300 � g, 10 min). The platelets
were resuspended in PBS-EDTA 2 mM and adjusted to a concentra-
tion of 1.5 � 105 platelets per tube. Antibody cocktails were added to
each tube as previously described, and the samples were washed,
centrifuged at 300� g, and resuspended in 100 mL PBS-EDTA 2mM.

After labeling, the cells and platelets were analyzed using either FACS
Canto II or FACS Verse flow cytometers (BD Biosciences). Subse-
quently, the data were analyzed using Cytobank69 software and visu-
alized with GraphPad Prism (version 9.4.1).

BSS model generation: CRISPR-Cas9

The plasmid pSpCas9(BB)-2A-GFP (PX458) (Addgene plasmid
#48138) was selected as the gene editing tool. Briefly, different
sgRNAs were designed for each human single gene (GP9, GP1BA,
andGP1BB) using BreakingCas70 software. Their sequences are avail-
able in Table S4. sgRNAs were cloned into the plasmid following Feng
Zhang’s laboratory indications.71 After cloning, plasmids were veri-
fied by Sanger sequencing and amplified by maxiprep (Macherey-
Nagel).

For gene editing of megakaryoblastic cell lines, each construction was
transfected into DAMI and MEG-01 using LipoD293T (Sinagen) as
the delivery method; 1.2 � 106 cells resuspended in 1 mL RPMI
1640 were seeded in each well (six-well plate). Transfections were per-
formed using 1.5 mg DNA and 6 mL LipoD per reaction, following the
manufacturer’s instructions. Forty-eight hours post-transfection,
EGFP+ cells were sorted using FACS Aria Fusion (BD Biosciences),
establishing small pools (300 cells) in 96-well plates. Once expanded,
cells were analyzed by flow cytometry and the most enriched pools
were used to establish single-cell clones. Expanded single-cell clones
were screened for GPIb-V-IX expression by flow cytometry. Genomic
DNA (gDNA) was isolated from these GPIb-V-IX-negative clones to
characterize these edited loci by Sanger sequencing.

To generate iPSCs GP9-KO, iPSC#1 was seeded at 30% confluence in
T25 flasks. At 70%–80% confluence, iPSC cells were detached using
0.75X TrypLE Express, washed in PBS and centrifuged (150 � g for
5 min). The cell pellet was resuspended in E8 and 1.2 � 106 cells
were nucleofected with 1.5 mg plasmid DNA (Nucleofector 2B, Lonza)
using a Human Stem Cell Nucleofector Kit 1 (Lonza). After nucleo-
fection, cells were seeded in Matrigel-coated six-well plates and
cultured in E8 supplemented with 10 mM Y-27632. Forty-eight hours
later, cells were individualized with TrypLE Express, sorted by EGFP+

expression, and seeded in small pools (150 cells). gDNA was isolated
from each pool, amplified by PCR, and sequenced by Sanger
sequencing. KO enrichment frequency was analyzed by Synthego
Performance Analysis, ICE Analysis. 2019. v3.0 (Synthego). Single-
cell clones were isolated from the most enriched pools and screened
by Sanger sequencing confirming GP9 locus edition.
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Sanger sequencing

Plasmid DNA samples from E. coli DH5a or Stbl3 were processed
with NucleoSpin Plasmid (Macherey-Nagel) and sequenced by
StabVida laboratories.

High-throughput clone screening was performed using QuickExtract
(Lucigen). Half of the 96-well was resuspended in lysis buffer, heated
to 65�C for 6min, vortexed, and heated to 98�C for 2min.High-quality
gDNA was obtained from established cell cultures using NucleoSpin
Tissue (Macherey-Nagel) following manufacturer’s indications.

PCR amplification of the mutated loci was completed with GoTaq G2
Flexi DNA Polymerase (Promega) following experimental conditions
indicated in Table S5. Amplicons were purified using NucleoSpin Gel
and PCRClean-up (Macherey-Nagel) and sequenced in StabVida lab-
oratories. The sequencing primers used are listed in Table S6, while
the gene-edited alleles are described in Tables S1–S3.

ImageStream analysis

Cells and platelets were collected and stained as previously described
in the flow cytometry analysis section. Stained cells were fixed with
4% paraformaldehyde (Merck Life Sciences) in PBS for 12 min and
permeabilized with 0.1%Triton X-100 detergent (Thermo Scientific)
in PBS for 20 min. Then, cells were incubated with 1 mM Hoechst
(Merck Life Sciences) for 3 min, washed, and resuspended in FACS
buffer. Similarly, platelets were stained, washed, and resuspended in
PBS-EDTA 2 mM. Last, data were acquired in an ImageStream
Mark II imaging flow cytometer (Amnis) and analyzed with IDEAS
software (Amnis).

