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Abstract

In-vitro-derived platelets (PLTs) could potentially overcome problems associated with donated 

PLTs, including contamination and alloimmunization. Although several groups have produced 

functional PLTs from stem cells in vitro, the challenge of developing this technology to yield 

transfusable PLT units has yet to be addressed. The asynchronous nature of in vitro PLT 

generation makes a single harvest point infeasible for collecting PLTs as soon as they are formed. 

The current standard of performing manual centrifugations to separate PLTs from nucleated cells 

at multiple points during culture is labor-intensive, imprecise, and difficult to standardize in 

accordance with current Good Manufacturing Practices (cGMP). In an effort to develop a more 

effective method, we adapted a commercially-available, spinning-membrane filtration device to 

separate in-vitro-derived PLTs from nucleated cells and recover immature megakaryocytes (MKs), 

the precursor cells to PLTs, for continued culture. Processing a mixture of in-vitro-derived MKs 

and PLTs on the adapted device yielded a pure PLT population and did not induce PLT pre-

activation. MKs recovered from the separation process were unaffected with respect to viability 

and ploidy, and were able to generate PLTs after reseeding in culture. Being able to efficiently 

harvest in-vitro-derived PLTs brings this technology one step closer to clinical relevance.

Introduction

Several million units of donor platelets (PLTs) are transfused annually in the US and 

Europe. Prior to transfusion, PLTs must be stored at 20–24°C to avoid irreversible changes 

in receptor conformation that occur during refrigeration and lead to PLT clearance after 

infusion (Rumjantseva and Hoffmeister 2010). Although skin bacteria introduced during 

PLT collection can rapidly proliferate at 20–24°C, the FDA does not require testing PLT 

products for bacterial contamination prior to transfusion. AABB standards require accredited 

facilities to implement methods that limit and detect bacterial contamination in PLT 

products, but contaminated PLTs remain a potentially very dangerous and costly occurrence. 

It is estimated that 2,000–4,000 contaminated PLTs are transfused each year, making them 
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the leading cause of transfusion-related disease (Lindholm et al. 2011). Recipient 

alloimmunization against HLA class I antigens, which results in rapid destruction of 

transfused PLTs, is also a concern. Importantly, the risk of alloimmunization increases in 

patients receiving long-term PLT therapy, with one study reporting a 55% prevalence in 

multi-transfused patients (Marwaha and Sharma 2009).

PLTs produced in vitro from megakaryocytes (MKs) derived from hematopoietic stem cells 

could potentially overcome some of the limitations of donated platelets. Induced pluripotent 

stem cell (iPSC) lines engineered to be HLA-null could give rise to “universal” PLTs that 

would lessen the risk of alloimmunization (Zimmermann et al. 2012). In addition, the use of 

current Good Manufacturing Practices (cGMP) during in vitro PLT production could nearly 

eliminate the risk of bacterial contamination, as well as the typical 2-day quarantine period 

assigned to donor PLTs while disease test results are pending. While improving safety, this 

would also decrease the time between PLT generation and transfusion. Since younger PLTs 

are thought to be more physiologically active (Guthikonda et al. 2008), this could result in 

an enhanced post-transfusion benefit for the patient.

We and others have successfully generated MKs and functional PLTs in vitro from a starting 

population of CD34+ hematopoietic stem and progenitor cells (HSPCs) from mobilized 

peripheral blood (mPB) (Choi et al. 1995; Panuganti et al. 2013) or umbilical cord blood 

(Lasky and Sullenbarger 2011; Matsunaga et al. 2006; Pallotta et al. 2011; Robert et al. 

2011; Ungerer et al. 2004). However, the heterogeneity of the starting population, despite 

CD34 enrichment, and the stochastic nature of cell differentiation result in asynchronous 

MK commitment and maturation. As a result, we find that PLTs are shed into culture over a 

period of up to 5 days. Functional PLTs have also been generated from MK progenitor cell 

lines (Nakamura et al. 2014), iPSCs (Nakagawa et al. 2013; Takayama et al. 2010) and 

embryonic stem cells (ESCs) (Fujimoto et al. 2003; Lu et al. 2011; Takayama et al. 2008), 

but these cell types also exhibit heterogeneity that would presumably lead to asynchronous 

PLT generation. Ideally, in-vitro-derived PLTs would be removed from culture soon after 

generation, and either transfused immediately or placed into optimal storage conditions to 

preserve PLT function. The harvest would also preferably yield a pure PLT population for 

transfusion, especially if iPSCs or ESCs are used as the starting cell types, as these cells may 

persist in differentiation cultures (Fu et al. 2012) and have the ability to form teratomas (Liu 

et al. 2013). Although the PLT-containing product could be irradiated to destroy any 

remaining nucleated cells, transfusion of large numbers of apoptotic cells could induce an 

adverse immune response (Martelli et al. 2000).

