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human-induced pluripotent stem cells
can be achieved in bioreactors when
turbulence is factored in as an important
physical regulator of thrombopoiesis.
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SUMMARY

The ex vivo generation of platelets from human-
induced pluripotent cells (hiPSCs) is expected to
compensate donor-dependent transfusion systems.
However, manufacturing the clinically required num-
ber of platelets remains unachieved due to the low
platelet release from hiPSC-derived megakaryocytes
(hiPSC-MKs). Here, we report turbulence as a phys-
ical regulator in thrombopoiesis in vivo and its appli-
cation to turbulence-controllable bioreactors. The
identification of turbulent energy as a determinant
parameter allowed scale-up to 8 L for the generation
of 100 billion-order platelets from hiPSC-MKs, which
satisfies clinical requirements. Turbulent flow pro-
moted the release from megakaryocytes of IGFBP2,
MIF, and Nardilysin to facilitate platelet shedding.
hiPSC-platelets showed properties of bona fide
human platelets, including circulation and hemo-
stasis capacities upon transfusion in two animal
models. This study provides a concept in which a co-
ordinated physico-chemical mechanism promotes
platelet biogenesis and an innovative strategy for
ex vivo platelet manufacturing.

INTRODUCTION

Blood transfusion is one the most common forms of cell therapy,
with an estimated number of 4.5 million done annually in the
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United States alone (Whitaker and Hinkins, 2011). The transfu-
sions depend on volunteers donating their blood, but in the
near future, donor supplies are not expected to meet patient
demand in several countries. In response, alternative platelet
sources are being investigated (Stroncek and Rebulla, 2007).

Several groups including ours have proposed human-induced
pluripotent stem cells (hiPSCs) as such a source, but the prac-
tical ex vivo manufacturing of 200-300 billion platelets, which is
the number used for one transfusion, with the functional proper-
ties of bona fide circulating platelets has not yet been achieved
(Takayama et al., 2010; Nakamura et al., 2014; Thon et al.,
2014; Moreau et al., 2016; Sim et al., 2016). Better megakaryo-
poiesis and platelet shedding in hiPSC differentiation protocols
are needed. The use of expandable and cryopreservable mega-
karyocyte cell lines established by the introduction of transgenes
has been proposed for megakaryopoiesis (Nakamura et al.,
2014; Moreau et al., 2016). We have shown that immortalized
megakaryocyte cell lines (imMKCLs) derived from hiPSCs can
be robustly expanded by the overexpression of c-MYC, BMIA1,
and BCL-XL, and doxycycline can be used to stimulate the
proliferation (Dox-ON) and maturation (Dox-OFF) of the cells
(Nakamura et al., 2014). As for platelet shedding, bioreactors
that operate on the premise of only the shear stress observed
in bone marrow (BM) (Junt et al., 2007; Zhang et al., 2012)
have been proposed but have so far failed to achieve clinical
scale manufacturing (Thon et al., 2014; Blin et al., 2016; Di Buduo
et al., 2015; Nakagawa et al., 2013; Avanzi et al., 2016).

In the present report, we observe in vivo flow dynamics,
finding that turbulent flow is a crucial physical factor for platelet
release. Based on this finding, we developed a turbulent flow-
based bioreactor, VerMES, by reciprocal vertical movement,
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(A) Schema of the iImMMKCL system for platelet
production. imMKCLs are established from hu-
man iPSCs by introducing three Dox-inducible
transgenes, c-MYC, BMI-1, and BCL-XL, during
megakaryocyte differentiation. A cryopreserved
imMKCL stock is thawed and expanded by
culturing with Dox (Dox-ON). Platelets are pro-
duced upon maturation by turning off the trans-
genes through the depletion of Dox (Dox-OFF).

(B) During imMKCL expansion phase and platelet
production phase, media is supplemented with
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and identified turbulent energy as a physical parameter that
assures consistent platelet yield independently of the reactor
scale and culture volume. In addition, we found novel chemical
factors in thrombopoiesis that contribute to the remodeling of
mature megakaryocytes and shedding of platelets. Accordingly,
platelets with the competency of bona fide platelets were pro-
duced efficiently in a scaled-up system at clinically relevant
numbers.

RESULTS

Feeder-Independent imMKCL Culture System

For the ex vivo production of human platelets compatible with
clinical application, we sought to develop a culture system
that is independent of adherent feeder cells for imnMKCLs (Fig-
ure 1A) (Nakamura et al., 2014). The expansion phase culture
medium was supplemented with cocktail A, which includes

Culture day

Y-27632 - -+ - -+ - -

15 20 incubated in a Petri dish under static feeder cell-
free (FF) conditions. The cells were grown in a
flask, then in a 1-L scale WAVE bag and finally in a
20-L scale WAVE bag. Four independent experi-
ments.

(D) Screening of drugs for platelet generation from
Dox-OFF imMKCLs without feeder cells. The
number of platelets produced without drugs was
set to 1.0 (10°). n = 3 experiments.

(E) Fold changes in CD42a*CD42b* platelet
numbers relative to those obtained without drugs.
Platelets were obtained by several protocols using
SR1, Y27632, DMH1, and/or CAY10566 along
with TA316, SCF, and KP457. n = 3 experiments.
(F) Transmission electron micrographs of Dox-
OFF imMKCLs with or without SR1 and/or
Y-27632. Arrowheads, demarcation membrane
systems; asterisks, nuclei; S, SR1; Y, Y-27632.
Scale bars, 5 um.

: (G and H) Numbers of platelets generated per
megakaryocyte (MK) (G) and MFI of bound PAC1
antibody after ADP and TRAP-6 stimulation (H) in a
0 10-cm Petri dish or 125 mL-scaled shaking flask.
n = 3 experiments. **p < 0.01.

All data in (D), (E), (G), and (H) are means + SD.
See also Figure S1.
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doxycycline, stem cell factor (SCF), and TA-316, a thrombo-
poietin (TPO) mimetic small molecule (Aihara et al., 2017) (Fig-
ure 1B). In this phase, imMKCL numbers increased from
5 x 10°to 5 x 10'% in 15-20 days of culture, first in a rotating
flask and then in a WAVE bag system by mild rocking move-
ment (Figure 1C). The iImMKCL showed stable proliferation for
more than 70 days while retaining the CD41*CD42b* phenotype
(Figure S1A). Cocktail B in maturation phase culture medium
includes an AhR antagonist, a ROCK inhibitor, and an
ADAM17 inhibitor, KP-457 (Figure 1B). KP-457 maintains the
surface expression of GPlba (CD42b) ectodomain on platelets
(Hirata et al., 2017). Because platelet release from Dox-OFF
imMKCL in the medium with SCF and recombinant TPO origi-
nally required the presence of C3H10T1/2 mouse feeder cells
(Figure S1B) (Nakamura et al., 2014), we screened candidate
drugs (Figure 1D) and then found that an AhR antagonist,
StemReginin1 (SR1) (Strassel et al., 2016), plus a ROCK
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inhibitor, Y-27632 (Gobbi et al., 2013), most efficiently pro-
moted platelet generation under feeder cell-free condition
(Figure 1E). These generated platelets also showed the highest
PAC-1 antibody binding capacity upon activation (Figure S1C).
PAC-1 antibody binding capacity is a hallmark of platelet activa-
tion and indicates the activated form of the glycoprotein llb/llla
complex. Accordingly, Dox-OFF imMKCL with SR1 and
Y-27632 developed the demarcation membrane system, a
structural characteristic of mature megakaryocytes (Figures
1F and S1D). As for plasma content, 15% fetal bovine serum
or 15% human serum has been used previously, but we found
that 5% human plasma was sufficient for the maturation phase
(Figure S1E). The lower human plasma content reduces cost
and minimizes use of animal-derived components.

We also noticed that rotational shaking of a flask (E125 flask:
25 mL volume) resulted in higher platelet yield and better
PAC-1 binding upon stimulation than did static conditions in a
Petri dish (10 mL volume) (Figures 1G and 1H), suggesting that
physical stress from horizontal shaking under liquid culture con-
ditions further enhances platelet generation.

Turbulence in Thrombopoiesis In Vivo

For the bioreactor during the maturation of and final platelet
release from imMKCLs, we initially tested a WAVE bag biore-
actor, which is a rocking bag-based system (Figure S2A). How-
ever, while this system was capable of consistently proliferating
imMKCLs at 20-L scale (cell division phase) (Figure 1C), the
number and quality of platelets produced was very low. Further
investigation led us to realize that the system lacked sufficient
physical stress, as evidenced by the low values of several phys-
ical fluidic parameters (Figure S2B; Video S1).

