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(57) Abrégée/Abstract:

Methods and compositions relating to the production of induced pluripotent stem cells (IPS cells) are disclosed. For example,
iInduced pluripotent stem cells may be generated from peripheral blood cells, such as human blood progenitor cells, using episomal
reprogramming and feeder-free or xeno-free conditions. In certain embodiments, the invention provides novel methods for
iImproving overall reprogramming efficiency with low number of blood progenitor cells.
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DESCRIPTION

GENERATION OF INDUCED PLURIPOTENT STEM CELLS FROM SMALL
VOLUMES OF PERIPHERAL BLOOD

BACKGROUND OF THE INVENTION

[0001] This application claims priority to U.S. Application No. 61/355,046 filed on June 15,
2010 and U.S. Application No. 61/388,949 filed on October 1, 2010, the entire disclosure of
which are specifically incorporated herein by reference in its entirety without disclaimer. This
application is also related to U.S. Application No. 61/184,546 filed on June 5, 2009, U.S.
Application No. 61/240,116 filed on September 4, 2009, and PCT application
PCT/US10/37376 filed on June 4, 2010, the entire disclosure of which are specifically

incorporated herein by reference in its entirety without disclaimer.
1. Field of the Invention

[0002] The present invention relates generally to the field of molecular biology and stem
cells. More particularly, it concerns reprogramming of somatic cells, especially

hematopoietic progenitor cells.

2. Description of Related Art

[0003] In general, stem cells are undifferentiated cells which can give rise to a succession of
mature functional cells. For example, a hematopoietic stem cell may give rise to any of the
different types of terminally differentiated blood cells. Embryonic stem (ES) cells are derived
from the embryo and are pluripotent, thus possessing the capability of developing into any

organ or tissue type or, at least potentially, into a complete embryo.

[0004] Induced pluripotent stem cells, commonly abbreviated as 1PS cells or 1PSCs, are a
type of pluripotent stem cell artificially derived from a non-pluripotent cell, typically an adult
somatic cell. Induced pluripotent stem cells are believed to be identical to natural pluripotent

stem cells, such as embryonic stem cells in many respects, such as in terms of the expression

of certain stem cell genes and proteins, chromatin methylation patterns, doubling time,

embryoid body formation, teratoma formation, viable chimera formation, and potency and
differentiability, but the full extent of their relation to natural pluripotent stem cells 1s still

being assessed.
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[0005] IPS cells were first produced in 2006 (Takahashi et al., 2006) from mouse cells and 1n
2007 from human cells (Takahashi et al., 2007; Yu et al, 2007). This has been cited as an
important advancement in stem cell research, as it may allow researchers to obtain pluripotent
stem cells, which are important in research and potentially have therapeutic uses, without the

controversial use of embryos.

[0006] In humans, iPS cells are commonly generated from dermal fibroblasts. However, the
requirement for skin biopsies and the need to expand fibroblast cells tor several passages in
vitro make it a cumbersome source for generating patient-specific stem cells. Moreover,
previous methods for reprogramming of human somatic cells are inconvenient because they
need to obtain somatic cells directly from a human subject, or maintain the cells in a labor-

intensive cell culture system.

[0007] Therefore, there is a need to develop methods to induce pluripotent stem cells from
alternative sources which are simple, convenient, and easily accessible. In developing the
present invention, the inventor considered that blood cells may be such a source because
blood may be collected from a patient or a healthy individual, stored or transferred, for
example, from a central unit for distribution to one or more remote places. However, there
remains a need to develop more efficient methods for repro gramming blood cells, especially

peripheral blood cells.

SUMMARY OF THE INVENTION

[0008] Aspects of the present invention are intended to increase the overall process etfficiency
(the conversion efficiency of input number of blood cells to output number of iPS lines) of
reprogramming peripheral blood cells and decrease the volume of input blood volume needed
to obtain a reasonable number of iPS colonies (for example, at least 5), for example, from a
standard blood sample (in a volume of about 8-10 ml). Certain embodiments of the mnvention
are novel by using the ability to expand the number of CD34" starting cells from peripheral
blood to overcome the limitation on the small number of CD34" starting cells that one can get
from non-mobilized peripheral blood. One person skilled iﬁ the art might have thought that
expanding the CD34" cells, which inherently causes them also to differentiate, might make
the cells less susceptible to reprogramming. The Examples of this invention demonstrated

that the expanded cells provide a sufficient number for reprogramming and achieve an
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unexpectedly good overall process efficiency, much higher than the essentially 1dentical
condition without expansion. With this advance, certain aspects of the invention enable
generating iPS cells from a small volume of peripheral blood, particularly from non-

mobilized subjects.

[0009] On the other hand, certain aspects of the invention have the advantage of generating
iPS cells from peripheral blood cells on a defined extracellular matrix to avoid the problems
and potential xenogeneic contamination from undefined feeder cells. In a further aspect, the

present invention also overcome the problem of using integrating vectors for reprogramming.

[0010] Accordingly, in a first embodiment there is provided a method for producing human
iPS cells from hematopoietic progenitor cells, the method comprising one or more ot the
steps of: a)providing a cell population of human peripheral blood cells comprising
hematopoietic progenitor cells; b) culturing the population under conditions to promote the
expansion of the hematopoietic progenitor cells; ¢) introducing exogenous episomal genetic
elements or exogenous RNA genetic elements that express iPS reprogramming factors
into the expanded hematopoietic progenitor cells; and d) culturing the episomal-containing
expanded hematopoietic progenitor cells in a culture essentially free of feeder cells or a
feeder cell-conditioned medium, or in a xeno-free culture, thereby producing human 1PS cells
from the hematopoietic progenitor cells. In a particular aspect, the iPS cells may be produced
from a small volume blood sample, for example, up to 10 ml with one or more steps
described above. The expansion step may not always be necessary, but greatly increases
reprogramming efficiency in an unexpected manner, particularly in the context of small blood

volumes.

[0011] In certain aspects, the source of the cell population is from one or more subjects
whose cells have not been mobilized with extrinsically applied granulocyte colony-
stimulating factor (G-CSF) or granulocyte macrophage colony-stimulating factor (GM-CSF).
The source of the cell population may be a blood sample or blood components. The suitable
volume of a blood sample could be from about 1 to about 5 ml, about 1 to 10 ml, about 1 to
15 ml, or more specifically, about 1, 2, 3,4,5,6,7,8,9, 10, 11, 12, 13 ,14, 15, 16, 17, 18, 19,
20, 25, 30, 40, 50 ml or any range derivable therein. The cell population may be obtained
from a cryopreserved blood sample or the source of cell population or the cell population

may have been cryopreserved.
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[0012] For example, the cell population may comprise at least, about, or at most, 1 x 10°, 2 x
10°,3 x 10°, 4x 10%, 5x 10°, 6 x 10°, 7x 10°, 8 x 10°, 9x 10°, 1 x 10%, 2 x 10*, 3 x 10%, 4 x
10°,5x 10%,6 x 10*, 7x 10*, 8 x 10*, 9x 10%, 1 x 10°,2x 10°, 3 x 10°, 4 x 10°,5x 10°,6 x 10°,
7x10°. 8x 10°,9x 10°,1 x 10°, 2 x 10° hematopoietic progenitor cells or any range derivable
therein. In certain aspects, starting cells prior to expansion or reprogramming may comprise
at least or about 10°, 10%, 10°, 10°%, 107, 10%, 10°, 10", 10", 10", 10" cells or any range
derivable therein. The starting cell population may have a seeding density of at least or about
10, 10", 102, 10° : 10%, 10°, 106, 107, 10° cells/ml, or any range derivable therein. A standard
blood sample of 8 to 10 ml may have 6-12,000 CD34" cells and normally will not be
sufficient for reprogramming to yield iPS cell colonies. However, some aspects of the present
invention provide methods for expanding progenitor cells to a sufficient number and
reprogramming expanded cells to achieve successful production of iPS cells. In a particular
aspect, the cell population may be essentially free of any terminally differentiated blood cells,
like T cells or B cells, therefore the iPS cells derived therefrom may have a complete genome

without genetic rearrangements.

[0013] Any method useful for isolating the hematopoietic progenitor cells may be employed
in step a) of the present method. For example, such isolation may be based on surtface marker
expression, which may comprise positive selection of CD34 expression and/or negative
selection of lineage-specific marker expression. The selection methods may 1include
Magnetic-activated cell sorting (MACS®) or Fluorescence Activated Cell Sorting (FACS™,

i.e., flow cytometry).

[0014] For expansion of hematopoietic progenitor cells or culturing of reprogrammed
hematopoietic progenitor cells at an initial recovery stage, the cells may be cultured under
conditions that comprise an expansion medium comprising one or more cytokines including
stem cell factor (SCF), Flt-3 ligand (FIt3L), thrombopoietin (TPO), Interleukin 3 (IL-3), or
Interleukin 6 (IL-6). The expansion condition may further comprise a Notch-1 ligand, such as
an immobilized engineered Notch ligand (Deltalext-1gG; Delaney ef al., 2010), or may not
comprise such a Notch-1 ligand as it is demonstrated to be peripheral for the purpose. The
cell may be expanded for about 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25 days or any range derivable therein prior to the reprogramming step.
For example, the reprogramming elements may be introduced into cells at about days 3, 4, 5,

or 6 of the expansion phase.
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[0015] The expansion condition for hematopoietic progenitor cells may be essentially free of
any matrix components or, alternatively, may include a defined or xeno-free extracellular

matrix, such as a human fibronectin fragment, like Retronectin®.

[0016] To facilitate in vitro expansion of hematopoietic progenitor cells by mimicking their
in vivo microenvironment, the condition for expansion of hematopoietic progenitor cells or
culturing of reprogrammed hematopoietic progenitor cells at an initial recovery stage may be
a low oxygen condition, for example, from about 1 to 7% oxygen tension, particularly, about

2-5% oxygen.

