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Abstract

The safety, quality and supply of donor-derived platelet units intended for transfusion have improved over the past decades 
but significant problems still remain. In vitro-derived platelets offer a possible alternative but up-scaling production is 
hindered by our limited understanding of thrombopoiesis (the release of platelets by their mother cell, the megakaryocyte 
[MK]). Here, we have developed an integrated strategy aiming to mimic ex vivo the bone marrow physiological niche that 
promotes thrombopoiesis by mature MK. The screening of a panel of 259 recombinant transmembrane proteins derived 
from cells known to promote platelet production through direct contact with MK enabled us to show that ACVR1B, CRTAM, 
MUCEN and BTN1A1 improve platelet production from either cord blood- (ACVR1B) or pluripotent stem cells-derived (CRTAM, 
MUCEN and BTN1A1) MK. Using two different methodologies, we functionalize either collagen- or silk-based 3-dimensional 
scaffolds and confirm increased functional platelet production by up to 2-fold. This unbiased approach has allowed us to 
identify novel proteins whose role in platelet formation was previously unknown and highlights the potential gain of recre-
ating the MK niche to allow in vitro platelets to become a viable alternative for transfusion.  

Introduction

Platelets are small anucleate blood cells produced by mega-
karyocytes (MK) in the bone marrow. Their primary function 
is to promote coagulation and blood vessel repair at sites 
of injury. In the UK, NHS Blood and Transplant has seen a 
20% increase in platelet demand over the past decade with 
280,000 platelet units being distributed per year.1

We are solely reliant on donors to source platelets which in 
itself, presents several issues. Short shelf lives (5-7 days, as 
opposed to 35 days for red blood cells), HLA typing, allogenic 
platelet transfusions and risks of viral/bacteria transmission 
all add strain to a fragile supply chain. We believe that in 
vitro production of platelets could offer a viable alternative 
to donor-dependent platelets for transfusion and could 
address these issues. MK derived from renewable stem cell 
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sources such as human pluripotent stem cells have already 
been well documented with high MK yields and purity.2-4 They 
offer an on-demand supply of platelets with control over 
immune-compatibility and biosafety.5 Unfortunately, the num-
bers of platelets in vitro MK can produce are several orders 
of magnitude less than the estimated 1,000-2,000 platelets 
per MK produced in vivo. Even with bioreactor systems that 
allow us to mimic bone marrow architecture and mechanical 
stresses such as shear flow and turbulence, numbers are still 
very low; 1 to 100 per MK platelets depending on the type of 
bioreactor system that was used and, particularly, depend-
ing on the stringency of the criteria used to characterize the 
“platelet output”.6-12 Physical stresses, although essential, are 
not enough to recreate in vivo thrombopoiesis and therefore 
there must be other factors involved.7,13,14

Several groups have highlighted the importance of MK-en-
dothelial cell interactions in the regulation of platelet pro-
duction15-18 as well as other cell types such as mesenchymal 
stem cells.19 However, these studies have not focused on 
identifying the proteins and signaling pathways involved in 
cross-talk between MK and supportive cells. In addition, 
positive MK-to-MK feed-back loops have also been described 
that promote platelet formation.20,21 Here we analyze pro-
teomic profiles of several cell types or cell lines (including 
MK) that promote platelet production by cultured MK in vitro 
in order to identify cell surface and/or secreted proteins that 
can be used to functionalize bioreactor systems to recreate 
the chemical, as well as physical bone marrow niche and 
thereby enhance platelet production.

Methods

Cell culture
Cord blood-derived megakaryocytes
CD34+ cells were isolated from cord blood obtained with 
full consent in accordance with Cambridgeshire 4 Research 
Ethics Committee (07/MRE05/44), the Ethical Committee of 
the I.R.C.C.S. Policlinico San Matteo Foundation of Pavia, and 
the principles of the Declaration of Helsinki. Cord blood (CB) 
samples were obtained according to institutional guidelines 
upon informed consent of the parents. Cord blood-derived 
megacaryocytes (CBMK) were cultured using previously de-
scribed protocols.2 Alternative protocols were used for silk 
experiments.22 Only cultures that were above 70% CD41a/
CD42a double-positive and above 90% DAPI-negative were 
deemed mature, viable CBMK and used in further experiments.

Induced pluripotent stem cell-derived megakaryocytes
Induced pluripotent stem cell (iPSC) line ‘A1ATD1’, was ob-
tained from Cambridge Biomedical Research Center iPSC Core 
Facility MK and was differentiated into MK using previously 
published protocols.2,14 For iPSC-MK, cultures were used in 
further experiments if above 70% CD41a/CD42a double-pos-
itive and above 30% DAPI-negative.