It was previously proposed that blood flow-dependent shear
stress is crucial for platelet biogenesis from mouse BM megakar-
yocytes (Junt et al., 2007). Based on several bioreactors that
were developed in attempt to recapitulate this BM flow condition
(Nakagawa et al., 2013; Thon et al., 2014; Blin et al., 2016), we
developed a new bioreactor with a flow chamber and multiple
pillars (Figures S2C and S2D). However, it too was unsatisfac-
tory, as evidenced by the final yield of only 14 platelets per
imMKCL (Figure S2E), far short of the 500-1,000 platelets per
megakaryocyte assumed in the mouse body (Lefrancais et al.,
2017). Thus, whether shear stress alone is the determinant fluid
dynamic factor in platelet shedding is unclear. To examine the
ideal physical conditions for platelet biogenesis, we conducted
in vivo live observations. To analyze and visualize dynamic blood
flow during platelet release in vivo, we performed two-photon
microscopy and particle image velocimetry (PIV) of BM from
the scalps of eGFP mice (Figure 2A) (Nishimura et al., 2015).
Active megakaryocytes (large cells with high eGFP-expressing
cytoplasm) displayed proplatelets and shed platelet particles
that were adjacent to differentially directed dynamic flow
vectors, indicating high turbulence was present around moving
proplatelets (Figures 2B and 2C; Videos S2 and S3). In contrast,
resting megakaryocytes that did not release platelets were
exposed to continuous laminar flow patterns with no turbulence
(Figure 2D; Video S4). We interpreted these observations to indi-
cate dynamic blood flow with turbulence is crucial for platelet
generation (Figure 2E).
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Turbulence Induces In Vitro Thrombopoiesis
Simulation analysis revealed that the flow in the WAVE system
lacked sufficient levels of shear, vorticity, or turbulent energy
(Figure S2B; Video S1). Our new microfluidic system produced
appropriate levels of shear stress (Pa) at a high shear rate (s
in laminar flow with vorticity only around the pillars, but no
turbulence due to the microfluidic structure (Figure S2D). After
thorough testing and simulation of agitated flow in various
devices, we found VerMES, a vertical reciprocal motion type
liquid culture bioreactor, is effective at platelet generation. The
2.4 L VerMES bioreactor includes two oval-shaped mixing
blades fixed at a horizontal angle to the power axis and at right
angles to each other. The blades repeat an up-and-down recip-
rocal motion at a maximum speed of 300 mm/s to generate
turbulent flow (Figures 3A and S3A). We found CD41*CD42b*
platelet particle generation in a static Petri dish and 20-L
WAVE bag reactor was <20 platelets per imnMKCL, but in the
2.4 L VerMES at 120 or 300 mm/s it was ~70-80 platelets per
megakaryocyte (Figure 3B). Moreover, the platelets generated
in the VerMES bioreactor at these speeds showed high PAC-1
binding upon activation (Figure 3C) and lower annexin V binding
at steady state (Figure 3D), indicating proper activation capacity
and low deterioration due to pre-activation or aging.
Furthermore, simulation analysis revealed that the VerMES
system bore sufficient levels of turbulence, vorticity, and shear
(Figures 3E and S3B; Video S5). To identify the determinant
parameters that correlate with the improved generation of intact
platelets between differently sized bioreactors, we examined the
yield of functional CD41*CD42b™ platelets at a broad range of
reciprocal motion speeds using the single-bladed 0.3 L VerMES
(Figure S3C; Video S5). At this scale, 100-250 mm/s reciprocal
motion speed was optimal for platelet yield (Figure S3D). We
then plotted the values of platelet productivity with the following
parameters: turbulent energy, vorticity, shear stress, and shear
strain rate for the 0.3 L and 2.4 L VerMES (Figures 3F-3I). We
found that the relationship between turbulent energy (Figure 3F)
and shear stress (Figure 3H) for the generation of functional
platelets was the same at the two different volumes, but this
was not the case for vorticity (Figure 3G) or shear strain rate (Fig-
ure 3l). These results indicate that optimized levels of turbulent
energy (0.002-0.014 m?/s?) as well as shear stress (0.4-3.0 Pa)
reflect efficient platelet generation in physical stress conditions
with turbulence independently of the VerMES scale size. Indeed,
by adjusting to the identified optimal range of turbulent energy
and shear stress in the 8 L VerMES (stroke, 40 mm; speed
150 mm/s), we succeeded in obtaining ~100 billion platelets us-
ing three iMMKCL clones (Figure 3J). In addition, the quality of
the produced platelets was comparable to those seen at the
2.4-L scale, as exemplified by low annexin V binding (Figure 3K)
and the high percentage of CD42b* platelets (Figure 3L). Addi-
tionally, platelet antigens were highly expressed (Figure S3E),
and P-selectin expression and PAC-1 binding were properly
induced upon 100 uM ADP and 40 uM TRAP-6 stimulation (Fig-
ures S3F and S3G).

Functionality of iPSC-Platelets
We next processed the platelets generated in VerMES to final
product form and evaluated their functionality. To prepare
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Figure 2. In Vivo Imaging Shows Turbulent
Flow Dependency of Platelet Biogenesis
from Mouse Bone Marrow Megakaryocytes
(A) Schema of the in vivo imaging. Blood flow
around bone marrow (BM) megakaryocytes (Meg)
expressing GFP in the mouse scalp were subject
to time-lapse imaging with particle imaging
velocimetry (PIV) analysis.

(B) Active thrombopoiesis in living BM from
6-week-old CAG-eGFP mice (x400). Scale bar,
50 pm. Red (Texas-red-dextran), blood flow; GFP,
megakaryocytes; blue (Hoechst33342), bone area
and nucleated cells. Left: orange circles and
arrows mark platelet release. Translucent arrows:
direction of blood flow. Dotted square areas are
expanded in the four time-lapse images to the
right. In the raw and PIV time-lapse images,
megakaryocytes are indicated by dotted lines and
arrow heads show platelet shedding from propla-

High = telets. Flow rate and directions are marked by PIV

turbulence

vectors (red, fast; blue, slow). Turbulence is qual-
itatively measured (red, high; blue, low) and
marked by yellow dotted circles. PIV, images
analyzed by PIV. See also Video S2.

(C) Another example of active megakaryocytes in
mouse bone marrow (x400). Conventions are the
same as in (B). See also Video S3.

(D) Resting Meg without platelet shedding are
seen in the area without turbulence. Conventions
are the same as in (B) and (C) (x400). Scale bar,
20 um. See also Video S4.

(E) Schema of an active megakaryocyte. Dynamic
flow indicated by various directed arrows and high
turbulence indicated by red were observed near
the platelet shedding site.

See also Figure S2 and Video S1.

gradually lose their aggregation capacity,
which is one reason why they have a
shelf-life limit of only 5 days in the United

> - States (D1 is the day blood is taken from
7 Turbulence  the donor). Fresh D1 iPSC-platelets
aggregated similarly to pooled donor
platelets in platelet aggregation assays
(Figure 4C). PAC-1 binding along with

o

Velocity
A P-selectin expression upon stimulation
7 —2|  were also consistent with donated plate-
- Al ets (Figure 4D). Likewise, iPSC-platelets

iPSC-platelets (imMKCL-derived platelets) in ACD-containing
bicarbonate Ringer’s solution (i.e., washed-type concentrate)
(Oikawa et al., 2013), hollow fibers were used in combination
with a centrifugation system to wash and purify platelets in
Dox-OFF culture suspension from the 8 L VerMES on day 6 (Fig-
ure 4A). Although the final suspended platelets were larger and
the sizes varied with the iImMKCL clones (3-8 um; Figure S4A),
iPSC-platelets had intact structures including alpha-granules
consistent of circulating platelets (Figures 4B and S4B).

We then examined the in vitro and in vivo functionality of the
washed iPSC-platelet concentrates. Human donor platelets

functioned comparably to D3 donor

platelets in clot retraction assays
(Figure S4C), exhibiting granule release, as measured by platelet
factor 4 (PF4) and B-thromboglobulin (BTG) concentrations (Fig-
ures S4D and S4E), and platelet spreading on fibrinogen after
agonist stimulation, which represents outside-in signaling from
integrin allbB3 (Figure S4F) (Takizawa et al., 2010). Interestingly,
the kinetics in NOG mice revealed a transient increment in the
peripheral blood platelet count for 4 hr after the transfusion of
iPSC-platelets derived from the CI~7 clone, but not for those
derived from the N5-6 clone, MKO04 clone, or donor platelets (Fig-
ures 4E and 4F). This transience may be because the large-sized
CI”7 iPSC-platelets fractionate into smaller platelets after
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Figure 3. Optimal Shear Stress and Turbulent Energy in the VerMES Bioreactor Enables Scalable Platelet Biogenesis

(A) Schema of the VerMES bioreactor.

(B) Numbers of platelets generated per megakaryocyte (MK; imMKCL CI7) in a Petri dish, 20 L WAVE bioreactor, and 2.4 L VerMES with 30 mm strokes at the

indicated speeds. n = 2-5 experiments.

(C and D) Ratio of platelets bound with PAC1 antibody after 100 pM ADP and 40 puM TRAP-6 stimulation (C) or Annexin V binding in the unstimulated state (D)
quantified using flow cytometry. n.d., not detected; NS, not stimulated. n = 2-5 experiments.
(E) Simulation results during up and down reciprocal motion with the indicated physical parameters in 2.4 L VerMES bioreactor.
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transfusion (Figures S4A and S4G). Consistent with that idea, the
peak forward scatter of CI~ 7 iPSC-platelets prior to injection was
nearly 3 times higher than the peaks at post-injection time points
(0.5, 1, 2, 4, and 6 hr) (Figure S4H).

Finally, we evaluated hemostatic functionality in vivo.
Measurements of bleeding time were performed in thrombocy-
topenic animal models. In the NOG mouse model (Nakamura
et al., 2014), bleeding times following the transfusion of platelets
derived from the three different clones (24 hr post preparation in
Figure 4A) or day 3 (48 hr after taken) donor platelets were
comparable (Figures 4G and 4H). Two photon microscopic
observations of platelets labeled with red fluorescent dye
(TAMRA) following thrombotic occlusion induced by laser injury
revealed that the thrombus formation was stable in both donor-
and iPSC-platelets even against strong blood flow speed in a
large vessel (diameter >100 pm) (Figure 4l; Video S6). This
thrombus formation was observable only in microvessels with
slower blood flow speed in our earlier study of iPSC-platelets
(Nakamura et al., 2014). Further, in a recently established rabbit
model, which shows high sensitivity for the hemostatic function
of stored human platelets (Figure 4J) (Watanabe et al., 2017),
iPSC-platelets (CI”7) induced hemostasis similarly to donor
platelets within the shelf-life limit of 5 days (96 hr), as indicated
by bleeding times (Figure 4K) and the complete hemostasis
rate (Figure 4L). The post-transfusion kinetics in the rabbit model
was similar to that in the NOG mouse model (Figures S4l and
S4J). Therefore, iPSC-platelets generated through our ex vivo
production protocol exhibited better functionality than platelets
produced using feeder cells in a Petri dish and performed close
to the level of donor platelets, including hemostatic and circu-
lating activity in vivo (Nakamura et al., 2014).

