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METHOD

{60017 The present invention relates generally to the field of stem cell differentialion. In
particular, the invention relates in a serum-freg method for differentiating stem cells inlo
multipotent mesenchymal stromal cells (M&Cs). The invention alse relates o serum-free
media for cell culture,
{0002} Human MSCs are currently widely used in clinical tigls for numemus cell
applications. They are muitipotent, safe {do not give rise 1o tumours) and are touted o have
immune-moduiatory properties. However, primary human MSCs isolated from lissues are
variable, heterogenous, and have limiled expansion and profiferaion capacities (~20
Dassages).
{0003 Human pluripotent stem celis (hPSCs) are renewable and can provide an uniimifed
supply of MSCs for cell therapy and clinical tral applications. Unforfunately, current
differentiation protocols o differentiate hPSCs into MSUCs typically invoive undsiined reagents
such as feial bovine serum (FBS) and rypain, which are not clinically-compliant.
[0004] Thers s thus g need for a method of gensrating MSCs in a sustainable and serum-
free manner.
[0005] In one aspect of the present invention, there is provided a method of differentiating
pluripotent stem cells into multipotent mesenchymal stromal cells (MSCs), the method
comprising the steps of:
(a) culturing the stem cells in a first medium comprising Dulbecco's Modified
Eagle Medium (DMEM), KnockOut™ Serum Replacement (KOSR) and
GlutaMAX to form embryoid bodies (EBs);
(b) replacing the first medium with a second medium comprising DMEM, KOSR
and GlutaMAX and culturing the EBs in the second medium to differentiate the
EBs into MSC progenitors; and
(c) replacing the second medium with a third medium comprising DMEM, KOSR,
GlutaMAX and Fibroblast Growth Factor 2 (FGF-2) and culturing the MSC
progenitors in the third medium to differentiate the MSC progenitors into
MSCs;
wherein the first medium, the second medium and the third medium are serum-free.
[0006] As used herein, “serum-free” refers to the absence of animal or human serum.
Serum-free compositions may include compositions that are free from fetal bovine serum or
other bovine serum.
[0007] The term “differentiating” or “differentiation” as used herein refers to the
developmental process by which a cell has progressed further down a developmental pathway
than its immediate precursor cell. A differentiated cell is a cell of a more specialised cell type
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derived from a cell of a less specialised cell type in a cellular differentiation process. A
differentiated cell is one that has taken on a more committed position within the lineage of the
cell.

[0008] The term “stem cells” as used herein refers to cells capable of self-renewal and
that are capable of differentiating into more specialised cells. As used herein, stem cells may
include embryonic stem cells or induced pluripotent stem cells. The pluripotent stem cells as
used herein may include but are not limited to human and non-human primate stem cells.
Human pluripotent stem cells (hPSCs) may include human embryonic stem cells (hESCs) or
human induced pluripotent stem cells (hiPSCs). In some embodiments, the pluripotent stem
cells as used herein may be human embryonic stem cells, human induced pluripotent stem
cells (hiPSCs), adult stem cells or primate induced pluripotent stem cells. Pluripotent stem
cells have the potential to differentiate into tissues from all three embryonic germ layers (i.e.
endoderm, mesoderm and ectoderm). Some of the tools for characterising pluripotency
include quantitative PCR and immunofluorescence staining, which look for the upregulation of
pluripotency genes such as Oct4, Sox2, and Nanog. However, the gold standard for evaluating
pluripotency is a teratoma formation assay, which involves assessing the ability of cells to form
tissues from all three germ layers in vivo in the form of an encapsulated tumour called a
teratoma. By “embryoid bodies” (EBs), it is meant to include three-dimensional aggregates of
pluripotent stem cells.

[0009] By “multipotent”, it is meant to include cell types that can give rise to a limited
number of other specific cell types. Multipotent cells are committed to one or more embryonic
cell fates, and thus, in contrast to pluripotent cells, cannot give rise to each of the three
embryonic cell lineages as well as extraembryonic cells. Multipotent cells are more
differentiated than pluripotent cells, but are not terminally differentiated.

[0010] The term “mesenchymal stromal cell” (MSC) as used herein refers to a multipotent
cell that can be differentiated into cells of multiple lineages, such as chondrocytes,
osteoblasts, adipocytes, and others. The term “MSCs” as used herein may refer to a
population of cells in which 95% or more of the cells are MSCs, or in which 95% or more of
the cells express MSC positive markers. MSC positive markers include CD73, CD90 and
CD105. The term “MSCs” as used herein may refer to a population of cells defined according
to the criteria proposed by the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy (ISCT). One of the ISCT criteria is that MSCs are
plastic-adherent when maintained in standard culture conditions. Another ISCT criteria is that
= 95% of the MSC population express CD105, CD73 and CD90. Additionally, MSCs lack
expression (£ 2% positive) of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR
surface molecules. Another ISCT criteria is that MSCs are capable of differentiating in vitro to
osteoblasts, adipocytes and chondroblasts. As used herein, a “progenitor MSC” or “MSC
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progenitor” refers to multipotent cells that have the potential to differentiate into MSCs. The
term “MSC progenitors” as used herein may refer to a population of cells in which less than
95% of the cells express MSC positive markers.

