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Learning Objectives

» Discuss the biology of platelet production in vivo and genetic engineering
approaches to produce platelets
— Joseph E. Italiano Ph.D., Associate Professor, Harvard Medical School
« Outline methods of ex-vivo platelet production with novel culture systems
— Avital Mendelson Ph.D., Assistant Member, New York Blood Center
« Define the response of platelets to the mechanical microenvironment of blood
vessels
— Wilbur Lam M.D. Ph.D., Associate Professor, Emory University and Georgia
Institute of Technology
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History of Platelet Production

THE HISTOGENESIS OF THE BLOOD PLATELETS

JAMES HOMER WRIGHT

Director of the Pathological Laboratory of the Massachusetts General Hospital
Assistant Professor of Pathology, Harvard Medical School
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WHEN, for decades, a vital blood-cell
growth factor has been believed to exist
but has resisted all efforts to characterize
it, resolution of the conundrum is 4 cause
for celebration. So let celebrations begin
— this issue contains four papers' * in-
dicating that the frustrations concernming
the platelet-regulatory factor, thrombo-

Thrombopoietin —at last

Meanwhile. four other haemopoietic
regulators with proliferative actions on
megakaryocytes — interleukin-3, inter-
leukin-b, leukaemia inhibitory factor
and interleukin-11 — were characterized
and proved to have some ability to in-
crease platelet levels. From the clinical
viewpoint, however, the action of each is

NEWS AND VIEWS

did this by using c-mp! antisense oligo-
deoxynucleotides to show that these
inhibited megakaryocyte colony forma-
tion in vitro, but had no inhibitory effects
on erythroid or granulocyte - macrophage
colonies.

From this point on, the story demons-
trates the power of the ‘receptor first’
approach for detecting growth factors. As
an initial step, in all four of the present
studies cell lines were engineered to ex-
press the c-Mpl receptor and these cell
lines provided the essential tool for moni-
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ltaliano et al. JCB 1999, 147:1299-1312



Proplatelets in vivo

Intravascular PP
formation and shedding in

CD41-YFP*'* mice

Massberg S. 2013 J Exp Med



Platelet Production from Megakaryocytes

1. MK development in adult bone marrow
2. Endomitosis to create polyploid nucleus
3. Cytoplasmic maturation

4. Proplatelet formation and release

5. Preplatelet to proplatelet interconversion
6. Platelet release

Machlus and Italiano. JCB 2013
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GFP-tubulin ltaliano et al. JTH Supp 1:18-23
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Megakaryocyte Cultures Provide a
Source for In vitro Production of Platelets

Platelets Generated In Vitro From Proplatelet-Displaying Human
Megakaryocytes Are Functional

= Culture Culture
Blood

Choi et al. Blood. 1995



Strategy for Producing In Vitro Platelets

MEGAKARYOCYTE
[STEM CELL DIFFERENTIATION

Cord Blood Megakaryocyte Culture

MEGAKARYOCYTE PLATELET
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Platelet Collection

BARRIERS - While several groups have grown human

megakaryocytes from a variety of sources, only a small
percentage (10-15%) make platelets (Lambert et al.,

121:3319)

Blood




Bioreactor Design

Matsunaga et al. 2006 — 3 Phase co-culture system
Sullenbarger et al. 2009 — 3D modular perfusion system
_asky et al. 2011- Continuous flow medium, oxygen
Pallotta et al. 2011 — Silk-based marrow system
DIBuduo et al. 2015 — Silk based, sponge, growth
factors

Nakagawa et al. 2013 — Two differential flows

Thon et al. 2014 — Bioreactor on-a-chip

Blin et al. 2016 — Microfluidics, vVWF coated microplillars
Avanzi et al. 2016 — Nanofiber mem, bidirectional flow
Guan et al. 2016 — 2 liter bottle turning device




Little is Known About What
Triggers Proplatelet Formation
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Uncovering what stimulates proplatelet formation will lead to:

« Therapeutics that initiate auto-transfusion of platelets from
existing bone marrow MKs

« Ability to control platelet formation in vitro



What Triggers Proplatelet Production?