In-vitro-derived PLTs are often harvested from 2D culture (i.e., plastic culture dishes) via 

successive centrifugations to pellet cell populations of decreasing size (Choi et al. 1995; 

Fujimoto et al. 2003; Lu et al. 2011; Panuganti et al. 2013; Robert et al. 2011; Takayama et 

al. 2008; Takayama et al. 2010; Ungerer et al. 2004). However, this approach is labor-

intensive, subject to error-prone manual manipulation, challenging to implement in a cGMP 

method, and unlikely to generate a pure PLT population. As an alternative, we adapted a 

commercially-available, closed-system, spinning-membrane filtration system for rapid, 

automated separation of in-vitro-derived PLTs from nucleated cells. As part of this 

development process, we modified the material and pre-wetting procedure for the collection 
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containers used during the process, as well as the membrane rotation speed for improved 

separation of in-vitro-derived PLTs, which are larger than normal blood PLTs. Importantly, 

we also showed that MKs recovered from this process retain the ability to form proplatelets 

(proPLTs) and shed PLTs, suggesting that this separation process could be used to harvest 

PLTs at multiple time points during in vitro culture.

Materials and Methods

See “Supplemental methods” for information on culture of PMA- and nicotinamide-treated 

CHRF cells; apheresis PLT collection; analysis of CHRF cell and apheresis PLT recovery; 

flow cytometeric analysis of MK apoptosis, MK ploidy, apheresis PLTs, and in-vitro-

derived MKs and PLTs; measurement of cell size; pre-wetting of PL-1813 and PL-2410 

containers and quantification of cell recovery; quantification of RBC recovery; primary 

HSPC culture for PLT production; harvest and concentration of in-vitro-derived MKs and 

PLTs; reseeding of concentrated MKs; and immunocytochemistry of in-vitro-derived MKs 

and PLTs.

Spinning-membrane filtration device and separation process

We used a laptop-controlled, prototype spinning-membrane filtration device (Lovo; 

Fresenius Kabi, Lake Zurich, IL) that consisted of 3 pumps, 5 clamps, 4 weigh scales, and a 

spinning-membrane driver mechanism, as described in Fig. 1.

Separation of PMA- and nicotinamide-treated CHRF cells and apheresis PLTs

The human megakaryoblastic CHRF-288-11 (CHRF) cell line was cultured with phorbol 12-

myristate 13-acetate (PMA; Calbiochem, Whitehouse Station, NJ) and nicotinamide (Nic; 

Sigma Aldrich, St. Louis, MO) to promote MK differentiation and polyploidization, 

respectively, as described in “Supplemental methods”. On day 5, ~1 × 107 PMA- and Nic-

treated CHRF cells were transferred to a PL-1813 (Fresenius Kabi) container and processed 

using the spinning-membrane filtration device outfitted with PL-1813 collection containers 

and the standard 4-μm pore-size membrane rotating at 3000 rpm. PLT additive solution-V 

(PAS-V; Fresenius Kabi) was prepared, as previously described (Radwanski et al. 2012), 

and used as the resuspension fluid. Apheresis PLTs in 5% plasma/95% PAS-V that had been 

stored for 1 day (see “Supplemental methods” for collection procedure) were added to the 

resultant CHRF cell concentrate to a final ratio of 1000 PLTs per CHRF cell (~1 × 1010 

PLTs total). The CHRF cell/PLT mixture was then processed using the same settings as for 

CHRF cells only.

Separation of basal CHRF cells and RBCs

Red blood cells (RBCs) were obtained from an 8-day-old, whole-blood-derived, 

leukoreduced RBC concentrate stored in additive solution-1 (AS-1; Fenwal, Lake Zurich, 

IL). Basal CHRF cells in IMDM+10% FBS were transferred to conical tubes and 

transported for ~1 hour at room temperature from Northwestern University to Fresenius 

Kabi. There, PL-2410 containers (Fresenius Kabi) to be used during the separation were pre-

wet with 1% BSA in PBS. The CHRF cells were transferred to a PL-2410 container, which 

was then spiked with a sample of RBC concentrate to give a final ratio of 1000 RBCs per 
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CHRF cell. The CHRF cell/RBC mixture was processed on the spinning-membrane 

filtration device outfitted with either a 4- or 5-μm pore-size membrane rotating at either 

2000 or 3000 rpm, using PAS-V as the resuspension fluid.

Separation of in-vitro-derived MKs and PLTs

MKs and PLTs were derived in vitro from CD34+ HSPCs from mPB, harvested, and 

transported to Fresenius Kabi as described in “Supplemental methods”. On the day of 

separation, ~1–4 × 107 in-vitro-derived MKs and ~0.1–1 × 107 in-vitro-derived PLTs were 

transferred to PL-1813 or PL-2410 containers that were unmodified or pre-wetted with 1% 

BSA in PBS, as described. The cells were separated using the spinning-membrane filtration 

device outfitted with a 4-μm pore-size membrane rotating at 2000 or 3000 rpm, with PAS-V 

as the resuspension fluid.

