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CD34*CD41°™ MEGAKARYOCYTES PROGENITORS AND USES THEREOF FOR
PRODUCING PROPLATELET-BEARING MKs AND/OR PLATELETS

The invention relates to a method of producing CD34*CD41™ megakaryocyte (MK)
progenitor cells, and substantially pure cell population of megakaryocyte precursor cells
obtained by said method. The invention also relates to a method of producing proplatelet-
bearing MKs and/or platelets using the CD34*CD419™ cells.

BACKGROUND

Blood platelets play crucial roles in both physiology and pathology and it is therefore
of major importance to understand the mechanisms controlling their production. In adults,
platelets are produced by bone marrow megakaryocytes (MKs) which themselves
originate from hematopoietic stem and progenitor cells. /n vitro production of platelets for
transfusion has been the subject of many studies in recent years. Continuous
improvements in the culture conditions make this an attainable goal, like the recent
generation of transfusable human red cells. Nevertheless, we are still unable to efficiently
reproduce the native process which can generate over 1000 platelets per MK (Reems JA
et al., Transfusion medicine reviews. 2010;24:33-43).

One way to improve in vitro platelet production would be to isolate and amplify MK
progenitors with an increased capacity to mature to the proplatelet stage. In the accepted
hierarchical map of hematopoiesis, MKs diverge from a common bipotent MK/erythroid
progenitor (MEP) (Chen L et al., Science. 2014;345:1251033). Although the existence of a
separate MK progenitor has been suggested, no such univocal progenitor has yet been
clearly identified or expanded from human adult hematopoietic cells. Rare human
populations have been observed which appear to have an increased capacity to produce
proplatelet-bearing MKs, but these cells have not been amplified or evaluated for in vitro
platelet production (Debili N. et al., Blood. 1992;80:3022-3035; Dercksen MW et al.,
Blood. 1995;85:3313-3319; Norol F. et al., Blood. 1998;91:830-843). In particular, CD41
positive cells have been described among human CD34" cells isolated directly from bone
marrow or after culture under MK promoting conditions (Debili N. et al., Blood.
1992;80:3022-3035; Dercksen MW et al., Blood. 1995;86:3771-3782). However, these
populations were highly polyploid and unable to proliferate (Dercksen MW et al., Blood.
1995;86:3771-3782). CD34"CD41" cells have also been observed after co-culture of bone
marrow-derived CD34" cells on hMSCs without TPO, but no evidence was provided for a
distinct CD41°™ subpopulation (Cheng L. et al., Journal of cellular physiology.
2000;184:58-69). Cells with a CD34"CD41"®" phenotype representing a very minor
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population were recently reported in cultures derived from peripheral blood but were not
characterized further (Debili et al., Blood, 2001, 97(7), 2023-2030.

Classically, human MKs are differentiated in culture from CD34" cells, a population
containing hematopoietic stem cells and a mixture of progenitor cells with various
potentials. Since the availability of TPO, numerous protocols have been devised to refine
MK differentiation, using stepwise combinations of cytokines and growth factors with or
without stromal cells (Sullenbarger B. et al., Experimental hematology. 2009;37:101-110;
Panuganti S. et al. Tissue engineering Part A. 2013;19:998-1014; Pineault N. et al,,
Cytotherapy. 2011;13:467-480). As a result, improvements have been reported in the
ability to expand the number of input CD34" cells and to differentiate MKs, as evidenced
by their increased size and ploidy, the appearance of platelet-specific markers (CD41 and
CD42) and their capacity to produce proplatelets. Despite this progress, the percentage of
MKs reaching the proplatelet stage remains low and platelet production is well below that
of MKs differentiated in situ in the bone marrow.

Transcriptomic databases have revealed that the aryl hydrocarbon receptor (AhR) is
well expressed all along the pathway leading to MKs (HSC, CMP, MEP and MK) (Smith
BW et al., Blood. 2013;122:376-385). StemRegenin 1 (SR1), a recently developed high
affinity AhR antagonist, was further reported to promote the expansion of hematopoietic
progenitor cells (HPCs) (Boitano AE et al., Science. 2010;329:1345-1348).

Methods for in vitro producing MK or platelets from hematopoietic stem cells,
including a step of contacting with AhR modulators, have been disclosed.

WO 2012/129109 discloses an ex vivo three-step method for producing platelets
which comprises a first step of generating megakaryocyte progenitor cell population by
culturing stem cells in the presence of a plurality of growth factors selected from a group
of 29 growth factors or families of growth factors, including SR1 and co-culture with
mesenchymal stem cells. The method further comprises maturing the expanded
megakaryocyte progenitor cells under conditions of increased oxygen concentration and
in the presence of a plurality of growth factors, and culturing the matured megakaryocytes
in a three-dimensional matrix, under conditions of increased oxygen concentration and in
the presence of a plurality of growth factors, to produce platelets.

WO 2014/028749 discloses a method of making a megakaryocyte-erythroid
progenitor cell (MEP), comprising differentiating a MEP precursor cells into a MEP in
culture in the presence of an AhR modulator. The method comprises in particular culturing
MEP precursor cells in the presence of an AhR antagonist and then culturing MEP
precursor cells in the presence of an AhR agonist.
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WO 2014/138485 discloses an ex vivo two-step method which comprises a first step
of generating megakaryocytes by directed differentiation of hematopoietic stem cells and
progenitor cell (HSPC) using platelet-derived growth factor receptor (PDGFR) antagonist
and a combination of cytokines TPO, IL-6, FIt3-L and SCF, and a second step which
promotes platelet biogenesis from the megakaryocytes using an AhR antagonist and
TPO, IL-6, FIt3-L and SCF, or an AhR antagonist and TPO, and optionally further a matrix
metalloproteinase (MMP) inhibitor.

SUMMARY OF THE INVENTION
The invention relates to an ex vivo method of producing proplatelet-bearing
megakaryocytes (MKs) and/or platelets comprising:

a) Culturing an isolated CD34"CD41°™ cell population of MK progenitors in a
serum-free culture medium comprising thrombopoietin (TPO), in presence of
an aryl hydrocarbon receptor (AhR) antagonist or by co-culture with human
mesenchymal stromal cells (hMSCs), for a time sufficient to obtain a cell
population comprising proplatelet-bearing MKs and/or platelets; and

b) Collecting said cell population comprising proplatelet-bearing MKs and/or
platelets.

The invention further provides for a method of producing megakaryocyte (MK)
progenitor cells comprising:
a0) Culturing haematopoietic stem cells (HSC) in a serum-free culture medium
comprising low-density lipoprotein (LDL), stem cell factor (SCF), TPO, IL-6
and IL-9, in presence of an aryl hydrocarbon receptor (AhR) antagonist or by
co-culture with human mesenchymal stromal cells (hMSCs), for a time
sufficient to obtain a cell population comprising CD34*CD41™ cells; and
al) isolating said CD34*CD41™ cells from said cell population.

In another aspect the invention relates to a substantially pure cell population of
megakaryocyte (MK) progenitors wherein at least 80% of the cells in the population are
CD34*CD41%™ cells.

Also provided is a composition comprising a cell population of proplatelet-bearing
megakaryocytes (MKs) and/or platelets and an infusion buffer for use for transfusion,
wherein said use comprises preparing proplatelet-bearing megakaryocytes (MKs) and/or
platelets by a method according to the invention.
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DETAILED DISCLOSURE OF THE INVENTION

The inventors have found that SR1, a AhR antagonist, significantly improved the
production of proplatelet-bearing MKs and platelet-like elements in two-step culture of
peripheral blood haematopoietic stem cells (HSC). More importantly, culture with SR1
resulted in an enrichment of a CD34*CD41™ population, which upon cell sorting exhibited
an unprecedented capacity to mature to the proplatelet stage.

A similar enrichment of CD34*CD41°™ cells displaying a similar megakaryocytic
potential was observed in HSC co-cultured with human mesenchymal stem cells
(hMSCs). Co-culture with hMSCs, like SR1 treatment, led to repression of the AhR.

Moreover, the effects of SR1 and hMSCs were both prevented by an AhR agonist,
indicating that the amplification of CD34*CD41%™ megakaryocytic precursors proceeds
through repression of the AhR pathway.

Production of megakaryocyte (MK) progenitor cells

The invention provides for a method of producing megakaryocyte (MK) progenitor
cells comprising:
a0) Culturing haematopoietic stem cells (HSC) in a serum-free culture medium
comprising low-density lipoprotein (LDL), stem cell factor (SCF), TPO, IL-6
and IL-9, in presence of an aryl hydrocarbon receptor (AhR) antagonist or by
co-culture with human mesenchymal stromal cells (hMSCs), for a time
sufficient to obtain a cell population comprising CD34*CD41™ cells; and
al) isolating said CD34*CD41™ cells from said cell population.