imMKCL-Derived Thrombopoietic Mediators

We next addressed how the optimized VerMES bioreactor
increased the efficiency of intact platelet generation at the
molecular level. There were no obvious differences in the global
gene expression profiles of iIMKCL populations derived under
static or VerMES conditions (Figure S5A). Platelet generation
was increased in the flask-shaking condition if the medium
was changed on day 3 of the 6-day culture to the culture super-
natant obtained from optimized 2.4 L VerMES culture, but no
change was seen if the change was to fresh medium with cock-
tail B (Figures S5B and S5C). Interestingly, culture medium
conditioned in the VerMES did not appear to promote platelet
generation in a Petri dish static condition (Figure S5C).
Regarding annexin V binding levels, physical flask shaking was

sufficient to achieve low levels even without changing the condi-
tioning medium (Figure S5D), suggesting the effect of physical
stress on intact platelet shedding. Considering that the levels
of shear stress and turbulent energy in a shaking flask were
50% and 40%, respectively, of those achieved in optimized
VerMES (Figure S5E), these results suggest soluble mediators
present under VerMES-applied conditions positively influence
platelet generation only in the presence of flow, and that turbu-
lence in the VerMES enhances the release of these mediators.
We identified candidate soluble mediators by using a protein
array to assess the difference in cytokines between culture me-
dium specimens from dishes and VerMES (4-day incubation of
imMKCLs with Dox-OFF) (Figure S5F). Through this approach,
we selected five candidate factors: insulin growth factor binding
protein 2 (IGFBP2) (Coppé et al., 2008), macrophage migration
inhibitory factor (MIF) (StriiBmann et al., 2013), chemokine (C-C
motif) ligand 5 (CCL5, or RANTES) (Machlus et al., 2016; Tamura
et al., 2016), thrombospondin-1 (TSP-1) (Lim et al., 2008), and
plasminogen activator inhibitor-1 (PAI-1) (Madoiwa et al., 1999)
(Figure 5A). We also assessed nardilysin (NRDC) (Nishi, 2013),
which we previously observed to affect platelet yield. NRDC
was expressed markedly higher in the VerMES condition ac-
cording to ELISA analysis (Figure 5A). Among these six factors,
the levels of NRDC, IGFBP2, and CCL5 were upregulated by
SR1 plus Y27632 for the maturation of imMKCL (Figure S5G).
Of these three, NRDC was particularly upregulated in optimized
VerMES. Similar to VerMES culture conditioned medium (Fig-
ure S5C), the addition of recombinant forms of the six factors
into fresh medium (MIF: 10 ng/mL, other 5 factors: 50 ng/mL)
resulted in significantly higher platelet yields in shaking flasks
(Figures 5B and 5C), which have about half the level of shear
stress and turbulent energy as VerMES (Figure S5E), suggesting
strong thrombopoietic effects in the VerMES conditioned media.
To determine the actions of each mediator, we removed each
factor from the group of six factors and observed the effect on
platelet biogenesis in the aforementioned microfluidic system,
which generates high shear stress but no turbulence and can
form proplatelets but releases low numbers of platelets (Figures
S2C-S2E). While the administration of the six factors into the flu-
idic system increased the platelet yield, overall results suggested
that MIF, IGFBP2, and NRDC are crucial (Figure 5D). Indeed,
these three factors were most secreted at the optimal flow speed
of VerMES (Figure S5H), and their administration alone signifi-
cantly increased platelet generation in the flasks (Figure S5I).
Notably, in preparations without IGFBP2 or MIF in the micro-
fluidic system, most imMKCLs and proplatelets failed to adhere

(F-I) Correlation between platelet productivity and calculated turbulent energy (F), vorticity (G), shear stress (H), and shear strain rate (I) using 0.3 L (orange circles,
n =3-15 experiments in 10 conditions, see Figure S3D) or 2.4 L (blue squares, n = 2-5 experiments in 3 conditions) VerMES. Maximum productivity was defined as
1.0. Range of optimal platelet productivity in each scaled VerMES compared to flask culture is shown.

(J) CD41-positive platelet yield in VerMES under optimal conditions from imMKCL clones CI"7 (0.3 L, 2.4 L, and 8.0 L scale), N5-6 (8.0 L scale), and MK04 (8.0 L

scale). n = 3 experiments.

(K) Annexin V bound to CD41-positive platelets derived from the indicated imMKCL clones using VerMES. Representative histograms are shown in left panels.
Histograms stimulated with ionomycin (ash color) are overlaid. n = 3 experiments.
(L) Representative dot plots from flow cytometric analyses showing the expression of CD41a and CD42b on platelets from healthy donor or on iPSC-platelets from

imMKCL clones Cl~ 7, N5-6, and MKO04.
See also Figure S3 and Video S5.
All data in (B)-(D), (J), and (K) are means + SD.
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Figure 4. iPSC-Platelets Generated in the VerMES Bioreactor Improved Thrombotic Responses In Vitro and In Vivo

(A) Schema for processing washed-type platelets. Hollow fiber filtration was used to reduce the VerMES volume from 8 L to 1-2 L, followed by removal of the
remaining imMKCLs by continuous centrifugation. Eventually, washed platelets were resuspended in platelet storage solution consisting of bicarbonate Ringer’s
solution with 5% ACD-A solution plus 2.5% human serum albumin.

(B) TEM images of donor and imMKCL-derived platelets (Cl~7) produced in VerMES. MT, mitochondria; OCS, open canalicular system. Scale bars, 1 pm
and 0.5 um.

(C) Aggregation assay. Day 1 (D1) corresponds to the collection day of donor platelets and preparation day of iPSC-platelets. Platelets were stimulated with
5 pug/mL collagen and 10 uM ADP.

(D) PAC-1 binding and P-selectin expression on washed-type iPSC-platelets without stimulation (NS) or with 100 uM ADP and 40 uM TRAP-6 (AT). Left:
representative dot plots. Right: n = 3 experiments. *p < 0.05, **p < 0.01.

(legend continued on next page)
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at the pillars (Figure 5E; Video S7), suggesting these two media-
tors regulate anchoring to extracellular matrix (ECM) compo-
nents (Abbonante et al., 2017; Dunois-Lardé et al., 2009; Larson
and Watson, 2006; Pallotta et al., 2009; Poirault-Chassac et al.,
2013; Strassel et al., 2009; Takizawa et al., 2008). When we
examined intracellular ECM levels within cultured Dox-OFF
imMKCLs after the addition of six or five factors (MIF-minus or
IGFBP2-minus) (Figure 5F), the intracellular expressions of von
Willebrand factor (vWF) and vascular cell adhesion molecule-1
(VCAM-1) were observed to be higher with the 5-factor condition
(Figure 5@G). In addition, the intracellular expressions of fibrin-
ogen, fibronectin, vitronectin, and collagen IV were also higher
with the 5-factor condition (Figure S5J). These results strongly
indicate MIF and IGFBP2 induce the direct release of ECM
from imMKCLs to help the anchoring of imnMKCLs to the pillars
of the microfluidic chamber.

In the microfluidic system that lacked turbulence, NRDC-
minus cocktail mediated the elongation of proplatelets, but
without apparent platelet shedding (Figure 5E; Video S7).
Accordingly, knocking down endogenous NRDC in imMKCLs
using an miRNA construct slightly diminished platelet genera-
tion (Figures S6A and S6B), and replacing NRDC with
enzyme-inactivated NRDC (Glu235 to Ala mutant; E > A) (Hir-
aoka et al., 2008) reduced platelet generation in the six-factor
condition (Figures 5D and 5E; Video S7). We concluded that
the zinc-metalloendopeptidase activity of NRDC likely contrib-
utes to platelet shedding, but only in the presence of shear
stress. We thus visualized the direct binding of extracellular
NRDC at the putative shedding sites of proplatelets in the
microfluidic system (Figure 6A). Super-resolution microscopy
(STORM) analysis revealed aggregation spots of extracellular
NRDC on elongated proplatelets expressing B1 tubulin, sug-
gesting NRDC acts extracellularly to promote platelet shedding
(Figure 6B). Therefore, NRDC may use its zinc-metalloendopep-
tidase activity to sever interactions with crucial shedding sites
within proplatelets or the fragmented cytoplasm from megakar-
yocytes (Thon et al., 2010).

Because NRDC also acts as a shuttling protein and epige-
netic regulator (Nishi, 2013), we performed immunoprecipitation
in combination with mass spectrometry for NRDC in imMKCLs

to identify its intracellular binding proteins. The analysis re-
vealed that endogenous NRDC is specifically bound to «4A
and B1 tubulins (Figure 6C). Immunohistochemical staining for
a. and B1 tubulins in mature iImMMKCLs showed their colocaliza-
tion (Figure S6C). We then determined the intracellular localiza-
tion of NRDC. Over the course of iImMKCL maturation from day
1to day 5, NRDC dislocated from the nucleus and was confined
to the area below the plasma membrane to colocalize with a
tubulin (Figure 6D). Because NRDC reportedly binds to
HDACS3 (Li et al., 2012) and another HDAC family protein,
HDACS, regulates tubulin remodeling by deacetylation (Hubbert
et al., 2002), we asked whether NRDC associates with HDAC6
in iIMKCLs to affect platelet generation. We observed the co-
localization of NRDC, a-tubulin, and HDAC6 in a sub-mem-
brane area of inMKCLs and proplatelets (Figure 6E). The close
proximity (<40 nm distance) of NRDC and HDAC6 in the
cytoplasm of mature imMKCL was also confirmed by Duolink
proximity ligation assay, while NRDC knockdown diminished
the spots that represent their co-localization (Figure 6F).
Furthermore, the addition of an HDACG6 inhibitor, nexturastat
A (2 uM), completely blocked platelet generation under shaking
(Figure 6G). These results indicate intracellular NRDC interacts
with HDACS6 to regulate tubulin remodeling through deacetyla-
tion/acetylation (Hubbert et al., 2002; Miyake et al., 2016) and
contributes to further platelet shedding in imMKCLs in our
ex vivo system.

DISCUSSION

Based on the novel concept of turbulence in platelet biogen-
esis, we established a clinical scale ex vivo manufacturing sys-
tem of bona fide type platelets from iPSC-derived imMKCLs.
Our in vivo observations within mouse BM clarified the crucial
involvement of turbulent flow in platelet biogenesis (Figure 2).
Through the development of a turbulent flow-based scalable
bioreactor, VerMES, we dramatically improved the yield and
quality of platelets. Further, by identifying turbulent energy as
a physical parameter for efficient platelet yield independent
of cultivation scale size, the generation of 100 billion intact
platelets (i.e., lowered Annexin V binding levels, which is similar

(E) NOG mouse circulation model. 2 x 10® imMKCL-derived or donor platelets were transfused into irradiated NOG mice. 2.4 Gy irradiation was performed
at —9 days. Blood sampling was done prior and 0.5, 1, 2, 4, 6, 24, and 48 hr after injection.
(F) Flow cytometric analysis of the time course of chimerism in peripheral blood. n = numbers of mice.

(G) NOG mouse hemostasis model prepared like in (E).

(H) Bleeding times for vehicle, donor platelets, or iPSC-platelets. Horizontal bars represent averages. Statistical analyses were done by Mann-Whitney U test
compared to vehicle. n = numbers of mice. **p < 0.01, **p < 0.001.

(I) Representative two photon microscopic images and platelet content of a thrombus formed with donor platelets or iPSC-platelets within a large vessel. FITC-
dextran (green), Hoechst 33342 (blue), and TAMRA-labeled platelets were transfused into mice (x1,000). n = numbers of experiments (numbers in graph). Scale
bar, 25 pm.

(J) Rabbit hemostasis model. On day 0 and 3, busulfan was injected subcutaneously (s.c.) to induce thrombocytopenia. On day 14, ethylpalmitate (EP) was
injected intravenously (i.v.) to block phagocytosis. On day 15, rabbits with platelet counts less than 2.5 x 10*/uL and bleeding from an incision site in the ear vein
for over 600 s (1st measurement) were subject to the transfusion of platelets from blood donors or from imMKCL CI”7 and assessed for hemostasis (2nd
measurement). For 2nd measurement, bleeding was measured from two incision sites in the ear vein per rabbit.