Statistical Analysis

Results are expressed as mean ± standard deviation (SD). Statistical comparisons were done 

using a Student’s t-test. P values < 0.05 were considered significant.

Results

Separation of apheresis platelets from a differentiated megakaryoblastic cell line

The spinning-membrane filtration device separates cells of different size by pumping a 

solution of cells into a chamber housing a cylindrical, spinning, porous membrane (Fig. 1). 

The rotating membrane helps reduce fouling compared to a stationary membrane. Cells that 

pass through the pores of the membrane are recovered in one container, while larger cells 

are retained and collected into a separate container.

To evaluate spinning-membrane filtration for separating MKs and PLTs and determine the 

effect of the separation process on PLT activation and subsequent MK maturation, we first 

used a mixture of PMA-treated (up to 32N) CHRF megakaryoblastic cells and day-5, donor 

apheresis PLTs as a model system. We have previously observed that PMA-treated CHRF 

cells cultured on a surface that inhibits protein adsorption undergo polyploidization, but do 

not extend proPLT-like extensions until transferred to a surface with adsorbed serum 

proteins (ACS, unpublished data). Five days prior to separation, CHRF cells were seeded on 

a neutral, hydrophilic, PolyHEMA-coated surface and treated with PMA and Nic to generate 

a mix of cells of varying ploidy, similar to what is observed during culture of primary MKs. 

The CHRF cells (~1 × 107) were transferred to a PL-1813 (DEHP-plasticized PVC), 

disposable container, which is part of the spinning-membrane filtration device consumables 

kit. Knowing that blood PLTs are 2–4 μm in diameter and using previous data for removing 

PLTs from diluted cell suspensions (CW, unpublished data), we chose a membrane with 4-

μm pores and a 3000 rpm membrane rotation speed. Because we were unsure how FBS 

might affect apheresis PLTs, we first used the filtration device to resuspend the CHRF cells 

in serum-free PAS-V before adding ~1 × 1010 PLTs. When we processed a mixture of 

CHRF cells and PLTs, we observed ≥ 90% overall recovery of both cell types (Fig. S1A, C), 

with 97% and 91% separation of recovered CHRF cells and PLTs into the MK and PLT 

fractions, respectively. The remaining recovered CHRF cells were collected as lost cells 
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(Fig. S1B, D), meaning that they remained in the tubing of the disposable kit after the 

automated procedure finished. Processed PLTs showed little increase in pre-activation, as 

measured by surface CD62P expression, but still activated in response to ADP and TRAP-6 

agonists (Fig. S2A). CHRF cell viability was unaffected by the separation process (Fig 

S2B), and CHRF cells with a similar ploidy distribution to the input population were 

recovered in the MK fraction (Fig. S2C; mean ploidy: PreWash: 6.3 ± 0.3 N, MK fraction: 

6.3 ± 0.6 N, n = 3). In addition, recovered CHRF cells reseeded in culture on a surface with 

adsorbed proteins from serum formed proPLT-like extensions comparable to those 

generated by cells that were not processed on the device (Fig. S2D).

Pre-wetting containers and decreasing membrane rotation speed improve separation of in-
vitro-derived PLTs

After characterizing the separation process using our model system, we separated MKs and 

PLTs derived from mPB CD34+ HSPCs. To obtain in vitro-derived PLTs, CD34+ HSPCs 

were cultured using a protocol that we have previously shown promotes MK differentiation 

(Panuganti et al. 2013). On day 7 of culture, MKs were isolated using immunomagnetic 

separation, then reseeded for PLT production. Day-12 cultures of MKs (~1–4 × 107) and 

PLTs (~0.1–1 × 107) were transferred to PL-1813 containers and processed on the filtration 

device with the same settings used for the model system (4-μm pore-size membrane rotating 

at 3000 rpm). Although we observed nearly exclusive separation of recovered, in-vitro-

derived MKs into the MK fraction (Fig. S3B), similar to what we had observed with our 

model system, overall recoveries of MKs and PLTs were substantially lower (~50% and 

30% for MKs and PLTs, respectively; Fig. S3A, C). Furthermore, only ~70% of all 

recovered in-vitro-derived PLTs were found in the PLT fraction (Fig. S3D), in contrast to > 

90% with apheresis PLTs (Fig. S1D). Promisingly, though, we saw little increase in culture-

derived PLT activation with processing (data not shown), which mirrored our results with 

apheresis PLTs.