[0011] In one embodiment, the DMEM is DMEM with a high glucose content, also known
as “DMEM High Glucose”. A high glucose content in DMEM refers to a glucose content of 4.5
g/L (25 mmol/L) and a low glucose content in DMEM refers to a glucose content of 1 g/L (5.55
mmol/L). In some embodiments, the first medium, the second medium and the third medium
contain DMEM High Glucose.

[0012] Alternatively, the DMEM may be DMEM/F-12 with GlutaMAX. DMEM/F-12 with
GlutaMAX may be used in the dissociation of the pluripotent stem cells prior to step (a) of the
method as described herein. DMEM/F-12 with GlutaMAX comprises a 1:1 mixture of DMEM
(basal media version) and Ham's F-12. The glucose content of DMEM/F12 with GlutaMAX is
3.151 g/L.

[0013] The term “culturing” as used herein refers to growing a population of cells under
suitable conditions for growth, in a liquid or solid medium. As used herein, the term “culturing”
is meant to include subculturing, also known as passaging or cell splitting. Subculturing or
passaging refers to a technique which keeps the cells alive and allows the cells to expand
under culture conditions for extended periods of time. Subculturing or passaging may include
the removal of the medium and transfer of cells from a previous culture into fresh growth
medium to enable further expansion of the cells. The passaging procedure may also include
the dissociation of cells prior to the transfer of cells into fresh growth medium.

[0014] In one embodiment, the method as described herein further comprises the step of
dissociating the pluripotent stem cells into clumps using ReLeSR prior to step (a) or
dissociating the pluripotent stem cells into single cells using TrypLE, prior to step (a). The use
of ReLeSR or TrypLE instead of trypsin for the dissociation of the pluripotent stem cells is
advantageous for the reasons set out below. As trypsin is porcine-derived, it is xenogenic and
unsuited for cell therapy applications. On the other hand, TrypLE is animal origin-free and
RelLeSR is cGMP qualified.

[0015] Compared to trypsin, TrypLE is gentler on cells and may be able to preserve
surface epitopes such as CD73, CD90 and CD105. While trypsin requires neutralisation with
serum-containing buffers/media, which posits a problem for cell therapy manufacturing, the
enzymatic activity of TrypLE can be inhibited by dilution of TrypLE, allowing for serum-free
reagents to be used during the passaging of cells.

[0016] The inventors also found RelLeSR to be superior to trypsin as, depending on the
duration of ReLeSR treatment, ReLeSR has the differential ability to allow for the detachment
of stem cells, whilst allowing for differentiated cells to remain attached on the cell plate. Based
on the experiments carried out, the inventors found that trypsin indiscriminately detaches all
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(differentiated and undifferentiated) cells. Therefore, the use of ReLeSR in the dissociation
step gives better assurance that clumps subsequently formed are from pluripotent stem cells.
[0017] In one embodiment, prior to the dissociation step, the pluripotent stem cells are
cultured in MSC MO medium shown in Table 1 or mTeSR™1 (Stemcell Technologies,
catalogue number 85850). During the dissociation of the pluripotent stem cells into clumps
using ReLeSR or into single cells using TrypLE for EB formation, the pluripotent stem cells
are cultured in hPSC MO medium shown in Table 1 or DPBS (Cytiva, catalogue number
SH30028) to dilute the dissociation reagents (i.e. ReLeSR or TrypLE) and stop the reaction.
[0018] In one embodiment, the pluripotent stem cells dissociated using ReLeSR are
cultured in MSC M1 medium for EB formation. In another embodiment, the pluripotent stem
cells dissociated using TrypLE are cultured with MSC MO medium and 5-10 uM of Y-27632
for 24 hours and subsequently with MSC M1 medium for EB formation. In one embodiment,
EBs are formed 1-2 days in culture after the dissociation of the pluripotent stem cells.

[0019] In one embodiment, the EBs and MSC progenitors are cultured on a gelatin-coated
plate. The use of a gelatin coating provides an ideal cell-attachment substrate for cell culture
and may delay senescence of the cells.

[0020] in one embodiment, the MSC progenitors are dissociated with TrypLE prior to step
(c) of the method as described herein.

[0021] In one embodiment of step (b) of the method as described herein, the differentiation
of EBs to MSCs begins upon the replating of EBs onto gelatin-coated plates and culturing with
MSC M2 medium. In one embodiment, the replating is done at Day 8. At this stage, the cells
begin to take on MSC-like morphology but are classified as MSC progenitors rather than MSCs
as the majority of the cells have yet to express MSC cell markers such as CD73, CD90 and
CD105. In one embodiment, the replacement of MSC M2 medium with MSC M3 medium in
step (c) represents passage 1. The cells are passaged using MSC M3 medium. During the
first few passages, the cells may still be MSC progenitors as the majority of the cells have yet
to express MSC cell markers such as CD73, CD90 and CD105. After the first few passages,
a high purity MSC population (with 95% or more of the cells expressing MSC positive markers
and less than 2% of the cells expressing MSC negative markers such as CD34 and CD45) is
obtained and the cells are then classified as MSCs. In one embodiment, MSCs are formed
after passage 5.