"Hematopoietic stem cells" (HSCs) as used herein refer to immature blood cells

having the capacity to self-renew and to differentiate into more mature blood cells
comprising granulocytes, erythrocytes, platelets, and monocytes. HSCs are
interchangeably described as stem cells throughout the specification. In an embodiment
HSC are CD34+ cells. CD34+ cells are believed to include a subpopulation of cells with
the stem cell properties defined above. It is well known in the art that HSCs include
pluripotent stem cells, multipotent stem cells (e.g., a lymphoid stem cell), and/or stem cells
committed to specific hematopoietic lineages. Sources for HSC include unfractionated
bone marrow, umbilical cord, and peripheral blood. For instance normal peripheral blood
cells can be mobilized with G-CSF [leukapheresis (LK) cells], and CD34+ cells are
isolated from LK cells by cell selection. HSC also include induced-pluripotent stem (iPS)
cells committed to the hematopoietic lineage. iPS cells are well-known to one of skill in the
art. By way of example, iPS cells can be obtained following the teachings of Takahashi &
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Yamanaka (2006) Cell 126:663-676 and Yamanaka et al. (2007) Nature 448:313-317.
Preferably, the HSC are human cells.

The starting HSC population may preferably contain at least 60% CD34+ cells, in
some embodiments, more than 80% of CD34+ cells, or even more than 90% of CD34+
cells. The starting HSC population may comprise between 10° and 10° nucleated cells

For culturing, HSC are typically seeded at a cell density of 1-10x10* per mL of
culture medium, for instance 2-6x10* per mL.

As used throughout the instant application, a “culture medium” denotes a “basal

medium” which is supplemented with a mixture of cytokines, growth factors, and AhR
antagonist which is specified at each step of the method. Preferably the basal medium is
not supplemented with, i.e. the culture medium does not comprise, any additional
component beside the mixtures of cytokines, growth factors, and AhR antagonist which is
specified at each step. Preferably human cytokines and growth factors are used in the
frame of the invention.

A “pasal medium” is a synthetic serum free medium which typically comprises amino
acids, carbon sources, vitamins, serum proteins (e.g. albumin), inorganic salts, divalent
cations, buffers and any other element suitable for use in culturing of cells, and HSC in
particular. The basal medium may typically contain or be supplemented with antibiotics to
prevent contamination during cell culture, and glutamine. Growth factors and cytokines
are typically not present into a basal medium.

Examples of such basal medium appropriate for a method of culturing HSC include,
without limitation, StemSpan™ Serum-Free Expansion Medium (SFEM) (StemCell
Technologies, Vancouver, Canada), StemSpan® H3000 -Defined Medium (StemCell
Technologies, Vancouver, Canada), CellGro® SCGM.

StemSpan™ Serum-Free Expansion Medium (SFEM) has been developed for the in
vitro culture and expansion of human hematopoietic cells. This medium contains pre-
tested bovine serum albumin, insulin and transferrin, and supplements in Iscove’s MDM.
Recombinant hematopoietic growth factors, required for the optimal growth and expansion
of hematopoietic cells, are not present into StemSpan™ SFEM.

For the production of MK progenitor cells, the basal medium is supplemented with
low-density lipoprotein (LDL), stem cell factor (SCF), TPO, IL-6 and IL-9.

In an embodiment the culture medium comprises SCF, TPO, IL-6 and IL-9 each
present in a concentration of 1-100 ng/mL, such as 25-100 ng/mL, in particular 10-50
ng/mL, 40-50 ng/mL, or 20-30 ng/mL.
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The basal medium is preferably supplemented with LDL 1-40 pg/mL for instance 10-
30 pg/mL, or 15-25 pg/mL.

In particular, the culture medium may comprise 10-30 pg/mL LDL, 25-100 ng/mL
SCF, 40-50 ng/mL TPO, 20-30 ng/mL IL-6, and 20-30 ng/mL IL-9.

In an embodiment, SCF, TPO, IL-6 and IL-9 are added to the basal medium by
addition of the StemSpan™ Megakaryocyte Expansion Supplement (formerly known as
CC220) (StemCell Technologies, Vancouver, Canada). StemSpan™ Megakaryocyte
Expansion Supplement is supplied as a 100X concentrate and it contains a combination of
recombinant human cytokines (SCF, IL-6, IL-9 and TPO) formulated to selectively
promote the expansion and differentiation of human megakaryocyte progenitor cells in
liquid cultures initiated with CD34+ cord blood (CB) or bone marrow (BM) cells.

The culture of HSC for producing a cell population comprising CD34*CD41™ cells is
further conducted in presence of an aryl hydrocarbon receptor (AhR) antagonist or by co-
culture with human mesenchymal stromal cells (hMSCs).

In an embodiment, the AhR antagonist is a synthetic compound added to the basal

medium which has formula (I)

L
-
RH\N/ N 3
R

4

or a pharmaceutically acceptable salt, or sterecisomer thereof; wherein

L is selected from -NRg(CHz)om3-, -NRg(CH2)oNRsp-,  -NRs(CHo)oS-, -
NRs,CH,CH(OH)- and -NRs,CH(CH3)CH>-; wherein Rs. and Rs, are independently
selected from hydrogen and C_jalkyl;

R, is selected thiophenyl, furanyl, benzoimidazolyl, isoquinolinyl, imidazopyridinyl,
benzothiophenyl, pyrimidinyl, pyrazolyl, pyridinyl, imidazolyl, pyrrolidinyl, pyrazinyl,
pyridazinyl, pyrrolyl and thiazolyl; wherein said thiophenyl, furanyl, benzoimidazolyl,
isoquinolinyl, imidazopyridinyl, benzothiophenyl, pyrimidinyl, pyrazolyl, pyridinyl,
imidazolyl, pyrrolidinyl, pyrazinyl, pyridazinyl, pyrrolyl and thiazolyl of R s optionally
substituted by 1 to 3 radicals independently selected from halo, cyano, Cialkyl, halo-
substituted-Csalkyl, Ci-4alkoxy, -S(O)e-2Rss, and -C(O)ORs,, wherein Rg, is selected from
hydrogen and C,_salkyl;
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7
R. is selected from -S(O):NReRen, -NRsC(O)NRgRee, phenyl, pyrrolopyridinyl,
indolyl, thiophenyl, pyridinyl, triazolyl, 2-oxoimidazolidinyl, pyrazolyl, and indazolyl;
wherein
Res, Ren and Re. are independently selected from hydrogen and C_salkyl;
and
said phenyl, pyrrolopyridinyl, indolyl, thiophenyl, pyridinyl, triazolyl,
oxoimidazolidinyl, pyrazolyl, or indazolyl of R, is optionally substituted with 1 to 3
radicals independently selected from hydroxy, halo, methyl, methoxy, amino, -
O(CHy),NR7:R7,, -OS(0).NR,.Rs and -NR;.S(O):R,; wherein R;,, and R,, are
independently selected from hydrogen and C4_;alkyl;
R; is selected from hydrogen, C,.alkyl and biphenyl; and
R, is selected from G, qcalkyl, Ci4alkenyl, oxetanyl, tetrahydrofuranyl, cyclohexyl,
(oxopyrrolidinyl)ethyl, tetrahydropyranyl, phenyl, and benzyl, wherein said C;_j,alkyl, C;.
salkenyl, oxetanyl, tetrahydrofuranyl, cyclohexyl, (oxopyrrolidinyl)ethyl, tetrahydropyranyl,
phenyl, and benzyl of R4 can be optionally substituted with 1 to 3 radicals independently
selected from hydroxy, C;4alkyl and halo-substituted- C,_salkyl.
In an embodiment, the AhR antagonist of formula (1) is StemRegenin 1 (SR1), i.e. 4-
(2-(2-(benzo[b]thiophen-3-yl)-9-isopropyl-9H-purin-6-ylamino)ethyl)phenol.
During step a0), the AhR antagonist is typically present in the culture medium at a
concentration of 10 nM to 10 pM, for instance 100 nM to 7.5 puM, in particular 1 to 5 pM.

In another embodiment, the HSC are co-cultured with human mesenchymal stromal
cells (hMSCs) in the culture medium comprising LDL, SCF, TPO, IL-6 and IL-9. As shown
by the inventors in the following example, the effect of co-culture with hMSCs is reversed
by addition of the AhR agonist FICZ, and co-culture with hMSCs drastically decreases
transcription of CYP1B1, a downstream target of AhR. These results thus substantiate
that co-culture with hMSCs antagonizes the AhR pathway.