1. Internal

2. External



1. Proplatelet-promoting factor (PPF)
IS an internal, cytosolic protein(s)
that regulates proplatelet initiation.

2. Mimicking physiology (shear)
triggers platelet production.

3. We have developed a scalable
process to generate in Vitro
platelets from clinical grade IPS
cells.



1. Are there Iinternal, cytosolic factors
that trigger platelet production?



Hypothesis: Mature megakaryocytes
synthesize a cytosolic factor that
triggers proplatelet initiation



Discovery of Mitosis Promoting Factor

Mitosis in tissue-cultured
lung cell of a newt,

frarcha granfosa, recorded
with the new Pol-Scope.
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Do MKs contain a cytosolic factor that
promotes proplatelet production?

What would happen if we
Injected cytosol from a
proplatelet-producing
megakaryocyte into a round
megakaryocyte?

Would this trigger proplatelet
Initiation?




Microinjection of Megakaryocytes




Separation of Megakaryocyte fractions
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Thon et al. 2010 JCB 191:861



Megakaryocyte Microinjection




Injection of cytosol from proplatelet-
producing MKs triggers platelet
production




Injection of cytosol from PP-producing
MKSs triggers platelet production

Proplatelet initiation
Rest cytosol- 7 %
PP cytosol - 83%

TN



Proplatelet Production

The frequency of PP production is
~ proportional to the volume of
Injected cytosol

&

Injected Cytoplasm (nL)
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Microinjected megakaryocytes
continue to form
highly developed proplatelets




Shame-injected cells do not
form proplatelets




Proplatelet-promoting factor

Table 1. Characterization of proplatelet-promoting factor (PPF)

Treatment Stabile Labile
Nucleases Ribonuclease, Deoxyribonuclease

Temperature 4°C for 3 weeks 37°C, 25°C for 5 hrs
Protease Digestion Proteinase K, trypsin
Detergents Triton X-100, NP40 SDS

UV radiation 254 nm

Centrifugation High-speed to remove membranes

Molecular Weight > 100 KDa < 100 KDa

Kinase inhibitors

staurosporine

Phosphatase inhibitors

NaFl, NaOrthovanadate, Okadaic
acid




2. How do we mimick physiology to
trigger platelet production? and
generate In vitro platelets?

STEM CELL MEGAKARYOCYTE MEGAKARYOCYT PLATELET PLATELET
DIFFERENTIATION SOURCE PRODUCTION UNIT

Induced Pluripotent Megakaryocyte Culture Platelet Production Platelet Collection
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In Vitro Platelet Production

STEM CELL

MEGAKARYOCYTE

PLATELET

28




In Vitro Platelet Production

STEM CELL

MEGAKARYOCYTE
1994 discovery of thrombopoietin (TPO) led to generation of

15t human platelets by Amgen (via cell culture).

PLATELET

29




In Vitro Platelet Production

STEM CELL
2006: Invention of human induced pluripotent stem cells

(iPSC) allows for genetically consistent and scalable stem
cells.

MEGAKARYOCYTE
1994 discovery of thrombopoietin (TPO) led to generation of
15t human platelets by Amgen (via cell culture).

PLATELET

30




In Vitro Platelet Production

STEM CELL
2006: Invention of human induced pluripotent stem cells

(iPSC) allows for genetically consistent and scalable stem
cells.

MEGAKARYOCYTE
1994 discovery of thrombopoietin (TPO) led to generation of
15t human platelets by Amgen (via cell culture).

PLATELET

31




Hypothesis: Mimicking the native, physiological
bone marrow vascular microenvironment will
stimulate proplatelet production
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Proplatelet production in vivo
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Native Platelet Production

Human platelets are produced by megakaryocytes in the
bone marrow

1. Megakaryocytes 2. Megakaryocytes 3. Proplatelets are extended 4. Proplatelets release
migrate to endothelial collect on a perforated as megakaryocytes “filter” platelets into blood vessels
cells that line blood barrier that mimics the through gaps/junctions in

vessels endothelium endothelium




Concept and Design of

Platelet Bioreactor On-A-Chip
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Platelet Production

In VIVo Bioreactor

y . il W

00:00:00.000 OO 00

Intravascular PP
formation and shedding in

S1pr1** CD41-YFPX™* mice [sloRo[oRoJoROI0]0

Proplatelet Extension

Massberg S. 2013 J Exp Med 0.3-1.6 um/min Static
6-24 um/min (Intravital)