[0022] In one embodiment, the method further comprises passaging the MSCs obtained
in step (c) in the third medium to maintain the MSCs in a multipotent state.

[0023] In a further embodiment, the MSCs are maintained in a multipotent state after 15
passages using the third medium.

[0024] In another embodiment, the MSCs are dissociated with TrypLE prior to each
passage using the third medium.
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[0025] By “maintaining”, it is meant to include processes that keep the cells viable. As
used herein, the term “maintaining” in the context of maintaining cells in a multipotent state
may include the passaging of the cells to keep the cells at an optimal density for continued
growth and to preserve the multipotency of the cells.

[0026] In one embodiment, the first medium is MSC M1 Medium, the second medium is
MSC M2 Medium, and the third medium is MSC M3 Medium shown in Table 1.

[0027] MSC M3 medium may also be a MSC maintenance medium to maintain the MSCs
in a multipotent state. The presence of FGF-2 in MSC M3 medium may contribute to
maintaining the multipotency of the MSCs.

[0028] In one embodiment, the culturing of the pluripotent stem cells to form EBs in the
first medium, the culturing of the EBs to form MSC progenitors in the second medium, the
culturing of the MSC progenitors to form MSCs in the third medium, and the maintenance of
MSCs in the third medium are carried out at a temperature of 37°C, CO: level of 5%, and pH
of 7.4.

[0029] In one embodiment, the pluripotent stem cells in step (a) of the method as
described herein are human induced pluripotent stem cells (hiPSCs).

[0030] In one embodiment of the method as described herein, after step (c), at least 95%
of the population of cells obtained are MSCs.

[0031] in ancther aspect of the pressni invention, there is provided a serum-fres
composition for differentiating pluripotent stem ceils into multipotent MS8QCs, the composition
comprising Dulbecco’s Modified Eagle Medium (DMEM), KnockOut™ Serum Replacement
(KOSR) and GlutaMAX.

[0032] in one emboediment of the serum-free composition as described hersin, DMEM is
present at a concentration of about 74% to about 89% (v/v), KOSR is present at a
concentration of about 10% to about 25% (v/v), and GlutaMAX is present at a concentration
of about 1% (v/v).

[0033] I one embodirnent of the serum-free composition as described herein, DMEM is
present at a concentration of about 79% to about 84% (v/v), KOSR is present at a
concentration of about 15% to about 20% (v/v) and GlutaMAX is present at a concentration of
about 1% (v/v).

[0034] In vet another embodiment of the serum-free composition as described herein,
DMEM is present at a concentration of about 79% to about 89% (v/v), KOSR is present at a
concentration of about 10% to about 20% (v/v) and GlutaMAX is present at a concentration of
about 1% (v/v).

[0035] In one embodiment, the serum-free composition further comprises Fibroblast
Growth Factor 2 (FGF-2).
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[0036] in ancther embodiment of the ssrum-free composition, DMEM is present at a
concentration of about 74% to about 84% (v/v), KOSR is present at a concentration of about
15% to about 25% (v/v), GlutaMAX is present at a concentration of about 1% (v/v) and FGF-
2 is present at a concentration of about 2.5 ng/mL to about 5 ng/mL. In another embodiment,
FGF-2 is present at a concentration of about 2.5 ng/mL.

[0037] In one embodiment, the pluripotent stem cells are human induced pluripotent stem
cells (hiPSCs).
[0038] In another aspect of the invention, there is provided a population of MSCs obtained

by or obtainable by the method as described herein.

{0397 in one smbodiment, #t ieast 85% of cells in the population of MBCs express CO73
CDE0 and CO105.

[0044] in one embodiment, 2% or less of celis in the population of MSCs exprass CD34
and CD45,

{0041} The listing or discussion of an apparently prior-published document in this

specification should not necessarily be faken as an acknowladgement that the document is
part of the state of the art or is common general Knowledgs.

[0042] Ay document referred to hersin is hereby incorporated by reference in iis entirety,
(343 in grder that the present inveniion may be fully understood and readily pul into
practical stfect, there shall now be described by way of non-limitative sxamples only preferred
embodimenis of the present invenlion, the descoriplion being with reference to the
accompanying lusiraiive figures.

[0044] in the Figures:

[0045] Figure 1 is schematic Hlustration of the clinically-compliant serum-free protocol 1o
gensrate hPSC-derived MEBCs from slarting hPSC culture,

{6048 Figure 2 shows representative bright field images of hP&C-derived MSCs
generated with different methods, A) shows hPEC-derived MSCs generated with FBS and
trypsin. B) shows hPSC-derived MEBCs generated with serum-ifree defined alternatives - KOBR
and TryplE. Scale bar represernis 10 ym.