According to an embodiment, said hMSCs are obtained by a method comprising:

i) Isolating bone marrow mononuclear cells (BM-MNCs) from a healthy
human subject by Ficoll density gradient;

i) Seeding isolated BM-MNCs in culture medium comprising 5-15% fetal
bovine serum and 0.5-5 ng/mL fibroblast growth factor 2 (FGF-2), for
instance 1 ng/mL FGF-2;

iii) Culturing seeded cells for two days, and the discarding nonadherent cells
and seeding collected adherent cells;
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iv) Culturing adherent cells in culture medium comprising 10% fetal bovine
serum and 0.5-5 ng/mL FGF-2 (for instance 4 ng/mL), with replacement of
culture medium twice a week with fresh culture medium until confluence;
and

V) Harvesting hMSCs, seeding and culturing harvested cells until confluence
in culture medium comprising 10% fetal bovine serum and 0.5-5 ng/mL
FGF-2.

At step i), BM-MNCs are seeded for instance at a cell density of 10* cells/cm?.

Harvesting hMSCs is typically performed using trypsin. Cells are then typically

seeded at a cell density of 500 cells/cm® and cultured until confluence (first passage, P1).
hMSCs display a lack of CD45, CD14, CD34, and CD31 expression, together with a
strong expression of CD73, CD90, and CD105.

hMSCs can be maintained in culture medium comprising 10% fetal bovine serum

and 0.5-5 ng/mL FGF-2, for instance 2 ng/mL FGF2.

hMSCs are used in a confluent layer and CD34" cells are typically added at the

above specified cell density.

The culture medium used for producing and maintaining the hMSCs is any culture

medium suitable for the culture of mesenchymal cells, such as a-MEM.

For producing MK progenitor cells, in step a0), culturing of HSC is conducted for 6 to
8 days, preferably 7 days.

The cultures are typically incubated at 37°C, under normoxic conditions (i.e. 20-21%
0O.), and 5% CO..

At the end of the culture period, the culture comprises CD34*CD41%™ cells which are
isolated from the cell culture by any suitable method known to the skilled person.

Typically, cells in suspension are harvested and washed with a suitable buffer such
as PBS.

Methods for isolating the CD34*CD41°™ cell population based on CD34 and CD41
markers uses flow cytometry, more specifically fluorescent activated cell sorting (FACS)
technology. To that end, cells in suspension harvested from the cell culture are incubated
with a mixture of labeled anti-CD34 and anti-CD41 antibodies. Incubation can be typically
performed for 20-40 minutes at 4°C. Cells are then washed before cell sorting by FACS.

Only viable CD34*CD41%™ cells are selected from the harvested cell population.
According to this embodiment washed cells are further incubated with a fluorescent
marker of cell viability, such as 7-aminoactinomycine D (7-AAD) or Hoechst which are a
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marker of DNA. Incubation is performed typically for 20-40 minutes at 4°C. Cells are then
washed before cell sorting by FACS.

The FACS morphologic and sorting gates are typically positioned as follows :

- CD34: from 10°* to 10"%;

- CD41: from log 10" to log102.

The CD34*CD41%™ cell population can be readily identified as culture in presence of
AhR antagonist, such as SR1, gives rise to a CD34+CD41+ cell population displaying a
mean fluorescence intensity lower compared to control condition and which may be
identified as shown on Figure 10.

The CD34*CD41°™ cells selected are characterized by any one of the following
features, or the combination thereof:

-a small size, typically FSC : 200-400, SSC : 200;

- low ploidy, typically 2n-4n;

- a high capacity to mature into pure MKs, typically one CD34*CD41%™ cell can
generate 2-3 MKs.

The method described therein produces at least 150,000 CD34*CD41%™ cells per
seeded HSC, in particular CD34+ cell.

The invention further relates to a substantially pure cell population of MK
progenitors, wherein at least 80%, preferably, at least 85%, 90%, 95%, of the cells in the
population are CD34*CD41%™ cells.

In an embodiment, said substantially pure cell population of MK progenitors
comprises at least 150,000 CD34*CD41%™ cells.

Said substantially pure cell population of MK progenitors is obtainable, or obtained,
by the method of producing megakaryocyte (MK) progenitor cells.

The inventors further isolated a subpopulation of CD34*CD41™ cells using CD9
sorting, which subpopulation is called CD34"CD9 CD41". This subpopulation CD34*CD9
CD41" was obtained from peripheral blood CD34" cells cultured in the presence of SR1
for 10 days from which CD34"CD9" progenitors cells were gated by cell sorting. The
population of CD34*CD9 progenitor cells was then fractionated into MK progenitors
according to the FSC/CD41" expression as further explained in example 2. The resulting
subpopulation was thus identified as a CD34"CD9°CD41" cell population.

It will be understood by the skilled in the art, in particular in view of Figure 11, that
gating CD9' cells excludes CD41""
by FSC/CD41* expression are CD41°™ cells. It will be thus further understood by the

cells. Accordingly, the remaining CD41" cells as gated
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skilled in the art that the CD34"CD9'CD41" cell population, as identified by the inventors,
can also be called a CD34"CD9 CD41°™ cell population.

Accordingly, in the following, the CD34°CD9CD41" subpopulation can be
indifferently referred to as CD34*CD9 CD419™.

The use of this subpopulation of CD34*CD9'CD41%™ cells allows to further increase
by 1.8 fold the platelet release compared to the use of CD34*CD41%™ cells.

According to the above, in one embodiment, in step a0) of the method of producing
megakaryocyte (MK) progenitor cells the cell population comprising CD34"CD419™ cells is
a cell population comprising CD34*CD9'CD41™ and in step al) said CD34*CD9'CD41°"™
cell population is isolated.

Accordingly, in one embodiment, the invention refers to a method of producing
megakaryocyte (MK) progenitor cells comprising:

a0) Culturing haematopoietic stem cells (HSC) in a serum-free culture medium
comprising low-density lipoprotein (LDL), stem cell factor (SCF), TPO, IL-6
and IL-9, in presence of an aryl hydrocarbon receptor (AhR) antagonist or by
co-culture with human mesenchymal stromal cells (hMSCs), for a time
sufficient to obtain a cell population comprising CD34*CD9'CD41%™; and

al) isolating said CD34*CD9 CD41™ cells from said cell population.

Similar to CD34*CD419™ cells CD34*CD9CD41°™ cells are characterized by any
one of the following features, or the combination thereof:

-a small size, typically FSC : 200-400, SSC : 200;

- low ploidy, typically 2n-4n;

- a high capacity to mature into pure MKs, typically one CD34+CD41dim cell can
generate 2-3 MKs.

Methods for isolating the CD34*CD9 CD419™ cell population based on CD34 and
CD41 markers uses flow cytometry, more specifically fluorescent activated cell sorting
(FACS) technology. To that end, cells in suspension harvested from the cell culture are
incubated with a mixture of labeled anti-CD34 and anti-CD9 antibodies. Incubation can be
typically performed for 20-40 minutes at 4°C. Cells are then washed before cell sorting by
FACS.

Only viable CD34'CD9 cells are selected from the harvested cell population.
According to this embodiment washed cells are further incubated with a fluorescent
marker of cell viability, such as 7-aminoactinomycine D (7-AAD) or Hoechst which are a
marker of DNA. Incubation is performed typically for 20-40 minutes at 4°C. Cells are then
washed before cell sorting by FACS. Using the CD9 cell surface marker for sorting
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excludes CD41high cells. The resulting viable CD34"CD9 are then further sorted into MK
progenitors according to the FSC/CD41" expression allowing obtaining a population of
CD34*CD9'CD41™ cells.

In one embodiment, the CD34*CD9°CD419™ cell population represents 40 to 80%
of the CD34* CD41%™ cell population, preferably 45 to 75%, such as 50 to 70%, 55 to
65%, more preferably 60%.

The invention further relates to a substantially pure cell population of MK
progenitors, wherein at least 50%, preferably, at least 55%, 60%, more preferably 80%
such as 85%, 90%, 95%, of the cells in the population are CD34*CD9 CD419™ cells.

In an embodiment, said substantially pure cell population of MK progenitors
comprises at least 150,000 CD34*CD9'CD41%™ cells.

Said substantially pure cell population of MK progenitors is obtainable, or obtained,
by the method of producing megakaryocyte (MK) progenitor cells.

Production of proplatelet-bearing megakaryocytes (MKs) and/or platelets

The invention further provides for a method of producing proplatelet-bearing
megakaryocytes (MKs) and/or platelets comprising:

a) Culturing said isolated CD34*CD41°™ cell population of MK progenitors in a
serum-free culture medium comprising thrombopoietin (TPO), in presence of
an aryl hydrocarbon receptor (AhR) antagonist or by co-culture with human
mesenchymal stromal cells (hMSCs), for a time sufficient to obtain a cell
population comprising proplatelet-bearing MKs and/or platelets; and

b) Collecting said cell population comprising proplatelet-bearing MKs and/or
platelets.