[0017] In still further aspects of the invention, any method may be used for introducing the
exogenous genetic elements to the cells, such as electroporation or lipid-mediated gene

delivery.

[0018] In certain aspects, the episomal genetic elements may comprise a replication origin
and one or more expression cassettes for expression of reprogramming factors. Such one or
more of the expression cassettes may further comprise a nucleotide sequence encoding a
trans-acting factor that binds to the replication origin to replicate an extra-chromosomal

template. Alternatively, the peripheral blood cells may express such a trans-acting tactor.

[0019] In exemplary embodiments, the replication origin may be a replication origin of a
lymphotrophic herpes virus or a gamma herpes virus, an adenovirus, SV40, a bovine
papilloma virus, or a yeast, such as a replication origin of a lymphotrophic herpes virus or a
gamma herpes virus corresponding to oriP of EBV. In a further aspect, the lymphotrophic
herpes virus may be Epstein Barr virus (EBV), Kaposi’s sarcoma herpes virus (KSHV),

Herpes virus satmiri (HS), or Marek’s disease virus (MDV).

[0020] For replication and transient maintenance of exogenous episomal genetic elements,
the trans-acting factor may be a polypeptide corresponding to, or a derivative of, a wild-type
protein of EBNA-1 (EBV nuclear antigen 1) of EBV, preferably in the presence of a
replication origin corresponding to OriP of EBV. The derivative may have a reduced ability
to activate transcription from an integrated template as compared to wild-type EBNA-1 and
thus reduced chances to ectopically activate chromosome genes to cause oncogenic
transformation. Meanwhile, the derivative may activate transcription at least 5% of the
corresponding wild-type protein from an extra-chromosomal template after the derivative

binds the replication origin.
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[0021] For reprogramming of hematopoietic progenitor cells, certain aspects of the present
methods may involve using the reprogramming factors that may comprise one or more
selected from the group consisting of Sox, Oct, Nanog, Lin-28, Kl{4, and either C-myc or L-
myc, or a combination thereof, for example, a set of Sox, Oct, Nanog, and optionally Lin-28,
a set of Sox, Oct, KlIf4, and optionally C-myc or L-myc, or a combination of these six factors.
In certain aspects, to reduce the possible toxic effect of C-myc expression, the SV40 large T
gene (SV40LT) may be included with C-myec. In particular aspects, the exogenous elements,
either DNA or RNA, may comprise one or more polycistronic cassettes, such as two or more

reprogramming factor genes under the same transcriptional regulatory element.

[0022] In some further aspects, hematopoietic progenitor cells which have been introduced
with exogenous reprogramming factors may be cultured in the presence of a xeno-free
extracellular matrix. For human cells, the xeno-free matrix 1s defined as an extracellular
matrix essentially free of animal components, wherein the animal 1s not a human. In a
particular aspect, the matrix may be defined, for example, having a single type of

extracellular matrix peptide, such as a human fibronectin fragment, e.g., Retronectin®.

[0023] Furthermore, the step d) after introduction of exogenous genetic elements for
reprogramming, the cells may be cultured under more than one distinct conditions. In the first
sub-step immediately after the introduction of reprogramming elements, the cells may be
cultured in a hematopoietic progenitor cell expansion medium as described above, or a
reprogramming medium, a combination or equivalent thereof. For example, the cells may be
cultured under a condition comprising a medium comprising one or more cytokines including
stem cell factor (SCF), Flt-3 ligand (FIt3L), thrombopoietin (TPO), Interleukin 3 (IL-3), or
Interleukin 6 (IL-6) for recovery of hematopoietic progenitor cells. This sub-step may last
about, at least, or at most 2, 4, 8, 12, 16, 24, 32, 48, 96 hours or any range derivable therein.
In this sub-step, a matrix component may be optional. After this sub-step, the cells may be

transferred to a matrix, i1f not already on one.

[0024] The cells may be further cultured under a condition comprising an expansion medium,;
a reprogramming medium, such as a medium comprising a GSK-3 inhibitor, a MEK
inhibitor, a TGF-P receptor inhibitor, a myosin II ATPase inhibitor, and/or a Rho-associated
kinase (ROCK) signaling inhibitor to enhance reprogramming efficiently; a combination

thereof or equivalent thereof followed by transition to 100% reprogramming medium. For

example, the GSK-3 inhibitor may be CHIR99021; the MEK inhibitor may be PD0325901;

_6-
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the TGF-B receptor inhibitor may be A-83-01; the myosin II ATPase inhibitor may be
blebbistatin; the ROCK inhibitor may be HA-100 or H1152. This sub-step may last about, at
least, or at most, 1, 2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 days or any
range derivable therein. In some aspects, the reprogramming medium may be chemically
defined, or may be based on TeSR medium, human embryonic cell culture medium, or
N2B27 medium. In a further aspect, the cells may be transferred, preferably gradually, to a
medium essentially free of extrinsically applied signaling inhibitors, such as a GSK-3
inhibitor, a MEK inhibitor, myosin II ATPase inhibitor, and a TGF-} receptor inhibitor. Such

a medium may be TeSR2 or other stem cell medium and may be preferably chemically

defined.

[0025] Any medium, culture or matrix for any of the steps or sub-steps or throughout the

whole process may be xeno-free or defined. A medium may be chemically defined, such as

TeSR™ medium.

[0026] In certain aspects, the methods may further comprise selecting the iPS cells, for
example, based on one or more embryonic cell characteristics, such as an ES cell-like
morphology. In a further aspect, the methods may comprise culturing the selected 1PS cells in
a iPS cell expansion medium comprising one or more selected from the group consisting of a
GSK-3 inhibitor, a MEK inhibitor, a myosin II ATPase inhibitor, a TGF- receptor inhibitor,
a Rho-associated kinase (ROCK) signaling inhibitor, optionally leukemia inhibitory factor

(LIF), or a combination thereof.

[0027] A population of iPS cells produced according to the above methods may also be
provided.

[0028] There may also be provided a cell culture composition comprising a cell population of
human peripheral blood cells comprising hematopoietic progenitor cells and progeny cells
thereof, a xeno-free extracellular matrix, and a medium, wherein the hematopoietic
progenitor cells comprise one or more exogenous episomal or RNA genetic elements that
express reprogramming factors. Particularly, the matrix may be defined. For example, the
matrix may have a single type of extracellular matrix peptide, such as a recombinant
fibronectin fragment. The recombinant fibronectin fragment may be RetroNectin®. In further
aspects, the cell culture composition may be xeno-free or defined. The medium comprised in

the culture composition may be xeno-free or chemically defined. Such a medium may
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comprise one or more cytokines including stem cell factor (SCF), Flt-3 ligand (FIt3L),
thrombopoietin (TPO), Interleukin 3 (IL-3), or Interleukin 6 (IL-6) for an initial stage ot
reprogrammed hematopoietic progenitor cells. This culture composition may also comprise a
Notch-1 ligand, such as an immobilized engineered Notch ligand (Deltalext-IgG; Delaney et
al., 2010). For enhancing reprogramming efficiency, the medium may comprise a GSK-3
inhibitor, a MEK inhibitor, a TGF-f receptor inhibitor, a myosin II ATPase inhibitor, and/or a
Rho-associated kinase (ROCK) signaling inhibaitor.

[0029] In the cell culture composition, the cell population of human peripheral blood cells
may be from one or more subjects whose cells have not been mobilized with extrinsically
applied granulocyte colony-stimulating factor (G-CSF) or granulocyte macrophage colony-
stimulating factor (GM-CSF). The hematopoietic progenitor cells may have been expanded in
vitro, for example, in the presence of one or more cytokines including stem cell tactor (SCF),
Flt-3 ligand (FIt3L), thrombopoietin (TPO), Interleukin 3 (IL-3), or Interleukin 6 (IL-6). The
expansion culture may be a suspension cell culture and may not need use any substrate or
matrix as described above. The source of the cell population may be a blood sample or blood
components. The suitable volume of a blood sample could be from about 1 to about 5 ml,
about 1 to 10 ml, about 1 to 15 ml, or more specifically, about 3, 4, 5, 6, 7, 8,9, 10 ml or any
range derivable therein. The cell population may be obtained from a cryopreserved blood

sample or the source of cell population or the cell population may have been cryopreserved.

[0030] Embodiments discussed in the context of methods and/or compositions of the
invention may be employed with respect to any other method or composition described
herein. Thus, an embodiment pertaining to one method or composition may be applied to

other methods and compositions of the invention as well.

[0031] As used herein the terms “encode” or “encoding” with reference to a nucleic acid are
used to make the invention readily understandable by the skilled artisan; however, these

terms may be used interchangeably with “comprise” or “comprising” respectively.

[0032] As used herein the specification, "a" or "an" may mean one or more. As used herein
in the claim(s), when used in conjunction with the word "comprising", the words "a" or "an"

may mean one or more than one.

[0033] The use of the term “or” in the claims is used to mean “and/or” unless explicitly

indicated to refer to alternatives only or the alternatives are mutually exclusive, although the

-8-
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disclosure supports a definition that refers to only alternatives and “and/or.” As used herein

“another” may mean at least a second or more.

[0034] Throughout this application, the term “about” is used to indicate that a value includes
the inherent variation of error for the device, the method being employed to determine the

value, or the variation that exists among the study subjects.

[0035] Other objects, features and advantages of the present invention will become apparent
from the following detailed description. It should be understood, however, that the detailed
description and the specific examples, while indicating preferred embodiments of the
invention, are given by way of illustration only, since various changes and modifications
within the spirit and scope of the invention will become apparent to those skilled in the art

from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] The following drawings form part of the present specification and are included to
further demonstrate certain aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in combination with the detailed

description of specific embodiments presented herein.