00471 Figure 3 shows flow cytometry analysis of MSC population thal was generated with
different msthods. A} shows hPSC-derived M&Cs generated with FBS and frypsin. 8) shows
hPSC-derived MECs generated with serum-fres defined altematives - KOOSR and TryplE.
MSG poputations vsed were cullured over the same period of time.

[0048] Figure 4 zhows representative brightfield images of EBs generated with different
methods over seven days in culturg. EBs generated with A) serum-free defined altermative ~
KOGR and B) FBS. Scale bar represents 10 ym.

{0045 Figures 5 shows Hlow cytomestry analysis of MSC population that was generated with
differenl methods. MPSCs were dissociated with either TryplE or ReleSR, and the hiPSC-
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derived MSCs were generated using either FBS, or a serum-freg defined alternative, KOSR.
MEBC populations used were cultured over the same period of time. A} shows the expression
of G738, B) shows the expression of CDAG, C) shows the exprassion of CD10E, D) shows the
gxpression of CO34, E) shows the axprassion of CD45.

[0S0 Figure 6 shows the doubling rate of MSCs vislded over prolonged passaging.
hiPSCs were dissociated with either TrypLE or Rele8R, and the hiPSC-derived MSCs were
gengrated using either FBS, or serum-free defined alternative, KOSR. MSC populations used
were cultured over the same perind of time.

{51] Figure 7 shows representative aufopsy images of nonobese diabelic severe
sombined immunodeficient (NOD SCIDY mice injected with a) undiffersniiated hiP3C0s
{positive control} and b) hPSC-derived MSCs generated with the serum-free protocol in
accordance with the present embodiments, for feratoma gssay. Amows indicale sile of
injection.

[0062] Figure 8 shows histolegical analyses of the siles injected with (g, b, ¢} hP3(s,
hRPSC-derived MSUs gensrated with {d) serurn-containing protocol and hPSC-derved MEBUs
generated with {e) serum-free profocol. Scale bar represents 100 um and arrows indicale the
respective gernt layers.

{053 RPSCs such as hiFSCs were differentiated into MECs using serum-free media. An
smbodiment of the serum-free differentiation protocol is shown In Figure 1. The culture madia
stated in each arow in Figurs 1 are used 1o generale celis in the next process. Henes, MSC
M1 (or MSC MO and MSC M1 for Tryplk dissociated cells) are used 1o generale EBs from
pluripotent stem cells. To summarise the protocol, pluripotent stem celis are first cultured in
MEC MO medium. After disscciation, clumps of cells {resulting from dissociation using
ReleSR) are cultursd in MSC M1 for 8 days or, in the case of single celis {resulting rom
dissociation using TryplE), culfured in MBSO MO for 1 day inllowing by MSC M1 for the
remaining 7 days o form and maintain the £Bs. The EBs are typically formed 1-2 days in
culture after the dissociation of pluripotent stem cells.

{0547 The hiPSCs were firsl dissociated info a suilable clump size or single cels for
ambryoid body formation. The dissgoiation step can be conducted using ReleSH or TryplE,
which are both clinically-compatible reagents. With the use of ReleSR, the hiPSCs are
dissociated into clumps. With the use of TryplE, the hiPSCs ars dissociated into single celis.
Subsequent pluripoient embryoid bodies were then replaied and directed (o diferentiate into
plastic-adherent M8Cs. Various academic profocols were comparsed and modified {e.g. use
of FBE, trypsing such thal the reagents used o generate hiPEC-darived MBCs were serum-
free {e.g. use of KnockQut Serum Heplacement (KOOSR, TryplE). These hiPSC-derived
MECs were characterised for thelr expraession of MSC markers, which were found 1o be
comparabie with primary MSCs.
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[(H355] Existing protocols on serum-free donor-derived MSC cultires usuaily require the
use of serum-coniaining reagents in the initial cultivation and early passages o maximise cell
viabiiity. Unlike conventional serum-free protocol, the method of the present invention allows
for the use of serum-fres reagents in the entire MSC cultivation pipsling, throughout all MSC
passages, while maintaining the viability of M&Cs.

[G058] The ability {o differsntiale hiPSCs into MECs allbws for the generation of unlimitad
guantities of MSCs from hiFSCs as opposed 1o the limited expansion potential of primary
MECs from human fissuss. By creating a serum-free differentiation protocol, the generation
of clinical-grade hiPSC-derived MSCs can be positioned for the eventual purpose of celi
therapy and clinical apglications in humans.

G057 Exigting FBS-containing protocols tend (o bhe unreliable and highly variable dug o
batch-io-balch variability, differences in source and quality of FBS. In the preseni invention,
existing FBS-containing differentiation protocols have been modified to be serum-frea. This
required the conscientious identification of serum-containing components o be swapped wilh
serum-free reagents, and the verification that they can work equally well, if not belter. FBS-
containing protocois were compared with the serum-frees protocol of the present invention and
the celis were characterised (Figurss 2 o 8). Advantageously, the protocol of the present
invention is clinically compliant and is highly consistent in cutcomes, making i suitable for use
in biomanuiacturing. In particular, the protocel of the present invention can be used to facilitate
large-scaie cell manufacturing processes.