For culturing, CD34*CD41°™ cells are typically seeded at a cell density of 1-10x10*
per mL of serum-free culture medium, for instance 2-6x10* per mL.

For the production of proplatelet-bearing MKs and/or platelets, the basal medium is
supplemented with TPO and the culture is conducted in presence of AhR antagonist.

The term “serum-free culture medium”, “basal medium” and “aryl hydrocarbon
receptor (AhR) antagonist” are as defined previously.

In an embodiment, the culture medium comprises 20-100 ng/ml TPO, preferably 25-
65 ng/ml, still preferably 40-60 ng/ml.

In step a), an AhR antagonist, in particular a compound of formula (l)
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4 as defined above,

or a co-culture with hMSCs is used independently from the AhR antagonist or co-

culture with hMSCs used in step a0) for producing CD34*CD41%™ cells.

Therefore altogether, the following embodiments are encompassed by the invention:

- in both steps a0) and a) an AhR antagonist is used, in particular a compound of
formula (1), or a co-culture with hMSCs is performed;

- in step a0), an AhR antagonist, in particular a compound of formula (), is used,
while in step a) a co-culture with hMSCs is performed; and

- in step a0), a co-culture with hMSCs is performed, and in step a), an AhR
antagonist, and in particular a compound of formula (I), is used.

The cultures are typically incubated at 37°C, under normoxic conditions (i.e. 20-21%
0O.), and 5% CO..

In an embodiment, the step a) of culturing is conducted for 5 to 9 days, preferably
for 6-8 days, still preferably for about 7 days.

At the end of the culture period, cells in suspension are harvested from the culture,
thereby collecting proplatelet-bearing MKs and/or platelets present in the cell culture.

Proplatelet-bearing MKs can be identified by phase-contrast microscopy by
detecting round and pro-platelet bearing cells.

In one embodiment, the CD34*CD41°™ cell population of MK progenitors is a
CD34*CD9'CD41%™ cell population of MK progenitors.

Accordingly, in one embodiment, the invention relates to an ex vivo method of

producing proplatelet-bearing megakaryocytes (MKs) and/or platelets comprising:

a) Culturing an isolated CD34*CD9'CD41™ cell population of MK progenitors in a
serum-free culture medium comprising thrombopoietin (TPO), in presence of an
aryl hydrocarbon receptor (AhR) antagonist or by co-culture with human
mesenchymal stromal cells (hMSCs), for a time sufficient to obtain a cell
population comprising proplatelet-bearing MKs and/or platelets; and

b) Collecting said cell population comprising proplatelet-bearing MKs and/or
platelets.
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In an embodiment, the method further comprises selecting CD41/CD61+ and
CD42c+ cells from the collected cell population comprising proplatelet-bearing MKs and/or
platelets. Platelets or platelet-like particles are identified as CD41 and CD42c double
positive events, having the same scattering properties as human blood platelets.

After cell sorting based on CD41 and CD42c¢ markers, the cell population comprising
proplatelet-bearing MKs and/or platelets typically comprises at least 75%, preferably 80%,
85%:; 90%, 92% or 95% proplatelet-bearing MKs and/or platelets.

Preferably, the cell population comprising proplatelet-bearing MKs and/or platelets
comprises at least 50,000 CD41+CD42c+ cells, obtained from 20,000 CD34*CD41°"
seeded cells. About 90% of the MKs produced using an AhR antagonist such as SR1, and
about 50% of the MKs produced using a co-culture with hMSC are proplatelet-bearing
MKs.

The method described herein thus produces at least 2, preferably at least 2.5, such
as 2.7 proplatelet-bearing MKs per seeded CD34*CD41™ cell. About 1.10° platelets are
obtained from 20,000 CD34'CD419™ seeded cells, hence about 50 platelets per
CD34*CD41™ seeded cell.

In one embodiment, the method described herein produces at least 3.6, preferably
at least 4.5, such as 4.8 MKs per seeded CD34"CD9'CD41%™ cell. About 1.8x10° platelets
are obtained from 20,000 CD34*CD9CD41%™ seeded cells, hence about 90 platelets per
CD34*CD9'CD41™ seeded cell.

The method of producing proplatelet-bearing MKs and/or platelets can further
comprise washing the collected proplatelet-bearing MKs and/or platelets and suspending
the washed cells in an infusion buffer.

This may be readily achieved by pelleting the cells by centrifugation, for instance for
10 minutes at 1000g, and resuspending the cells in infusion buffer e.g., a 5% HSA
(Baxter) at a concentration of between 10 to 10'° proplatelet-bearing MKs and/or platelets
/ml.

The method of the invention can produce platelets in a patient specific manner by
using HLA-matched CD34+ cells.

Compositions and therapeutic treatments

The invention further relates to a composition comprising a cell population of
proplatelet-bearing megakaryocytes (MKs) and/or platelets, in particular CD41 and



10

15

20

25

30

35

WO 2017/013262 PCT/EP2016/067594

14

CD42c+ cells, and an infusion buffer obtainable or obtained by the method of the
invention.

The invention also relates to said composition for its use for allogeneic or
autologous transfusion. In an embodiment, in the composition for use for transfusion, said
use comprises preparing proplatelet-bearing megakaryocytes (MKs) and/or platelets by a
method according to the invention.

It is further provided a method of transfusion of a patient in need thereof, which
comprises:

a) preparing a composition comprising a cell population of proplatelet-bearing
megakaryocytes (MKs) and/or platelets and an infusion buffer by the method of
the invention;

b) transfusing said composition to a patient in need thereof.

The subject according to the invention is a mammal, such as a rodent, a canine, a

feline or a primate. Preferably the subject is a human.

The number of cells transfused typically takes into consideration factors such as
sex, age, weight, the types of disease or disorder, stage of the disorder, the percentage of
the desired cells in the cell population and the amount of cells needed to produce a
therapeutic benefit. In one particular embodiment, the composition is administered by
intravenous infusion and comprises at least 10° platelets/kg, from 10° to 10'° platelets/kg
or more if needed. A transfusion dose is typical about 3 to 5 x 10" platelets.

The invention will be further illustrated in view of the following figures and examples.

FIGURES

Figure 1: Preservation of CD34 expression in MKs cultured in the presence of
SR1. (A) MK differentiation protocol. Peripheral blood CD34" cells were cultured in the
absence (Ctrl) or presence of SR1 (1 pM) in a serum-free medium containing CC220
cytokine cocktail from day 0 to day 7 and with TPO (30 ng/mL) from day 7 to day 14. (B)
Level of proliferation. Viable cells were counted on days 7 and 10 of culture using an
automatic cell counter and the fold increase over the input of CD34" cells on day 0 was
calculated. (C) Proportion of CD34" cells. The proportion of CD34" cells was determined
on the indicated days by flow cytometry after labeling with an R-PE-Cy5-conjugated anti-
CD34 mAb. Experiments were performed at least three times (mean + SEM; two-way
ANOVA and a Bonferroni post-test, n.s. P> 0.05, ***P < 0.001).

Figure 2: Increased production of proplatelets and platelet-like elements in the
presence of SR1. CD34" cells were cultured as in Fig. 1A and analyses were performed
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on day 14. (A) Quantification of the percentage of MKs extending proplatelets (34.6 + 2.1
% with SR1 versus 11.5 + 4.5 % for the control; mean + SEM in 3 experiments; Student’s
t-test *P < 0.05). (B) Release of platelets. The cell suspension was subjected to multiple
pipetting and platelet-like elements were detected and counted by flow cytometry. Upper
panel: Representative gating strategy based on the forward and side scattering properties
and CD41/CD42 expression of the cells. Lower panel: Number of platelet-like elements
per cell seeded on day 7 (7.92 + 3.25 for the control vs 20.72 + 5.19 with 1 pM SR1 vs
0.20 £ 0.04 with 0.2 uM of the AhR agonist FICZ) mean + SEM in 3 to 5 experiments; two-
way ANOVA and a Bonferroni post-test, n.s. P > 0.05).