To determine platelet size, we used IDEAS software following these
steps. First, we identified the CD41+ platelet population (R1). Second,
we applied a circularity filter (R2) and an additional filter to select
focused images (R3). Next, we identified individual events and created
a mask that covered the entire surface of the CD41+ fluorescence
signal from each platelet. Using all these masks, the IDEAS software
calculated the mean diameter ± standard deviation (SD) of the
selected populations.

Lentiviral vector constructs

SEIs2Rev is our reporter empty vector (R-EV). It is a self-inactivated
LV that expresses the EGFP under the spleen focus-forming virus
(SFFV) promoter. Additionally, it includes an insulator formed by a
chimeric sequence composed of SAR2 and HS4-650 elements (IS2
insulator).30 To produce our reporter vector-GPIX (R-GPIX), we
used SEIs2Rev LV as a starting point and introduced a cassette con-
taining the human megakaryocytic promoter (hGP6L) combined
with the human WT GP9 coding sequence (hGP9). Both sequences
were obtained fromNCBI and used to design specific primer pairs us-
ing different softwares (Primer3Plus and Primer-BLAST). Chosen
primer pairs were modified to include a PvuI cutting site between pro-
moter and CDS to facilitate the ligation process between both se-
quences. Next step was to amplify by PCR using gDNA from
DAMI cells as a template. PCR conditions and primer sequences
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can be found in Table S2. PCR products were purified, digested
with PvuI, and ligated with T4-ligase (New England Biolabs). The
ligation product was PCR amplified using hGP6-FW and hGP9-
RV, purified, and cloned into pCR2.1 (Invitrogen, Life Technologies).
The therapeutic cassette cloned into this intermediate vector was
flanked now by multicloning sites. EcoRI (New England Biolabs)
was used to remove the hGP6-hGP9 sequence from the intermediate
vector and to clone it in both orientations into SEIs2Rev empty vec-
tor. Optimal orientations for GPIX are shown in Figure 2A and were
determined by EGFP and GPIX expression in DAMI GP9-KO trans-
duced cells (data not shown).

Furthermore, to build our therapeutic empty vector (T-EV), we
removed the SFFV-EGFP cassette from SEIs2Rev (R-EV). Similarly,
starting from the R-GPIX LV, we built our therapeutic vector
(T-GPIX).

Final constructs were sequenced as previously described. DNA con-
structs were transformed into E. coli Stbl3 and maxiprep was per-
formed to get high concentrated plasmids and sequenced in
StabVida laboratories.

LVs production

LVs were produced by 293T cell co-transfection of (1) plasmid vector
(R-EV, R-GPIX, T-EV, or T-GPIX), (2) pCMVDR8.91 packaging
plasmid, and (3) VSV-G (pMD2.G) plasmids. 293T cells were trans-
fected using LipoD293T as previously described in Benabdellah
et al.72 Supernatants were harvested at 48 h post-transfection by ultra-
centrifugation (SORVALL,WX ultra series centrifuge, Thermo Scien-
tific) resuspending the viral pellet in non-supplemented RPMI. Viral
titers were determined by performing serial dilutions of the concen-
trated LVs over DAMI GP9-KO cells. GPIX-positive cells were deter-
mined by flow cytometry 3–7 days after transduction. Vector titration
was calculated according to the following formula:

Titer =
105 plated cells �%GPIX cells=100

mL vector

Cell transduction

DAMI and MEG-01 cells were transduced with an MOI = 20, while
iPSCs and HSC-BSS were transduced with MOI = 50. Required vol-
ume of LVs was added to culture media supplemented with
1 mg/mL protamine sulfate (Merck Life Sciences). iPSCs were exposed
to two sequential transduction hits. Transduction was performed
overnight, replacing culture media the following morning.

Functional assay: Ristocetin- GPIba-vWF binding

MEG-01 and transducedMEG-01 cells were used. For flow cytometry
analysis, cells were incubated under four different conditions at 37�C
for 30 min: Ristocetin (1 mg/mL, ABP) plus vWF (Haematologic
Technologies) (10 mg/mL); only vWF, only ristocetin, and nothing.
Following incubation, cells were stained as described in the flow cy-
tometry analysis section.
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To perform the sedimentation experiments, 5 � 106 cells/mL were
resuspended in 250 mL PBS supplemented with 10 mg/mL vWF and
ristocetin (1 mg/mL). After pre-incubating the samples at 37�C
for 2 min under stirring conditions, we measured light transmission
in a light-transmission aggregometer (Chrono-log) at 37�C for
15 min. Measurements were made by pairs: WT vs. GP9-KO, R-EV
vs. R-GPIX, T-EV vs. T-GPIX. Additionally, we demonstrated the
agglutination effect by photographing MEG-01 WT and GP9-KO
cells incubated in suspension with vWF-ristocetin treatment after
the pre-incubation period.