(K) Bleeding times for donor platelets or iPSC-platelets in which hemostasis was observed within 600 s. Horizontal bars represent averages. Storage time
indicates hours after product packaging. n = numbers of incision sites.

(L) The ratio of rabbits with hemostasis at 2 sites (2/2) or 1 site (1/2) per two incision sites. n = numbers of rabbits.

All data in (D), (F), and (l) are means + SD.

See also Figure S4 and Video S6.
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to donor platelets) at 8-L scale was achieved, whereas Annexin
V binding was over 60% in platelets from a Petri dish or a
WAVE bag (Figure 3). Finally, the platelets when purified and
resuspended to the specification of donor-derived washed
platelet concentrate showed functionality comparable with
donor platelets in two animal models, including one rabbit
model approved by the Food and Drug Administration (FDA)
(Figure 4) (Watanabe et al., 2017). The enhanced yield was
due in part to the release of six crucial thrombopoietic chemical
mediators from megakaryocytes (Figure 5). As a result, we
demonstrated the unresolved molecular mechanisms of
platelet shedding from mature megakaryocytes for the
first time.

To promote platelet production from hiPSC-derived mega-
karyocytes, we initially adopted a microfluidic system that
generates shear stress and vorticity, but the yield was unsat-
isfactory (Figures S2C-S2E). Accordingly, turbulent energy,
which reflects the size of velocity fluctuations, was identified
as the determinant parameter in the VerMES bioreactor. For
the generation of turbulence, Reynolds number must be higher
than 2,000 theoretically, but it was only 0.003 for the flow in
our microfluidic system, indicating laminar flow in this flow

644 Cell 174, 636-648, July 26, 2018

Day 6
|
1

Figure 5. VerMES Cultivation Induced
Release of Thrombopoietic Factors from
imMKCLs

(A) Levels of the indicated 6 factors in imMKCL
culture supernatants from dish or 2.4 L VerMES.
The dish condition was set to 1.0. IGFBP-2, MIF,
CCL5, PAI-1, and TSP-1 were quantified from
protein array analysis images, and NRDC from
ELISA. One of data from two independent exper-
15Cont. oF iments. .

(B) To generate platelets, imMKCL were cultured
in a flask with Dox-OFF medium for 3 days, then in
fresh medium with or without 6 factors and
cultured 3 more days in a flask (MIF: 10 ng/mL,
other factors: 50 ng/mL).

(C) Numbers of CD41*CD42b*platelets generated
from imMKCL (CI~7) in each condition shown in
(B). n = 3 experiments.

(D) Platelet productivity in the micro fluidic system
with the addition of the indicated factors by flow
cytometric analysis. Control was setto 1.0.n=3-5
experiments in each group. Statistical analyses
were done by Dunnett’s test compared to the six
factors condition (6F). *p < 0.05.

(E) Representative pictures of imMKCLs in the
microfluidic system with the addition of the indi-
cated factors on day 5 of Dox-OFF condition
(x100). Scale bars, 100 pm.

(F) Flow cytometric analysis of intracellular ECM.
imMKCL cultured in a dish with Dox-OFF medium
for 4 days, then changed to fresh medium with 6
factors or 5 factors (without MIF or IGFBP2) and
cultured 1 more day in a flask.

(G) Representative histograms and bar graphs of
mean fluorescence intensity (MFI) for intracellular
ECM (VWF and VCAM1) levels in imMKCLs.
Dotted lines in histograms indicate negative con-
trol (NC). n = 3 experiments.

All data in (C), (D), and (G) are means + SD.

See also Figure S5 and Video S7.
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chamber system (Figure S2D). These results suggest that
laminar flow with the presence of only shear stress and
vorticity cannot induce highly efficient thrombopoiesis, but tur-
bulent flow with an optimal level of shear stress and turbulent
energy can.

Among the thrombopoietic chemical mediators identified
(Figure 5), CCL5 (RANTES) is reportedly produced from plate-
lets and promotes the formation of mouse proplatelets in vitro
(Machlus et al., 2016; Tamura et al., 2016), but we found its
influence was not dominant in our human cell system (Figure 5D;
Video S7). The largest effects came from IGFBP2, MIF, and
NRDC, none of which were previously reported to be involved
in thrombopoiesis (Figures 5D and 5E; Video S7). Considering
that these factors promoted platelet production in our shear-
stress incorporated microfluidic system but not with turbulent
flow, turbulence per se might be key for their release from
imMKCLs. If true, it could be possible to improve other 3D
flow chambers that have had good platelet yield by incorpo-
rating turbulent flow (Thon et al., 2014; Martinez et al., 2017).
Turbulence may also explain how other organs besides the
BM, such as the lung and spleen, may release platelets (Lefran-
gais et al., 2017).
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Figure 7 depicts a proposed mechanism through which MIF,
IGFBP2, and NRDC promote proplatelet shedding in the VerMES
bioreactor. In the microfluidic system, MIF and IGFBP2 enhance
the anchoring of megakaryocytes to pillars, which accelerates
the formation of proplatelets possibly through the induction of
ECM release. Although these pillars do not exist in the VerMES
reactor, we speculate that ECM may mediate the formation of
small megakaryocyte aggregates, thereby enhancing proplatelet
formation.

Secreted NRDC may adhere to fragile points on proplatelets
(Figure 6B), facilitating shear stress-induced platelet shedding
through its peptidase activity (Figure 5D). On the other hand,
our data suggest intracellular NRDC directly binds to tubulins
(a4A-tubulin or B1-tubulin) (Figure 6C) and perhaps plays a
role in tubulin conformation and remodeling by coordinating
with HDACS6 (Figures 6E and 6F) (Hubbert et al., 2002; Miyake
et al., 2016). A recent clinical trial for myeloma using a combina-
tion of chemotherapy and HDACS6 inhibitor Ricolinostat found a
correlation between thrombocytopenia and the dosage of Ric-
olinostat independent of chemotherapy dose (Vogl et al.,
2017), suggesting HDACS is an indispensable factor in human

50
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a-tubulin

a-tubulin
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normalized platelet productivity

100 microfluidic system (x1,000). Scale bar, 10 um.

(C) IP-MS analysis against endogenous NRDC
shows the specific binding of NRDC with a4A
tubulin and B1 tubulin.

(D and E) Confocal micrographs of imMKCLs
spread on days 1 and 4 (D), and day 5 (E) (x630).
NRDC, a-tubulin, HDAC6, and DAPI. Scale bars,
20 pm.

(F) Duolink PLA analysis for control or active
miRNA construct-treated imMKCLs (x600). Red,
PLA signal for NRDC-HDACS6 foci; green, GFP;
blue, DAP1. Scale bar, 20 pm. Right: mean dot
number of NRDC-HDACS6 foci per cell. n = 4-16
cells.

(G) Dox-OFF stage imMKCLs were cultured for
6 days in the presence of cocktail B in a flask.
Platelet yield was evaluated under the addition of
DMSO or various concentrations of the HDAC6
inhibitor Nexturastat A. The number of CD41a*
CD42b*platelets in DMSO condition was set to
1.0. n = 3 experiments. **p < 0.01.

All data in (F) and (G) are means + SD.

See also Figure S6.
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report showed HDACSG is crucial for pro-
platelet formation in humans through the
deacetylation of cortactin (Messaoudi
et al., 2017). Further studies are needed
to clarify the interactions between NRDC, HDAC6, and
cortactin.

To conclude, this study shows the crucial role of turbulence in
platelet biogenesis and identified not only shear stress, an
already known regulator (Junt et al., 2007; Thon et al., 2014;
Blin et al., 2016), but also turbulent energy as a key parameter.
Using this information, we succeeded in achieving the ex vivo
production of platelets at clinical scale (100 billion-order). Using
multiple animal models, our study provides a proof-of-concept
for the clinical application of imMKCL-derived platelets gener-
ated through this turbulent flow-based model. As a next step,
we aim to use washed-type concentrates in clinical trials. The
scalable design of VerMES and the identification of two determi-
nant physical parameters raise the anticipation of further devel-
oping a mass-scale bioreactor that can generate platelets at a
large number of concentrates in a single batch. The discovery
of turbulent energy and several thrombopoietic chemical media-
tors provides a new physico-chemical mechanism and ex vivo
production strategy for platelet biogenesis that should impact
studies in hematopoiesis and transfusion medicine as clinical
scale cell therapies for regenerative medicine.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Alexa Flour ™ 568 Phalloidin Thermo Cat#12380

anti-hCD41-APC
anti-hCD42b-PE
anti-hCD235ab-PB
anti-hCD62P-APC

Biolegend Inc
Biolegend Inc
Biolegend Inc
Biolegend Inc

Cat#303710; RRID: AB_2249385
Cat#303906; RRID: AB_314386
Cat#306612; RRID: AB_2116241
Cat#304910; RRID: AB_314482

anti-hCD42a-eFluoro 450 antibody eBioscience Cat#48-0428-42; RRID: AB_10805521
anti-hCD42a-PE BD Cat#558819; RRID: AB_397130
anti-hCD49b-PE BD Cat#555669; RRID: AB_396022
anti-hCD29-PE BD Cat#555443; RRID: AB_395836
anti-hCD32a-FITC STEMCELL Technologies Cat#60012FI; RRID: AB_2722545
anti-hGPVI-PE Nakamura et al., 2014 N/A

FITC-PAC-1 antibodies BD Cat#340507; RRID: AB_2230769
FITC Annexin V antibodies BD Cat#556419; RRID: AB_2665412
rabbit anti-p1-tubulin antibodies MBL Cat#PD033; RRID: AB_10598497
mouse anti—a-tubulin antibodies Sigma Aldrich Cat#T5186

rabbit anti—a-tubulin antibodies Abcam Cat#ab52866; RRID: AB_869989
rabbit anti-HDAC6 antibodies CST Cat#7612; RRID: AB_10889735
mouse anti-NRDC antibodies Kanda et al., 2012 N/A