[0058] The hPSC-derived MSCs ganerated by the method of the present invention can be
used for varous types of cell applications inclding chronic wounds, diabetic wounds,

cardipvascular diseases, lung diseasss {e.g. COVID-19), slo.

G059 PROTOCOL FOR SERUM-FREE DIFFERENTIATION
{060] Media Formulation

REAGENTS STAGE APPLICABLE
HPSC MO DMEMDulbeceo's Modified Eagle Madium) /F-12  hPSC Dissociation
MEDIUM with GlutaMAK supplemeant

20 % KnockOut Serum Replacement (KOSR)
1 % MEM non-essential amino acids
1 % Penicillin/Streptomycin

MSC MO Eszential 8 EB Culture with Initial
MEDIUM 5-10ubd Y-27632 TrypLE Dissociation
MSC M1 DMEM (Dulbecco’s Modified Eagle Medium) High = EB Culture
MEDIUM Glucose

15% KOSR

1% GlutaMAX Supplement
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(0061

MSC M2 DMEM High Glucose Differentiation of EBs
MEDIUM 10% KOSR into MSCs

1% GlutaMAX Supplement
MSC M3 DMEM High Glucose Maintenance of MSCs
MEDIUM 15% KOSR

1% GlutaMAX Supplement

2.5 ng/mL Fibroblast Growth Factor 2 (FGF-2)

Table 1

i gne embodiment, MSC M1 Medium consists of 74-89% DMEM, 10-25% KOOSR

and 1% GhuiaMAX. in one embodimant, MSC M2 Medium consists of 78-89% DMEM, 10-
20% KOER and 1% GlutaMAX! In one embodiment, MSC M3 Medium consisis of 74-84%

DMEM

(0062]
[0083]

,18-25% KOSR, 19 GlutaMAX and 2.5-5 ng/ml FGF-2.

Detailed sieps of serum-free differantiation grotogni
£ay 7

Dissociate hPS0s with FHelebH or TrvplE.

{a)

1

b}

For FeleSR dissocialion, add ReleSR (o the hPS0s at room temperature and remove
Rel.eSR within 30 seconds. Incubate hPBCs at 237°C for 2.5-3.5 minuwtes for clump
dissociation. Collect resultant hPEC aggregates with hPS0 MO medium and resuspand
when necessary (o vield hPSC clumps sizes between 50-200 um. Seed #PSC clumps
fram a confiuert 10 om plate (o g Hssue culiure non-irealed six well plale with 3 mb of
MSC M1 maedium and 10 uM RBho-associaled, coiled coil containing profein kinass
{ROCK) inhibitor ¥-27632 per well,

For TrypLE dissociation, add TryplE to the hPSCs and incubate at 37°C for 3 minutes,
Thereafler, aspirate TryplE and coliect BPSCs with hPSC MO medium. Thoroughiy
rasuspend hPSCs and filter through a 40 uM cell sirainer o enswre a single cell
suspension. Seed celis at 3-4 million cellg/well in a tissue culture non-treated six well
plate with 3 mbl of MSC MO medium and 10 M ROCK inhibitor ¥Y-27832 1o prevent
apoptosia,

Place the cell suspension on a shaker at 80-85 rpm for embryoid bodies (EBs) o form,

0054

Day 2

Changs spent media with MSC M1 medium 24 h alter cell seeding.

EBs should start to form.

0085

Day 4-7

Change spent media with MSC M1 medium every 2-3 days.

0066

Day 8

Feplate EBs on a gelatin-coated six well plate with M3C M2 medium, with ~20 £Bs per well.

0087}

Day 10-15
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Change media with MSC M2 medium every 2-3 days.

When the well is confluent (~5-7 days from replating), dissociate the cells with Tryplk
and plate onio & gelatin-coated 10 om plate with MSC M3 medium. This will be passags
1.

Paszage 1 onwards

1)

Change media every 2-3 days with MBC M3 medium.

Cells might take longer 1o become conflusnt during the firsi passage and may require
wo weeks 1o grow before the next passage.

From passage 2 onwards, ceils can be passaged on a seven-day cycle.

Cells can sither be mainiained on gelaiin-coated plates or nommal tissue cullure-treated
plates.

MSCs can be maintainad with MSC M3 medium formulation for more than 15 passages,
with >80% of e population expressing positive MSC markers (OD73, CD80 and
CD1a5).

[C068] Sumposition of ssrum-free reagenis

(068] in one embodiment, different reagents were used in the serum-free formuiation,

DMEM High Glucose {catalogue number SH30317 from Cytiva)
The composttion of DMEM High Glucose is shown in Table 2.