Recapitulating
Physiology

Physiological Shear Rates

500-2500 s

Extracellular Matrix
Composition

Fibrinogen, Fibronectin,
Laminin,
Type IV Collagen

Extracellular Matrix Stiffness

200-1000 Pa

Blood Vessel Physiology
Endothelial Cell Contact

Fibrinogen

Fibronectin

1% Alginate




Shear triggers platelet production
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Thon et al. Blood 2014, 124:1857



Shear triggers platelet production
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Biochip-derived platelets manifest
structural properties of blood platelets

Bioreactor Platelet Blood Platelet

— ’ e ‘ _ Glycogen Granules
Body o § IR N tubules [0
Vel iy Yo O3 - Dense Tubular

Glycogen A System

Open "
Canalicular
System

Alpha-Granule Mitochondria

= Lu, S.J., et al. Platelets generated from human embryonic stem cells are functional in vitro and in the microcirculation of living
mice. Cell Res. 2011;21:530-45

= Thon, J.N., et al. Platelet bioreactor-on-a-chip. Blood. 2014;124:1857-67

= Feng, Q., et al. Scalable generation of universal platelets from human induced pluripotent stem cells. Stem Cell Reports.
2014;11:817-31

= Bender, M.*, Thon, J.N.*, et al. Microtubule sliding drives proplatelet elongation and is dependent on cytoplasmic dynein. Blood.
2015;125:860-8




3. How do we use biologically-inspired
engineering to scale and
commercialize in vitro platelet
production?



In Vitro Platelet Production

STEM CELL

2006: Invention of human induced pluripotent stem cells
(iPSC) allows for genetically consistent and scalable stem
cells.

MEGAKARYOCYTE
1994 discovery of thrombopoietin (TPO) led to generation of
15t human platelets by Amgen (via cell culture).

PLATELET

2014 development of platelet bioreactor that models bone
marrow and allows scalable generation of platelets

42




Directed Differentiation of
MK+/PLT+ from IPSCs

preMK+™

) |PLATELET
BIOGENESIS

PLTs+™

_cDaak

Pluripotent stem cells Hemogenic

0CT4/ endothelia

NANOG CD31+ ;
SSEAB+ N / Suspension
Tra160+ Cq

SSEA1- Attached ‘ f f

6 6+16+2 6+3

Phase 0 Phase | Phase Il




Phase 0. Undifferentiated IPSC

hiPSCs are Oct4+ Nanog+
SSEAS5+ Trale0+ SSEA1-

SSEAS-APC
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Phase |. IPSC - Hemogenic Endo

Hemogenic endothelium are CD31+ CD34+

Propidium lodide-
PBG-1 Directed Differentiation -

CD31-APC
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Phase Il.Hemogenic Endo—>preMKs+™
preMKs+™ are CD43+ CD41+ CD14-
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Phase Il. HE 2 preMKs+™

* preMKs+™ are CD43+ CD41+ CD14-
* Propidium lodide-

AVG Daily preMK Yield (n=23)
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Phase Ill: Maturation of
MKs+™ from preMKs+™

m-: MK+TM|
| | Ploidy
mature MKs+ 2
CD61+CD42a+CD42b-S-N
o
O
1% : :
4% Immature Propidium
apoptotic 12% MKs+™ lodide (DNA
MKs+™™ non-MKs+™ Content)

CD61+ 86.4% | CD42a+42b+ 94.1%
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MK+™ Biomarker Expression and
EM characterization

B1-tubulin Secretory
@, ... granules
e 3

Membrane
biomarkers

Cytoskeleton
25um




Hypothesis: To enable commercialization we
need to

1. Source a clinical grade IPSC line as an
iInexhaustible source of human MKs and PLT

2. Establish a feeder-free, serum-free, animal
component-free differentiation protocol

3. Develop a scalable production process for
iIndustrial manufacture



Directed Differentiation of
hiPSCs to PLT+™

preMK+™ release

Pluripotent stem cells
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Phase 0: hiPSC Seed Train

3D Expansmn of induced pIurlpotent stem cells as spheroids
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Phase |: IPSC Differentiation to
Hemogenic Endothelium

HE differentiation
efficiency day 6

3 CD31+34+
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Phase IlI: Production and release of

2D differentiation culture 6+6 p re M KS+TM
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CD42b - APC

Phase |l Cultures of 3D Directed
Differentiated hiPSC
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Phase |V: PLT+™ bjoreactor