Alexa Fluor 488 goat anti-mouse secondary antibodies Thermo Cat#A11001; RRID: AB_2534069
Alexa Fluor 488 goat anti-rabbit secondary antibodies Thermo Cat#A11008; RRID: AB_143165
Alexa Fluor 555 goat anti-mouse secondary antibodies Thermo Cat#A21422; RRID: AB_2535844
Alexa Fluor 555 goat anti-rabbit secondary antibodies Thermo Cat#A21428; RRID: AB_2535849
Zombie NIR Bio Legend Cat#423105

mouse anti-fibrinogen antibodies Abcam Cat#ab134047; RRID: AB_444752
mouse anti-fibronectin antibodies Novus Cat#NBP2-22113

mouse anti-von Willebrand factor antibodies Abcam Cat#ab194405

rabbit anti-vascular cell adhesion molecule-1 antibodies Abcam Cat#ab134047; RRID: AB_2721053
rabbit anti-collagen type IV alpha 2 chain antibodies ABGENT Cat#AP11454a; RRID: AB_10819194
rabbit anti-vitronectin antibodies LS Bio Cat#LS-C160558

Alexa Fluor 647-goat anti-mouse secondary antibodies Thermo Cat#A-21235; RRID: AB_2535804
Anti-human NRDC clone#231 This paper N/A

Anti-human NRDC clone#304 This paper N/A

Chemicals, Peptides, and Recombinant Proteins

SR-1, AhR antagonist Merck Millipore Cat#182706

HIF Prolyl Hydroxylase Inhibitor Merck Millipore Cat#400084

JNJ-42041935, HIF-PHD inhibitor 2 Merck Millipore Cat#400093

Y-27632, ROCK inhibitor WAKO Cat#400084

DAPT, P2Y12 inhibitor WAKO Cat#045-30981

Ac-DEVD-CHO, caspase 3 inhibitor CAYMAN Cat#10017

CAY10566, SCD1 inhibitor CAYMAN Cat#10012562

XAV939, tankyrase specific inhibitor CAYMAN Cat#13596

10X2, PHD inhibitor Axon Medchem Cat#Axon1921

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
SB431542, TGF-beta receptor 1 kinase inhibitor Axon Medchem Cat#Axon1661
PRT4165, Bmi-Ring1A ES3 ligase inhibitor Axon Medchem Cat#Axon1953
LY294002, PI3K inhibitor Axon Medchem Cat#Axon1366
CHIR99021, GSK-3 inhibitor Axon Medchem Cat#Axon1386
S1P, sphingosine-1-phosphate TOCRIS Cat#1370
Z-VAD-FMK, pan caspase inhibitor TOCRIS Cat#2163
Rapamycin, Ser/Thr protein kinase mTOR inhibitor TOCRIS Cat#1292
DMH1, BMP inhibitor 2 TOCRIS Cat#4126
RP001, S1P1 specific agonist TOCRIS Cat#4289
CYM5442, high selective S1P1 agonist TOCRIS Cat#3601
JTEO013, S1P2 receptor antagonist TOCRIS Cat#2392
SPG, Schizophyllan Invivogen Cattttlrl-spg
W146, S1P1 antagonist Avanti Polar Lipids Cat#857390

Nexturastat A, HDACS6 inhibitor
recombinant human (rh) Thrombospondin-1
rhCCL5

rhPAI-1

rhIGFBP-2

rhMIF

rhNRDC

rhNRDC_E > A

animal-derived-free recombinant human stem cell factor
TA-316

human serum

human plasma

human plasma

Heparin sodium

Adipogen lifescience
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
Sysmex

Sysmex

Wako

Nissan Chemical
Cosmo Bio
Cosmo Bio

Japan blood products
organization

Yoshido Inc.

Cat#AG-CR1-3901
Cat#3074-TH
Cat#278-RN
Cat#1786-PI
Cat#674-B2
Cat#289-MF
N/A

N/A
Cat#193-15513
N/A
Cat#12181201
Cat#12250210
N/A

Cat#(01)14987476163428

KP-457 Kaken Pharmaceutical N/A

GNF-351 Calbiochem Cat#182707
Y39983 MedChemExpress Cat#HY-10069
PMA Sigma Aldrich Cat#P1585
TRAP-6 BACHEM Cat#H-8365.0005
ADP Sigma Aldrich Cat#A-2754
Complete mini Roche Applied Science Cat#04693159001
Dynabeads protein G VERITAS Cat#DB10009
BS3 (bis(sulfosuccinimidyl)suberate) Thermo Cat#21580
Hoechst 33342 Thermo Cat#H1399

Texas Red-dextran Thermo Cat#D1830
Critical Commercial Assays

miRNeasy Mini Kit QIAGEN Cat#217004
ReverTra Ace® gPCR RT Master Mix with gDNA Remover TOYOBO Cat#FSQ-301
EagleTaq Universal Master Mix (ROX) Roche Applied Science Cat#07260288190
Universal ProbeLibrary Set, Human Roche Applied Science Cat#04683633001
PF4 TMB ELISA kit Roche Diagnostics Cat#630430

beta TG TMB ELISA kit Roche Diagnostics Cat#630232
Proteome Profiler Human XL Cytokine Array Kit R&D systems Cat#ARY022
GeneChip Human Gene 2.0 ST Aassy Thermo Cat#902458
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
GeneChip WT PLUS Reagent Kit Thermo Cat#902280
PerFix-nc Beckman Coulter Cat#B31167
Duolink /n Situ PLA Probe Anti-Rabbit PLUS Sigma-Aldrich Cat#DU092002
Duolink In Situ PLA Probe Anti-Mouse MINUS Sigma-Aldrich Cat#DU092004
Duolink /n Situ Detection Reagents Red Sigma-Aldrich Cat#DU092008
Duolink /n Situ Mounting Medium with DAP1 Sigma-Aldrich Cat#DU082040
Duolink In Situ Wash Buffer, Fluorescence Sigma-Aldrich Cat#DU082049
iTRAQ Reagents Multiplex Kit Sciex Cat#4352135
BD TrucountTM Tubes BD Cat#340334
Flow Cytometry Size Calibration Kit Thermo Cat#F13838
Lenti-X™ gRT-PCR Titration Kit Clontech Cat#631235
Deposited Data

MS/MS data This paper PXD009739 (JPST000418)
Microarray data This paper GSE112512
Oligonucleotides

Primers for RTqQPCR assay, see Table S1 This paper N/A
Experimental Models: Cell Lines

imMKCL clone 7 Nakamura et al., 2014 N/A

imMKCL clone N5-6 This paper N/A

imMKCL clone MK04 This paper N/A

Experimental Models: Organisms/Strains

NOG (NOD.Cg-Prkdc°@li2rgi™SU9/Shidic) mice

New Zealand white rabbits
CAG-eGFP C57BL/6 strain mice

the Central Institute for
Experimental Animals

Watanabe et al., 2017
Nishimura et al., 2015

https://www.invivoscience.com/en/index.html

N/A
N/A

Software and Algorithms

GeneSpring GX software

NIS-Elements software

Image Quant TL

COMSOL Multiphysics v 5.2
Imaris

FlowExpert2D2C

Mascot Server v2.5
ProteinPilot v5.0

Graph pad Prism 6

FlowdJo

Agilent Technologies

Nikon

GE healthcare

COMSOL AB
BITPLANE
Kato Koken
Matrix Science
Sciex

Graph Pad software

FlowdJo, LLC

https://www.agilent.com/en/products/
software-informatics/life-sciences-informatics/
genespring-gx
https://www.nikon.com/products/microscope-
solutions/lineup/img_soft/nis-elements/

https://www.gelifesciences.co.jp/
catalog/1167.html

https://www.comsol.com/release/5.2
http://www.bitplane.com/
http://www.kk-co.jp/products/flow2d2c.php
http://www.matrixscience.com/

https://sciex.com/products/software/
proteinpilot-software

https://www.graphpad.com/
scientific-software/prism/

https://www.flowjo.com/solutions/flowjo

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Koji Eto

(kojieto@cira.kyoto-u.ac.jp)
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The three imMKCL clones (CL-7, N5-6, and MK04) were each established from different iPSC clones. iPSC clones were derived from
Caucasian male newborn fibroblast, male newborn cord blood CD34* cells of unknown ethnicity and Asian female peripheral blood
T cells for CL-7, N5-6, and MKO04, respectively. Lentiviral particles in culture media were confirmed negative by using Lenti-X™ gqPCR
titration kit (Clontech). All imMKCLs were established using mitomycin C-treated mouse C3H10T1/2 cells as previously described
(Nakamura et al., 2014). The mouse C3H10T1/2 feeder cell line was from the Riken Bio-Resource Center (Tsukuba, Ibaraki, Japan).
For GMP grade assurance of N5-6 and MK04 imMKCLs, we validated the GMP grade screening of C3H10T1/2 cells by a certified
testing service company to rule out viral contamination in the final products. Other products for the inMKCL generation were also
of GMP grade.

Culture of imMKCLSs

Dox-ON proliferation culture

imMKCLs were cultured in the presence of doxycycline to proliferate by the expression of three doxycycline-regulated transgenes:
c-MYC, BMI1, and BCL-XL (Nakamura et al., 2014). imMKCLs were cultured in a humidified incubator at 37°C and 5% CO, and
passaged to maintain 1 x 10° ~2 x 108 cells/mL in basal medium supplemented with 15% fetal bovine serum (FBS; 172012;
Sigma-Aldrich) and cocktail A. FBS was pre-treated with 35 kGy irradiation. Basal medium consisted of IMDM (Sigma-Aldrich
#13390) supplemented with L-glutamine (25030-081; Thermo Fisher Scientific), Insulin-transferrin-selenium (41400-045; Thermo),
50 png/mL Ascorbic acid (A4544; Sigma-Aldrich), and 450 uM 1-Thioglycerol (M6145; Sigma-Aldrich). Cocktail A consisted of
50 ng/mL animal-derived-free recombinant human stem cell factor (SCF; 193-15513; Wako), 200 ng/mL TA-316 (Nissan Chemical),
and 5 pg/mL Doxycycline (631311; Clontech).

Dox-OFF differentiation culture

Culture for imMKCL maturation was done in a humidified incubator at 37°C and 5% CO, with 1 x 10°% or 2 x 10° cells/mL for 6~7 days
in basal medium supplemented with cocktail B and serum or plasma. The following were used as serum or plasma: 15% FBS or
various concentrations of human plasma (Cosmo Bio #12250210, Japan blood products organization) or human serum (Cosmo
Bio #12181201). 10 U Heparin sodium (Yoshido Inc. #(01)14987476163428) was added in the case of human plasma. Cocktail B
consisted of 50 ng/mL SCF, 200 ng/mL TA-316, 15 uM KP-457 (Kaken Pharmaceutical), 0.75 puM SR-1 (Calbiochem) or 0.5 uM
GNF-351 (Calbiochem), and 10 M Y27632 (Wako) or 0.5 uM Y39983 (MedChemExpress). Dox-OFF stage imMKCLs were cultured
in 125, 250, or 500 mL Corning® Erlenmeyer cell culture flasks (#431143, #431144 and #431145; Sigma-Aldrich) in shaking conditions
using Lab-Therm shaker (Kuhner). Dox-OFF stage imMKCL culture in the reactor was done using VerMES (SATAKE Co,.Ltd.,
Saitama, Japan).