Feeders
C3H/10T1/2 (gift from Prof Koji Eto, CIRA, Japan) were cultured 
in Basal Medium Eagle medium supplemented with 10% fetal 
bovine serum (FBS). OP9 cells were cultured in GlutaMax 
α-MEM supplemented with 20% FBS. Mouse embryonic 
fibroblasts (MEF) were cultured using Advanced DMEM/F12 
supplemented with 10% FBS and 2 mM L-glutamine. MSC 
(gift from Dr John Girdlestone, NHSBT) and were cultured 
using Advanced DMEM/F12 supplemented with 10% FBS and 
2 mM L-glutamine. Human umbilical vein endothelial cells 
(HUVEC) and human brain microvascular endothelial cells 
(HBMEC) were cultured using Endothelial Cell Basal Medium-2 
supplemented with EGM SingleQuots (Lonza). HBMEC and 
MEF were cultured on 0.01% gelatin- (Sigma) coated wells.

Platelet production assay
For co-culture
For HBMEC and MEF, wells were coated with 0.01% gelatin for 
2 hours (h) at room temperature (r.t.). Feeders were seeded 
at 7x104 cells/mL in their indicated media and incubated 
overnight at 37°C in a 5% CO2 humidified incubator.
MK were centrifuged at 100 g for 5 minutes at r.t. and resus-
pended to 5x105/1x106 cells/mL (2D/3D) in Cellgro only. Wells 
were washed with Cellgro only. Semi-dehydrated scaffolds 
were transferred to a 96-well plate. Cells were seeded (100 
mL/well) and incubated for 24/72 h at 37°C (iPSC-MK/CB-
MK respectively). Flow cytometry analysis was performed 
using a previously published protocol and gating strategy 
indicated in Online Supplementary Figure S1.6 Platelets were 
quantified during flow cytometry analysis using Flow-Count 
Fluorospheres (Beckman Coulter, gated on in Online Sup-
plementary Figure S1).

Proplatelet formation assay
In multi-well plates: proplatelet assays were performed us-
ing previously published protocols using Maxisorp 96-well 
plates.23 For silk films: silk films were lifted off the PDMS, 
trimmed using a biopsy punch, and secured to the bottom 
of a 24-well plate using silicon rings. Before cell seeding, silk 
films were soaked in cell culture media for 1 h. Cells were 
centrifuged 100 g/120 g (CBMK/iPSC-MK) and resuspended 
in StemSpan; 50,000 cells were seeded per silk film and 
incubated for at least 16 h at 37°C. Cells were fixed with 
4% paraformaldehyde (Sigma Aldrich) for 20 minutes at r.t. 
Samples were processed using a previously published pro-
tocol and probed with anti-β1-tubulin (1/1,000, Abcam) and 
Alexa secondary antibody (1/500, ThermoFisher Scientific).24

Production of 3-dimensional collagen scaffolds and 
functionalization with recombinant transmembrane 
proteins
Porous collagen cell supports were formed following a 
previously published protocol using 0.05 M acetic acid.25 
Porous collagen was crosslinked at a 5/2/1 ratio of 1-eth-
yl-3-(3-dimethylaminopropyl)carbodiimide, hydrochloride/ 
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N-hydroxysuccinimide/carboxylate groups in the protein 
(EDAC/NHS/COO-) present in the collagen molecules with 
EDAC in 70% volume/volume ethanol.26 At the crosslink-
ing stage, a biotin side chain was added by including an 
amine-polyethylene glycol 2 (PEG2)-Biotin (EZ-Link, Ther-
mo Scientific) at 300 μg/mg collagen. Crosslinking was 
performed for 3 h before being washed  three times 70% 
ethanol and left for 48 h in 70% ethanol before rinsing in 
excess DPBS and base media overnight before use.

Production of 3-dimensional silk scaffolds and 
functionalization with recombinant transmembrane 
proteins
Silk solution (8% weight/volume) was mixed with 10 or 20 
μg/mL of recombinant transmembrane proteins (recTMP) 
alone or in combination and cast into a molding chamber.24 
NaCl particles (approximately 500 μm in diameter) were 
then sifted into the solution in a ratio of 1 mL to 2 g of NaCl 
particles. The scaffolds were then placed at r.t. for 48 h 
and finally soaked in distilled water for 48 h to leach out 
the salt. Before cell seeding, silk scaffolds were sterilised 
and soaked in cell culture media for 1 h.