Because the HSPCs were cultured in serum-free medium, whereas the CHRF cells were 

cultured with FBS, we wondered whether non-specific cell adsorption to the hydrophobic 

surface of the PL-1813 containers (Gabriel et al. 2012) might be responsible for the low 

overall cell recovery. To explore this further, we pre-wetted PL-1813 containers, as well as 

PL-2410 containers, with PBS alone or 1% BSA in PBS, then filled them with a solution of 

washed, basal CHRF cells in PBS. PL-1813 plastic is not gas-permeable and is used for 

plasma and RBC storage, while PL-2410 is very gas-permeable and is used for PLT storage 

(Prowse et al. 2014). CHRF cell recovery after 1 hour was less than 60% for both types of 

containers in the absence of pre-wetting (Fig. S4), which mirrored what we saw in our first 

separation experiment with in-vitro-derived MKs and PLTs (Fig. S3). Pre-wetting the 

containers with 1% BSA in PBS resulted in ~100% cell recovery, while pre-wetting with 

PBS alone gave no improvement. Based on these results, and the fact that gas-permeable 

PL-2410 containers would be preferable for PLT storage after separation, we chose to use 

PL-2410 containers pre-wetted with 1% BSA in PBS for all subsequent experiments.

To better understand the poorer separation of in-vitro-derived PLTs, compared to apheresis 

PLTs, into the PLT fraction, we determined the average diameter of each type of PLT. 
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Day-5 apheresis PLTs, which have increased in size during storage (Schwertz et al. 2010), 

were 3.3±0.8 μm in diameter, while in-vitro-derived PLTs were significantly larger at 

5.6±2.3 μm (Fig. S5A, B). Interestingly, in-vitro-derived PLTs displayed a unimodal size 

distribution (Fig. S5C), suggesting that culture-derived PLTs are uniformly larger than blood 

PLTs. Although the enucleate nature of PLTs allows for increased flexibility, it is likely that 

some in-vitro-derived PLTs were impeded from traversing the 4-μm pores of the membrane 

due to their larger size. To overcome this problem in future separations, we proposed to 

increase the membrane pore size and/or decrease the membrane rotation speed, which would 

allow larger cells to move closer to the membrane and increase their probability of passing 

through. We compared the effects of these changes using a mixture of basal CHRF cells 

(12–13-μm diameter) and RBCs. Basal CHRF cells are exclusively 2N and 4N, and are 

therefore smaller than mature, polyploid in-vitro-derived MKs and closer in size to non-

MKs that could arise during culture of CD34+ HSPCs. RBCs, with an average diameter of 

7.3±1.3 μm, are 30% larger than in-vitro-derived PLTs (Fig. S5). Therefore, we reasoned 

that using basal CHRF cells and RBCs would present a “worst-case scenario” with respect 

to size, and that any improvements we observed in RBC recovery into the PLT fraction, in 

the absence of CHRF cell contamination, would translate to future separations of smaller, in-

vitro-derived PLTs and larger, in-vitro-derived MKs. Note that enucleated RBCs are not 

present in our primary MK cultures (ACS, WMM; unpublished data) and therefore would 

not potentially contaminate the PLT fraction. We chose to evaluate 5-μm pores and 2000 

rpm because the nucleus of a 2N CHRF cell is ~5.5 μm (ACS, unpublished data) and data 

from the separation of dilute blood cell suspensions showed little increase in white blood 

cell (10–12-μm-diameter) contamination of the PLT fraction at 2000 rpm (CW, unpublished 

data). Upon separating basal CHRF cells and RBCs, we saw that decreasing the membrane 

rotation speed to 2000 rpm and increasing the pore size to 5 μm resulted in the highest RBC 

recovery in the PLT fraction (92%), but also allowed 20% of basal CHRF cells to pass 

through the pores and into the PLT fraction (Fig. S6). Since generating a PLT population 

free of nucleated cells was one of our key objectives, we felt that this level of nucleated cell 

contamination of the PLT fraction was too high. However, reducing the membrane rotation 

speed to 2000 rpm, while keeping the 4-μm pore size, gave 80% RBC recovery in the PLT 

fraction without considerable nucleated cell contamination; only 7% of basal CHRF cells 

were recovered in the PLT fraction. Using 1500 rpm and 4-μm pores, PLT recovery in the 

PLT fraction was increased to 89%, however recovery of nucleated cells was also increased 

to 15%. As with 2000 rpm and 5-μm pores, we decided that this nucleated cell 

contamination was too high and decided to proceed with 2000 rpm and 4-μm pores. 

Importantly, enucleate RBCs have been shown to easily pass through 4-μm-diameter 

micropipettes (Jay et al. 1972), which is in line with our results with 4-μm-diameter pores.