Platelet purification, washing and concentration

After 6 days of maturing the iImMKCLs, platelet-containing culture suspensions were subject to hollow fiber filtration to reduce the
volume, followed by washing and depletion of the remaining imMKCLs using the ACP centrifugation system (HAEMONETICS
ACP®215). Platelets were re-suspended in platelets storage solution consisting of bicarbonated Ringer’s solution with ACD-A
solution (5%-20%) plus 2.5% albumin (Oikawa et al., 2013).

Animals

Animals were group housed on a 12 h light/12 h dark cycle with ad libitum access to food and water under specific pathogen free
conditions in individually ventilated cages. NOG (NOD.Cg-Prkdcs°@l12rg"™'59/ShiJic) mice were purchased from the Central Institute
for Experimental Animals (Kawasaki, Kanagawa, Japan). Male, 14-16 weeks old, New Zealand white rabbits (body weight
2.5~3.0 kg) were used for this study in accordance with a protocol approved by the Laboratory Animal Center of Keio University
School of Medicine. All animal experiments at Kyoto University conformed to ethical principles and guidelines approved by the
Ethical Committee of Kyoto University. CAG-eGFP C57BL/6 strain mice were used for in vivo thrombopoiesis visualization as
described previously (Nishimura et al., 2015). All animal experiments at Jichi Medical University conformed to ethical principles
and guidelines approved by the Ethical Committee of Jichi Medical University.

Human platelets

Donor-derived human platelets were provided from the Japanese Red Cross Society. Human platelets and plasma were used in
compliance with the Guidelines on the use of Donated blood in R&D, etc. from Ministry of Health, Labour and Welfare of Japan.
METHOD DETAILS

Hemostatic and circulation tests with mice

As previously reported (Takizawa et al., 2010), thrombocytopenia was induced by 2.4 Gy gamma irradiation to 10-12-wk-old male
NOG mice. Nine days after irradiation, mice were infused with 2 x 10® platelets (100 pL of 2 x 10° platelets/mL) or vehicle to the
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tail vein under anesthesia. Then, hemostasis was assessed by tail bleeding, which was caused by puncture with a 23G needle to the
tail artery 2 cm from the tip. In the circulating model, peripheral blood sampling was done from the external jugular vein before and
0.5, 1, 2, 4, 6, 24, 48 h after infusion, and the ratio of infused human platelets was analyzed by flow cytometric analysis.

Hemostatic and circulation tests with rabbits

Experiments were done according to a recent report (Watanabe et al., 2017). Thrombocytopenia was induced by the intraperitoneal
administration of busulfan at two time points (18.75 mg/kg on day 1 and 23.25 mg/mL on day 3) to rabbits. At days 14-16, blood
platelet counts of the busulfan-treated rabbits had decreased to less than 2.5 x 10%/uL. To block the reticuloendothelial system
and inhibit the rapid clearance of infused platelets due to xenografting, 0.75 mg/kg of emulsified ethylpalmitate (EP) was adminis-
trated into the marginal ear vein at 1 day before platelet infusion. Then, 1 x 10'° platelets/2.5 kg body weight were injected into
the right ear marginal vein at 1 mL/min using a syringe pump under anesthesia. The bleeding times were measured at two sites of
the left ear marginal vein wounded by Quikheel Lancet (depth 1 mm, width 2.5 mm). In this hemostatic model, bleeding times of
more than 600 s were defined as non-hemostatic. In the circulation model, splenectomy was done 2 weeks before, and EP was
administrated 1 day before platelet infusion. Blood sampling was done from the ear marginal vein at 10 min, 20 min, and 1, 2.5, 4,
23 h after infusion.

In vivo analysis of thrombus formation

NOG mice were initially irradiated (2.4 Gy) to induce thrombocytopenia 9 days before transfusion, after which they were used for
in vivo imaging studies. /In vivo analysis of thrombus formation was performed as described previously (Nakamura et al., 2014; Nishi-
mura et al., 2012). In brief, we performed in vivo laser- and reactive-oxygen-species-induced injury, and images were acquired using
a resonance-scanning confocal microscope (Nikon A1R System). The collected images were analyzed by observers blinded to the
protocol using NIS-Elements software (Nikon).

Flow cytometric analysis

Flow cytometric analysis was performed by using FACSVerse and described previously (Nakamura et al. CSC). The following
antibodies were used: anti-hCD41-APC (#303710), anti-hCD42b-PE (#303906), anti-hCD235ab-PB (#306612), and anti-hCD62P-
APC (#304910) antibodies obtained from Biolegend Inc.; anti-hCD42a-eFluoro 450 antibody from eBioscience (#48-0428-42);
FITC-PAC-1 (#340507), FITC Annexin V (#556419), anti-hCD42a-PE (#558819), anti-hCD49b-PE (#555669), and anti-hCD29-PE
(#555443) antibodies from BD; and anti-hCD32a-FITC (60012FI) antibody from STEMCELL Technologies; anti-hGPVI-PE antibody
was kindly provided by Dr. C. Ghevaert, (University of Cambridge, UK). Before and after activation by 40 uM TRAP-6 (BACHEM
#H-8365.0005) and 100 uM ADP (Sigma Aldrich #A-2754) or 20 uM ionomycin (Wako #091-05833), platelets were measured for
the staining of PAC1, CD62P and Annexin V.

Platelet Aggregation assay

Platelet aggregation was analyzed by an aggregation analyzer (Kowa PA-200C). Stored human donor platelets or iPSC-platelets
were prepared for washed platelets and re-suspended in 70% human plasma (3 x 102 platelets/mL) with 3 mM CaCl,. 270 pL of
the sample preparation was mixed with 30 uL of stimuli solution including 5 ng/mL collagen and 10 uM ADP for 8 min at 37°C.

Clot retraction assay

Assays were carried out as previously reported (Takizawa et al., 2010). In brief, stored human donor platelets or iPSC-platelets
suspended in 70% human plasma (3 x 108 cells/mL) with 3 mM CaCl, in the presence or absence of 10 U/mL thrombin were incu-
bated at 37°C for 1 h to induce clot formation and retraction. After incubation, clots were removed, and the weight of the tubes without
clots was measured. The ratio of clot retraction was calculated by the weight difference between the sample without platelets and the
sample with platelets (the sample without platelets was set as 100%).

ELISA

For platelet factor 4 (PF4) and beta-thromboglobulin (BTG), 1.5 x 107 of donated platelets or iPSC-platelets were suspended in
500 pL of Tyrode’s buffer and stimulated with 0.2 uM of PMA or 5, 10, 20, 40 uM of TRAP-6 at 25°C. Twenty minutes after platelet
activation, supernatant was harvested with centrifugation at 2000 x g for 15 min. The released PF4 and BTG were measured using
PF4 TMB ELISA kit (Roche Diagnostics #630430) and beta TG TMB ELISA kit (Roche Diagnostics #630232), respectively.

Measurement of NRDC in culture medium

NRDC in culture medium was quantified by chemiluminescent enzyme immunoassay as described (Kanda et al., 2012). The selected
capture antibody (clone #231) against human recombinant NRDC (Met>°-Lys' %) was conjugated to a glass bead, while the detec-
tion antibody (clone #304) was labeled with horseradish peroxidase (HRP). Culture medium was incubated with glass bead (#231),
followed by incubation with #304 (5 ung/ml). The HRP activity of the immune complex was measured as the luminescent intensity using
a fully automated system SphereLight 180 analyzer (Olympus, Tokyo, Japan). The values were compared to the luminescent intensity
of known NRDC standards to determine the concentration of NRDC.
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Platelet spreading assay

Assays were performed as described previously (Hirata et al., 2017; Takizawa et al., 2010). All observations were made using a
confocal microscopic system (Zeiss LSM710; Oberkochen, Germany) equipped with a 63A~/1.40 numeric aperture oil-immersion
objective. iInNMKCL-derived platelets were attached on a fibrinogen (100 pg/ml)-coated cover glass. For activation, platelets were
treated with 200 uM ADP and 40 uM TRAP-6. Then the cells were fixed, permeabilized, and stained with rhodamine-phalloidin
(1:500; Thermo Fisher Scientific, Waltham, USA) to detect spreading F-actin fibers in activated platelets.

Electron microscopy

Dox-OFF stage imMKCL cells supplemented with or without SR1 and/or Y27632 or inMKCL-derived platelet pellets were fixed using
a mixture of 0.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 60 min at 4°C. After washing with
phosphate buffer, the samples were post-fixed with 1% osmium tetroxide in phosphate buffer for 60 min on ice. After dehydration,
samples were infiltrated with and embedded in Epoxy resin. Ultrathin sections (60-80 nm thick) were cut and stained with 2% uranyl
acetate in 70% methanol and with Reynolds’ lead citrate and observed with a transmission electron microscope operating at 80 kV
(HT-7700; Hitachi, Tokyo, Japan).

Microarray analysis

Total RNA was extracted using miRNeasy Mini Kit (QIAGEN, Valencia, CA, USA) according to the manufacturer’s instructions. Micro-
array experiments were performed as described previously (Ohta et al., 2013) using the Affymetrix GeneChip Human Gene 2.0 ST
array. Data analyses were performed using GeneSpring GX software (Agilent Technologies).

Protein array analysis

Proteome Profiler Human XL Cytokine Array Kit (R&D systems, Inc. #ARY022) was used. Culture supernatants were applied to the
membranes included in the kit after filtration using a 0.22 um filter (Merck Millipore). Data analyses were performed using Image
Quant LAS 500 (GE healthcare). Sample intensities were normalized to positive control values included in each sample membrane
and then compared between samples.

Quantitative RT-PCR

RNA was extracted using miRNeasy Mini Kit (QIAGEN, Valencia, CA, USA) according to the manufacturer’s instructions. cDNAs were
synthesized using ReverTra Ace® gPCR RT Master Mix with gDNA Remover (TOYOBO Osaka Japan). Real-time PCR was performed
using EagleTaq Master Mix with ROX and Universal ProbeLibrary (Roche Applied Science, Penzberg, Germany) according to the
manufacturer’s instructions. Signals were detected using the ABI7900HT Real-Time PCR System (Applied Biosystems, Foster,
CA). Primer sets for GAPDH, IGFBP2, MIF, NRDC, TSP-1, CCL5, and PAI1 were determined using the Universal Probe Library
Set for humans (https://gpcr.probefinder.com/input.jsp?organism=h_sap). Sequences of primers are listed in Table S1.