COMPONENTS | MMOL/L
INORGANIC SALTS

CALCIUM CHLORIDE 1.8021
FERRIC NITRATE-9H20 0.0002
POTASSIUM CHLORIDE 5.3655
MAGNESIUM SULFATE 0.8112
SODIUM CHLORIDE 109.514
SODIUM PHOSPHATE MONOBASIC H20 | 0.9059
AMINO ACIDS

L-ARGININE-HCL 0.3987
L-CYSTINE-2HCL 0.1998
L-GLUTAMINE 3.9959
GLYCINE 0.3996
L-HISTIDINE-HCL-H20 0.2004
L-ISOLEUCINE 0.7989
L-LEUCINE 0.7990
L-LYSINE-HCL 0.8004
L-METHIONINE 0.2011
L-PHENYLALANINE 0.3995
L-SERINE 0.3997
L-THREONINE 0.7992
L-TRYPTOPHAN 0.0783
L-TYROSINE-2NA-2H20 0.3974
L-VALINE 0.7990
VITAMINS

CALCIUM D-PANTOTHENATE 0.0084
CHOLINE CHLORIDE 0.0286
FOLIC ACID 0.0091

10
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MYO-INOSITOL 0.0389
NIACINAMIDE 0.0328
PYRIDOXINE-HCL 0.0195
RIBOFLAVIN 0.0011
THIAMINE-HCL 0.0119
OTHER

D-GLUCOSE 24.9778
PHENOL RED-NA 0.0422
SODIUM PYRUVATE 0.9996
SODIUM BICARBONATE 440424

Table 2

KOSH (calalogue number 10828028 from Cytiva and Thermo Fisher)

it is a defined, serum-free formulation. Unlike FBS, KOSR has a constant composition
from one iot to angther, thus eliminating the need {o {est every batch before being abls
10 use it

KOSH is composed of aming acids (glvcine, L-histidine, L-isoleucing, L-methionine, L-
phenylalanine, L-proline, L-hiydroxyprolineg, L-serine, L-lhreonine, L-ryptoghan, L-
tyrosine, L-valing}, vilaming/antioxidants {thiaming, reduced gluiathione, ascorbic acid
2-PCw), trace slemenis (Ag®, Al3Y, Ba®, Cd%, Co®, Cr¥, Ge™, Se¥, Br-, I, F~, Mn?,
Si*, Vo, Mo®, Ni#*, Rb', Sn®, Zr™) and proteins {transferrin {iron-saturated), insulin,
lipid-rich albumin (AlbuMAX)).

GlitaMAX Supplement (calalogus number 35350079 from Gibeo or Thermo Fisher)
The composition of GlutabMAX Supplement is 200 mM L-alanyl-L-glutamine dipeptide
in 9.85% NaGk

FGF-2 (catalogue number 130-083-842 from Miltenyi Biotec)
The composition of the FGF -2 reagent is 100 ng/mbl FGF-2 in sterile water.

TryplE (catalogue number 12605010 from Thermo Fishen
The composition of TryplE is shown in Table 3.
: . Concentration (mM)

‘Bogssiom
Chloride 2.6666667

Potassium
_Phosphate  1.4705882

monobasic

11
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6)

7

$0)

16070
(G071

. Sodium 5
Chioride 187.93103
e
Phosphate  8.059702
. dibasic
EDTA 1.1
o L
N e
________________________________ L

Rele3R {catalogue number 05872 from Stemcell Technologies)
This is a chemically defined, enzyme-freg, animal component-free cGMP reagent Tor
diszociation and passaging of hPSCs without manual seleclion or scraping. The drug

master file is available from Stemeell Technologies,

DMEM/F-12 {catalogus number 10565018 from Thermo Fishern

This iz a 1.1 midure of DMEM and Ham's F-12.

MEM Non-Essential Amine Acids (calalbgue number 11140050 from Tharmo Fisher)
This conlains non-essential amino golds such as glycine, L-alaning, L-asparaging, L-

aspartic acid, L-glutamic acid, L-proline and L-serine.

Fenicillin/Streptomyoin (calalogue number 15140122 from Thermo Fishar)
This solution contains 10,000 unite/mb of penicillin and 10,000 ug/mi of streplomyein,

Essential 8 (catalogue number 05880 from Siemeell Technologies)
TeSH™.EE™ g a lesder-free, animal component-free culture medium for human

ernbryonic stem celis and human induced pluripotent stem cealls.

EXAMPLE 1
Human pluripotent stem cells (hPSCs) such as hiPSCs were differentiated info

MSCs using serum-fres media. Varicus academic proiocols wers compared and maodified

such thatl they were serurt-fres. For instance, FBS was replaced with KOSK and frypsin was

replaced with TryplE. These hiPSC-derived MEBCs were characierised for thelr axpression of

MSC markers, which were shown in Figures 3 1o § 10 be comparable with primary M&Cs. The
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use of serum-free reagents fo differentiate hiPSCs inte MSCs positions these cells 1o be

slinicaliy-compliant that can eventually be used for downstream clinical applications.

0072 EXAMPLE 2

[0073] As comparad 1o the use of FBE, the method of the present invention was abie 1o
generate more EBs using the serum-free protocol by day 7. As seen in Figure 4, EBs
gengrated by the serum-fres prolocol of an embodiment of the present invention arg more in
numbers and consisient in size as compared o those generaled with FBS-containing media.
This difference is observable as early as on day 3 of the set up. The increase in the number
of EBs, and consistency in size may be essential for initial scale-up elforis as lesser siarting

malerial will be required o yield a targe amount of MSCs.