To validate improved PLT separation with 4-μm pores and 2000 rpm membrane rotation 

speed, we derived MKs and PLTs from CD34+ HSPCs, then split the day-12 population into 

two containers for processing at either 2000 or 3000 rpm. Size-based flow cytometry plots 

of the PLT fractions from each run indicate that larger PLTs were able to traverse the 

membrane at 2000 rpm, compared to 3000 rpm (Fig. 2A, see arrows), which resulted in 80% 

of all recovered PLTs being collected in the PLT fraction at 2000 rpm, versus only 34% at 

3000 rpm (Fig. 2B). Importantly, at either rotation speed, < 1% of the input nucleated cells 
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were recovered in the PLT fraction (Fig. 2C). The fact that a lower percentage of PLTs was 

recovered in the PLT fraction for 3000 rpm in this experiment compared to our first 

experiment with in-vitro-derived MKs and PLTs may be attributed to donor-dependent 

differences in PLT size.

Separation of in-vitro-derived MKs and PLTs

We used a 4-μm pore-size membrane and 2000 rpm rotation speed to perform replicate 

day-12 separations of MKs and PLTs derived from CD34+ HSPCs from two additional 

donors. From the 3 experiments, we observed ~100% recovery of MKs and PLTs (Fig. 3A). 

Separation of recovered MKs into the MK fraction was similarly high at 92% (Fig. 3B), with 

the remainder recovered as lost cells. However, PLT separation was lower, as on average 

only 62% of PLTs were recovered into the PLT fraction, with 34% being collected into the 

MK fraction (Fig 3C). PLT recovery into the PLT fraction was also highly donor-dependent, 

with a range of 50–80%.

Separated PLTs show minimal increase in pre-activation and are responsive to agonist 
treatment

Upon PLT activation at a wound site, granules containing CD62P are translocated to the 

PLT surface, and the β3 subunit of the surface fibrinogen (Fg) receptor is converted to its 

high-affinity conformation to allow binding of soluble Fg. Although PAC-1 antibody 

surface binding can be used to assess β3 activity, soluble Fg binding is a more 

physiologically relevant test. In addition, at least two cancer cell lines have been shown to 

bind PAC-1 antibody, but not soluble Fg (Boudignon-Proudhon et al. 1996; Tohyama et al. 

1998), suggesting that soluble Fg binding is a more stringent test for β3 activity. We 

observed that the percentage of CD62P+ PLTs (Fig. 4A, B) and PLT binding of soluble Fg 

(Fig. 4A, C) in the PLT fraction was minimally higher than that observed in the PreWash 

population, indicating that the separation process did not result in pre-activation. There was 

a somewhat greater increase in % CD62P+ PLTs in the MK fraction, compared to the 

PreWash population (Fig. 4B). We also analyzed CD62P expression for day-6 apheresis 

PLTs for comparison (Fig. 4B). In-vitro-derived PLTs from two donors had more resting 

CD62P+ PLTs than day-6 apheresis PLTs, which were 20–30% CD62P+, a similar level to 

that observed previously (Radwanski and Min 2013). These results indicate that further steps 

must be taken to limit pre-activation of in-vitro-derived PLTs in culture, prior to harvesting. 

Importantly, addition of the agonist TRAP-6 similarly increased CD62P expression of PLTs 

in the PreWash and PLT fraction to ~100%, similar to day-6 apheresis PLTs. Coupled with 

the fact that soluble Fg binding increased with TRAP-6 exposure for the PreWash and PLT 

fractions (Fig. 4C), these results suggest that the recovered PLTs retained their potential for 

activation. Morphological analysis of PLTs in the PreWash and PLT fractions showed the 

characteristic ring of β-tubulin, minimal spreading on BSA, formation of actin-containing 

filopodia on Fg, and stress fiber formation in the presence of thrombin, with little difference 

between the two populations other than smaller PLT size in the PLT fraction (Fig. 5). 

Although these assays suggest similar functionality of in vitro-derived PLTs before and after 

spinning-membrane filtration, more rigorous testing, including aggregometry with collagen, 

epinephrine, ristocetin, and ADP, would be required to fully assess the functionality of in 

vitro-derived PLTs.
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Separated MKs are similar to PreWash MKs with respect to viability and ploidy

To determine whether the separation process damaged MKs, we assayed for viability and 

apoptosis, and found that the PreWash and MK fractions were very similar in their 

distribution of viable, apoptotic, dead, and disintegrated cells (Fig. 6A). It remains 

controversial whether aspects of apoptosis are required for proPLT formation (De Botton et 

al. 2002; Josefsson et al. 2011; White et al. 2012), but senescent MKs (i.e., those that have 

shed PLTs) undergo classical apoptosis (De Botton et al. 2002). Therefore, it is not 

surprising that we observed low (~40%, Fig. 6A) viability of in-vitro-derived MKs in 

cultures where PLT shedding had begun. We also examined whether the separation process 

favored recovery of MKs of a particular ploidy class. However, the ploidy distribution of 

recovered MKs was very similar to that of the PreWash MKs (Fig. 6B; mean ploidy: 

PreWash: 4.7 ± 0.9N, MK fraction: 4.7 ± 1.1 N, n = 3).