Immunofluorescence confocal microscopy

For immunofluorescence analyses, the cells were fixed in 4% paraformaldehyde (Wako) for 10 min and permeabilized with 0.1%
Triton X-100 (Sigma) for 5 min. Thereafter, the specimens were blocked in 10% goat serum (Sigma) and incubated for 1 h with rabbit
anti-B1-tubulin (MBL, Nagoya Japan), mouse anti-a-tubulin (Sigma), rabbit anti-e-tubulin (Abcam), rabbit anti-HDAC6 (CST), or
mouse anti-NRDC (provided by E. Nishi (Kanda et al., 2012)) antibodies. They were then incubated for 0.5 h with Alexa Fluor 488
goat secondary antibodies against mouse or rabbit IgG (Thermo) and Alexa Fluor 555 goat secondary antibodies against mouse
or rabbit IgG (Thermo). Finally, they were incubated in DAP1 (Vector), and images were captured using a confocal microscope (Zeiss
LSM710) equipped with a 63 x /1.40 numeric aperture oil-immersion objective.

Intracellular staining flow cytometry

imMKCL cells at day 5 of the DOX-OFF stage after manipulation for 24 h were incubated with Zombie NIR(Bio Legend) for 30 min and
then fixed and stained using PerFix-nc (Beckman Coulter) with the following antibodies: mouse anti-fibrinogen (Abcam), mouse
anti-fibronectin (Novus), mouse anti-von Willebrand factor (VWF) (Abcam), rabbit anti-vascular cell adhesion molecule-1 (VCAM-1)
(Abcam), rabbit anti-collagen type IV alpha 2 chain (COL4A2) (Abcam), and rabbit anti-vitronectin (LS Bio). The secondary antibodies
used were Alexa Fluor 555-goat secondary antibodies against mouse or rabbit IgG (Thermo). The samples were analyzed using a
FACSAria Il instrument (BD Biosciences).

Super-resolution microscopy

STORM (stochastic optical reconstruction microscopy) analysis was performed based on previous reports (Dempsey et al., 2011). In
brief, the cells were fixed in 4% paraformaldehyde (Wako) for 10 min and permeabilized with 0.1% Triton X-100 (Sigma) for 5 min.
Thereafter, the specimens were blocked in 10% goat serum (Sigma) and incubated for 1 h with rabbit anti—-31-tubulin (MBL Aichi
Japan) and mouse anti-NRDC (provided by E. Nishi) (Kanda et al., 2012) antibodies. They were then incubated for 0.5 h with Alexa
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Fluor 555-goat anti-rabbit and Alexa Fluor 647-goat anti-mouse secondary antibodies (Thermo). Images were captured using a TIRF
microscope (Nikon N-STORM System) equipped with SR Apo TIRF 100X 1.49 Qil. Super-resolution images were reconstructed after
the acquisition of 30,000 images.

Microfluidic system

The microfluidic chip has a microchannel with a slope area where the ceiling gradually lowers to become 5 um high and extends along
a flat area at the 5 pm height (Figure S2C). The bottom part of the device is made of glass to enable microscopic observation. The
microchannel contains pillars of 5 pm height and 10 um diameter, each placed 20 um apart. For platelet generation, (i) 1 x 10*
imMKCLs expressing GFP from 5 days static culture in cocktail B were resuspended in 200 puL media and injected into the chip
through the inlet. Then, 10 kPa was applied using a pneumatic pump for 0.5 h to trap the imMKCL in the narrowing slope area.
(i) Next, 1 mL medium was applied with 10 kPa, and excreted media from the outlet were analyzed after 1.5, 2.5, and 3.5 h. In
this step, proplatelet formation and platelet production were observed by an IX73 microscope (Olympus, Tokyo, Japan). (iii) Finally,
1 mL of medium was applied with 100 kPa for 0.5 h to collect the produced platelets inside the microchannel. The flow conditions
were analyzed using COMSOL Multiphysics v 5.2 (COMSOL AB, Stockholm, Sweden). Figure S2D shows the simulation results of
velocity, shear rate and vorticity. In this simulation, the maximum shear rate was 2.1 x 10°s™.

The position of the analyzed portion of the microchannel was 2.5 um above the bottom of the glass substrate.

DuoLink proximity ligation assay (PLA) analysis

Duolink® PLA (Sigma) was used to validate the association between HDAC6 and NRDC. imMKCLs were spread on a fibronectin-
coated cover glass on days 1, 4 and 5, then fixed with 4% paraformaldehyde (Wako) for 10 min, permeabilized with 0.1% Triton
X-100 (Sigma) for 5 min, blocked with 10% goat serum (Sigma), incubated for 1 h with rabbit anti-HDAC6 (CST) and mouse anti-
NRDC (provided by E. Nishi) (Kanda et al., 2012) antibodies, incubated for 1 h with anti-mouse PLA MINUS and anti-rabbit PLA
PLUS probes (Sigma), incubated for 0.5 h with a DNA ligase (Sigma), incubated for 100 min with DNA polymerase (Sigma), and incu-
bated in DAPI (Sigma). Images were captured using a confocal microscope (Nikon A1R System) equipped with Plan Apo IR 60X 1.27
WI and reconstructed using Imaris image analysis software (Bitplane). NRDC-HDACS foci were counted in imMKCLs with ploidy of
2N or more on day 1, 4N or more on day 4 and in proplatelets on day 5.

VerMES bioreactors
VerMES reactors equipped with mixing blades moving vertically up and down were manufactured by Satake Co. Ltd. The operating
conditions on a lab scale using a VerMES reactor were as follows. Setting velocity: 0 to 300 mm/s and stroke: up to 40 mm. A single
blade was employed in a 500 mL tank containing 300 mL liquid volume, and two stage blades were employed in 3.0 Land 10.0 L tanks
containing 2.4 L and 8.0 L liquid, respectively.

Optimal condition of the 8 L VerMES was as follows: stroke, 40 mm; speed 150 mm/s.

Physical flow simulations in bioreactors

Simulations were performed using CFD software that included the thermal fluid analysis module of Fluent 18 (ANSYS, Inc.). To ensure
high accuracy of the simulation results, we conducted validations using PTV (Particle Tracking Method). For verification of the
turbulence model, we performed the Realizable k-¢ model. Shear stress, strain rate, vorticity, turbulent energy, and energy dissipation
were calculated using the equations shown below.

n:viscosity coefficient
v:kinematic viscosity
k:turbulent energy
e:energy dissipation
v:shear rate

T:shear stress
w:vorticity

Turbulent energy, «

(k) , O(UK) 2 () 2 e e

Ok
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In vivo visualization of bone marrow megakaryocytes in eGFP transgenic mice and PIV analysis

Visualization was performed based on our original method (Nishimura et al., 2015). A two photon confocal microscope (Nikon A1R
System) equipped with water immersion x40 lens (NA 1.15) was used to detect eGFP-expressing megakaryocytes in BM of the skull
of living 5 week-old mice (CAG-eGFP C57BL/6 strain) under anesthesia (urethane, 1.5g/Kg) and secured to the heated piezo-
drive stage (Tokai Hit; Nikon) of an inverted microscope (Eclipse Ti; Nikon). Texas Red-dextran (25 mg/kg BW) and Hoechst
33342 (10 mg/kg) were injected to visualize cell dynamics within BM of CAG-eGFP mice. After acquiring 30,000 sequential
two-dimensional images at 120 frame per second (n = 5 mice, 10 different sites per each mouse), particle imaging velocimetry
(PIV) analysis was done using FlowExpert2D2C software (Kato Koken, Kanagawa, Japan) (Wallace and Foss, 1995; Lupse et al.,
2014). Movement velocity, vectors, and turbulence were visualized with pseudo color coding.

Immunoprecipitation and liquid chromatography-mass spectrometry (LC-MS)

5 x 10® megakaryocytes cultured in VerMES for 5 days were collected and homogenized in lysis buffer containing 10 mM Tris-HCL
(PH7.4), 150 mM NaCl, 1% Nonidet P-40, and protease inhibitor mixture (Roche Applied Science). After sonication with Bioraptor,
cell lysates were centrifuged at 13,000 rpm for 10 min and 4°C. The supernatant was incubated with rabbit monoclonal anti-mouse
NRDC antibody (provided by E. Nishi) (Kanda et al., 2012), followed by the collection of immune complexes with magnetic beads in
accordance with the manufacturer’s instructions (Dynabeads:sigma) with some modifications. The magnetic beads were then
washed with PBS and subsequently boiled in PTS buffer (100 mM Tris-HCI, 0.5% (w/v) sodium deoxycholate and 0.35% (w/v) sodium
lauroyl sarcosinate, pH 9.0) (Masuda et al., 2011). Protein-containing supernatants were then collected.

Protein samples were subjected to reduction, alkylation, Lys-C/trypsin digestion (enzyme ratio: 1/100), and desalting as previously
described (Yamana et al., 2013). The resulting peptides were labeled with isobaric tags for relative and absolute quantification
(iTRAQ, Sciex) and mixed in loading buffer (0.5% trifluoroacetic acid and 4% (v/v) acetonitrile). They were subsequently subjected
to NanoLC-MS/MS using a TripleTOF 5600 System (AB Sciex) equipped with an HTC-PAL autosampler (CTC Analytics). Loaded
peptides were separated on a self-pulled analytical column (150-mm length, 100-um i.d.) using a Dionex UltiMate 3000 RSLCnano
System. The mobile phases were composed of 0.5% acetic acid with 5% (v/v) DMSO (solution A) and 0.5% acetic acid in 80% (v/v)
acetonitrile with 5% (v/v) DMSO (solution B) (Hahne et al., 2013). A three-step gradient condition of 5%-10% (v/v) solution B for 5 min,
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10%-40% (v/v) solution B for 60 min, and 40%-100% (v/v) solution B for 5 min was used at a flow rate of 400 uL/min. The applied
spray voltage was 2,300 V, and the mass spectroscopy scan range was 300-1,500 m/z every 0.25 s. Analyses were performed in
triplicate per sample, and blank runs were inserted between samples.