Figure 3: Emergence of a CD34*CD41%™ population in the presence of SR1.
CD34" cells were cultured as in Fig. 1A and analyses were performed on days 7 and 10.
(A) Evolution of CD34 and CD41 expression. Representative flow cytometric dot plots in
the absence (Ctrl) or presence of SR1. On day 7, three main populations were observed
which were CD34°CD41" (purple), CD34"CD41"% (red) and CD34CD41" (blue) and
represented respectively 23.1 + 1.3 %, 59.9 + 2.3 % and 9.7 £+ 1.1 % of the total
population in the control versus 22.4 + 1.5 %, 68.9 + 1.8 % and 3.6 + 0.3 % in the
presence of SR1. On day 10, the two main populations were CD34CD41" and
CD34'CD41*. CD34'CD41" cells amounted to 51.6 + 4.9 % of the cells in the control
versus 26.7 £ 4.5 % in the presence of SR1. The CD34°CD41" population (red) was more
abundant in SR1-treated cultures (55.1 + 4.9 %) than under control conditions (32.1 £ 0.7
%). A CD34"CD41" subpopulation (region R2) with an intermediate level of CD41
expression, defined as CD34"CD41%™, was predominant in SR1 cultures. (B) Proportion
of CD34°CD41%™ cells. Bar graph representing the percentage of CD34*CD41°™ cells
gated in R2, which amounted to 16.8 + 1.4 % of the total cells in the control versus 36.8 +
1.9 % after SR1 treatment (mean + SEM in 8 experiments; Student’s t-test, ***P < 0.001).
(C) Dot plots of forward light scattering versus CD41 expression showing the
CD34*CD41™ population (red) and the CD34CD41* population (blue) from an SRi-
treated culture on day 10.

Figure 4 Ploidy distribution of the CD34+CD41dim and CD34-CD41+ cells from
an SR1-treated culture on day 10 (Student’s t-test, *P < 0.05, **P < 0.005).

Figure 5. High capacity of CD34*CD41“™ cells to produce proplatelets and
platelet-like elements. (A) CD34" cells cultured for 10 days in the presence of SR1 as in
Fig. 1A were sorted according to their CD34*CD41°™ and CD34'CD41* expression using
a FACS Aria Il flow cytometer and then cultured for 7 days in a medium containing TPO
with or without SR1 (5 puM). (B) Quantification of the percentage of MKs extending
proplatelets 7 days after seeding CD34°CD41°™ cells (91.0 + 2.4 % with SR1 versus 10.0
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+ 6.6 % for the control; mean + SEM in 5 experiments; Student’s t-test, ***P < 0.001). (C)
Number of platelet-like elements 7 days after seeding CD34*CD419™ cells (52.1 + 8.8 with
SR1 versus 7.7 £ 0.8 for the control; mean + SEM in 5-8 experiments; Student’s t-test, **P
< 0.005).

Figure 6. Co-culture of CD34" cells with hMSCs promotes platelet production
and the emergence of a CD34*CD41%™ population. (A) CD34" cells were cultured as in
Fig. 1A in the absence (Ctrl) or presence of a monolayer of hMSCs for up to 14 days. (B)
Level of proliferation. Viable cells were counted on days 7 and 10 of culture using an
automatic cell counter and the fold increase over the input of CD34" cells was calculated
(mean + SEM in 3 experiments; Student’s t-test, n.s. P > 0.05). (C) Quantification of
culture-derived platelets. The cell suspension was subjected to multiple pipetting on day
14 of culture and platelet-like elements were detected and counted by flow cytometry
(mean + SEM in 3 experiments; Student’s t-test, *P < 0.05).

Figure 7. (A) Effect of FICZ on platelet production. CD34" cells were co-cultured on
MSCs as in Fig. 5A in the presence or absence of the AhR agonist FICZ (0.2 uM). On day
14, platelet-like elements were counted by flow cytometry (20.6+ 1.3 vs 4.5+ 1.9 per cell
seeded on day 7, with or without FICZ, respectively; mean + SEM in 3 experiments;
Student’s t-test, *** P< 0.001? (B) CYP1B1 expression. gPCR analysis of CYP1B1 mRNA
on day 10 in MKs co-cultured or not with MSCs or SR1 and with or without FICZ. Data are
the mean valuest SEM of 3 experiments.

Figure 8. (A) Evolution of CD34 and CD41 expression. Representative flow
cytometric dot plots of CD34 and CD41 expression in the cell suspension on day 10
revealing a CD34°CD419™ population in MSC co-cultures. (B) Proportion of
CD34"CD41°™ cells. Bar graph representing the proportion of cells in the CD34*CD419™
region (mean + SEM in 3 experiments; Student’s t-test, *P < 0.05). (C) Ploidy distribution
of the CD34*CD41%™ cells from an MSC co-culture on day 10.

Figure 9. Comparable properties of CD34°CD41“™ cells obtained after
treatment with MSCs or SR1. (A) CD34" cells were cultured for 10 days as in Fig. 1A in
the presence of a monolayer of MSCs. CD34*CD41™ cells were sorted on day 10 and
cultured for a further 7 days with TPO, TPO+5 pM SR1, or TPO+MSC. Panel i:
Quantification of the percentage of MKs extending proplatelets. Panel ii: Quantification of
culture-derived platelets. (B) CD34" cells were cultured for 10 days as in Fig. 1A in the
presence of 5 pM SR1. CD34*CD41™ cells were sorted on day 10 and cultured for a
further 7 days with TPO, TPO+5 uM SR1, or TPO+MSC. Panel i: Quantification of the
percentage of MKs extending proplatelets. Panel ii: Quantification of culture-derived
platelets. MeantSEM in 3-4 experiments.



10

15

20

25

30

35

WO 2017/013262 PCT/EP2016/067594

17

Figure 10. Density plot allowing visualizing the cell population CD34*CD41™,

Figure 11. Visualisation of the CD41 population among the CD9 population. A)
Representative flow cytometric dot plot of CD34 and CD9 expression in the cell
suspension on day 10. The region in the right lower inlet represents the CD34"CD9" cell
population that is gated in Example 2. B) Representative flow cytometric dot plot of CD41
and CD9 expression in the cell suspension on day 10. The region in the right lower inlet of
A) representing the CD34"CD9" cell population corresponds in the lower inlet of the
CD41/CD9 dot plot which is CD9CD41%™. It can be concluded that the CD9 cell
population is identical with the CD9'CD419™ cell population.

Figure 12. Visualisation of the CD34*CD9CD41“™ cell population in
comparison to the CD34*CD41%™ cell population A) Representative flow cytometric dot
plot of CD34 and CD9 expression in the cell suspension on day 10. The right lower inlet
represents the CD34"CD9 cell population that is gated in Example 2. B) Representative
flow cytometric dot plot of FSC/CD41" expression of the CD34*CD9" cell population. The
inlet in B) represents the CD34*CD9 CD41* cell population. CD9” deselects CD41"". The
remaining CD41* cells as gated by FSC/CD41* expression are thus CD419™. The
CD34*CD9'CD41* cell population can thus be called a CD34"CD9 CD41°™ cell population.
C) Transposition of the CD34*CD9 CD41™ population on the CD34/CD41 graph in the
cell suspension on day 10 (as used for example in Figure 3 for obtaining the
CD34*CD41™ cell population). The circle in C) indicates the cell population CD34*CD9°
CD41" in said CD34/CD41 graph. Comparison with for example Figure 3A (Day 10)
demonstrates that said CD34"CD9CD41". Cell population corresponds to the CD34"CD9
cell population population as indicated in Figure 3 with region R2.

EXAMPLE 1

MATERIALS AND METHODS

Isolation of CD34" cells

CD34" cells were recovered from leukodepletion filters obtained from the
Etablissement Francais du Sang-Alsace by adapting a procedure described by Ivanovic et
al (Transfusion. 2006;46:118-125.). Briefly, after 15 min incubation with RosetteSep®
Human Granulocyte Depletion Cocktail (StemCell Technologies, Vancouver, Canada),
mononuclear cells were isolated by Histopaque®-1077 (Sigma-Aldrich) density gradient
separation for 30 min at 400 g. CD34" cells were then isolated by positive selection using
an immunomagnetic cell sorting system (AutoMacs, Miltenyi, Bergisch Galdbach,
Germany). A viability of 83.30 + 1.96 % and a CD34" purity of 82.80 £ 2.25 % were
routinely obtained (n= 6).
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MK differentiation in culture

CD34* cells were seeded in 48-well plates at a density of 4x10* per mL in
StemSpan SFEM medium supplemented with 20 ng/mL human LDL and CC220 (1X), a
cocktail of cytokines containing SCF, TPO, IL-6 and IL-9 (all from Stemcell Technologies),
with or without addition of 1 uM SR1 (Cellagen Technology, San Diego, CA) (Fig. 1A). On
day 7, the cells were harvested, washed and seeded at 5x10%/mL in StemSpan SFEM
medium containing 30 ng/mL TPO with or without 1 uM SR1 for an additional 7 days. The
cultures were incubated at 37°C under normoxic conditions and 5% CQO,. On days 7 and
10 of culture, the cells were counted, their viability was measured by propidium iodide
exclusion in an automatic cell counter (ADAM, Digital-Bio, Korea) and the expression of
CD34, CD41 and CD42b was analyzed in a Gallios flow cytometer using Kaluza software
(Beckman Coulter, Villepinte, France). In some experiments, SR1 was replaced by the
AhR agonist FICZ (Enzo life sciences, Villeurbane, France) added at 0.2 pM.