[0074] EXAMPLE 3

[G075] Cells cultured with the serum-res clinicaliv-compliant method of the present
invention have sustained MSC character over prolongsd in vilro culture,

[0078] Based on the oriteria lad oul by the International Sociely [or Cellular Therapy
{1&CTY, > 895% of the MEC population must exgress CD73, CLE0 and CRNS, and < 2% of
the population can express negative MSC markers such as Oh4E, CD34, CD14 or OO b,
7% or SR and HLA class i

{0077} Hare, the reievant MSC positive (CD73, CD8G, CMGL) and negalive markers
expressed by MSOs generaled with the serum-free differentiation prolocol were compared
with MSCs generated with the use of Felal Boving Serum (FBS).

{078 Figures SA-E show that the protoco! of the present invention generates hiPS0-
derived MSCs thal consistently have > 85% of the population expressing positive MSC
markers (CO73, CDE0, CO105) and < 2% of the populalion exprassing negative MSC markers
(G034 and CD45). In confrast, hiPSC-derived MSCs generated with the use of FEE exhibiled
a slark decrsase in population expressing CDBG from passage 6 onwards. Percentage
population expressing the negative MSC markers also fluctuates more in hiPSC-derived
MSCs that are generaled with FBS.

[0079] EXAMPLE 4

[G0840] Colls generated using serum-free media exhibit more consistent doubling rate and
can be passaged longer, without losing the abilily to become confluent aver g seven-day
passage cycle.

{0817 As seen in Figurs 6, hiFSC-derived MSCs gensraled with the use of FBS have

inconsistent doubling rale that may result in errglic passaging schedule due o fluctuating
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growth rates. In contrast, HiPSE-derived MSCs generatad with the serum-fres protocd of the
present invention have consistent doubling rale {(~1x population doubling per passage) that

can prevent balch-to-batch variation in growth rales.

00821 EXAMPLES

[0083] To determine if there are any residual pluripotent stem cells in hPSC-derived MSCs
generated with the serum-free protocol in accordance with the present embodiments, the
hPSC-derived MSCs were injected into the gastrocnemius of immunodeficient NOD SCID
mice and surveyed for teratoma formation (Figure 7). In the positive control, where
undifferentiated hPSCs were injected (Figure 7a), teratoma formation was observed as early
as eight weeks post-injection. However, no visible teratoma can be seen at the site of injection
for NOD SCID mice that were transplanted with hPSC-derived MSCs for the same duration
(Figure 7b).

[0084] The in vivo teratoma assay demonstrated that the positive control undifferentiated
hiPSC cell line, i70b, is pluripotent and can give rise to derivatives of the three germ layers
corresponding to ectoderm (neuronal rosette), mesoderm (cartilage), and definitive endoderm
(gut-like epithelium) (Figure 8a, b, ¢). However, gastrocnemius tissue injected with hiPSC-
derived MSCs only displayed normal striated muscle morphology (Figure 8d and e),
suggesting that there were no more residual pluripotent stem cells in the hiPSC-derived
MSCs. Hence, the serum-free differentiation protocol in accordance with the present
embodiments is efficient in generating MSCs with no residual tumorigenic and undifferentiated
hPSCs.

[0085] i70b was used as a starting hiPSC cell source for directed differentiation into MSCs.
In vivo teratoma assay showed that i70b are pluripotent and can give rise to teratoma within
eight weeks post-injection. In contrast, no visible tumors can be seen in the NOD SCID mice
transplanted with hiPSC-derived MSCs generated with the serum-free protocol in accordance
with the present embodiments. NOD SCID mice transplanted with hiPSC-derived MSCs
remained tumor-free for 20 weeks and were eventually euthanized after 20 weeks in
accordance with the IACUC protocol. Subsequent histological analysis of the tissue sites
injected with the respective cell lines also verified that only undifferentiated i70b cells are
pluripotent. Even after twenty weeks post-injection, gastrocnemius tissue injected with hiPSC-
derived MSCs only contained normal mouse striated muscle cells, with no visible signs of
teratoma cells. This suggests that the hPSC-derived MSCs generated using the serum-free
protocol in accordance with the present embodiments are safe for transplantation.

[0086] In addition, directed differentiation of i70b into MSCs with conventional serum-
containing protocol was also conducted based the protocol in Ahfeldt, T., et al., Programming
human pluripotent stem cells into white and brown adipocytes. Nat Cell Biol, 2012. 14(2): p.
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209-19. Histological analysis showed that hiPSC-derived MSCs generated with the serum-
free protocol in accordance with the present embodiments are comparable to those generated
with the serum-containing protocol, with no residual pluripotent cells detectable through in vivo
teratoma assay.