Separated MKs form proPLTs and release functional PLTs after reseeding into culture

Because the separation process would ideally be performed at multiple time points during 

culture for maximum recovery of newly formed PLTs, we reseeded MKs from the day-12 

recovered MK fraction into culture for PLT generation. In an effort to exclude large 

prePLTs that were recovered in the day-12 MK fraction and make it easier to identify new 

PLT production that had occurred post reseeding, only large, presumably nucleated, cells 

that pelleted during a slow centrifugation (100g for 10 minutes) were reseeded. Importantly, 

proPLT formation was not observed immediately after reseeding, suggesting that any 

proPLTs observed on subsequent days were newly formed (Fig. S7). Fluorescence 

microscopy images of proPLTs formed from reseeded day-12 MK fraction cells showed 

similar morphology compared to proPLTs formed from unprocessed cells, suggesting that 

the separation process did not affect MK terminal maturation potential (Fig. 7).

On day 14, the day-12-reseeded MKs and their PLT progeny were processed using a 4-μm 

pore-size membrane rotating at 2000 rpm. In one experiment, we observed low overall 

recoveries of both MKs and PLTs, but a subsequent experiment showed nearly 100% 

recovery of both cell types (Fig. 8A, C). Importantly, in both experiments, >93% of all 

recovered MKs were collected in the MK fraction (Fig. 8B), with less than 3% in the PLT 

fraction. Similar to the recovery of day-12 PLTs, ~25–30% and 65–70% of recovered PLTs 

were collected in the MK and PLT fractions, respectively (Fig. 8D). With respect to PLT 

activation, the day-14 separation process resulted in minimal pre-activation, as evidenced by 

little change in % CD62P+ PLTs and the amount of Fg binding (Fig. 9). However, all day-14 

PLTs appeared to have lessened potential for activation (Fig. 9B, C), as TRAP-6 treatment 

resulted in only 60–90% CD62P+ PLTs and a smaller increase in Fg binding, compared to 

the same dose given to day-12 PLTs (Fig. 4B,C). Morphologically, the recovered day-14 

PLTs were very similar to the PreWash PLTs (Fig. 10).

Discussion

Although several groups have successfully produced PLTs in vitro from HSPCs, the 

challenge to develop a scalable, automated harvest method for the generation of transfusable 

PLT products still exists. Part of the difficulty in designing such a method lies in how to 
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address the asynchronous nature of PLT production from in-vitro-derived MKs. In order to 

avoid loss of PLT functionality at 37°C (Bertino et al. 2003; Holme and Heaton 1995), PLTs 

would ideally be harvested from culture immediately after generation. In 2D culture, PLT 

harvest can be achieved via successive centrifugations, however this approach is time-

consuming and error-prone, and would be difficult to align with cGMP. A few studies have 

been published on 3D in vitro PLT production (Nakagawa et al. 2013; Pallotta et al. 2011; 

Sullenbarger et al. 2009), wherein MKs are cultured in the vicinity of a porous membrane, 

through which they extend proPLTs and release PLTs, which can then be collected into a 

storage container. Although this approach allows for continuous PLT harvest, the 

technology is still at an early stage and scale-up has yet to be addressed.

To provide an alternative method for harvesting PLTs from 2D culture, we adapted a 

commercially-available, spinning-membrane filtration device to separate in-vitro-derived 

MKs and PLTs. This approach is both automated and efficient and is capable of separating 

the 1 × 1011 PLTs required for a single unit (70–93% recovery of PLTs from mononuclear 

cell products that typically contain ≥ 4 × 1011 PLTs; CW, unpublished data). We 

demonstrated that the process results in a PLT population free of contaminating nucleated 

cells, and does not pre-activate PLTs nor reduce their activation potential. MKs recovered 

from the process formed proPLTs and shed PLTs after reseeding in culture. However, 

despite decreasing the membrane rotation speed to increase the probability that larger PLTs 

would pass through the membrane, approximately one third of all recovered PLTs were 

collected into the MK fraction. Thon et al. termed these large PLTs “preplatelets” (prePLTs) 

and showed that isolated murine prePLTs can mature into PLTs after injection into the 

circulation (Thon et al. 2010). Their study suggests that flowing culture-derived prePLTs 

through a circulating flow loop prior to spinning-membrane filtration could promote the 

conversion of prePLTs to smaller PLTs, and subsequently increase the efficiency of PLT 

recovery into the PLT fraction. Finally, for the purpose of performing replicate experiments 

in this study, we chose to first separate in-vitro-derived PLTs and MKs on day 12 of culture, 

then again on day 14, after reseeding the recovered MKs. However, knowing that the 

kinetics of MK commitment and maturation vary between donors, the timing of PLT 

separation would ideally be determined on a case-by-case basis. Earlier recovery of PLTs 

would minimize exposure at 37°C and would likely decrease the extent of pre-activation 

observed for PreWash PLTs (Fig. 4B).