Bioreactor set-up
The 3D silk scaffolds were set up using a previously pub-
lished protocol.24 The perfusion of the silk scaffold was 
performed at 80 μL/min.
Collected platelets produced ex vivo were analyzed by flow 
cytometry using the same forward and side scatter pattern 
as human peripheral blood and identified as CD41+CD42b+ 

events. Isotype controls were used as a negative control to 
exclude non-specific background signal. Platelet number 
was calculated using a TruCount bead standard. All sam-
ples were acquired with a Beckman Coulter Navios flow 
cytometer and analyzed using Beckman Coulter Navios 
software package.
For the analysis of platelet spreading, 25 μg/mL type I col-
lagen was coated onto glass coverslips at 4°C, overnight. 
Ex vivo-produced platelets were allowed to adhere for 60 
minutes at 37°C. Samples were probed and analyzed using 
a previously published protocol.27

Results

A library of recombinant receptor ectodomains to create 
a niche that promotes platelet formation
Several cell types have been previously shown to promote 
platelet production from MK in co-culture systems, these 
include murine cell lines (OP9, C3H10T1/2), human endothe-
lial cells and macrophages.28-36 We first sought to confirm 
these results by culturing MK in a co-culture with different 
cell lines chosen on the hypothesis that they would either 
support platelet formation or be a neutral control.37 We 
observed a small trend towards an increase in platelet 

production with C3H/10T1/2, (1.92-fold change ±0.81 stan-
dard deviation [SD]; P=0.085) and a significant increase 
with both endothelial cell types; HUVEC (1.90-fold change 
±0.60 SD; P<0.05) and HBMEC (1.73-fold change ±0.41 SD; 
P<0.05; Online Supplementary Figure S2A) compared to 
the non-feeder control. OP9 and the negative control cell 
type had no significant effect compared to the non-feeder 
control. Conditioned media from these cell lines had no 
effect on platelet production, confirming the necessity for 
direct cell-to-cell contact to promote platelet production 
(Online Supplementary Figure S2B).
We postulated therefore that protein expressed on the 
surface of the supportive cells or potentially secreted 
protein through a localized paracrine effect may promote 
platelet formation. We generated proteomics data from cell 
lysates and performed transcriptome array analysis from 
each cell line. Candidate proteins found in the proteome/
transcriptome of cells supportive of platelet formation 
were shortlisted on the basis that they contained a puta-
tive signal peptide and transmembrane region, indicating 
a potential localization to the membrane. We then com-
pared data from supportive cell lines with cell lines that did 
not promote platelet formation in co-cultures. From the 
comparison between C3H/10T1/2 (which promoted platelet 
formation) and OP9 and MEF (which did not), 25 candidates 
were shortlisted using the proteomics data and nine from 
the transcriptome analysis (Online Supplementary Table 
S1). Comparing human cell lines HUVEC and BMEC (which 
promoted platelet production) to MSC (which did not), 30 
candidates were identified from the proteomics data and 
125 from the transcriptome analysis, giving a total of 189 
shortlisted proteins that are enriched in supportive cell 
lines compared to non-supportive (Online Supplementary 
Table S2).
Extensive libraries also exist of platelet surface membrane 
proteins and secretomes.20 As positive feedback loops po-
tentially exist between platelets and MK, we decided to also 
screen 97 candidate proteins expressed by human platelets 
identified through proteomics (Online Supplementary Table 
S3).20,21 A total of 286 proteins were therefore selected for 
the next step.

Identification of recombinant proteins that increase 
platelet production
We have previously shown how the entire ectodomains of 
membrane-embedded proteins can be expressed in a solu-
ble recombinant form (recTMP) by the transient transfection 
of the human cell line, HEK293.38 From our 286 shortlisted 
proteins, 259 were successfully expressed as recTMP, as 
confirmed by western blot (Online Supplementary Tables 
S1-3). These 259 recTMP were expressed, purified, quan-
tified and immobilized on streptavidin-coated microtitre 
plates at a single concentration of 10 μg/mL. A rat Cd4 en-
zyme-linked immunosorbant assays (ELISA) was performed 
to confirm their immobilization onto the plates with an 
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optical density above that of wells containing streptavidin 
only (Online Supplementary Tables S1-3).
To determine if any of these recTMP could alter platelet 
production, mature CBMK or iPSC-MK were seeded into 
streptavidin-coated 96-well plates, where wells had been 
functionalized with the immobilized recTMP (Figure 1A).2 
Cells were harvested after 72/24 h (CBMK/iPSC-MK, respec-
tively) and the number of platelets were quantified using 
flow cytometry and the following gating strategy: size and 
granularity compared to peripheral blood platelets (FS/