[0087] Methodology for in vivo teratoma assay

[0088] 1 x 10%i70b cells or i70b-derived MSCs were harvested for in vivo teratoma assay.
The i70b-derived MSCs were cultured over six passages at the point of harvest. The cell pellet
was resuspended in 100 to 150 pl of Matrigel. Then, the respective prepared cell lines were
injected intramuscularly into the gastrocnemius of six-week-old NOD SCID mice. Mice injected
with i70b developed teratoma within eight weeks post-injection and were euthanised.
Meanwhile, no tumours could be detected by palpation or autopsy for mice injected with i70b-
derived MSCs. These mice were only euthanised after twenty weeks. For further verification
of teratoma formation, gastrocnemius of all mice was excised, fixed, paraffin sectioned and
stained with Hematoxylin and Eosin (H&E) for subsequent analysis. All experiments on
animals were performed in accordance with the relevant ethical regulations and approval from
A*STAR with approval no. IACUC 211660.

[0089] While embodiments of the invention have been particularly shown and described
with reference to specific embodiments, it should be understood by those skilled in the art that
various changes in form and detail may be made therein without departing from the scope of
the invention as defined by the appended claims. The scope of the invention is thus indicated
by the appended claims and all changes which come within the meaning and range of
equivalency of the claims are therefore intended to be embraced.
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CLAIMS

1. A method of differentiating pluripotent stem cells into multipotent mesenchymal stromal
cells (MSCs), the method comprising the steps of:

(a) culturing the pluripotent stem cells in a first medium comprising Dulbecco's Modified
Eagle Medium (DMEM), KnockOut™ Serum Replacement (KOSR) and GlutaMAX to form
embryoid bodies (EBs);

(b) replacing the first medium with a second medium comprising DMEM, KOSR and
GlutaMAX and culturing the EBs in the second medium to differentiate the EBs into MSC
progenitors; and

(c) replacing the second medium with a third medium comprising DMEM, KOSR,
GlutaMAX and Fibroblast Growth Factor 2 (FGF-2) and culturing the MSC progenitors in the
third medium to differentiate the MSC progenitors into MSCs;

wherein the first medium, the second medium and the third medium are serum-free.
2. The method of claim 1, further comprising the step of dissociating the pluripotent stem
cells into clumps using ReLeSR prior to step (a) or dissociating the pluripotent stem cells into

single cells using TrypLE prior to step (a).

3. The method of claims 1 or 2, wherein the EBs and MSC progenitors are cultured on a
gelatin-coated plate.

4, The method of any one of claims 1 to 3, wherein the MSC progenitors are dissociated
with TrypLE prior to step (c).

5. The method of any one of claims 1 to 4, further comprising passaging the MSCs
obtained in step (¢) in the third medium to maintain the MSCs in a multipotent state.

6. The method of claim 5, wherein the MSCs are maintained in a multipotent state after
15 passages using the third medium.

7. The method of claims 5 or 6, wherein the MSCs are dissociated with TrypLE prior to
each passage using the third medium.

8. The method of any one of claims 1 to 7, wherein the pluripotent stem cells are human
induced pluripotent stem cells (hiPSCs).
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9. The method of any one of claims 1 to 8, wherein after step (c), at least 95% of the
population of cells obtained are MSCs.

14, A serum-Tree composition Tor differentiating pluripolent stem cells into multipotent
mesenchymal stromal cells (MSCs), the composition comprising Dulbecco's Modified Eagle
Medium (DMEM), KnockOut™ Serum Replacement (KOSR) and GlutaMAX.

11. The serum-free composition of claim 10, further comprising Fibroblast Growth Factor
2 (FGF-2).

12. The serum-free composition of claim 10, wherein DMEM is present at a concentration
of about 74% to about 89% (v/v), KOSR is present at a concentration of about 10% to about
25% (v/v), and GlutaMAX is present at a concentration of about 1% (v/v).

13. The serum-free composition of claim 10, wherein DMEM is present at a concentration
of about 79% to about 84% (v/v), KOSR is present at a concentration of about 15% to about
20% (v/v) and GlutaMAX is present at a concentration of about 1% (v/v).

14, The serum-free composition of claim 10, wherein DMEM is present at a concentration
of about 79% to about 89% (v/v), KOSR is present at a concentration of about 10% to about
20% (v/v) and GlutaMAX is present at a concentration of about 1% (v/v).

15. The serum-free composition of claim 11, wherein DMEM is present at a concentration
of about 74% to about 84% (v/v), KOSR is present at a concentration of about 15% to about
25% (v/v), GlutaMAX is present at a concentration of about 1% (v/v) and FGF-2 is present at

a concentration of about 2.5 ng/mL to about 5 ng/mL.

16. The serum-free composition of claim 15, wherein FGF-2 is present at a concentration
of about 2.5 ng/mL.

17. The serum-free composition of any one of claims 10 to 16, wherein the pluripotent
stem cells are human induced pluripotent stem cells (hiPSCs).

18. A population of MSCs obtainable by the method of any one of claims 1 to 9.

19.  The population of MSCs of claim 18, wherein at least 95% of cells in the population of
MSCs express CD73, CD90 and CD105.
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20.  The population of MSCs of claims 18 or 19, wherein 2% or less of cells in the
population of MSCs express CD34 and CD45.
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