Importantly, in our experiments, the liquid initially present in the PreWash bag (i.e., the 

media in which the in-vitro-derived MKs and PLTs were grown and buffer from the 

harvesting process), passed through the pores of the spinning membrane and into the PLT 

fraction. MKs remaining on the outside of the membrane were resuspended in PAS-V 

solution. In practice, MKs would be resuspended in media for continued culture, while PLTs 

would be resuspended in PAS-V for transfusion or storage. In order to achieve this, a two-

phase separation could be performed wherein media would be used as the wash fluid for the 

first separation with a 4-μm pore-size membrane rotating at 2000 rpm. The PLT fraction 

from this separation would be re-processed using a < 2-μm pore-size membrane and a slow 

membrane rotation speed to allow liquid, but not PLTs, to pass through the membrane, and 

PLTs would be collected in PAS-V.
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In summary, we have demonstrated that spinning-membrane filtration is a viable method for 

harvesting in-vitro-derived PLTs from culture and recovering immature, in-vitro-derived 

MKs for further culture and PLT production. With the anticipated adaptation of MK and 

PLT production to bag culture, the mixed starting population could be easily sterile-docked 

to the device, thereby ensuring a sterile, closed system. Similarly, MKs collected in the MK 

fraction bag could be easily transferred to an incubator for continued culture. However, it is 

important to note that the efficiency of in vitro PLT production must be substantially 

improved for this technology to be considered clinically relevant. While MKs in vivo can 

give rise to thousands of PLTs (Trowbridge and et al. 1984), many in vitro studies have 

reported less than 1 PLT generated per culture-derived MK (Cortin et al. 2005; Proulx et al. 

2003; Proulx et al. 2004; Takahashi et al. 2008). These low PLT yields can be attributed to 

the low percentage of MKs that form proPLTs in culture. Further optimization to increase 

the efficiency of PLT separation and achieve maximum PLT recovery using spinning-

membrane filtration – together with the development of culture conditions that promote 

proPLT formation – would bring culture-derived PLTs closer to clinical relevance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spinning-membrane filtration device
(A) The device was outfitted with disposable poly(vinyl chloride) (PVC; PL-2286) tubing 

and a track-etched, polycarbonate filter membrane with either the standard 4-μm pore-size 

filter or a modified, 5-μm pore-size filter. Standard di-2-ethylhexyl phthalate (DEHP)-

plasticized PVC (PL-1813; Fresenius Kabi) or ethyl-vinyl acetate blend, plasticizer-free 

(PL-2410; Fresenius Kabi) containers were used to collect cells, as indicated. PAS-V was 

used to pre-wet the device tubing. A syringe outfitted with a 17G cannula (BD, Franklin 

Lakes, NJ) was used to transfer the input cell suspension to the PreWash container. The 

PL-2410 PreWash container was modified with an Interlink blood bag spike (Baxter, 

Deerfield, IL) prior to cell addition. The volume in the PreWash container was increased to 

200 mL with PAS-V. Containers for the PreWash, In-Process, MK fraction, and PLT 

fraction, as well as a container of PAS-V (buffer) were sterile-docked (SCD 312; Terumo 

BCT, Lakewood, CO) to the device. During the automated separation process, cell solution 

was drawn from the PreWash container into the device using default flow rate settings and 

spin speeds set to either 2000 or 3000 rpm. The “No Dilution” option was selected, as cell 

concentrations were lower than those requiring dilution. Cells that passed through the pores 

of the spinning membrane were diluted in PAS-V and immediately collected into the PLT 

fraction container. After all of the PreWash solution had been processed, the device was 

flushed with PAS-V. Cells that did not pass through the membrane were collected during 

this flush and directed to the In-Process container. The contents of the In-Process container 

were drawn back into the device and the separation process was repeated. After all of the In-

Process solution had been processed, the device was flushed with PAS-V and any cells 

present were directed to the MK fraction container. A target final volume of 100 mL was 

used for the MK fraction. Finally, the device tubing was washed with PAS-V and the rinsate 

was collected in the PreWash container (lost cells fraction). (B) Schematic of the case 

housing the polycarbonate filter membrane. (C) Close-up of the filter membrane with track-

etched, 4-μm pores that may be perpendicular or deviate up to 45° from the perpendicular.
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Figure 2. 2000 rpm membrane rotation speed increases in-vitro-derived PLT recovery in the 
PLT fraction
MKs and PLTs derived from CD34+ HSPCs were harvested from culture on day 12 and 

divided into two PL-2410 containers. The containers were processed on the spinning-