SS), metabolic viability (using calcein-AM dye) and CD41a/
CD42b expression (Online Supplementary Figure S1). The 
number of platelets obtained in each recTMP-coated well 
was compared to the control well coated with streptavidin 
only. Out of the 259 recTMP screened with CBMK, 37 induced 
statistically significant increase in platelet production with 
a meta-analysis (21 recTMP; P<0.05; 16 recTMP; P<0.01; Fig-
ure 1B; Online Supplementary Table S4). Thirty-four recTMP 
significantly reduced platelet production (15 recTMP; P<0.05; 
19 recTMP; P<0.01). For the iPSC-MK, in total 24 recTMP 

Figure 1. Recombinant transmem-
brane proteins can differentially 
affect platelet production. (A) Sche-
matic representing how recombinant 
transmembrane proteins (recTMP) 
are produced from entire ecto-
domains of membrane-embedded 
proteins. These are tagged with rat 
Cd4 domain 3+4, biotin and 6-HIS 
tag, and immobilized on streptavi-
din-coated surfaces, megakaryo-
cytes (MK) are cultured within these 
wells. Analysis of platelet production 
by flow cytometry of (B) cord 
blood-derived MK (CBMK) and (C) 
induced pluripotent stem cell de-
rived-MK (iPSC-MK) incubated with 
individual recTMP at 10 μg/mL for 
72/24 hours (CBMK/iPSC-MK), data 
represents inverse-variance weight-
ed estimate of protein effect versus 
log P value; N=3-4.

A

B

C
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showed a statistically significant increase in platelet pro-
duction with a meta-analysis (14 recTMP; P<0.05; 10 recTMP; 
P<0.01; Figure 1C; Online Supplementary Table S5). Fifteen 
recTMP significantly reduced platelet production (11 recTMP; 
P<0.05; 5 recTMP; P<0.01). Interestingly, only three recTMP, 
PD1L2 (#184), GP1Bam (#224) and PAR2 (110#) exhibited a 
significant positive effect on platelet production in both 
CBMK and iPSC-MK, although at a relatively low effect 
size in iPSC-MK. There was no cross-over of significantly 
negative recTMP.
To validate the results from the initial screen, a selection 
of positive proteins was chosen based on three selection 
criteria: (i) large relative size effect, (ii) low variance based 
on an adjusted P value less than 0.25 (Online Supplementary 
Tables S4, S5) and (iii) production efficiency (concentra-
tion). These candidates proteins (6 recTMP for CBMK and 
ten recTMP for iPSC-MK, highlighted as red dots in Figure 
1B, C; Online Supplementary Table S6) had no overlap be-
tween the three datasets (mouse, human endothelium and 
platelet). All 16 proteins were analyzed again in the plate-
let production assay. Amongst the eight candidate CBMK 
recTMP; only ACVR1B was shown to significantly increase 
platelet production over the streptavidin control in these 
validation experiments (1.33±0.22 fold change ±SD; P<0.05; 
Figure 2A; platelets/MK shown in Online Supplementary 
Figure S3A). Using the iPSC-MK recTMP; MUCEN, PD1L2, 
BTN1A1, BT3A3 and CRTAM significantly enhanced platelet 
production with a range of 1.29-1.39 relative fold change 
in this validation data set (Figure 2B; platelets/MK shown 
in Online Supplementary Figure S3B).
To confirm that our recTMP induced a true biological re-
sponse, we first analyzed dose-response curves of four 
proteins that were validated above (selected based on 
highest effect and low variability) namely ACVR1B for CBMK 
and BTN1A1, CRTAM and MUCEN for iPSC-MK. These specif-
ic proteins were chosen based of the platelet production 
capabilities observed in both screens. Rat Cd4 ELISA con-
firmed the increased concentration of immobilized proteins 
amongst the range of concentrations tested (Online Sup-
plementary Figure S4A). ACVR1B induced a dose-dependent, 
statistically significant, increase in platelet production, with 
the highest response obtained at the highest concentration 
tested (40 mg/mL) leading to a 2.03-fold change compared 
to the streptavidin only control (±0.15 SD; P<0.001; Figure 
2C; platelets/MK shown in Online Supplementary Figure 
S4B). All three proteins tested with iPSC-MK exhibited a 
dose-dependent increase in platelet production too, al-
beit reaching a plateau with peak responses at 20 μg/mL 
(CRTAM), 10 μg/mL (BTN1A1) and 5 μg/mL (MUCEN, Figure 
2D-F; expressed as platelets/MK in Online Supplementary 
Figure 4C-E). All three recTMP induced a similar maximal 
increase in platelet production at 1.49, 1.54, 1.77-fold change 
respectively (SD ±0.23, 0.22, 0.04, respectively).
We then decided to explore whether the gain in platelet 
production was driven by proplatelet formation (Figure 2G-