Side View
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PLT+T'V| Bloreactor Scale Up

tlt

L” w

Even seeding across channels Linear increase in production

Human iPSC
MKS+™

1 1 4 8 16

Control | M4 Number of PLT+T'\5 bioreactor channels
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(t=38hrs)

Slgnal nuclei (Hoescht)




PLT+™ Bioreactor Scale Up

Control] MK+™
trapping
' 128 Channel Device

Signal = nuclei



PLT+™ Bioreactor Prototype in
operation

J16-channel reactor;'




PLT+™ Bioreactor Makes PLTs+™

PLTs+™ production Kinetics
2E7 "

Donor PLTs
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Platelet+™ Imaging
B-tubulin CD61 Merge

Scale bar =25 um
% Platelets = 79.8%
Average Diameter =
4.41 um

Std Dev =1.43 um

B1-tubulin

Membrane biomarker Alpha-
Microtubule coll granules




Electron microscopy characterization
of Platelet+™




Functional characterization of PLT+™

F-actin

Filopodia
Lamellipodia

Release
granule
content

15um

PLTs+™ jn
Culture
Media

(no plasma)

Collagen |




CONCLUSIONS
1. Proplatelet-promoting factor (PPF)
IS an internal, cytosolic protein(s)
that regulates proplatelet initiation.

2. Mimicking physiology triggers
platelet production.

3. We have developed a scalable
process to generate in Vitro
platelets from clinical grade IPS
cells.
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Microinjection of platelet cytosol
triggers proplatelet initiatio
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CD43+41+ yield per starting iPSC,
cumulative from days 6+4 to 6+8

Phase Il. HE 2 preMKs+™
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Defined Regulatory Pathway

Plan developed from discussions with the CBER and FDA

= Assess platelet: circulation time, structure, function, and
storage profile

= Assess nucleated cell (non-platelet) contamination, and
platelet unit sterility

= Assess immunogenicity risk, septic risk, teratoma risk, &
inter-batch variability

Application was reviewed in the Office of Tissues and Advanced
Therapies by the Center for Biologics Evaluation and Research
(pre-IND completed April 2018)

®* Human iPSC-derived megakaryocytes will be reviewed by
CBER/OTAT and qualified for clinical grade manufacture

Code of Federal Regulations (Title 21, Sections 1271).

= (linical indication for bioreactor-derived platelets will be
reviewed by the Office of Blood Research and Review

Code of Federal Regulations (Title 21, Sections 221 and
640).

2018

2020




how platelets "feel" and respond to their mechanical
microenvironment during clot formation
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overview of our laboratory approach

microfabrication

microfluidics

microvasculature-on-a- protein

" S ' nano/microcontact
cell biophysics of hematology chip orinting
in health and disease development of research-enabling

nano/microsystems
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point- of -care anemia
smartphone-based
diagnostic (FDA cleared) diagnostics

diagnostic and medical
device development

translation to our patients



how “smart” are platelets?

resting activated

Disc ~ |Sphering | Filopods
5 =7 Y : N ‘
Spreadmg .. ..

- -
& s

Hartwig JH, Platelets 2002

[ how do platelets physiologically react to the biophysical microenvironment? ]




do platelets sense and physiologically respond to their

mechanical microenvironment?

Force (e.g. substrate rigidity, shear stress)

o /\ B| —p ECM remodeling

§ Force-Induced
conformatlonal
changes

Rho
GTPase GTPase
D v. . 3

Cytoskeletal reorganization/actomyosin contractlility

“ ) N

Differentlation Prollferation Adaptation to
shear stress

Huveneers et al. J Cell Sci 2009

Chen, J Cell Sci 2008



platelets function in a dynamic mechanical microenvironment

Endotheli Iateiet aggregates
ndothelium » & high shear unfolds vWFag’B ﬁ

flow .
H vWF multimers e
-
-
fmeemn o3 2 - Resting platelet
- F -
s ultralarge vWF -

Qiu Y et al, Blood Rev 2015

how do fluid mechanics affect platelet physiology?
how do clot mechanics affect platelet physiology?



platelet mechanosensing under flow conditions focus on
von willebrand factor-platelet interactions

\ Flow shear
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In silico approaches have revealed stress profiles of individual platelets under flow
conditions

Flow Shear Stress ~ 45 dyne - cm™2

Dynamic Stress Distribution

on Actin Filaments
Dynamic Stress Distribution
on the Cytoplasm

Dynamic Stress Distribution
on the Membrane
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can clot and vascular mechanics affect platelet physiology?