In a second protocol, CD34" cells were cultured in the presence of mesenchymal
stromal cells (MSCs) isolated from human bone marrow (Guilloton F et al., Blood.
2012;119:2556-2567). MSCs were maintained in a-MEM medium supplemented with 10%
fetal bovine serum (Invitrogen, Cergy Pontoise, France) and 2 ng/mL recombinant human
(rh) FGF2 (Peprotech, Rocky Hill, NJ). CD34" cells were added to a confluent layer of
MSCs at a density of 4x10¥mL in 48-well plates in StemSpan SFEM medium
supplemented with 20 ng/mL human LDL and CC220. On day 7, the cells in suspension
were harvested, washed and co-cultured at 5x10%/mL on a new layer of confluent MSCs
in StemSpan SFEM medium containing 30 ng/mL TPO for an additional 7 days (Fig. 5A).

Cell sorting

The cells recovered on day 10 were incubated with a mixture of Alexa-488-
conjugated anti-CD41 (ALMA.17) and PE-Cy7-conjugated anti-CD34 mAbs (BD
Biosciences) for 30 min at 4°C. They were then washed in PBS-EDTA and incubated for
30 min in PBS containing 7-AAD (1/50) to select viable cells. The morphologic and sorting
gates were determined by FMO (fluorescence minus one) analysis and megakaryocytic
precursors were sorted at 500 cells/s according to their CD34/CD41 expression using a
FACS Aria Il flow cytometer (Becton Dickinson, Mountain View, CA) equipped with a 50
Mm nozzle and two argon lasers operating at 500 mW and tuned to 488 and 360 nm,
respectively (Coherent Radiation, Palo Alto, CA). The sorted CD34*CD41°™ and CD34
CD41* cells were then counted and seeded at 4x10*/mL in 48-well plates in StemSpan
medium containing TPO with or without SR1 for 7 days (Fig. 4A).
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Analysis of MK maturation

Surface markers. Cells were analyzed by flow cytometry (Gallios, Beckman Coulter,
France) after labeling with anti-CD34-PE-Cy7 (Beckman Coulter, Fullerton, CA), anti-
CD41-Alexa-488 (ALMA.17), anti-CD42c-PE (RAM.1) and anti-CD42d-Alexa-647 (V.1)
mAbs for 30 min at 4°C. The cells were then washed and resuspended in PBS containing
7-AAD (1/50). The acquired data were analyzed with Kaluza software.

Ploidy. Cells were incubated for 2 h at 37°C with 10 pg/mL Hoechst 33342 (Sigma-
Aldrich, Saint Quentin Fallavier, France) and then stained with anti-CD34-PE-Cy7 and
anti-CD41-PE mAbs. The washed cells were resuspended in PBS containing 7-AAD and
the ploidy distribution in the CD41" population was determined by two-color flow cytometry
(Fortessa, BD Biosciences, Rungis, France). The acquired data were analyzed with BD
FACSDiva software (BD Biosciences).

Ultrastructure. Cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer,
pH 7.2, containing 2% sucrose and processed as described previously (Eckly A et al.,
Blood. 2014;123:921-930). Ultrathin sections were examined under a Philips CM120
Biotwin transmission electron microscope (FEI, Heindhoven, The Netherlands) at 120 kV.

Quantification of proplatelet-bearing MKs

The percentage of MKs extending proplatelets was determined in the culture wells
by phase-contrast microscopy. In each culture, at least 100 MKs were analyzed and
images were acquired using a Zeiss Axio Vert.A1 microscope with a 20x objective (Marly-
le-Roi, France).

Determination of the number of platelets produced per seeded cell

CD34" cells cultured for 7 days in the presence of CC220 (Figs. 1A and 5A) or
CD34/CD41 sorted cells (Figs. 4A and 6A) were seeded in a medium containing TPO. On
day 7, 1 uM PGE; and 0.02 U/mL apyrase were added to the culture medium and the
cells were gently passed 5 times through a P1000 pipet tip. The resulting suspension (200
uL) was incubated with anti-CD41-Alexa-647 and anti-CD42c-Alexa-488 mAbs for 15 min
at room temperature before analysis in a Gallios flow cytometer. CD41/CD42c double
positive events, having the same scattering properties as washed blood platelets, were
counted as platelet-like particles and the number of particles per seeded cell, at day 7 or
10 following experiments, was determined.

RNA extraction

CD41/61 cells were obtained on day 7 or 10 of culture using the antibody ALMA.17
and magnetic beads (EasySep® "Do-It-Yourself" Selection Kit, StemCell Technologies).
Total RNA were extracted using an RNeasy® Mini kit (QIAGEN) following manufacturer's
instructions. Quantity and quality of total RNA for all samples were evaluated by
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measuring OD at 260nm and concentration was adjusted at 50 ng/ml. The RNA samples
were stored at —80°C until use. qRT-PCR was applied under standard conditions using
the SYBR Green Master Mix kit on the ABI Prism 7900 Sequence Detection System
(PerkinElmer-Cetus, Courtaboeuf, France). The primers for genes were chosen with the
assistance of the Oligo 6.0 program (National Biosciences, Plymouth, MN) and have been
previously described (Bieche I. et al., Pharmacogenetics and genomics. 2007;17:731-
742).

Statistics

Statistical significance was determined by means of Student's t-test or two-way
Anova followed by a Bonferroni post-test. Data were analyzed using Graphpad Prism 5

software.

RESULTS

SR1 sustains CD34 expression in MKs differentiated from peripheral blood
CD34" cells

We evaluated the effect of the AhR antagonist SR1 on the expansion of MK
precursors. SR1 (50 uM) was added on days 0 and 7 in a two-step culture protocol where
peripheral blood CD34" cells (Peytour Y et al., Transfusion. 2010;50:2152-2157) were first
expanded for 7 days in the presence of CC220, an optimized mix of SCF, TPO, IL-6 and
IL-9, and then differentiated for a further 7 days in the presence of TPO alone (Fig. 1A).

Using this protocol more than 90% of the control cells, cultured without SR1, were
double positive for the platelet markers CD41 and CD42 on day 12 and displayed the
hallmark features of fully mature MKs in morphologic and phenotypic analyses.

Cell proliferation was estimated on days 7 and 10, before the occurrence of
proplatelet extension. On day 7, there was a 6.7 + 1.6 fold and 4.2 + 1.2 fold expansion of
the total nucleated cells (mean + SEM, n=8) in the absence and presence of SR1,
respectively (Fig. 1B). From day 7 to day 10 the number of cells increased similarly, 2.3
and 2.5 times, in untreated and SR1-treated cultures, respectively. Therefore, SR1 did not
promote cell proliferation under our culture conditions.

We then evaluated the effect of SR1 on the maintenance of progenitors by following
the evolution of CD34 expression. CD34 positivity was preserved in control and SR1-
treated cells during the expansion step, with only a 16.8 and 8.3 % decrease in positivity
on day 7, respectively (Fig. 1C). On day 10, following passage in the presence of TPO
alone, the proportion of CD34" cells dropped to 40.7 % in control cultures whereas 71.6 %
remained positive after SR1 treatment. Thus, SR1 maintained a more progenitor-like
phenotype following transfer of the cells into media containing only added TPO.
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SR1 increases the production of proplatelet-bearing MKs and platelet-like elements

In control cultures, proplatelet extension was first observed on day 10 and
culminated on day 14 when 11.5 + 4.5 % of the MKs exhibited proplatelets (Fig. 2A).
Remarkably, this proportion tripled after SR1 treatment (34.6 £ 2.1 %, mean + SEM, n=4)
and this resulted in an increased production of platelet-like elements. Whereas under
control conditions 7.92 * 3.25 platelet sized particles were counted per cell seeded on day
7 (Fig. 2B), the number of platelet particles increased about 3 fold after addition of SR1
(20.72 + 5.19). These results indicated that SR1 not only sustained progenitor potential
but also greatly improved MK maturation. On the contrary, when SR1 was replaced by
FICZ, a strong agonist of the AhR, there was a dramatic decrease in the proplatelet
extension of MKs and the production of platelet-like elements (0.20 *= 0.04
platelets/seeded cell). Such results strongly suggested that AhR blockade is at the origin
of the increased platelet production in the presence of SR1. The antagonist activity of SR1
was confirmed on the inhibition of the expression of its downstream target CYP1B1 in a
day 7 culture as measured by qPCR (579.8+40.8 vs 2.5+0.8 arbitrary units in control and
SR1 treated cells, respectively; means + SEM, n=3).