I). In CBMK, ACVR1B was shown to significantly increase the 
number of MK forming proplatelet extensions by 1.84 (±0.86 
SD; P<0.0001; Figure 2H) whilst in the iPSC-MK, BTN1A1 and 
CRTAM both showed a significant increase in proplatelet 
formation (1.74±0.25 and 2.05±0.09, respectively, fold change 
± SD; Figure 2I). Proplatelet formation was increased by 
MUCEN but it failed to reach significance (P=0.28).
We then sought to investigate whether these recTMP exhibit 
additive or synergistic effects. Proteins were either com-
bined in pairs or all three together in streptavidin-coated 
wells at the optimum concentration described above and 
platelet production was analyzed (Online Supplementary 
Figure 5A-D). No significant differences were observed 
between the combined proteins and their single coun-
terparts. Quantification of recTMP per well using the rat 
Cd4 ELISA, revealed no increase in recTMP amount in the 
wells that were coated with two or three recTMP (Online 
Supplementary Figure S5E, F) compared to wells coated 
with the single protein at the optimal concentration iden-
tified from the dose-response curve. This indicates that 
the wells having combined recTMP were saturated and the 
concentration on the flat surface for each protein was likely 
below the concentration where we showed a maximum as 
a single protein.

Functionalizing materials for 3-dimensional scaffolds 
production
Two types of 3D scaffolds were selected for further work 
as they have been previously demonstrated to support 
platelet production in vitro, namely collagen- and silk-
based scaffolds.6,24 These are low-shear, low-pressure 
systems that are able to be functionalized by the recTMP 
system.

Collagen scaffolds
The collagen scaffolds were functionalized using a bio-
tin-streptavidin-biotin sandwich (Figure 3A). The bioti-
nylated crosslinking was verified with streptavidin alkaline 
phosphatase attachment; it was possible to control the 
attachment of biotinylated side chains to the collagen 
cell supports by either limiting the amine-PEG-biotin 
linker concentration (“side chain limited”) or by reactant 
catalysis (EDAC/NHS) concentration and total amount (“x 
linker limited”; Figure 3B). Selecting the side chain lim-
ited method, streptavidin was added to the biotinylated 
scaffold and this was followed by the addition of the 
recTMP. The even distribution of the recTMP throughout 
the scaffold was checked with precipitation of insoluble 
BCIP/NBT (Figure 3C). Quantification of recTMP on the 
functionalized collagen scaffolds shows similar levels 
of recTMP in the single and the triple recTMP condition 
potentially indicating again a saturation point (Figure 3D).
To validate whether the functionalized collagen scaffold 
could increase platelet production, we ran a platelet 
production assay under static conditions. With CBMK, 
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ACVR1B significantly increased platelet production by 
2.47±0.79-fold compared to the streptavidin-only control 
(± SD; P<0.05; Figure 3E; expressed as platelets/MK in 
Online Supplementary Figure S6A). For iPSC-MK, collagen 
scaffolds were functionalized using the recTMP CRTAM, 
BTN1A1 and MUCEN individually as well as all three com-
bined using the same ratio of peak responses identified in 
the 2-dimensional experiments (4:2:1 CRTAM:BTN1A1:MU-

CEN). We did not see an increase in platelet production 
with BTN1A1 and MUCEN and there was a small increase 
with CRTAM (1.16±0.13 fold change ± SD; P=0.061), howev-
er, when all three proteins were combined, we observed 
a statistically significant increase in platelet production 
over the streptavidin-only control (1.48±0.16, fold change 
± SD; P<0.05; Figure 3F; expressed as platelets/MK in 
Online Supplementary Figure S6B).

Figure 2. ACVR1B, MUCEN, BTN1A1 and CRTAM significantly increase platelet production and proplatelet formation. Analysis of 
platelet production by flow cytometry of (A) cord blood-derived megakaryocytes (CBMK), N=3-5, and (B) induced pluripotent stem 
cell-derived megakaryocytes (iPSC-MK), N=3-6, incubated with the indicated individual recombinant transmembrane proteins (recT-
MP) at 10 μg/mL for 72/24 hours (h) (CBMK/iPSC-MK). Analysis of platelet production by flow cytometry of (C), CBMK incubated for 
72 h with the indicated concentrations of ACVR1B, N=3, and iPSC-MK incubated for 24 h with the indicated concentrations of (D) 
CRTAM, N=4, (E) BTN1A1, N=3 and (F) MUCEN, N=3. Analysis of proplatelet production on fibrinogen, representative images of (Gi) 
CBMK and (Gii) iPSC-MK incubated with the indicated individual recTMP at 10 μg/mL for 72/24 h (CBMK/iPSC-MK), DAPI (blue), α-tu-
bulin (green), scale bar =20 μm. Quantification of proplatelet production of (H) CBMK, N=3, and (I) iPSC-MK, N=3, incubated with the 
indicated individual recTMP at 10 μg/mL for 72/24 h (CBMK/iPSC-MK). All data represents relative values compared to streptavi-
din-only control (Ctl). All data mean ± standard deviation, repeated measures one-way ANOVA; *P<0.05; **P<0.01; ***P<0.001.  