membrane filtration device outfitted with a 4-μm pore-size membrane rotating at either 2000 

or 3000 rpm. Side scatter (SSC) versus forward scatter (FSC) flow cytometry plots show 

that larger PLTs are retained in the PLT fraction for 2000 vs. 3000 rpm (A, arrows). The 

percentages of recovered PLTs (B) and MKs (C) collected into each fraction are shown for a 

single experiment.
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Figure 3. Spinning-membrane filtration of in-vitro-derived, day-12 MKs and PLTs with a 4-μm 
pore-size membrane rotating at 2000 rpm
Recovery of MKs and PLTs (A) and separation of recovered MKs (B) and PLTs (C) into the 

various fractions are shown as the mean ± SD of 3 separate experiments. The symbols 

representing each donor match those shown in Figs. 4 and 9.
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Figure 4. Activation state of in-vitro-derived, day-12 PLTs before and after separation
Day-12 PreWash PLTs and those recovered in the MK and PLT fractions after separation 

were identified by size (side scatter [SSC] vs forward scatter [FSC]), then CD41+CD42b+ 

PLTs were analyzed for surface CD62P expression and binding of soluble Fg when at rest or 

after incubation with TRAP-6 agonist. For comparison, day-6 apheresis PLTs were also 

analyzed for CD62P expression. (A) Representative staining panel for in-vitro-derived 

PLTs. (B) CD62P results from 3 separate experiments. (C) Fg binding results shown as the 

mean ± SD of 2 separate experiments. MFI = mean fluorescence intensity. N.S. = not 
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significant; P > 0.05. The symbols representing each donor match those shown in Figs. 3 

and 9.
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Figure 5. Morphology of in-vitro-derived, day-12 PLTs before and after separation
Day-12 PreWash PLTs and those recovered in the MK and PLT fractions after separation, as 

well as day-6 stored apheresis PLTs were seeded on BSA, Fg, or Fg in the presence of 

thrombin for 1 hour at 37°C. The PLTs were then stained for β-tubulin (green), F-actin (red), 

and DNA (blue). Scale bar = 5 μm. Images are from a single representative experiment.
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Figure 6. Viability and ploidy of in-vitro-derived, day-12 MKs before and after separation
Day-12 PreWash MKs and those recovered in the MK fraction after separation were 

analyzed for viability and apoptosis by DAPI and Annexin V staining (A), as well as ploidy 

using proidium iodide to stain DNA (B). Viability results are shown as mean ± SD for 3 

separate experiments. N.S. = not significant; P > 0.05. Ploidy histograms are from a single 

representative experiment.
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Figure 7. ProPLT formation by in-vitro-derived, day-12 MKs reseeded in culture before or after 
separation
Day-12 PreWash MKs and those recovered in the MK fraction after separation were 

resuspended in fresh media and cytokines and reseeded on glass slides. On day 14, the cells 

were stained for β-tubulin (green), F-actin (red), and DNA (blue). Scale bar = 25 μm. This 

figure shows two images from a single representative experiment.
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Figure 8. Spinning-membrane filtration of in-vitro-derived, day-14 MKs and PLTs with a 4-μm 
pore-size membrane rotating at 2000 rpm
Cells recovered in the MK fraction after day-12 separation were centrifuged at 100g for 10 

minutes to pellet large cells and exclude any PLTs. The cell pellet was resuspended in fresh 

media and cytokines, then reseeded into culture. On day 14, MKs and PLTs were harvested 

and processed on the spinning-membrane filtration device outfitted with a 4-μm pore-size 

membrane rotating at 2000 rpm. Recovery and separation of recovered MKs (A, B) and 

PLTs (C, D) are shown for 2 separate experiments.
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Figure 9. Activation state of in-vitro-derived, day-14 PLTs before and after separation
Day-14 PreWash PLTs and those recovered in the MK and PLT fractions after separation 

were identified by size (side scatter [SSC] vs forward scatter [FSC]), then CD41+CD42b+ 

PLTs were analyzed for surface CD62P expression and binding of soluble Fg when at rest or 

after incubation with TRAP-6 agonist. (A) Representative staining panel for in-vitro-derived 

PLTs. (B) CD62P results from 2 separate experiments. (C) Fg binding results shown as the 

mean ± SD of 2 separate experiments. MFI = mean fluorescence intensity. N.S. = not 

significant; P > 0.05. The symbols representing each donor match those shown in Figs. 3 

and 4.
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Figure 10. Morphology of in-vitro-derived, day-14 PLTs before and after separation
Day-14 PreWash PLTs and those recovered in the MK and PLT fractions after separation 

were seeded on BSA, Fg, or Fg in the presence of thrombin for 1 hour at 37°C. The PLTs 

were then stained for β-tubulin (green), F-actin (red), and DNA (blue). Scale bar = 5 μm. 

Images are from a single representative experiment.
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