[0037] FIG. 1 — Schematic of an exemplary reprogramming process. In a standard manner, &
ml vials of whole blood are processed to obtain PBMCs, which are either frozen or purified
fresh to enrich for CD34-expressing cells. These cells are then seeded for an expansion
period to obtain an optimal number of cells for transfection. The transfected cells are then
resuspended in 100% fresh expansion media or in combination with the reprogramming
media complexed with small molecules. Within at least 48 hours, cells are transitioned to a
defined, feeder free matrix and fed every other day with 100% reprogramming media
complexed with small molecules. At approximately 9 to 14 days post-transtection (dpt), the
culture is fed with a defined pluripotent stem cell media free of small molecules (1.e. TeSR2).

Colonies are then stained by 18 — 25 dpt with Tral-81 to identify 1PS colonies.

[0038] FIGS. 2A-2E - Hematopoietic progenitor cells (HPs) are expandable from non-
mobilized blood donors. FIG. 2A demonstrates expansion of HPs from a single, non-
mobilized blood donor using three testing conditions. Each condition relied on the cytokine-

enriched medium while matrices varied from matrix-free, fibronectin-coated (Notch-), and

-0-
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fibronectin/DLL-1 coated (Notch+). FIG. 2B shows the natural decline in CD34 expression
that occurs as progenitors drift toward more differentiated cell types. CD45 expression 18 an
indicator of hematopoietic cells in general. Cells from the same donor sampled at 10 days
during expansion exhibited an expression profile that was predominately myeloid in nature

(FIG. 2C) with very little to no expression of B, T, and NK markers (data not shown).

Furthermore, it was found herein that the expansion is consistent across multiple donors but

the magnitude of that expansion varies among patient samples (FIG. 2D). A pool of 5 donors
was created to establish a larger number of cells for multiple reprogramming experiments to

be performed. The expansion potential for this pool was determined twice (Replicates 1 and

2. R1 and R2) (FIG. 2E).

[0039] FIG. 3 — Vectors for transfection of hematopoietic progenitors (HP)s. To successtully
reprogram cells, HPs are transfected by electroporation with either a GFP-expressing control
plasmid or a combination of plasmids expressing factors for reprogramming. There are
multiple permutations of plasmids that can be used to express various combinations of
reprogramming factors that have been used successfully and examples of such plasmids are
shown herein. Each plasmid harbors oriP and the cassette expressing EBNA1 to ensure

retention of the plasmids within transfected cells.
[0040] FIG. 4 - Vector maps for polycistronic vectors - set 1 and set 2.

[0041] FIGS. 5A-5F - Optimizing input cell numbers and transfection efficiency for
reprogramming. FIG. 5A. Purified cells from PBMCs derived from donor GG (leukopak
source) were expanded for 6 days. A range of cell numbers were transfected with a control,
oriP/EBNA1-based plasmid expressing GFP. Transfection efficiency was determined by
calculating the percentage of viable cells expressing GFP detected by flow cytometry. FIG.
5B. Purified cells from PBMCs (donor A23 89) were expanded for 3 or 6 days and 6x10* to
1x10° cells were transfected with the control, GFP-expressing plasmid. The graph depicts
the percent of the total population that is GFP-positive and the absolute number of total cells.
FIG. 5C. This graph represents the fraction of cells in b that also co-express GFP and CD34
when transfected at 3 or 6 days of expansion. FIG. 5D. Representative reprogramming trial
from freshly drawn blood (donor 3002) using combination plasmid set 2 for transfection. A
single well is shown from a 6 well plate that contains colonies staining positively tor alkaline
phosphatase activity (1). The white arrowhead highlights the colony magnified in panel 11 that

also stained positively for Tral-81 expression, panel 1. FIG. SE. Reprogramming trials
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were performed using plasmid Set 2 on a range of input cell numbers expanded for 6 days
(donor GG). FIG. 5F. CD34-expressing cells purified from four different donors were
expanded for 6 days and transfected using the plasmid combination that expresses C-myc

(Set 1) or L-myc (Set 2) to compare and the total number of iPSCs were compared.

[0042] FIG. 6 - Generation of iPSCs occurs in the absence of the BSA-containing supplement
B27.

[0043] FIGS. 7A-7B - The amount of CD34-expression correlates with reprogramming
efficiency. FIG. 7A. Representative reprogramming trial whereby both the CD34 positive (1)
and negative (ii) fractions following purification were used for reprogramming. Panel (1)
shows one well of a 6 well plate that contains successfully reprogrammed colonies trom
donor 2939 based on their ability to express Alkaline Phosphatase (AP stain, blue). The
CD34-depleted fraction from donor 2939 was unable to form colonies as indicated by the
lack of AP staining when performed in parallel with the purified population panel, 1. Panels
1ii and iv magnify the colony in panel (1) marked by a white arrowhead and demonstrate
expression of Tral-81 (green). FIG. 7B. Cells purified from four different blood donors
were expanded for 3,“ 6, 9, or 13 days. A population of cells from all or a subset of time
points were tested in the feeder-free reprogramming protocol using the L-myc expressing
plasmid DNA combination set 2. The efficiency ot reprogramming was calculated as the
total number of iPSCs exhibiting morphological features characteristic of an ES cell and an
ability to stain positively for Tral-81 divided by the total number of cells used for
transfection. Black Squares depict the percentage of the population expressing CD34 at the

indicated time points.

[0044] FIGS.8A-8B - Blood cell-derived iPSCs using completely defined reagents (animal-
free). FIG. 8A. Fold expansion of CD34-expressing cells pooled from multiple donors in
standard (n=13) and completely defined, animal-free media (n=2) after 6 days of expansion.

Fold expansion was calculated from the total number of cells at day 6 divided by the number
of cells the day after purification. Percentages indicate the fraction of cells expressing CD34
in the total population. FIG. 8B. The image represents one well of a 6 well plate containing
colonies that stained positively for alkalkine phosphatase following reprogramming of

expanded cells enriched for CD34-expression with fully defined, animal-iree reagents.
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DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

I. Introduction

[0045] The invention relates to methods and compositions for improving the overall process
efficiency of reprogramming of peripheral blood cells. Such reprogramming may be under
xeno-free or defined conditions and may be essentially free of exogenous retroviral genetic

elements, therefore making more clinically relevant 1PS cells.

[0046] Thorough assessment of the clinical relevance of iPS cells has been hampered by their
derivation using ill-defined systems and methods involving viral-based methods that rely on
chromosomal integration. For example, mouse embryonic fibroblasts (MEFs) have
frequently been used as a support layer to facilitate iPS development along with
reprogramming medium that has been conditioned in the presence MEFs. The inventor has
found the efficiency of reprogramming is affected, in part, by the quality of the MEFs used
which can vary between batches. It is therefore difficult to control and quantify that
variability since the contribution MEFs impart on reprogramming is ill-defined. Theretore, 1t
is preferable to establish a more defined system independent of MEFs that is amenable to
manipulation so the outcome is more predictable. Multiple labs have succeeded in generating
iPS cells using feeder-free substrates such as Matrigel™ (mouse origin) or derivatives thereot
(Aasen and Belmonte, 2010; Sun ef al., 2009), but none of them used peripheral blood cells

Or a Xeno-free matrix.

[0047] Furthermore, viral-based methods of reprogramming have, to date, proven to be more
efficient than non-integrating methods and therefore used more consistently to generate 1PS
cells. Unfortunately, the presence of integrated DNA carrying expression cassettes encoding
known oncogenes such as C-myc and T-antigen are unacceptable for at least two reasons.
Their presence always poses the threat of reactivation and expression of those genes that
cannot be tolerated within the restricted criteria of clinical applications. The integration
incurred by viral-based methods also occurs at multiple and often unpredictable locations that
may disrupt the expression of endogenous genes present within the host DNA that may be
crucial for controlling proliferation or critical cellular processes leading to variability in the
performance of these cells in downstream analyses. Therefore a non-integrating strategy to

generate iPS cells using defined conditions would alleviate this potential variability.
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[0048] To provide patient specific cells to meet the demanding criteria for clinical
application, iPS clones must be generated from tractable source material containing a high
fraction of target cells or at least amenable to expansion, generated from feeder-free
conditions, or chemically defined conditions, and reprogrammable via a process scalable
across hundreds of samples. Blood is an extremely accessible tissue source routinely
extracted from patients worldwide, and cells from mobilized and non-mobilized blood donors
have been successfully reprogrammed by integrating viral vectors (Loh ef al., 2009; Ye et al.,
2009) (PloS, in press). Cells enriched for CD34 expression, in particular, have been shown to

reprogram more efficiently than fibroblasts.

[0049] However, the current methods to reprogram CD34" cells do not satisfy the rigorous,
xeno-free criteria necessary for clinical applications. First, CD34" cells constitute only a
small fraction (0.1%) of non-mobilized peripheral blood (only 1000 cells per ml of blood).
Secondly, investigators have relied on viral-based methods that require integration into the
chromosomal DNA. Thirdly, the published methods involve MEFs and conditioned medium

and, therefore, are ill-defined and contain xenogeneic contamination.

[0050] This invention is based, in part, on the discovery of a fully detined process to generate
iPS cells from peripheral blood. As shown in the Examples, there is provided a method to
expand the population of CD34 expressing cells from less than 10 ml of blood and to
generate iPS cells under feeder-free conditions free from integrated and eventually

extrachromosomal DNA.

[0051] Further embodiments and advantages of the invention are described below.