3Dﬂbﬁngd 3D fibrin gel
[fibrinogen] = s 2

[fibrinogen] =

confounding factors associated with 3D fibrin gels: architecture,
branching, ligand density all change with varying fibrinogen
concentration

Qiu Y, et al, PNAS 2014



using fibrinogen-conjugated poly-acrylamide (PAA) gels to
Investigate how substrate stiffness affects platelet function

same fibrinogen

densit
platelet / e \

fibrinogen > differential effects m
platelet adhesion ‘
PAA gel \\§ and spreading?
soft \ / stiff
(less crosslinking) different (more crosslinking)

crosslinking density

- Yongzhi Qiu, PhD Qiu Y, et al, PNAS 2014



substrate stiffness mediates platelet adhesion and spreading on

0.25kPa

fibrinogen
S0Med 100iPa Glass RQGFa increasing substrate stiffness
iIncreases:
 number of adherent platelets
* % of spread platelets
« area of platelet spreading

Qiu Y, et al, PNAS 2014



how else does microenvironmental mechanotransduction affect
platelet function?

A

Thrombin

0% < VWF [I] Gplb-V-I1X ? Integrins & Fibrinogen GPVI mﬂ GPCR 9 Ps

Resting Shape Integrin Secretion Procoagulant activity
change activation

Versteeq et al. Physiol Rev 2013



substrate stiffness affects platelet integrin a,, 35 activation
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Qiu Y, et al, PNAS 2014



substrate stiffness affects platelet a-granule secretion
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substrate stiffness affects platelet phosphatidylserine (PS)
exposure
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Racl mediates substrate stiffness dependence on platelet
adhesion on fibrinogen

Platelet

Racl
inhibitor

30 uM

300 uM

Huveneers et al.
J Cell Sci, 2009 /L‘ 10000 -
Rac1i

v

Lamellipodia;
thrombus formation

@ Non-treated

5000 -

ko
.
& @ 30uM
* * 2 O0300uM
kW
0 |

# of adherent
platelets (/mm?)

ROCK, MLCK, and actin polymerization
affect substrate stiffness-dependent
platelet spreading but not adhesion

0.5KPa  5KPa 50KPa
stiffness QiuY, et al, PNAS 2014



substrate stiffness mediates platelet adhesion and spreading on
collagen via actomyosin
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Kee M, et al, PLoS ONE 2015




potential role of platelet mechanosensing of substrate stiffness during clot
formation

weak interaction
short bond lifetime

—. e

—
soft material soft material (easily deforms)

Qiu Y, et al, PNAS
2014



how does platelet mechanotransduction affect clot mechanics and
stability?

clot contraction



platelet-mediated contraction mechanically reduces clot volume via
actomyosin signaling

platelets + fibrinogen + thrombin
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platelet contraction occurs at high forces and is mediated by the

mechanical microenvironment

Fibfin gel in blood [cl
AFM Cantilever

Contracting
platelet

atomic force microscopy (AFM) measurements of
single platelet contraction

- platelet contraction occurs near instantaneously upon contact

» platelet contractile force nears myocyte contractile force

* platelets “sense” their mechanical microenvironment and
contract with higher forces on stiffer substrates
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7 40 .
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cantilever stiffness (pN/nm)

*p<0.05, ** p<0.001

Lam et al, Nature Materials 2011



higher throughput “platelet contraction cytometry” via a hydrogel-
based approach

activated platelet — @ FITC conjugated !/

thrombin-
contracting platelet e o fbrinogen pattern
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ji’ David R. Myers, PhD Myers et al, Nature Materials 2017



live imaging videomicroscopy enables tracking of single platelet
contraction

platelets = red fibrinogen = green

Myers et al, Nature Materials 2017



biochemical and mechanical cues synergistically mediate platelet
contractile force

Exploded
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Myers et al, Nature Materials 2017



mechanotransductive platelet contraction is mediated by the Rho-
associated protein kinase (ROCK) pathway

30- -Control —%
MLCK inhib (ML7) Y
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Myers D, et al...Lam WA, Nature Materials 2017



can platelet contraction cytometry be used as a potential clinical
biophysical biomarker of platelet function?