The raw data files were analyzed using ProteinPilot v5.0 (Sciex). Peak lists, which were generated from a ProteinPilot.group file,
were analyzed using Mascot v2.5 (Matrix Science). Both database search engines were used against UniProt/Swiss-Prot release
2016_06 (8-June-2016) with previously described parameters (Yamana et al., 2013), except for a precursor mass tolerance of 20
ppm and a fragment ion mass tolerance of 0.1 Da for the search. For protein identification, peptides were grouped into protein groups
based on previously established rules (Nesvizhskii and Aebersold, 2005). At least two confidently identified peptides per protein were
used for the protein identification. In addition, a minimum peptide length of 6 amino acids and single peptides with higher confidence
(p < 0.01) were allowed for the protein identification. False discovery rates (FDRs) were estimated by searching against a decoy
sequence database (< 1%). The accumulated intensity of each iTRAQ label above a certain threshold was used for the ratio calcu-
lation for each protein.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis

All statistical analyses were performed using GraphPad Prism software. To determine statistical significance, unpaired two-tailed
Student’s t test was used, except for bleeding time of mice and for platelet productivity in the micro fluidic system, for which
Mann Whitney and Dunnett’s test were used, respectively. The exact numbers for each “n” are provided and defined within the cor-
responding figures or figure legends. Data are shown as mean + SD as indicated in the figure legends. Significance was assumed
with *p < 0.05, **p < 0.01, **p < 0.001.

DATA AND SOFTWARE AVAILABILITY
The accession number for the microarray data reported in this paper is NCBI Gene Expression Omnibus: GSE112512. The dataset

identifier for the MS/MS data reported in this paper is ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org)
via the jPOSTrepo (https://repository.jpostdb.org/): PXD009739 (JPST000418) (Okuda et al., 2017).
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Figure S1. Establishment of Feeder-Independent Scalable Expansion and Maturation of inMKCLs, Related to Figure 1.

(A) Expression level of megakaryocyte surface markers on imMKCLs. During Dox-ON stage, imMKCL cell density was maintained at less than 2 x 10° per mLina
Petri dish by passaging with fresh cocktail A. Dot plots from flow cytometric analyses show the expression of CD41a (x axis) and CD42b (y axis) on days 7 and 70.
(B) Numbers of CD41a*CD42b* platelets from Dox-OFF stage imMKCLs with or without C3H10T 1/2 feeder cells were evaluated on day 6. Cultivation was done
by Dox-OFF medium with cocktail B and without SR-1 or Y-27632. n = 3 experiments.

(C) PAC-1 binding to platelets stimulated with 100 uM ADP and 40 uM TRAP-6, a hallmark of platelet activation, was evaluated in each platelet sample. Platelets
were obtained by several protocols with SR1, Y27632, DMH1, and/or CAY10566 along with TA316, SCF, and KP457. n = 3 experiments.

(D) High-magnification TEM images of the imMCKLs shown in Figure 1F.

(E) Numbers of CD41a*CD42b™* platelets from Dox-OFF stage imMKCLs with cocktail B were evaluated. HS, human serum; HP, human plasma; FBS, fetal bovine
serum. n = 3 experiments.

All data in B, C and E are means + S.D.
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Figure S2. WAVE Bag System and a Newly Developed Microfluidic Chip as Bioreactors of Platelet Biogenesis, Related to Figure 2

(A) Schema of rocking incubation in the WAVE bioreactor.

(B) Physical parameters in the WAVE bioreactor: velocity (mm/s), shear stress (Pa), vorticity (1/s), shear strain rate (1/s), and turbulent energy (m®/s?). The
parameters were calculated by simulation.

(C) lllustration of the microfluidic chip design. The width, depth, and height of the microfluidic chip were 40 mm, 15 mm, and 1.6 mm, respectively. The chip
contained numerous pillars (diameter: 10 um) at 20 um intervals within the microchannel. Day 5 Dox-Off stage imMKCLs supplemented with cocktail B were
applied into the inlet, and platelets were collected from the outlet. Representative image of proplatelets derived from GFP-expressing imMKCLs in the micro-
fluidic chip is shown (lower panel; x 100).

(D) Simulation results of velocity (mm/s), shear rate (1/s), and vorticity (1/s) in the flat area of the microfluidic device under flow. The color bar shows the shear rate
with a maximum value of 500 s™ to improve visibility of the figure.

(E) Number of CD41a*CD42b™ platelets generated from imMKCLs is shown. Means + S.D., n = 4 experiments. MK, megakaryocytes.
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Figure S3. Optimal Shear Stress and Turbulent Energy in the VerMES Bioreactor Enables Scalable Platelet Biogenesis, Related to Figure 3
(A) Picture of 2.4 L and 8 L VerMES bioreactor vessels. Two oval shape blades are placed horizontally and in right angles to each other.

(B) Simulation results during 1 cycle of reciprocal motion with the indicated physical parameters in 2.4 L VerMES bioreactor.

(C) Simulation results during 1 cycle of reciprocal motion with the indicated physical parameters in 0.3 L VerMES bioreactor.

(D) Platelet yield from imMKCLs in a 25 mL shaking flask or 0.3 L VerMES with 15 mm strokes at the indicated speeds. The orange bars indicate speeds for
VerMES (mean + SD) that surpassed platelet generation in a flask (dotted line). n = 3 to 15 experiments.

(legend continued on next page)



(E) Representative dot plots of flow cytometric analyses of various platelet antigens on donor platelets or iPSC-platelets produced in 8 L VerMES bioreactor for the
indicated imMKCL clones. n = 3 experiments.

(F and G) Representative dot plots (F) and compiled data (G; mean + SD) of flow cytometric analyses of PAC-1 binding and P-selectin expression with or without
ADP/TRAPS stimulation (100 uM ADP and 40 uM TRAP-6) on iPSC-platelets produced by 8 L VerMES bioreactor for the indicated imMKCL clones ( x 630). n =3
experiments.
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Figure S4. iPSC-Platelets Generated in the VerMES Bioreactor Improved Thrombotic Responses In Vitro and In Vivo, Related to Figure 4
(A) Size distribution of platelets derived from three iImMKCL clones. Blue histograms represent size calibration beads with diameters of 1, 2, 4,6, 10 or 15 um. Red
histograms represent CD41*CD42b*platelets, and red dotted lines indicates peak size. n = 3 to 4 experiments.

(B) TEM images of platelets derived from imMKCL clones N5-6 and MKO04. Scale bars: 1 um.

(C) Representative images and clot retraction rate by weight from clot retraction assays. n = 3 to 4 experiments.

(D and E) Release of platelet factor 4 (PF4) (D) or -thromboglobulin (BTG) (E) from imMKCL ClI~7-derived platelets (CI~7 PLT) or donor platelets following platelet
activation was measured by ELISA. Samples were stimulated with PMA (0.2 uM) or TRAP-6 (5 to 40 uM, two fold increments). n = 3 experiments.

(F) CI”7-derived platelets were spread on fibrinogen-coated cover glass in the absence or presence of ADP (200 M) and/or TRAP-6 (40 uM). Scale bars: 10 pm.
(G) Representative dot plots from flow cytometry data of mouse peripheral blood in Figure 4F. Squared areas indicate human CD41 positive platelets. Numbers
indicate percentage of total platelets.

(legend continued on next page)



(H) CD41*platelets size distribution before injection and in circulation in mouse peripheral blood after the indicated times. Blue histograms: beads size.
() Schema of a rabbit circulation model.

(J) The time course of circulating Cl~7-derived platelets in two rabbits. Ratios of circulating platelets were calculated from an infused dose set at 100%.
All data in C-E are means + S.D.
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Figure S5. VerMES Cultivation Induced Release of Thrombopoietic Factors from imMKCLs, Related to Figure 5

(A) Scatterplot of gene expression in Dox-OFF stage inMKCL on day 3 between static dish and VerMES conditions. Diagonal lines indicate two-fold change.
(B) Schema of the experiment. inMKCLs were cultured for 3 days in a static dish with Dox-OFF medium, then 3 more days in a static dish or shaking flask with
fresh or conditioned medium.
(C) Numbers of platelets from imMKCLs in the conditions described in (B). n = 3 experiments. **p < 0.01.

(legend continued on next page)



(D) Annexin V binding to iPSC-platelets in the conditions described in (B). n = 3 experiments.

(E) Relative ratio of shear stress (Pa) and turbulent energy (m?/s?) between 25 mL flask, 2.4 L VerMES, and 20 L WAVE. Values in VerMES were set to 1.0.

(F) Protein array analysis images with fresh medium and cocktail B and the day 4 culture supernatants of Dox-OFF stage imMKCLs under static conditions in a
Petri dish on day 4 or in VerMES on day 4.

(G) Expression levels of IGFBP2, MIF, CCL5, TSP-1, PAI-1, and NRDC mRNA in Dox-OFF stage imMKCLs with or without SR1 (S) and Y-27632 (Y). Gene
expression levels were normalized to GAPDH expression. n = 3 experiments.

(H) Similar to Figure 5A with 0.3 L VerMES but under different speed settings. The 150 mm/s setting was set to 1.0. y axis indicates the normalized secretion of
individual proteins.

(I) Numbers of CD41a*CD42b™ platelets generated from Dox-OFF stage imMKCLs cultured for 3 days in the presence of cocktail B in a dish and transferred to
shaking flasks with the administration of three recombinant factors (NRDC, IGFBP-2, MIF) or none (Control) and incubated for another 3 days. n = 3 experiments.
*p < 0.05.

(J) Similar to Figure 5G, Dox-OFF stage imnMKCLs were cultured for 4 days in the presence of cocktail B in a dish. After incubating for an additional 24 h in a
shaking flask, 6F, 5F (AIGFBP2), and 5F (AMIF) conditions were compared. Representative histograms are shown for the expression levels of fibrinogen,
fibronectin, vitronectin, and collagen IV. Dotted lines in the histograms indicate negative control. x axis, fluorescence intensity (log scale); y axis, cell counts. In the
bar graphs, MFI results are shown as means + S.D. n = 3 experiments.

All data in C, D, G, | and J are means + S.D.
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Figure S6. NRDC Contributes to Platelet Production in Extracellular Space and Intracellular Compartment, Related to Figure 6

(A) Relative expression levels of total NRDC mRNA in imnMKCLs exposed to control scramble miRNA or active inhibitory miRNA construct against NRDC
(miNRDC). Gene expression was normalized to GAPDH expression. The scramble was set to 1.0 in individual samples. n = 3 experiments.

(B) Numbers of CD41a*CD42b* platelets detected in the culture of imnMKCL treated with scramble miRNA or miNRDC. n = 3 experiments.

(C) Confocal micrographs of mature imnMKCLs spread on a fibronectin-coated cover glass on day 6 ( x 630). The cells were fixed, permeabilized and stained for
a-tubulin (green), B1-tubulin (red), and DAPI (blue). Scale bar: 20 um.

All data in A and B are means + S.D.
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