11. Detinitions

[0052] "Reprogramming" is a process that confers on a cell a measurably increased capacity
to form progeny of at least one new cell type, either in culture or in vivo, than it would have
under the same conditions without reprogramming. More specifically, reprogramming 1s a
process that confers on a somatic cell a pluripotent potential. This means that after sutficient
proliferation, a measurable proportion of progeny having phenotypic characteristics of the
new cell type if essentially no such progeny could form before reprogramming; otherwise, the
proportion having characteristics of the new cell type is measurably more than before

reprogramming. Under certain conditions, the proportion of progeny with characteristics of
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the new cell type may be at least about 1%, 5%, 25% or more in the in order of increasing

preference.

[0053] The term “xeno-free (XF)” or “animal component-free (ACF)” or “animal free,” when
used in relation to a medium, an extracellular matrix, or a culture condition, refers to a
medium, an extracellular matrix, or a culture condition which is essentially free from
heterogeneous animal-derived components. For culturing human cells, any proteins of a non-
human animal, such as mouse, would be xeno components. In certain aspects, the xeno-tree
matrix may be essentially free of any non-human animal-derived components, therefore
excluding mouse feeder cells or Matrigel™. Matrigel™ is a solubilized basement membrane
preparation extracted from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumor rich
in extracellular matrix proteins to include laminin (a major component), collagen IV, heparan

sulfate proteoglycans, and entactin/nmidogen.

[0054] The term “defined,” when used in relation to a medium, an extracellular matrix, or a
culture condition, refers to a medium, an extracellular matrix, or a culture condition in which

the nature and amounts of approximately all the components are known.

[0055] A “chemically defined medium” refers to a medium in which the chemical nature of
approximately all the ingredients and their amounts are known. These media are also called

synthetic media. Examples of chemically defined medium include TeSR*™.

[0056] Cells are “substantially free” of exogenous genetic elements or vector elements, as
used herein, when they have less that 10% of the element(s), and are “essentially free” of
exogenous genetic elements or vector elements when they have less than 1% of the
element(s). However, even more desirable are cell populations wherein less than 0.5% or less
than 0.1% of the total cell population comprise exogenous genetic elements or vector

elements.

[0057] A culture, matrix or medium are “essentially free” of certain reagents, such as
signaling inhibitors, animal components or feeder cells, when the culture, matrix or medium
respectively have a level of these reagents lower than a detectable level using conventional
detection methods known to a person of ordinary skill in the art or these agents have not been

extrinsically added to the culture, matrix or medium.

_14-



10

15

20

25

30

CA 02802249 2012-12-07
WO 2011/159684 PCT/US2011/040323

[0058] “Peripheral blood cells” refer to the cellular components of blood, including red blood

cells, white blood cells, and platelets, which are found within the circulating pool of blood.

[0059] “Hematopoietic progenitor cells” or “hematopoietic precursor cells” reters to cells
which are committed to a hematopoietic lineage but are capable of further hematopoietic
differentiation and include hematopoietic stem cells, multipotential hematopoietic stem cells
(hematoblasts), myeloid progenitors, megakaryocyte progenitors, erythrocyte progenitors,
and lymphoid progenitors. Hematopoietic stem cells (HSCs) are multipotent stem cells that
give rise to all the blood cell types including myeloid (monocytes and macrophages,
neutrophils, basophils, eosinophils, erythrocytes, megakaryocytes/platelets, dendritic cells),
and lymphoid lineages (T-cells, B-cells, NK-cells). The hematopoietic progenitor cells may
or may not express CD34. The hematopoietic progenitor cells may co-express CD133 and be
negative for CD38 expression. In certain embodiments, certain human hematopoietic
progenitor cells may not express CD34, but these cells may nonetheless be converted into 1PS
cells via the methods disclosed herein. Hematopoietic precursor cells include CD34" / CD45"
hematopoietic precursor cells and CD34" / CD45" / CD43" hematopoietic precursor cells.
The CD34" / CD43" / CD45" hematopoietic precursor cells may be highly enriched for
myeloid progenitors. Various lineages of hematopoietic progenitor cells, such as CD34" /
CD43" / CD45" hematopoietic precursor cells, may be converted to iPS cells via the methods
disclosed herein. Hematopoietic progenitor cells also include various subsets of primitive
hematopoietic cells including: CD34/CD1337/CD38  (primitive hematopoietic precursor
cells), CD43(+)CD235a(+)CD41a(+/-) (erythro-megakaryopoietic), lin(-
YCD34(+)CD43(+)CD45(-) (multipotent), and lin(-)CD34(+)CD43(+)CD45(+) (myeloid-
skewed) cells, CD133+/ALDH+ (aldehydehehydrogenase) (e.g., Hess et al. 2004; Christ et
al., 2007). It is anticipated that any of these primitive hematopoietic cell types or

hematopoietic precursor cells may be converted into 1PS cells as described herein.

[0060] A "vector" or "construct”" (sometimes referred to as gene delivery or gene transfer
"vehicle") refers to a macromolecule or complex of molecules comprising a polynucleotide to
be delivered to a host cell, either in vitro or in vivo. A vector can be a linear or a circular

molecule.

[0061] A “plasmid”, a common type of a vector, is an extra-chromosomal DNA molecule
separate from the chromosomal DNA which is capable of replicating independently of the

chromosomal DNA. In certain cases, it 1s circular and double-stranded.
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[0062] By "expression construct" or "expression cassette" is meant a nucleic acid molecule
that is capable of directing transcription. An expression construct includes, at the least, a
promoter or a structure functionally equivalent to a promoter. Additional elements, such as an

enhancer, and/or a transcription termination signal, may also be included.

[0063] The term "exogenous," when used in relation to a protein, gene, nucleic acid, or
polynucleotide in a cell or organism refers to a protein, gene, nucleic acid, or polynucleotide
which has been introduced into the cell or organism by artificial means, or in relation a cell
refers to a cell which was isolated and subsequently introduced to other cells or to an
organism by artificial means. An exogenous nucleic acid may be from a ditferent organism or
cell, or it may be one or more additional copies of a nucleic acid which occurs naturally
within the organism or cell. An exogenous cell may be from a different organism, or it may
be from the same organism. By way of a non-limiting example, an exogenous nucleic acid 1s
in a chromosomal location different from that of natural cells, or is otherwise flanked by a

different nucleic acid sequence than that found in nature.

[0064] The term "corresponds to" is used herein to mean that a polynucleotide sequence 1s
homologous (i.e., is identical, not strictly evolutionarily related) to all or a portion of a
reference polynucleotide sequence, or that a polypeptide sequence is identical to a reference
polypeptide sequence. In contradistinction, the term "complementary to" 1s used herein to
mean that the complementary sequence is homologous to all or a portion of a reference
polynucleotide sequence. For illustration, the nucleotide sequence "TATAC" corresponds to a

reference sequence "TATAC" and is complementary to a reference sequence "GTATA".

[0065] A "gene," "polynucleotide,"” "coding region," "sequence," "segment," "fragment,” or
"transgene" which "encodes" a particular protein, is a nucleic acid molecule which 1is
transcribed and optionally also translated into a gene product, e.g., a polypeptide, in vitro or
in vivo when placed under the control of appropriate regulatory sequences. The coding region
may be present in either a cDNA, genomic DNA, or RNA form. When present in a DNA
form, the nucleic acid molecule may be single-stranded (i.e., the sense strand) or double-
stranded. The boundaries of a coding region are determined by a start codon at the 5' (amino)
terminus and a translation stop codon at the 3' (carboxy) terminus. A gene can include, but 1s
not limited to, cDNA from prokaryotic or eukaryotic mRNA, genomic DNA sequences from
prokaryotic or eukaryotic DNA, and synthetic DNA sequences. A transcription termination

sequence will usually be located 3' to the gene sequence.
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[0066] The term "cell" is herein used in its broadest sense in the art and refers to a living
body which is a structural unit of tissue of a multicellular organism, 1s surrounded by a
membrane structure which isolates it from the outside, has the capability of self replicating,
and has genetic information and a mechanism for expressing it. Cells used herein may be
naturally-occurring cells or artificially modified cells (e.g., fusion cells, genetically moditied

cells, etc.).

0067] As used herein, the term "stem cell" refers to a cell capable of self replication and
pluripotency. Typically, stem cells can regenerate an injured tissue. Stem cells herein may be,
but are not limited to, embryonic stem (ES) cells or tissue stem cells (also called tissue-
specific stem cell, or somatic stem cell). Any artificially produced cell which can have the
above-described abilities (e.g., fusion cells, reprogrammed cells, or the like used herein) may

be a stem cell.

[0068] “Embryonic stem (ES) cells” are pluripotent stem cells derived from early embryos.
An ES cell was first established in 1981, which has also been applied to production of
knockout mice since 1989. In 1998, a human ES cell was established, which 1s currently

becoming available for regenerative medicine.

[0069] Unlike ES cells, tissue stem cells have a limited differentiation potential. Tissue stem
cells are present at particular locations in tissues and have an undifferentiated intracellular
structure. Therefore, the pluripotency of tissue stem cells is typically low. Tissue stem cells
have a higher nucleus/cytoplasm ratio and have few intracellular organelles. Most tissue stem
cells have low pluripotency, a long cell cycle, and proliferative ability beyond the life of the
individual. Tissue stem cells are separated into categories, based on the sites from which the
cells are derived, such as the dermal system, the digestive system, the bone marrow system,
the nervous system, and the like. Tissue stem cells in the dermal system include epidermal
stem cells, hair follicle stem cells, and the like. Tissue stem cells in the digestive system
include pancreatic (common) stem cells, liver stem cells, and the like. Tissue stem cells 1n the
bone marrow system include hematopoietic stem cells, mesenchj}mal stem cells, and the like.

Tissue stem cells in the nervous system include neural stem cells, retinal stem cells, and the

like.