25

freq (%)

box denotes median, quartiles; whiskers to outliers; m mean a 1% v¥99% X max/min
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Myers et al, Nature Materials 2017
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can platelet contraction cytometry be used as a clinical biophysical
biomarker for immune thrombocytopenia (ITP)?

low platelet count due to autoimmune destruction

e TR
}\. &«

bleeding is a significant risk
« 10% of patients have major bleeding

“ . ° 0 ifa_ i 1 ;
| & | M iLrctval hemortine 0.5% have life-threatening intracranial

hemorrhage

* most patients self-resolve, but a minority develop
chronic ITP

« typical clinical tests of platelet function are
confounded by the low platelet count
* no existing biomarker reliably predicts
* who needs treatment
« who will become chronic
« which patients are prothrombotic




preliminary platelet contraction cytometry data reveal lower average
platelet contractile forces in symptomatic ITP patients
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platelet contraction cytometry detects distinct platelet contractile
subpopulations in ITP patients
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conclusions

mechanical microenvironment of the nascent clot and
vessel wall directly mediates, and is mediated by,
platelet physiology and function
platelet mechanotransduction:
 drives platelet contraction, which further alters
the mechanics of the nascent clot
* may be leveraged for diagnostic applications as
“biophysical biomarkers”
provides insight into platelet aggregation and help
explain the heterogeneity of platelet activation in a
growing thrombus
important implications for implications for improving
the biocompatibility of engineered biomaterials and
medical implants

Fibrin
gradient

Platelet
contractility

gradient InEy

Stiffness
gradient

/\( Platelet
@ Redblood cell \ Endothelial cell
o~ vessel wall

Fibrin network

Commentary by Erlicher and Hartwig, Nature Materials , 2011
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the biological signaling of platelet contraction is well characterized,
but the associated biophysics is poorly understood

Fibrin(ogen)

P

Integrino 3

Py myosin |1
Src kinase
PLCy2
Rho-kinase Intracellular
calcium mobilization
v

"
MLC phosphatase MLC kinase

=suil ?

MLC phosphorylation
-

actin-myosin contraction

v

clot retraction

Li, Z. et al. Arterioscler Thromb Vasc Biol (2010)
Suzuki-Inoue et al, Thrombosis Res (2007)



proposed cumulative effects of platelets on clot mechanics

platelets may directly

B light shading = less dense, less stiff iIncrease elasticity through
.~ dark shading = more dense, more stiff multiple mechanisms
- N\
l trong adhesjén
= ¥
Platelet I ; !
contraction / r
| : / / . Feontraction
™| gresd stiff ing of fibfin

uniform contraction

Lam et al, Nature Materials (2011)



how do platelet count and platelet size relate to contractile force in ITP?

¢ no bleeding R ¢ no bleeding
45 . v bleeding 459 o v bleeding
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It's A Numbers Game

UCB unit: 5 x 10° CD34+ 1 CD34+ cell 1 mK in vivo 5 x 106 UCB CD34+ cells

Cells can yield 1000 produces 2000- should produce 5 billion
MKs in vitro 5000 platelets. MKs. which should make

10,000 billion platelets.

Most current in vitro platelet generating
protocols only produce 10-150 platelets/MK
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Biomimetic culture systems to improve platelet formation
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Shear stress enhances
thrombopoiesis

FITC-dextran
EYFP

—_—

« Using multiphoton intravital microscopy, observed MK
extend proplatelets into BM sinusoids.

* Proplatelets are sheared by flowing blood and enter
peripheral blood

* In vitro, proplatelet production is enhanced with shear
stress.

(Junt T. et al. Science, 2007)



Microfluidic device mimicking megakaryocyte
capture, proplatelet elongation and fragmentation

Allowed for the visualization of the
platelet formation process.

Could lead to platelet production
within 2hrs of perfusion.

Bioreactor fabrication was fast and
cheap.

Fairly low numbers of MKs could be
processed at once (1 million).

(Blin, A. et al. Scientific Reports, 2016)



3D bone marrow niche for platelet
formation ex-vivo

Yosuarniche [ o | Outeolestonche * Modeled silk to control for
r (Y topography and stiffness, and

seeded with endothelial cells, to
enhance MK adhesion and

‘ K 374 akaryocyte adhesion & platelet release & I I 'I: l
meg;gragig; © megroplatelet formaticlm collection p ro p ate et O rm atl O n .
B C| o

Tae® - Platelet yields are low compared
to in vivo levels.
« Slow platelet fragmentation time

of 12-16hrs.