SR1 promotes the expansion of a CD34*CD41“™ population

The above findings pointed to a dual effect of SR1 as it sustained CD34
expression and also improved MK maturation. Since CD41 is a specific marker of MKs,
we evaluated its evolution in parallel with that of CD34. On day 7, a similar high proportion
of CD34" cells had acquired CD41 positivity with respectively 60 and 69% of the cells
being CD34'CD41" in control and SRi1-treated cultures (Fig. 3A). Passage in the
presence of TPO alone led to a significant loss of CD34 positivity in control cultures, with
only 32% of the cells being CD34"CD41" on day 10. In contrast, a high proportion (55%)
remained double positive for CD34 and CD41 in SR1-treated cultures. Remarkably, a
large fraction of these cells (37% of the total cells vs 17% in controls) exhibited a CD41™
phenotype (region R2) (Fig. 3B). The CD41°™ population (R2) comprised cells of
decreased size as compared to those with a higher level of CD41 (R1), as evidenced by
their FSC properties (Fig. 3C), indicating a lower degree of MK differentiation. This was
confirmed by the ploidy analysis since CD34*CD41°™ cells were mostly 2n-4n (Fig. 4).

CD34*CD41%™ cells have a high capacity to produce proplatelets and platelet-like
particles
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Addition of SR1 in the two-step culture protocol resulted in an increased production
of proplatelet-bearing MKs and platelet-like elements (Fig. 2A-B). We therefore
investigated whether this was related to the expansion and particular properties of the
CD34*CD41™ population. CD34*CD41%™ cells from a day 10 culture with SR1 were
sorted by flow cytometry and cultured for 7 days in a TPO-containing medium
supplemented or not with SR1 (Fig. 5A). An unprecedented high proportion of MKs
reached the proplatelet stage (91.0 + 2.4 %) when CD34*CD41%™ cells were grown in the
presence of SR1 (Fig 4B). Much lower frequencies were observed when these same cells
were cultured in the absence of SR1 (10.0 + 6.6 %) (Fig. 5B). The increased proplatelet
yield led to a 6.8 fold enhanced production of platelet-like elements in CD34*CD41%™ cells
cultured with SR1 as compared to without SR1 (52.06 + 8.79 vs 7.68 + 0.81
platelets/seeded cell, respectively) (Fig. 5C). These results indicated that the
CD34*CD41™ population expanded in the presence of SR1 has a strong potential to
produce proplatelet-bearing MKs which are prone to release platelets.

Co-culture with MSCs also promotes the emergence of a CD34*CD41“™ population

Bone marrow-derived stromal cells can maintain hematopoietic stemness, secrete
cytokines and favor MK maturation (Pallotta | et al., PloSone. 2009;4:€8359; Cheng L et
al., Journal of cellular physiology. 2000;184:58-69) and could provide a favorable milieu
for the emergence of an MK precursor. CD34+ cells were cultured in a two-step protocol
on preformed monolayers of human mesenchymal stromal cells (hMSCs) isolated from
human bone marrow (Fig. 6A). Co-culture with hMSCs did not significantly modify cell
proliferation (Fig. 6B) but resulted in increased production of proplatelet-bearing MKs
(data not shown) and platelet-like particles on day 14 (7.9 £ 4.5 vs 18.2 + 4.9 platelets/cell
seeded on day 7) (Fig. 6C).

We investigated whether the effects of MSCs might be mediated by a pathway
downstream of the AhR. Addition of the AhR agonist FICZ (Boitano AE et al., Science.
2010;329:1345-1348) reduced the proportion of CD34*CD41°™ cells (data not shown) and
prevented the increase in platelet production (Fig. 7A). In addition, co-culture of CD34"
cells with MSCs resulted in a profound decrease (>90%) in CYP1B1 transcripts,
reproducing the effect of SR1 (Fig.5E), an effect that was reversed by the addition of FICZ
(Fig. 7B). These results indicated that MSCs similarly to SR1 promote MK maturation and
platelet production by acting on the AhR.

This response resembled that obtained with SR1, which prompted us to determine
the CD34/CD41 phenotype of the cells. A population with the CD34*CD41°™ profile was
clearly apparent by day 10 of co-culture (Fig. 8A) and represented 30.37 + 1.98 % of the
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total cells, as compared to 18.95 + 1.75 % in control cultures without MSCs (Fig. 8B). This
population was of low ploidy (Fig. 8C).

We then sought to determine whether i) MSC - and SR1-derived CD34"CD41™
cells had the same potential to produce mature MKs and ii) co-culture with MSCs or in the
presence of SR1 similarly favored this maturation. CD34" cells were cultured with SR1 or
on MSCs and the corresponding CD34*CD41%™ cells were sorted on day 10 (Fig. 9).
These cells were then subcultured for 7 days with TPO, with TPO and SR1 or with TPO
and MSCs. The results showed that MSC-derived CD34°CD41°™ cells exhibited an
increased capacity to produce proplatelet-bearing MKs when cultured in the presence of
SR1 (Fig. 9A, left panel), but with lower efficiency than SR1-derived cells (Fig.9B, left
panel) (49.5 £ 10.5 % vs 91.0 £ 2.4 %, respectively, n=4). In addition, co-culture with
MSCs enhanced the MK maturation of both MSC-derived (Fig. 9A) and SR1-derived (Fig.
9B) CD34*CD41%™ cells (53.3 = 10.7 % vs 67.5 = 12.6 %, respectively) compared to
culture with TPO alone (%). Similar profiles were observed for the capacity to liberate
platelet-like particles (Figs. 9A-B, right panels). Thus, co-culture with MSCs phenocopied
the responses obtained by adding SR1 to cell cultures.

Altogether, it is therein reported the identification and enrichment of a discrete
population of adult hematopoietic progenitors primed for MK differentiation which can
efficiently mature to proplatelet-bearing MKs. This population, identified by means of its
CD34*CD41%™ signature, was amplified when adult CD34" cells were cultured in the
presence of SR1, an antagonist of the AhR, or an MSC monolayer. Culture with SR1 or
MSCs, in addition to promoting the appearance of this MK progenitor, greatly improved
the yield of proplatelet-producing MKs and the release of platelet-like elements.

Several features of the CD34°CD41%™ population identified here in the human
system, such as the small size and low ploidy of the cells and their high capacity to
mature into pure MKs able to efficiently extend proplatelets, appear to correspond to the
definition of a platelet-biased progenitor. Its distinctive phenotype combines a CD34"
progenitor signature with intermediate or dim expression of the CD41 megakaryocytic
marker. CD41 positive cells have been described among human CD34" cells isolated
directly from bone marrow or after culture under MK promoting conditions (Debili N. et al.,
Blood. 1992;80:3022-3035; Dercksen MW et al., Blood. 1995;86:3771-3782). However,
these populations did not fully recapitulate the CD34*CD419™ phenotype since they
appeared to express higher levels of CD41 and were highly polyploid and unable to
proliferate (Dercksen MW et al., Blood. 1995;86:3771-3782). CD34"CD41" cells have also
been observed after co-culture of bone marrow-derived CD34" cells on hMSCs without
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TPO, but no evidence was provided for a distinct CD41™ subpopulation(Cheng L. et al.,
Journal of cellular physiology. 2000;184:58-69). Cells with a CD34*CD41"" phenotype
representing a very minor population were recently reported in cultures derived from
peripheral blood but were not characterized further. The CD34*CD41™ population was
similarly of low frequency in our standard cultures (Fig. 3A) and only became apparent
upon addition of SR1 or co-culture with MSCs. A CD31°CD34"CD41" megakaryoblastic
population resembling the cells described here was recently observed in reprogrammed
iPS cells cultured in a three-step serum-free system. This population appeared to express
low levels of CD41 and was negative for CD42.

EXAMPLE 2
MATERIALS AND METHODS

Peripheral blood CD34+ cells were isolated as described above in the section
“Isolation of CD34+ cells” and cultured in the presence of SR1 (1 uM) as described above
in the section “MK differentiation in culture* of example 1.

The cells recovered on day 10 were incubated with a mixture of Alexa-488—
conjugated anti-CD41 (ALMA.17), phycoerythrin (PE)-Cy7—conjugated anti-CD34
monoclonal antibodies and phycoerythrin (PE)-CD9 (mAbs; BD Biosciences) for 30
minutes at 4°C. They were then incubated for 2 minutes in phosphate-buffered saline
containing 7-aminoactinomycin D (2.5 pg/mL) to select viable cells.

The cells were first subdivided into CD34°CD9™ progenitors. Cell sorting using
CD9™ excludes CD41"" cells because only CD9* cells are CD41"" as shown in Figure
11. The population of CD34* CD9 progenitor cells (which thus does not comprise CD41""
cells) was then fractionated into MK progenitors according to the FSC/CD41" expression.
The only CD41* present in the cell population are CD41%™ therefore allowing to gate on
the population of interest of CD34*CD9'CD41°™ cells. Megakaryocytic precursors were
then sorted at 500 cells/s using a fluorescence-activated cell sorter (FACS) Aria Il flow
cytometer (Becton Dickinson, Mountain View, CA). The sorted CD34*CD9'CD41%™ cells
were then counted and seeded at 4 x 10%/mL in 48-well plates in StemSpan medium
containing TPO, with or without SR1, for 7 days.