A B C

D E F

H I

Gi Gii
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Silk films and scaffolds
Two types of silk scaffolds were used. First 2-dimensional 
films allowing the culture of cells at the top of the scaf-
fold, followed by 3D silk sponges. To functionalize the silk 
films and 3D scaffolds, we adopted a strategy whereby we 
replaced the biotin tag of the recTMP described above with 
silk β-sheet binding sequence to allow the incorporation of 

ACVR1B, CRTAM, BTN1A1 and MUCEN (Online Supplementary 
Figure 7A).39 The BCIP/NBT analysis demonstrated efficient 
coating of the structure (Online Supplementary Figure S7B) 
and was further confirmed using an ELISA which showed 
the binding of alkaline phosphatase-conjugated antibod-
ies at different concentrations of the peptides (10-20 μg/
mL), with a very low signal in the negative controls (Online 

Figure 3. Collagen scaffolds functionalized with recombinant transmembrane proteins increases platelet production. Addition of 
recombinant transmembrane proteins (recTMP) to modified collagen cell supports via biotin and the multiple binding sites of 
streptavidin. (A) Scheme for attaching a biotin-tagged recTMP via addition of a biotin to collagen with 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide, hydrochloride/ N-hydroxysuccinimide (EDAC/NHS) crosslinker in the presence of amine-polyethylene 
glycol (PEG)-biotin (EZ-link), amine provides the moiety to crosslink to collagen with a PEG extender and biotin end, recTMP syn-
thesized with a biotin incorporating sequence can be bound in the presence of streptavidin. (B) Analysis of methods of adsorption, 
crosslinking with PEG biotin in excess and limiting the concentration of crosslinker (x linker limited), or by adding excess crosslinker 
and limiting the amount of amine-PEG-biotin (side chain limited), quantified by Cd4 enzyme-linked immunosorbant assay (ELISA), 
data represents optical density (OD), N=3. (C) 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt/nitro-blue tetrazolium chlo-
ride (BCIP/NBT) dye deposition on collagen support material in triplicate of; adsorbed, crosslinker-limited, or side chain-limited 
attachment of recTMP. (D) Quantification of candidate recTMP using Cd4 ELISA, data represents optical density, N=3. Quantification 
of relative platelet production on functionalized collagen scaffolds of (E) cord blood-derived megakaryocytes (CBMK) with 0.01 mg/
mL ACVR1B and (F) induced pluripotent stem cell-derived MK (iPSC-MK) with either 0.178 mg/mL MUCEN, 0.355 mg/mL BTN1A1, 
0.71 mg/mL CRTAM or all 3 recTMP together, N=4, data compared to streptavidin-only control (Ctl.). All data mean ± standard de-
viation, Repeated measures one-way ANOVA with Bonferroni post hoc; *P<0.05. scaff: scaffold; Adsorb: adsorption.

A

B C D

E F
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Supplementary Figure S7C). The BCIP/NBT analysis of the 
3D sponge scaffold showed again even coating of the scaf-
fold when functionalized and protein immobilization was 
confirmed by ELISA (Online Supplementary Figure S7D, E).

Recombinant transmembrane proteins increase 
functional platelet production in silk scaffolds
To test the ability of the modified recTMP to support platelet 
formation we first cultured CBMK and iPSC-MK onto silk 
films functionalized with the recTMP of interest (Figure 4A). 
Increased proplatelet formation and branching identified 
by β1-tubulin staining of CBMK was observed on silk films 
functionalized with ACVR1B but not on the control (Figure 
4Bi, C), while silk films functionalized with CRTAM, BTN1A1, 
or MUCEN supported increased production of β1-tubulin+ 

platelet-like particles by iPSC-MK (Figure 4Bii, D).
We finally validated the effect of the recTMP-functional-
ized 3D sponges using a silk bone marrow model specifi-
cally developed for supporting human platelet production 