[0070] “Induced pluripotent stem cells,” commonly abbreviated as 1PS cells or iPSCs, refer

to a type of pluripotent stem cell artificially prepared from a non-pluripotent cell, typically an
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adult somatic cell, or terminally differentiated cell, such as fibroblast, a hematopoietic cell, a
myocyte, a neuron, an epidermal cell, or the like, by introducing certain factors, referred to as

reprogramming factors.

[0071] “Pluripotency” refers to a stem cell that has the potential to differentiate into all cells
constituting one or more tissues or organs, or particularly, any of the three germ layers:
endoderm (interior stomach lining, gastrointestinal tract, the lungs), mesoderm (muscle, bone,
blood, urogenital), or ectoderm (epidermal tissues and nervous system). “Pluripotent stem
cells” used herein refer to cells that can differentiate into cells derived from any of the three

germ layers, for example, direct descendants of totipotent cells or induced pluripotent cells.

[0072] By "operably linked" with reference to nucleic acid molecules is meant that two or
more nucleic acid molecules (e.g., a nucleic acid molecule to be transcribed, a promoter, and
an enhancer element) are connected in such a way as to permit transcription of the nucleic
acid molecule. "Operably linked" with reference to peptide and/or polypeptide molecules 1s
meant that two or more peptide and/or polypeptide molecules are connected 1n such a way as
to yield a single polypeptide chain, i.e., a fusion polypeptide, having at least one property of
each peptide and/or polypeptide component of the fusion. The fusion polypeptide 1s

particularly chimeric, i.e., composed of heterologous molecules.

ITI. Reprogramming of Blood Cells

[0073] To provide iPS cells from alternative sources in addition to dermal fibroblasts
commonly used in the current art, methods for reprogramming a cell population comprising
peripheral blood cells may be provided. It is also highly desirable to reprogram blood cells
that are easily accessible and less exposed to environmental mutagens. For example,
peripheral blood cells that are collected and stored in blood banks could be used as a source
of either autologous or allogeneic but histocompatible iPS cell lines. More critically, the
ability to reprogram blood cells is essential if one wishes to generate 1PS cells containing
somatic mutations that are restricted to the blood cells and found only in acquired
hematologic disorders to investigate their pathogenesis. In certain embodiments,
hematopoietic progenitor cells in the peripheral blood cell population are expanded to provide
a significant number of starting cells for reprogramming. Therefore, reprogramming from
human blood cells in the present invention represents a novel way of establishing 1PS cells

from donor cells that require little manipulation time in culture. The ability to reprogram cells
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from the human blood will facilitate the development of a reliable method to generate patient-

specific stem cells.

A. Hematopoietic Progenitor Cells

[0074] Due to the significant medical potential of hematopoietic stem and progenitor cells,
substantial work has been done to try to improve methods for the differentiation of
hematopoietic progenitor cells from embryonic stem cells. In the human adult, hematopoietic
stem cells present primarily in bone marrow produce heterogeneous populations of actively
dividing hematopoietic (CD34") progenitor cells that differentiate into all the cells of the
blood system. While it is anticipated that CD34" endothelial cells may be converted to iPS
cells, in certain embodiments it may be desirable to use hematopoietic cells which are not
endothelial cells; for example, in some instances it may be desirable to use hematopoietic
progenitor cells or hematopoietic precursor cells which do not express CD31 or VE-cadherin.
Other markers, such as the CD43 and/or CD45 marker, may also be used to help identify
hematopoietic progenitor cells (e.g., Kadaja-Saarepuu et al., 2008; Vodyanik et al., 2000).
Hematopoietic progenitor cells include various subsets of primitive hematopoietic cells
including: CD43(+)CD235a(+)CD41a(+/-) (erythro-megakaryopoietic), lin(-
)CD34(+)CD43(+)CD45(-) (multipotent), and lin(-)CD34(+)CD43(+)CD45(+) (myeloid-
skewed) cells. In an adult human, hematopoietic progenitors proliferate and differentiate
resulting in the generation of hundreds of billions of mature blood cells daily.
Hematopoietic progenitor cells are also present in cord blood. In vitro, human embryonic
stem cells may be differentiated into hematopoietic progenitor cells. Hematopoietic
progenitor cells may also be expanded or enriched from a sample of peripheral blood as
described below. The hematopoietic cells can be of human origin, murine origin or any other

mammalian species.

10075] Isolation of hematopoietic progenitor cells include any selection methods, including
cell sorters, magnetic separation using antibody-coated magnetic beads, packed columns;
affinity chromatography; cytotoxic agents joined to a monoclonal antibody or used in
conjunction with a monoclonal antibody, including but not limited to, complement and
cytotoxins; and “panning” with antibody attached to a solid matrix, e.g., plate, or any other

convenient technique.
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[0076] The use of separation or isolation techniques include, but are not limited to, those
based on differences in physical (density gradient centrifugation and counter-flow centrifugal
elutriation), cell surface (lectin and antibody affinity), and vital staining properties
(mitochondria-binding dye rho123 and DNA-binding dye Hoechst 33342). Techniques
providing accurate separation include but are not limited to, FACS (Fluorescence-activated
cell sorting) or MACS (Magnetic-activated cell sorting), which can have varying degrees of
sophistication, e.g., a plurality of color channels, low angle and obtuse light scattering

detecting channels, impedance channels, ezc.

[0077] The antibodies utilized in the preceding techniques or techniques used to assess cell
type purity (such as flow cytometry) can be conjugated to identifiable agents including, but
not limited to, enzymes, magnetic beads, colloidal magnetic beads, haptens, tluorochromes,
metal compounds, radioactive compounds, drugs or haptens. The enzymes that can be
conjugated to the antibodies include, but are not limited to, alkaline phosphatase, peroxidase,
urease and B-galactosidase. The fluorochromes that can be conjugated to the antibodies
include, but are not limited to, fluorescein isothiocyanate, tetramethylrhodamine
isothiocyanate, phycoerythrin, allophycocyanins and Texas Red. For additional
fluorochromes that can be conjugated to antibodies, see Haugland, Molecular Probes:
Handbook of Fluorescent Probes and Research Chemicals (1992-1994). The metal
compounds that can be conjugated to the antibodies include, but are not limited to, ferritin,
colloidal gold, and particularly, colloidal superparamagnetic beads. The haptens that can be
conjugated to the antibodies include, but are not limited to, biotin, digoxygenin, oxazalone,
and nitrophenol. The radioactive compounds that can be conjugated or incorporated into the
antibodies are known to the art, and include but are not limited to technetium Pm (99TC), ol

and amino acids comprising any radionuclides, including, but not limited to, 1"‘C,, *H and °°S.

[0078] Other techniques for positive selection may be employed, which permit accurate
separation, such as affinity columns, and the like. The method should permit the removal to a
residual amount of less than about 20%, preferably less than about 5%, of the non-target cell

populations.

[0079] Cells may be selected based on light-scatter properties as well as their expression of
various cell surface antigens. The purified stem cells have low side scatter and low to
medium forward scatter profiles by FACS analysis. Cytospin preparations show the enriched

stem cells to have a size between mature lymphoid cells and mature granulocytes.
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[0080] It also is possible to enrich the inoculation population for CD34" cells prior to culture,
using for example, the method of Sutherland et al. (1992) and that described 1n U.S. Pat. No.
4,714,680. For example, the cells are subject to negative selection to remove those cells that
express lineage specific markers. In an illustrative embodiment, a cell population may be
subjected to negative selection for depletion of non-CD34" hematopoietic cells and/or
particular hematopoietic cell subsets. Negative selection can be performed on the basis of cell
surface expression of a variety of molecules, including T cell markers such as CD2, CD4 and
CDS: B cell markers such as CD10, CD19 and CD20; monocyte marker CD14; the NK cell
marker CD2, CD16, and CD56 or any lineage specific markers. Negative selection can be
performed on the basis of cell surface expression of a variety of molecules, such as a cocktail
of antibodies (e.g., CD2, CD3, CD11b, CD14, CD15, CD16, CD19, CD56, CD123, and
CD235a) which may be used for separation of other cell types, e.g., via MACS or column

separation.

[0081] As used herein, lineage-negative (LIN ) refers to cells lacking at least one marker

associated with lineage committed cells, e.g., markers associated with T cells (such as CD?2,

3. 4 and 8), B cells (such as CD10, 19 and 20), myeloid cells (such as CD14, 15, 16 and 33),
natural killer (“NK”) cells (such as CD2, 16 and 56), RBC (such as glycophorin A),
megakaryocytes (CD41), mast cells, eosinophils or basophils or other markers such as CD38,
CD71, and HLA-DR. Preferably the lineage specific markers include, but are not limited to,
at least one of CD2, CD14, CD15, CD16, CD19, CD20, CD33, CD38, HLA-DR and CD71.
More preferably, LIN" will include at least CD14 and CD15. Further purification can be
achieved by positive selection for, e.g., c-kit™ or Thy-1". Further enrichment can be obtained
by use of the mitochondrial binding dye rhodamine 123 and selection for rhodamine” cells,
by methods known in the art. A highly enriched composition can be obtained by selective
isolation of cells that are CD34", preferably CD34 LIN™, and most preferably, CD34" Thy-1"
LIN". Populations highly enriched in stem cells and methods for obtaining them are well
known to those of skill in the art, see e.g., methods described in PCT/US94/09760;
PCT/US94/08574 and PCT/US94/10501.

[0082] Various techniques may be employed to separate the cells by initially removing cells
of dedicated lineage. Monoclonal antibodies are particularly useful for identifying markers
associated with particular cell lineages and/or stages of differentiation. The antibodies may be

attached to a solid support to allow for crude separation. The separation techniques employed
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should maximize the retention of viability of the fraction to be collected. Various techniques
of different efficacy may be employed to obtain “relatively crude” separations. Such
separations are where up to 10%, usually not more than about 5%, preferably not more than
about 1%, of the total cells present are undesired cells that remain with the cell population to
be retained. The particular technique employed will depend upon etficiency ot separation,
associated cytotoxicity, ease and speed of performance, and necessity for sophisticated

equipment and/or technical skill.