RESULTS

The population previously described as being CD34'CD41°™ can be also
characterized as CD34°CD9'CD419™. In particular, CD34*CD9'CD41°™ represents a
subpopulation of CD34*CD41™, wherein the population CD34*CD9 CD41™ represents
60% of the total population of CD34°'CD41%™ cells. The differentiation potential of
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CD34*CD41%™ cells compared to CD34"CD9CD41°™ cells was functionally examined.
CD34*CD9'CD41%™ cells have a platelet release that is increased by 1.8 fold compared to
CD34*CD41%™ cells.
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CLAIMS

1. An ex vivo method of producing proplatelet-bearing megakaryocytes (MKs)
and/or platelets comprising:

a) Culturing an isolated CD34*CD41°™ cell population of MK progenitors in a
serum-free culture medium comprising thrombopoietin (TPO), in presence of
an aryl hydrocarbon receptor (AhR) antagonist or by co-culture with human
mesenchymal stromal cells (hMSCs), for a time sufficient to obtain a cell
population comprising proplatelet-bearing MKs and/or platelets; and

b) Collecting said cell population comprising proplatelet-bearing MKs and/or
platelets.

2. The method according to claim 1, wherein the step a) of culturing is
conducted for 5 to 9 days.

3. The method according to claim 1 or 2, wherein the serum-free culture
medium comprises 20-100 ng/ml TPO.

4, The method according to any one of claims 1 to 3, wherein said method
comprises, prior to step a):

a0) Culturing haematopoietic stem cells (HSC) in a serum-free culture medium
comprising low-density lipoprotein (LDL), stem cell factor (SCF), TPO, IL-6
and IL-9, in presence of an aryl hydrocarbon receptor (AhR) antagonist or by
co-culture with human mesenchymal stromal cells (hMSCs), for a time
sufficient to obtain a cell population comprising CD34*CD41™ cells; and

al) isolating said CD34*CD41%™ cells from said cell population.

5. The method according to any one of claims 1 to 4, wherein the
CD34*CD41%™ cell population of MK progenitors is a CD34*CD9CD41* cell population of
MK progenitors.

6. The method according to claim 4 or 5, wherein the serum-free culture
medium of step a0) comprises 10-30 pg/ml LDL, 25-100 ng/ml SCF, 40-50 ng/ml TPO,
20-30 ng/ml IL-6 and 20-30 ng/ml IL-9.
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7. The method according to any one of claims 4 to 6, wherein the step a0) of
culturing is conducted for 6 to 8 days.
8. The method according to any one of claims 1 to 7, wherein in steps a) and

a0), independently, the AhR antagonist is a compound of formula (1)

L

NTXN
| >—R
N N\%"’

I:{4

L is selected from -NRg(CHz)om3-, -NRg(CH2)oNRsp-,  -NRs(CHo)oS-, -
NRs,CH;CH(OH)- and -NRs,CH(CH3)CH,-; wherein Rs, and Rs, are independently
selected from hydrogen and C,_jalkyl;

R, is selected thiophenyl, furanyl, benzoimidazolyl, isoquinolinyl, imidazopyridinyl,
benzothiophenyl, pyrimidinyl, pyrazolyl, pyridinyl, imidazolyl, pyrrolidinyl, pyrazinyl,
pyridazinyl, pyrrolyl and thiazolyl; wherein said thiophenyl, furanyl, benzoimidazolyl,
isoquinolinyl, imidazopyridinyl, benzothiophenyl, pyrimidinyl, pyrazolyl, pyridinyl,
imidazolyl, pyrrolidinyl, pyrazinyl, pyridazinyl, pyrrolyl and thiazolyl of R s optionally
substituted by 1 to 3 radicals independently selected from halo, cyano, Cialkyl, halo-
substituted-Csalkyl, Ci-4alkoxy, -S(O)e-2Rss, and -C(O)ORs,, wherein Rg, is selected from
hydrogen and C4alkyl;

R. is selected from -S(O):NReRen, -NRsC(O)NRgRee, phenyl, pyrrolopyridinyl,
indolyl, thiophenyl, pyridinyl, triazolyl, 2-oxoimidazolidinyl, pyrazolyl, and indazolyl;
wherein

Rea, Rep @and Rg. are independently selected from hydrogen and C,_jalkyl; and
said phenyl, pyrrolopyridinyl, indolyl, thiophenyl, pyridinyl, triazolyl,
oxoimidazolidinyl, pyrazolyl, or indazolyl of R, is optionally substituted with 1 to
3 radicals independently selected from hydroxy, halo, methyl, methoxy, amino, -
O(CHy),NR7:R7,, -OS(0O);NR7,R7, and -NR,,S(0).R; wherein R,, and Ry, are
independently selected from hydrogen and C4_ alkyl;

R; is selected from hydrogen, C,.alkyl and biphenyl; and

R, is selected from Ci.joalkyl, Ci4alkenyl, oxetanyl, tetrahydrofuranyl, cyclohexyl,
(oxopyrrolidinyl)ethyl, tetrahydropyranyl, phenyl, and benzyl, wherein said Ci.jealkyl, C;.
salkenyl, oxetanyl, tetrahydrofuranyl, cyclohexyl, (oxopyrrolidinyl)ethyl, tetrahydropyranyl,
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phenyl, and benzyl of R, can be optionally substituted with 1 to 3 radicals independently
selected from hydroxy, Ci.4alkyl and halo-substituted- C;_salkyl.

9. The method according to any one of claims 1 to 8, wherein in step a) and/or
a0), the AhR antagonist is StemRegenin 1 (SR1).

10. The method according to any one of claims 1 to 8, wherein step a) and/or
a0) is performed by co-culture with hMSCs.

11. The method according to any one of claims 8 to 10 wherein said hMSCs
are obtained by a method comprising:

i) Isolating bone marrow mononuclear cells (BM-MNCs) from a human subject
by Ficoll density gradient;

i) Seeding isolated BM-MNCs in culture medium comprising 5-15% fetal bovine
serum and 0.5-5 ng/mL fibroblast growth factor 2 (FGF-2);

i) Culturing seeded cells for two days, and the discarding nonadherent cells
and seeding collected adherent cells;

iv) Culturing adherent cells in culture medium comprising 10% fetal bovine
serum and 0.5-5 ng/mL FGF-2, with replacement of culture medium twice a
week with fresh culture medium until confluence; and

v) Harvesting hMSCs, seeding and culturing harvested cells until confluence in
culture medium comprising 10% fetal bovine serum and 0.5-5 ng/mL FGF-2.

12. The method according to any one of claims 1 to 11, which further
comprises selecting CD41/CD61+ and CD42c+ cells from the collected cell population

comprising proplatelet-bearing MKs and/or platelets.

13. The method according to any one of claims 1 to 12, which further
comprises washing the proplatelet-bearing megakaryocytes (MKs) and/or platelets and
suspending the washed cells in an infusion buffer.

14. A method of producing megakaryocyte (MK) progenitor cells comprising:
a0) Culturing haematopoietic stem cells (HSC) in a serum-free culture medium
comprising low-density lipoprotein (LDL), stem cell factor (SCF), TPO, IL-6
and IL-9, in presence of an aryl hydrocarbon receptor (AhR) antagonist or by
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co-culture with human mesenchymal stromal cells (hMSCs), for a time
sufficient to obtain a cell population comprising CD34*CD41™ cells; and
al) isolating said CD34*CD41™ cells from said cell population.

15. A method according to claim 14, wherein in step a0) the cell population
comprising CD34*CD41%™ cells is a cell population comprising CD34*CD9'CD41™ and
wherein in step a1) said CD34*CD9'CD41" cell population is isolated.

16. The method according to claim 14 or 15, wherein step a0) is performed as
defined in claims 5-11.

17. A substantially pure cell population of megakaryocyte (MK) progenitors
wherein at least 80% of the cells in the population are CD34*CD41™ cells.

18. The cell population according to claim 17, wherein the cell population
comprises at least 150,000 CD34*CD41%™ cells.

19. The cell population according to claim 17 or 18, wherein the CD34*CD419™
cells are CD34°CD9CD41".

21. The cell population according to any one of claims 17 to 19, wherein said
cell population is obtainable by the method according to any one of claims 14 to 16.

22. A composition comprising a cell population of proplatelet-bearing
megakaryocytes (MKs) and/or platelets and an infusion buffer for use for transfusion,
wherein said use comprises preparing proplatelet-bearing megakaryocytes (MKs) and/or
platelets by a method according to claim 13.
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