(Figure 5A). 3D reconstruction of functionalized silk scaf-
folds demonstrated an efficient adhesion and homoge-
neous distribution of both CBMK or iPSC-MK, as assessed 
by immunofluorescence confocal microscopy analysis of 
CFSE-labeled samples (Figure 5B, C). Confocal microsco-
py imaging of the 3D culture before starting the perfusion 
also demonstrated the presence of CBMK and iPSC-MK 
showing the characteristic cytoplasmic rearrangements of 
proplatelet forming-MK (Figure 5B, C), with the extension 
of multiple proplatelet shafts. When the culture medium 
was perfused at ~80 μL/min within the system, the flow 
allowed the detachment of dumbbell-shaped platelets and 
disc-shaped platelets of 2-4 μm diameter (Figure 5D, E; 
Online Supplementary Figure S8). For CBMK, ACVR1B sig-
nificantly increased platelet production compared to the 
control (1.5±0.2, fold change ± SD; P<0.05; Figure 6F), as 
assessed by counting CD41+CD42b+ lineage-specific markers 
by flow cytometry. For iPSC-MK, functionalized silk scaffolds 
supported a statistically significant increase in platelet 

Figure 4. Effect of functionalized silk films on ex vivo platelet production. (A) Silk films were prepared by dispensing a silk fibroin 
solution onto a polydimethylsiloxane (PDMS) mold. When the solution dries, a silk film is formed that contains a dispersion of 
recombinant transmembrane proteins (recTMP). The film was finally soaked in the culture medium before cell seeding. Repre-
sentative immunofluorescent images of (Bi) cord blood-derived megakaryocytes (CBMK) and (Bii) induced pluripotent stem 
cell-derived MK (iPSC-MK) cultures on silk films functionalized with the indicated recTMP (scale bar =30 µm). (C, D) The positive 
recTMP supported increased proplatelet formation by CBMK and released platelet particles by iPSC-MK compared to the controls, 
N=3. All data mean ± standard deviation, paired student t test; *P<0.05. Ctl.: control.
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production over the control using either the single recTMP, 
CRTAM (1.51±0.09), BTN1A1 (1.93±0.2) or MUCEN (2±0.5), or a 
combination of all 3 (2.5±0.35) (fold change ± SD; P<0.05; 
Figure 5G). Importantly, the silk scaffolds functionalized 

with the three peptides demonstrated the production of 
2±0.5 iPSC-platelets/MK, signifying a 10× increase compared 
to the other described approaches.
Human platelets produced within the silk scaffold have 

Figure 5. Effect of 3-dimensional silk scaffold functionalization on ex vivo platelet production. (A) The silk sponge was prepared 
inside a flow chamber by dispensing an aqueous silk solution mixed with salt particles. After leaching out the salt, the resulting 
porous silk sponge was cultured with cord blood-derived megakaryocytes (CBMK) or induced pluripotent stem cell-derived MK 
(iPSC-MK) and perfused to allow platelet collection. (B, C) Representative confocal microscopy analysis of CFSE+ CBMK and iP-
SC-MK adhering onto functionalized silk scaffolds upon seeding (green = MK; grey = silk scale bar =100 µm). After 24-hour incu-
bation into the system the presence of MK elongating proplatelet shafts could be appreciated in the presence of the positive 
recombinant transmembrane proteins (recTMP), but not of the control (green = MK, grey = silk, scale bars =100 µm). (D, E) The 
silk bone marrow was perfused with culture medium for 8 hours and released platelets collected into gas-permeable bags and 
analyzed by immunofluorescence staining of β1-tubulin (scale bar =10 µm). (F, G) Platelet count was assessed by flow cytometry 
by mixing samples with counting beads and expressed as fold increase relative to the control (N=3). (H, I) β1-tubulin staining of 
ex vivo-collected platelets in adhesion on type I collagen over 60 minutes. Platelets were functional as they spread and showed 
the reorganization of microtubules (scale bars =10 µm). No difference was observed among control or positive recTMP. All data 
mean ± standard deviation, paired student t test; *P<0.05. 3D: 3-dimensional; Ctl.:control.
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been demonstrated to share morphological and functional 
features with peripheral blood platelets.24,40

Ex vivo released platelets from both CBMK and iPSC-MK 
expressed the characteristic β1-tubulin coil at their periph-
ery, which was polymerized and re-assembled throughout 
the platelet cytoplasm upon spreading (Figure 5H). Platelet 
functionality was not affected by the competent environ-
ment whereas spreading of ex vivo-collected platelets on 
collagen type I-coated matrices was comparable between 
samples from scaffolds functionalized with positive recTMP 
or the control (Figure 5I).