[0083] Selection of the hematopoietic progenitor cells need not be achieved solely with a
marker specific for the cells. By using a combination of negative selection and positive

selection, enriched cell populations can be obtained.

B. Sources of Blood Cells

[0084] Hematopoietic stem cells (HSCs) normally reside in the bone marrow but can be
forced into the blood, a process termed mobilization used clinically to harvest large numbers
of HSCs in peripheral blood. One mobilizing agent of choice 1s granulocyte colony-

stimulating factor (G-CSF).

[0085] CD34" hematopoietic stem cells or progenitors that circulate in the peripheral blood
can be collected by apheresis techniques either in the unperturbed state, or after mobilization
following the external administration of hematopoietic growth factors like G-CSF. The
number of the stem or progenitor cells collected following mobilization is greater than that
obtained after apheresis in the unperturbed state. In a particular aspect of the present
invention, the source of the cell population is a subject whose cells have not been mobilized
by extrinsically applied factors because there is no need to enrich hematopoietic stem cells or

progenitor cells in vivo.

[0086] Populations of cells for use in the methods described herein may be mammalian cells,
such as human cells, non-human primate cells, rodent cells (e.g., mouse or rat), bovine cells,
ovine cells, porcine cells, equine cells, sheep cell, canine cells, and feline cells or a mixture
thereof. Non-human primate cells include rhesus macaque cells. The cells may be obtained
from an animal, e.g., a human patient, or they may be from cell lines. If the cells are obtained
from an animal, they may be used as such, e.g., as unseparated cells (i.e., a mixed
population); they may have been established in culture first, e.g., by transformation; or they

may have been subjected to preliminary purification methods. For example, a cell population
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may be manipulated by positive or negative selection based on expression of cell surface
markers; stimulated with one or more antigens in vitro or in vivo; treated with one or more

biological modifiers in vitro or in vivo; or a combination of any or all of these.

[0087] Populations of cells include peripheral blood mononuclear cells (PBMC), whole
blood or fractions thereof containing mixed populations, spleen cells, bone marrow cells,
tumor infiltrating lymphocytes, cells obtained by leukapheresis, biopsy tissue, lymph nodes,
e.g., lymph nodes draining from a tumor. Suitable donors include immunized donors, non-
immunized (naive) donors, treated or untreated donors. A “treated” donor 1s one that has been
exposed to one or more biological modifiers. An “untreated” donor has not been exposed to

one or more biological modifiers.

[0088] For example, peripheral blood mononuclear cells (PBMC) can be obtained as
described according to methods known in the art. Examples of such methods are discussed

by Kim et al. (1992); Biswas et al. (1990); Biswas et al. (1991).

[0089] Methods of obtaining hematopoietic precursor cells from populations of cells are also
well known in the art. Hematopoietic precursor cells may be expanded using various

cytokines, such as hSCF, hFLT3, and/or IL-3 (Akkina et al., 1996), or CD34" cells may be

enriched using MACS or FACS. As mentioned above, negative selection techniques may

also be used to enrich CD34" cells.

[0090] It is also possible to obtain a cell sample from a subject, and then to enrich it for a
desired cell type. For example, PBMCs and/or CD34" hematopoietic cells can be isolated
from blood as described herein. Cells can also be isolated from other cells using a variety of
techniques, such as isolation and/or activation with an antibody binding to an epitope on the
cell surface of the desired cell type. Another method that can be used includes negative
selection using antibodies to cell surface markers to selectively enrich for a specific cell type

without activating the cell by receptor engagement.

[0091] Bone marrow cells may be obtained from iliac crest, femora, tibiae, spine, rib or other
medullary spaces. Bone marrow may be taken out of the patient and isolated through various
separations and washing procedures. An exemplary procedure for 1solation of bone marrow
cells comprises the following steps: a) centrifugal separation of bone marrow suspension in
three fractions and collecting the intermediate fraction, or buffycoat; b) the buffycoat fraction

from step (a) is centrifuged one more time in a separation fluid, commonly Ficoll (a
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trademark of Pharmacia Fine Chemicals AB), and an intermediate fraction which contains the
bone marrow cells is collected; and ¢) washing of the collected fraction from step (b) for

recovery of re-transfusable bone marrow cells.

1V. Culture conditions

[0092] Human pluripotent stem cells research is one of the most dynamic fields in modemn
biology. Human iPS cells, like human ES cells, have been mostly derived and cultured under
a feeder layer of mouse embryonic fibroblasts (MEFs). For example, the therapeutical
potential of human pluripotent stem cells lies in the transplantation of ditferentiated cell types
for disorders such as Parkinson’s disease and diabetes which arise from loss, or non-function,
of a single cell type. However, these clinical applications are currently limited by xeno-
contamination during the in vitro derivation and propagation phases. The mouse teeders or
conditioned medium, as traditionally used, carry the risk of introducing non-human
pathogens which would rule out transplantation in the future. Thus, bridging the gap between
research models and clinical applications requires the design and implementation of xeno-
free processes. Xeno-free (XF; or animal component-free, ACF; or animal free) culture
condition, such as xeno-free media and xeno-free extracellular matrix, are therefore an
essential element in the development of regenerative stem cell therapies, where implantation
in humans is the desired. In addition, the efficiency of reprogramming may be impacted by

the variability of MEF feeder cells used or any animal-derived products.

[0093] To improve the overall reprogramming efficiency from hematopoietic progenitor cells
in peripheral blood and reduce the variability, there may be provided various feeder-tree,
xeno-free, or defined culture conditions, matrices or media for expansion of hematopoietic

progenitor cells as well as reprogramming such cells.
A. Hematopoietic Progenitor Cell Expansion Condition

[0094] The expansion method of the invention may comprise inoculating the population of
cells substantially enriched in hematopoietic progenitor cells and substantially free ot stromal
cells into an expansion container and in a volume of a suitable medium such that the cell
density is from at least about 5,000, preferably 7,000 to about 200,000 cells/mL of medium,
and more preferably from about 10,000 to about 150,000 cells/mL of medium, and at an

initial oxygen concentration of from about 1 to 20% and preferably less than 8%. In one
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embodiment, the initial oxygen concentration is in a range from about 1, 2, 3, 4, 5, 6, 7%, or

any range derivable therein.

[0095] In one aspect, the inoculating population of cells is derived from adult bone marrow
and is from about 7,000 cells/mL to about 20,000 cells/mL and preferably about 20,000
cell/mL. In a separate aspect, the inoculation population of cells is derived from mobilized
peripheral blood and is from about 20,000 cells/mL to about 50,000 cells/mL, preterably
50,000 cells/mL. In another aspect, the inoculating population of cells 1s derived trom non-
mobilized peripheral blood and is from about 7,000 cells/mL to about 50,000 cells/mL and
preferably about 20,000 cell/mL.

[0096] Any suitable expansion container, flask, or appropriate tube such as a 24 well plate,
12.5 cm” T flask or gas-permeable bag can be used in the method of this invention. Such
culture-containers are commercially available from Falcon, Corning or Costar. As used
herein, “expansion container” also is intended to include any chamber or container for
expanding cells whether or not free standing or incorporated into an expansion apparatus
such as the bioreactors described herein. In one embodiment, the expansion container 1s a
reduced volume space of the chamber which is formed by a depressed surface and a plane 1n

which a remaining cell support surface is orientated.

[0097] Various media can be used for the expansion of the hematopoietic progenitor cells.
Mlustrative media include Dulbecco's MEM, IMDM and RPMI-1640 that can be
supplemented with a variety of different nutrients, growth factors, cytokines, efc. The media
can be serum free or supplemented with suitable amounts of serum such as fetal calf serum or
autologous serum. Preferably, for being used in human therapy, the medium is serum-free or
supplemented with autologous serum. One suitable medium is one contamning IMDM,
effective amounts of at least one of a peptone, a protease inhibitor and a pituitary extract and
effective amounts of at least one of human serum albumin or plasma protein fraction, heparin,
a reducing agent, insulin, transferrin and ethanolamine. In a further embodiment, the suitable
expansion medium contains at least IMDM and 1-15% fetal bovine serum. Other suitable

media formulations are well known to those of skill in the art, see for example, U.S. Pat. No.

5,728,581.

[0098] Regardless of the specific medium being used in any given hematopoietic progenitor

cell expansion, the medium used is preferably supplemented with at least one cytokine at a
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concentration from about 0.1 ng/mL to about 500 ng mL, more usually 10 ng/mL to 100
ng/mL. Suitable cytokines, include but are not limited to, c-kit ligand (KL) (also called steel
factor (StI), mast cell growth factor (MGF), and stem cell factor (SCF)), IL-6, G-CSF, IL-3,
GM-CSF, IL-1q, IL-11 MIP-1a, LIF, c-mpl ligand/TPO, and flk2/flk3 ligand (FIt2L or
FIt3L). (Nicola et al., 1979; Golde et al., 1980; Lusis, 1981; Abboud ef al., 19381; Okabe,
1982: Fauser et al., 1981). Particularly, the culture will include at least one of SCF, FIt3L and
TPO. More particularly, the culture will include SCF, FIt3L and TPO.

[0099] In one embodiment, the cytokines are contained in the media and replenished by
media perfusion. Alternatively, when using a bioreactor system, the cytokines may be added
separately, without media perfusion, as a concentrated solution through separate nlet ports.
When cytokines are added without perfusion, they will typically be added as a 10x to 100x
solution in an amount equal to one-tenth to 1/100 of the volume in the bioreactors with fresh
cytokines being added approximately every 2 to 4 days. Further, fresh concentrated cytokines

also can be added separately in addition, to cytokines in the perfused media.