(Di Buduo, C.A. et al. Blood, 2015)



Application of shear stress to In vitro systems

1
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(Nakagawa, Y., Experimental Hematology, 2013)
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Turbulent flow for increasing
thrombopoiesis

In vivo
Megakaryocyte

Turbulence

Ex vivo IiNew Bioreactor

iPS derived | r.;‘_’_i_U,__'“i‘;

imMKCLs ==

£
5 \
(AP |
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L‘ & EF i ;ff,) ===
Soluble Factors( A Y 4 \\ & \D
- IGFBP2 % J\C=¢ —
- MIF . , NGS5
gROC . ‘Platelets F~m—— —
v/ >101'l 3

Physical Parameters
- Turbulent Energy

Platelets

Achieved clinical scale platelet numbers:
1-1.3 x 10 platelets with in vitro and in

vivo functional properties

Platelets derived from immortalized MK

cell lines varied Iin size, level of baseline
activation and survival in vivo.

Takes 26 days to produce

High production cost under GMP.

(Ito, Y. et al. Cell, 2018)



Remaining hurdles to be addressed before
bringing ex-vivo produced platelets to the clinic

Platelet production time Safety requlation hurdles
N\ * Platelet quality/functionality
SAFETY .
FRST /«  Purity
"+ Safety
Production cost Platelet yield and shelf-life

= °* Costof manufacturing

S - Price of safety testing

= « Must have comparable
pricing to donor units

« 2 days for safety testing
« 1 day for transportation
« 1.5 day shelf life
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Investigation of an alternative
biomimetic approach to improve
olatelet formation in vitro.



Bone marrow HSC niche

|2

S
Nonmyelinating
Schwann cell

Proliferation
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> B-catenin
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Debbie Maizels/Nature Publishing Group

(Mendelson, A, Nature Medicine, 2014)



MSCs In the BM

* Represent the CFU-F fraction of stromal cells in the BM
» Are distinct from vascular endothelial cells (do not express CD31) and have a
perivascular distribution
* Form an essential HSC niche component:
 Highly express HSC maintenance genes
» Share a close physical association with HSCs in the bone marrow.

CD150 CD48/Lin

HSC Maintenance Genes
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Nes-GFP + + - - + + = = + + = - + + = = + + - - + + - -
G-CSF - + - + = F: = & -+ =+ = o =k = ok v - 4+ = +

(Mendez-Ferrer, S., Nature, 2010)

(Pinho, S., JEM, 2013)



cMSC stromal cell characterization
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Platelet formation from UCB stem cells

Day 4: Cultured Cells
Day 0: Enrichment Express Stem Cell

| - of CD34* stem cells~ ::j cgi?

Unit of cord blood e e
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Day 8: Differentiation of CD34*
cells into polypoid CD41* CD42b*

Day 11: Formation of Proplatelets
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S5C-A

Functional platelet characterization:
activation in response to ADP stimulation
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Generated platelets can spread on glass and matrix proteins

Platelets from
blood
uncoated

Platelets from
cMSC co-culture
uncoated

Platelets from
blood
collagen

Platelets from
cMSC co-culture
collagen

— Scale = 10um



Generated platelets have a similar
ultrastructure to primary platelets

Granules

Glycogen

Open canalicular
system
Mitochondria

Open
canalicula
r system

Mitochondria

Granules

A/C=500nm
B/D=200nm




cMSCs alter gene expression in megakaryocytes leading to
pro-platelet formation and decreased platelet activation.
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cMSCs assist In promoting megakaryocyte
maturation at the protein level
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Discussion

A novel population of stromal cells can be isolated from
cord tissue, which assist in promoting platelet formation in
megakaryocyte progenitor cells, with low basal activation
levels.

Generated platelets contain ultrastructure similar to native
platelets, can adhere and spread to matrix proteins, and
activate in response to agonist stimulation.

|deal tissue source for cMSC isolation: umbilical cord
tissue is normally discarded after birth.

Proof-of-concept study: scale-up is necessary to
approach therapeutic platelet levels.
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