Discussion

The production of platelets in vitro requires the formation of 
hundreds if not thousands of platelets from each individual 
MK, matching the efficiency of production in vivo. However, 
in static cultures, the release of bona fide live platelets per 
MK is usually one to one.6 Most bioreactors developed to 
answer this question have sought to recreate physical signals 
such as shear or turbulence.9,10,41 Others have attempted to 
also recreate chemical signals already known to promote 
proplatelet formation/platelet release (such as signaling 
downstream of integrins αIIbβ3) by functionalizing supporting 
matrices with recombinant proteins, such as fibronectin.13,27,42 
There is good evidence that cell-to-cell contact between MK 
and other cell types (particularly endothelial cells) is key to 
efficient platelet production and this is reproduced in our 
co-culture data but the proteins involved in this process are 
largely unknown. In this manuscript we adopt a systematic 
biology approach whereby we shortlist potential membrane 
expressed/secreted proteins that may recreate the signaling 
environment of the platelet-forming niche by mature MK. 
We subsequently produced a panel of recombinant protein 
containing the extracellular domain of the candidate proteins 
together with various tags allowing purification, quantitation 
and immobilization of these proteins. This allowed us to 
systematically test several hundred proteins for an effect 
on platelet production through a direct contact with mature 
MK. This unbiased approach allowed us to identify novel pro-
teins whose role in platelet formation was unknown. Each 
of the candidates promoting platelet release identified here 
had, individually, a small effect size consistent with multiple 
signaling pathways playing a part within a complex array of 
“niche signals” that ultimately make platelet production in 
vivo so efficient.
We focused on proteins expressed by only a few cell types 
here, biased towards endothelial cells. Other cell types 
have been shown to be key to platelet production such as 
mesenchymal stromal cells and within the lung vascula-
ture.19,43-47 The approach described here could potentially be 
applied to any cell type likely to promote platelet release, 
thereby further enriching our understanding of the molecular 
environment of the niche where MK produced platelets.

In this study, two types of human MK were used: MK dif-
ferentiated from human cord blood CD34+ hematopoietic 
progenitors and MK differentiated from pluripotent stem 
cells. Previous reports have shown that, although very simi-
lar, both types of MK have their own identity relating to their 
developmental origin. MK derived from iPSC show a more 
“embryonic” identity whilst CBMK are closer to adult MK 
resulting from “definitive” hematopoiesis.14,48,49 Both types of 
MK release their platelets in different niches, the embryonic 
MK in the yolk sac and fetal liver, whilst the CBMK release 
their platelet in the bone marrow and fully mature vascular 
circulation. We show in this study that these differences 
are reflected in the proteins that promote platelet release 
by these two types of MK with some promoting platelet 
release in both types of MK whilst others were specifically 
targeting one or the other type of MK.
The production of cellular therapies in vitro is rapidly ex-
panding, particularly following the discovery of iPSC. However, 
one of the main limitations of the technology is obtaining 
a pure product and clinically relevant yield at affordable 
cost.50,51 The 3D collagen and silk scaffolds used here have 
been previously shown to yield functional platelet harvest. 
We show here how the design of different tags added to the 
recTMP allowed us to functionalize both types of scaffolds. 
More importantly we show a 3-fold gain in platelet produc-
tion in the silk scaffold whilst retaining platelet functionality. 
This would have a significant impact on the manufacturing 
costs by reducing the volume of MK culture 3-fold and 
therefore the production costs which are mostly driven by 
the cytokines used in the liquid MK cultures.51 Lawrence et 
al. uses a costing model for GMP production of platelets in 
2-dimensional static systems (no automation). This predicts 
the costing of one in vitro-derived platelet unit as £149,571 
as opposed to a donor-derived platelet unit costing £271.21 
(2024/25).51,52 Although it is important to note that NHS cost-
ings are underestimated as they do not include all costs such 
as staff time, storage, laboratory testing.53 The production 
of recombinant proteins to functionalize the scaffold is of 
course not insignificant. Identification of the pathways the 
recTMP stimulate in the MK may pinpoint druggable targets, 
allowing us to use small molecule rather than full length 
proteins to reproduce the effect on platelet production.
The potential application of the technologies described 
here goes well beyond the production of platelets in vitro. 
The concept of in vivo niche reproduction in vitro to pro-
mote cellular differentiation is not new, exemplified by the 
multiple applications of 3D scaffolds to promote cellular 
production/regeneration with a wide array of cell types and 
by the emergence of the field of “organoids”.54-59 Organoids 
are organized 3D cell collection, particularly containing 
different cell types that positively promote each other’s 
growth, maturity and functionality. Our approach would 
allow to potentially dissect these cell-to-cell interactions 
and potentially lead to major gain towards larger scale 
production of cell types in vitro for clinical applications.
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