[00100] The cells may be then cultured under suitable conditions such that the cells
condition the medium. Improved expansion of purified hematopoietic progenitor cells may be
achieved when the culture medium is not changed, e.g., perfusion does not start until after the

first several days of culture.

[00101] In certain aspects, suitable conditions comprise culturing at 33 to 39, and
preferably around 37° C. (the initial oxygen concentration is preferably 4-8%, and most
preferably, about 5%) for at least 6 days and preferably from about 7 to about 10 days, to
allow release of autocrine factors from the cells without release of sufficient waste products
to substantially inhibit hematopoietic progenitor cell expansion. After that time, the oxygen
concentration may be increased to about 20%, either stepwise or gradually over the remainder
of the culture period, which may be for a total of 10-28 days. Bone marrow stem cells,
mobilized peripheral blood cells, or non-mobilized peripheral blood cells may be grown for
around 1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 days

or any range derivable therein.

[00102] After the initial culture period without medium exchange, the culture medium
may be exchanged at a rate which allows expansion of the hematopoietic progenitor cells. In

a system where no variable volume is used, medium may be exchanged on day 7 (for
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mobilized peripheral blood stem cells) or on day 10 (for bone marrow cells). The exchange of
fresh medium in a perfused system may be for example laminar. This uniform, nonturbulent,
flow prevents the formation of “dead spaces” where patches of cells are not exposed to
medium. The medium may be exchanged at a rate of from about 0.10/day to 0.50/day or 1/10
to Y% volume exchange per day. For example, the perfusion rate may be from about 0.25/day
to 0.40/day. Most preferably, for bone marrow stem cells, perfusion may be at a rate of
0.27/day starting around day 14, and for mobilized or non-mobilized peripheral blood cells,
perfusion starts at 0.25/day around day 10 and increases to 0.40/day around day 12.

[00103] Particularly, the cell concentration may be kept at an optimum throughout

expansion. For instance, progenitor cells can expand up to "1500 fold compared to a
mononuclear cell (MNC) population which expands only “10-20 fold. Progenitor cells have a
large proliferative capacity, as such, where culture is performed in a closed system such a
system must provide enough volume for total cell expansion. However, progenitor cells may
also have a relatively high inoculation density. Optimal inoculation density and proliferation
conditions can be achieved by growing the cells in a bioreactor such as the one described in
U.S. Pat. No. 5,728,581. The cells may be seeded at the appropriate cell density i a
depression and additional media are added when an appropriate cell density is attained. The
shape of the device may allow the medium volume to be increased up to three-fold without

significantly reducing the oxygen transfer efficiency to the cells.
B. Culture conditions during and after reprogramming

[00104] The starting cell (meaning, the expanded hematopoietic progenitor cell to
be reprogrammed) and the end, reprogrammed cell generally have differing requirements for
culture medium and conditions. To allow for this while also allowing reprogramming of the
cell to occur,, one or more transitional culture conditions may be needed. To initiate the
reprogramming process, the expanded hematopoietic progenitor cells may be transtected at
least, aboutorup to 0, 1, 2, 3,4, 5, 6, 7, 8 or 9 days post seeding, more particularly 3, 4, 5, or
6 days post seeding and, in an exemplary embodiment, 6 days post seeding. In an alternate
embodiment, the expansion step may not always be necessary. For example, if sufficient
hematopoietic progenitor cells are obtained directly from purification from non-mobilized
peripheral blood, reprogramming can be initiated without an expansion step. However, when

dealing with a small volume of peripheral blood, for example, up to 10 ml in volume, an
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expansion step may be used to increase the numbers of hematopoietic progenitor cells and

thus increase reprogramming efficiency.

[00105] Immediately after transfection and as a means to stabilize the cells after
transfection, the cells may be cultured in a hematopoietic progenitor cell expansion medium
as described above, or a medium comprising one or more cytokines and signaling inhibitors
favoring the culture of reprogrammed cells, or a blend of the two types of conditions (equal
or otherwise), all of which would optimally be xeno-free. Regardless of the medium utilized,
the condition may be essentially free of any matrix components or it may comprise a matrix,
which would preferably be a xeno-free matrix protein such as a fibronectin fragment. Such
culture condition may be for a period of at least, about, or up to the first 0, 1, 2, 4, 6, 8, 10,
12, 24 hours or any range derivable therein post transfection. The cells could then be
transitioned to a matrix, if not already on one, and cultured in a hematopoietic progenitor cell
expansion medium as described above or a medium favoring reprogramming of cells or a
blend of the two types of conditions (equal or otherwise), all of which would optimally be
xenoj-free. Regardless of the medium utilized, the cells would be gradually transitioned over
one or two days with each medium refreshment to 100 percent reprogramming medium and
such reprogramming condition may continue for a period of at least, about or up to 1, 2, 3, 4,

5,6,7,8,9,10,11, 12, 13, 14, 15 days following the transfection stabilization incubation.

[00106] After reprogramming factors are introduced into cells using the disclosed
methods and cultured as described above, the resultant cells may be transferred to a medium
sufficient to maintain the pluripotency of the cells, such as TeSR2. Such condition may
preferably be obtained gradually during the latter half of the reprogramming condition by
adding TeSR2 (or similar pluripotent cell culture medium) to the reprogramming medium
without medium removal followed by complete replacement so that cells are cultured 1n
100% pluripotent cell culture medium. The culture of cells in pluripotent cell culture
medium including the gradual transitional period may continue for a period of at least, about
orupto1,2 3,4,5 6,7, 8,9, 10 days following the 100% reprogramming condition. This
pluripotent cell culture condition may comprise an extracellular matrix because pluripotent

stem cells are adherent cells.

[00107] Traditionally serum-containing medium on MEF feeders have been used.
In certain aspects, the present invention obviates the need for serum or MEF feeder cells, and

provides a defined process and condition for reprogramming cells.
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[00108] Culturing of induced pluripotent stem (1PS) cells generated in this
invention can use various medium and techniques developed to culture primate pluripotent
stem cells, more specially, embryonic stem cells, as described in U.S. Pat. App. 20070238170
and U.S. Pat. App. 20030211603. It is appreciated that additional methods for the culture and
maintenance of human pluripotent stem cells, as would be known to one of skill, may be used

with the present invention.

[00109] Preferably, undefined conditions may not be used; for example,
reprogrammed cells may not be cultured on fibroblast feeder cells or a medium which has
been exposed to fibroblast feeder cells, especially mouse feeder cells. For example,
pluripotent cells may be cultured and maintained in an essentially undifferentiated state using
defined, feeder-independent culture system, such as a TeSR medium (Ludwig et al., 2006,
Ludwig et al., 2006). Feeder-independent culture systems and media may be used to culture
reprogrammed cells. These approaches allow reprogrammed cells to grow in an essentially
undifferentiated state without the need for mouse fibroblast “feeder layers.” As described
herein, various modifications may be made to these methods in order to reduce costs as

desired.

[00110] The medium according to certain aspects of the present invention can be
prepared using a medium used for culturing animal cells as its basal medium, such as any of
TeSR, BME, BGJb, CMRL 1066, Glasgow MEM, Improved MEM Zinc Option, IMDM,
Medium 199, Eagle MEM, aMEM, DMEM, Ham, RPMI 1640, and Fischer's media, as well
as any combinations thereof, but the medium is not particularly limited thereto as far as 1t can

be used for culturing animal cells. Particularly, the medium may be xeno-free or chemically

defined.

[00111] The medium according to the present invention can be a serum-containing
or serum-free medium. The serum-free medium refers to media with no unprocessed or
unpurified serum, and accordingly can include media with purified blood-derived
components or animal tissue-derived components (such as growth factors). From the aspect
of preventing contamination with heterogeneous animal-derived components, serum can be

derived from the same animal as that of the stem cell(s).

[00112] The medium according to the present invention may contain or may not

contain any alternatives to serum. The alternatives to serum can include materials which
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appropriately contain albumin (such as lipid-rich albumin, albumin substitutes such as
recombinant albumin, plant starch, dextrans and protein hydrolysates), transferrin (or other
iron transporters), fatty acids, insulin, collagen precursors, trace elements, 2-mercaptoethanol,
3'-thiolglycerol, or equivalents thereto. The alternatives to serum can be prepared by the
method disclosed in International Publication No. 98/30679, for example. Alternatively, any
commercially available materials can be used for more convenience. The commercially
available materials include knockout Serum Replacement (KSR), Chemically-detined Lipid

concentrated (Gibco), and Glutamax (Gibco).

[00113] The medium of the present invention can also contain fatty acids or lipids,
amino acids (such as non-essential amino acids), vitamin(s), growth factors, cytokines,
antioxidant substances, 2-mercaptoethanol, pyruvic acid, buffering agents, and inorganic
salts. The concentration of 2-mercaptoethanol can be, for example, about 0.05 to 1.0 mM, and
particularly about 0.1 to 0.5 mM, but the concentration is particularly not limited thereto as

long as it is appropriate for culturing the stem cell(s).

[00114] A culture vessel used for culturing the cell(s) can include, but 1s particularly
not limited to: flask, flask for tissue culture, dish, petri dish, dish for tissue culture, multi dish,
micro plate, micro-well plate, multi plate, multi-well plate, micro slide, chamber slhide, tube,
tray, CellSTACK® Chambers, culture bag, and roller bottle, as long as it 1s capable of
culturing the stem cells therein. The cells may be cultured in a volume of at least or about 0.2,
0.5, 1,2,5, 10, 20, 30, 40, 50 ml, 100 ml, 150 ml, 200 ml, 250 ml, 300 ml, 350 mi, 400 ml,
450 ml, 500 ml, 550 ml, 600 ml, 800 ml, 1000 ml, 1500 ml, or any range derivable therein,
depending on the needs of the culture. In a certain embodiment, the culture vessel may be a
bioreactor, which may refer to any device or system that supports a biologically active
environment. The bioreactor may have a volume of at least or about 2, 4, 5, 6, 8, 10, 15, 20,

25, 50, 75, 100, 150, 200, 500 liters, 1, 2, 4, 6, 8, 10, 15 cubic meters, or any range derivable

therein.