Functional assay: Botrocetin-GPIba mediated adhesion to vWF

Cell concentration was adjusted to a final concentration of 350,000
cells/mL and 100 mL was seeded over 96-well plates precoated with
vWF (10 mg/mL) in PBS at 4�C overnight. For each cell line, we estab-
lished four conditions: botrocetin (0.1 mg/mL), PBS-EDTA (10 mM),
botrocetin+PBS-EDTA, and botrocetin+PBS-EDTA+6B473 antibody
preincubated cells (10 mg/mL 6B4 for 30 min) for 90 min at 37�C.
Then, the cells were washed three times with PBS, fixed, permeabi-
lized, and stained with 1 mg/mL DAPI (40,6-diamidino-2-phenylin-
dole, ThermoFisher Scientific) and 2 mg/mL Phalloidin-tetramethylr-
hodamine B isothiocyanate (TRITC, Santa Cruz Animal Health) for
30 min at room temperature. Immunofluorescence pictures were
made using an Axio Observer Z1 inverted fluorescence microscope
(Zeiss). Cell number was determined using Fiji free software.74

iPSC differentiation toward megakaryocytic lineage

Megakaryocytic differentiation was performed using theMoreau et al.
protocol.25 Briefly, FLI1, TAL1, and GATA1 transcription factors
were overexpressed from a commercially available LV (Flash Thera-
peutics). On day�1, 4, 5� 10 iPSCs/well (12-well plate) were seeded
in E8 medium supplemented with 10 mMY-27632. On day 0, iPSC#1
were transduced with LV and cultured in E6 medium supplemented
with FGF2 (20 ng/mL, Peprotech) and BMP4 (10 ng/mL, Peprotech).
From day 2 to day 9, cells were grown in serum-free medium xeno-
free (GMP SCGM, Cell Genix) supplemented with TPO (20 ng/mL,
Peprotech) and SCF (25 ng/mL, Peprotech). Every 2 days, cell culture
media was refreshed by half-media changes. On day 9, cells were de-
tached with TrypLE Express, analyzed by flow cytometry, and split up
to six-well plates. On day 15 and day 21, cells were analyzed again by
flow cytometry. On day 35, the cells were centrifuged at 300 � g for
5 min and resuspended in RPMI 1640 without FBS. Next day, the
entire supernatant was collected and centrifuged twice to isolate the
platelets. These were stained for flow cytometry analysis, as previously
described.

HSC isolation and differentiation to megakaryocytic lineage

The study was approved by the Human Research Ethics Committee of
the University of Granada. Patients signed the informed consent
before sample extraction. Fifty milliliters of fresh blood from each
BSS patient was collected in EDTA tubes. PRP from BSS patients
was separated by gravity-mediated decantation for 40 min. PBMCs
were isolated by centrifugation using Ficoll Paque PLUS (GE Health-
care) (400 � g, 40 min, Accel 0, Brake 0). PBMCs were washed twice
with PBS. The cell pellet was resuspended in 150 mLMACS Buffer and
incubated with 50 mL anti-FCR and 50 mL anti-CD34 magnetic beads
at 4�C for 30 min (CD34MicroBead Kit UltraPure, Miltenyi Biotech).
After a washing step, we performed an immunomagnetic selection of
CD34+ cells with MS columns (Miltenyi Biotech). Negative fraction
was used to isolate genomic DNA for GP9 locus PCR amplification
and BSS patients’ characterization by Sanger sequencing.

To differentiate HSCs to MKs, cells were grown in StemSpam
(StemCell Technologies) combined with different cocktails regarding
to the differentiation stage. On day 0, the positive fraction was
expanded in StemSpam 1X PS supplemented with cytokine cocktail
1: SCF (100 ng/mL) + FLT3L (100 ng/mL, Peprotech) + TPO
(100 ng/mL) + SR1 (0.75 mm = 322.12 ng/mL, StemCell
Technologies) + UM171 (35 nM = 15.87 ng/mL, StemCell
Technologies) + IL-6 (100 ng/mL, Peprotech). On day 2, expanded
HSCs were transduced with R-GPIX and cultured with cytokine cock-
tail 2 (StemSpam + TPO [100 ng/mL] + FTL3 [100 ng/mL] + SCF
[100 ng/mL] + 1% P/S). Day 3 begins differentiation phase I, where
we are following megakaryoblast progenitor appearance (Cytokine
cocktail 3: TPO 100 ng/mL + SCF 100 ng/mL + IL-6 7.5 ng/mL).
Finally, megakaryocytic maturation is achieved in differentiation
phase II, where TPO 100 ng/mL is the unique supplementary cyto-
kine administrated.

Statistical analysis

Data were presented as mean ± standard deviation (SD). For compar-
ison of >2 groups, we used ANOVA two-way plus Tukey multiple
comparison test. Analyses over time were performed with two-way
ANOVA and Holm-�Sídák’s multiple comparisons test. When one
group was compared, we used ANOVA one-way or two-way with
Dunnett’s multiple comparisons test or �Sídák’s multiple comparisons
test depending on the type of comparison performed. All these ana-
lyses were completed using GraphPad Prism (9.4.1).
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