[00115] The culture vessel can be cellular adhesive or non-adhesive and selected
depending on the purpose. The cellular adhesive culture vessel can be coated with any of
substrates for cell adhesion such as extracellular matrix (ECM) to improve the adhesiveness
of the vessel surface to the cells. The substrate for cell adhesion can be any material intended
to attach cells. The substrate for cell adhesion includes collagen, gelatin, poly-L-lysine, poly-

D-lysine, laminin, and fibronectin, fragments or mixtures thereof.
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[00116] Other culturing conditions can be appropriately defined. For example, the
culturing temperature can be about 30 to 40°C, for example, at least or about 31, 32, 33, 34,
35, 36, 37, 38, 39°C but particularly not limited to them. The CO, concentration can be about
1 to 10%, for example, about 2 to 5%, or any range derivable therein. The oxygen tension can

be at least, up to, or about 1, 2, 3,4, 5,6, 7, 8,9, 10, 20%, or any range derivable therein.

[00117] The methods of the present invention can be also used for a suspension culture
of cells such as reprogrammed cells or stem cells, including suspension culture on carriers
(Fernandes et al., 2004) or gel/biopolymer encapsulation (United States Publication
2007/0116680). The term suspension culture of the cells means that the cells are cultured
under non-adherent condition with respect to the culture vessel or feeder cells (if used) in a
medium. The suspension culture of cells includes a dissociation culture of cells and an
aggregate suspension culture of cells. The term dissociation culture of cells means that
suspended stem cells is cultured, and the dissociation culture of stem cells include those of
single cell or those of small cell aggregates composed of a plurality of cells (for example,
about 2 to 400 cells). When the aforementioned dissociation culture is continued, the
cultured, dissociated stem cells could form a larger aggregate of cells, and thereafter an
aggregate suspension culture can be performed. The aggregate suspension culture includes an

embryoid culture method (see Keller et al., 1995), and a SFEB method (Watanabe et al.,

- 2005; International Publication No. 2005/123902).

C. Matrix components

[00118] Various defined matrix components may be used in reprogramming peripheral
blood cells to serve as a substrate for an adherent cell culture. For example, recombinant
collagen IV, fibronectin, laminin, and vitronectin in combination may be used to coat a
culturing surface as a means of providing a solid support for pluripotent cell growth, as

described in Ludwig et al. (2006a; 2006b), which are incorporated by reference 1n its entirety.

[00119] A matrix composition may be immobilized on a surface to provide support for
cells. The matrix composition may include one or more extracellular matrix (ECM) proteins
and an aqueous solvent. The term “extracellular matrix” is recognized in the art. Its
components include one or more of the following proteins: fibronectin, laminin, vitronectin,
tenascin, entactin, thrombospondin, elastin, gelatin, collagen, fibrillin, merosin, anchorin,

chondronectin, link protein, bone sialoprotein, osteocalcin, osteopontin, epinectin,
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hyaluronectin, undulin, epiligrin, and kalinin. Other extracellular matrix proteins are
described in Kleinman et al., (1993), herein incorporated by reference. It is intended that the
term “extracellular matrix” encompass a presently unknown extracellular matrix that may be
discovered in the future, since its characterization as an extracellular matrix will be readily

determinable by persons skilled in the art.

[00120] In some aspects, the total protein concentration in the matrix composition may
be about 1 ng/mL to about 1 mg/mL. In some preferred embodiments, the total protein
concentration in the matrix composition is about 1 pg/mL to about 300 pg/mL. In more

preferred embodiments, the total protein concentration in the matrix composition is about 5

ug/mL to about 200 pg/mL.

[00121] The extracellular matrix (ECM) proteins may be of natural origin and purified
from human or animal tissues. Alternatively, the ECM proteins may be genetically
engineered recombinant proteins or synthetic in nature. The ECM proteins may be a whole
protein or in the form of peptide fragments, native or engineered. Examples ot ECM protein
that may be useful in the matrix for cell culture include laminin, collagen I, collagen 1V,
fibronectin and vitronectin. In some embodiments, the matrix composition includes

synthetically generated peptide fragments of fibronectin or recombinant fibronectin.

[00122] In still further embodiments, the matrix composition includes a mixture of at

least fibronectin and vitronectin.

[00123] In some other embodiments, the matrix composition preferably includes
laminin.
[00124] The matrix composition preferably includes a single type of extracellular

matrix protein. In some preferred embodiments, the matrix composition includes fibronectin,
particularly for use with culturing reprogrammed cells or hematopoietic progenitor cells. For
example, a suitable matrix composition may be prepared by diluting human fibronectin, such
as human fibronectin sold by Becton, Dickinson & Co. of Franklin Lakes, N.J. (BD)
(Cat#354008), in Dulbecco's phosphate buffered saline (DPBS) to a protein concentration of
5 ng/mL to about 200 pg/mL. In a particular example, the matrix composition includes a
fibronectin fragment, such as RetroNectin®. RetroNectin® is a ~63 kDa protein of (574

amino acids) that contains a central cell-binding domain (type III repeat, 8,9,10), a high
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affinity heparin-binding domain II (type II repeat, 12,13,14), and CSI site within the

alternatively spliced IIICS region of human fibronectin.

[00125] In some other embodiments, the matrix cofnposition preferably includes
laminin. For example, a suitable matrix composition may be prepared by diluting laminin

(Sigma-Aldrich (St. Louis, Mo.); Cat#L.6274 and L2020) in Dulbecco's phosphate buttered
saline (DPBS) to a protein concentration of 5 pg/ml to about 200 pg/ml.

[00126] In some embodiments, the matrix composition is xeno-free, in that the matrx
is or its component proteins are only of human origin. This may be desired for certain
research applications. For example in the xeno-free matrix to culture human cells, matrix
components of human origin may be used, wherein any non-human animal components may

lTM

be excluded. In certain aspects, Matrige may be excluded as a substrate for

"™ is a gelatinous protein mixture secreted by

reprogramming into human 1PS cells. Matrige
mouse tumor cells and is commercially available from BD Biosciences (New Jersey, USA).
This mixture resembles the compl'ex extracellular environment found in many tissues and 1S
used frequently by cell biologists as a substrate for cell culture, but it may introduce

undesired xeno antigens or contaminants.
D. Signaling inhibitors for reprogramming

[00127] In certain aspects of the invention, during at least part of the reprogramming
process, the cell may be maintained in the presence or absence of one or more signaling
inhibitors which inhibit a signal transducer involved in a signaling cascade, e.g., n the
presence of a MEK inhibitor, a GSK3 inhibitor, a TGF- receptor inhibitor, and/or a myosin
II ATPase inhibitor, or inhibitor of other signal transducers within these same pathways. In
certain aspects, ROCK inhibitors, such as HA-100 or H1152, may be used to facilitate clonal
expansion of reprogrammed cells and resulting iPS cells. High concentration of FGF, 1n
combination with specific reprogramming medium such as conditioned human ES cell
culture medium or serum-free N2B27 medium, may also be used to increase reprogramming

efficiency. In preferably aspects, the medium is defined or xeno-iree.

[00128] In certain embodiments, in addition to introducing the cells with
reprogramming factors (e.g. two, three or more, as described herein) by exogenous episomal

genetic elements, the cells are treated with a reprogramming medium comprising: a MEK

inhibitor, a TGF-PB receptor inhibitor, a GSK3 inhibitor, a myosin II ATPase inhibitor, and/or
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LIF, with the advantages such as improving reprogramming efficiency and kinetics and
facilitating iPS cell identification in the primary reprogramming culture, thus preserving 1PS

cell clonality.

[00129] It will be understood that in these aspects and embodiments, other signaling
inhibitors which inhibit a signaling component of the same signaling pathway (e.g. ERK1 or
ERK?2 cascade) may be substituted where desired for the MEK inhibitor. This may include
inhibition of an upstream stimulus of the MAPK pathway, in particular through the FGF
receptor (Ying, 2008). Likewise, the GSK3 inhibitor may be substituted where desired for
other inhibitors of GSK3-related signaling pathways, such as insulin synthesis and Wnt/j3-
catenin signaling; the LIF may be substituted where desired for other activators of Stat3 or

gpl130 signaling.

[00130] Such a signaling inhibitor, e.g., a MEK inhibitor, a GSK3 inhibitor, a TGF-[3
receptor inhibitor, may be used at an effective concentration of at least or about 0.02, 0.05,
0.1,0.2,0.5,1,2,3,4, 5,10, 15, 20, 25, 30, 35, 40, 45, 50, 100, 150, 200, 500 to about 1000

uM, or any range derivable therein.

[00131] Inhibitors may be provided or obtained by those skilled in the art by

conventional means or from conventional sources (see also W0O2007113505).
1. Glycogen synthase kinase 3 inhibitor

[00132] Glycogen synthase kinase 3 (GSK-3) is a serine/threonine protein kinase that
mediates the addition of phosphate molecules on certain serine and threonine amino acids in
particular cellular substrates. The phosphorylation of these other proteins by GSK-3 usually
inhibits the target protein (also called the "substrate"). As mentioned, GSK-3 1s known for
phosphorylating and thus inactivating glycogen synthase. It has also been implicated in the
control of cellular response to damaged DNA and Wnt signaling. GSK-3 also phosphorylates
Ci in the Hedgehog (Hh) pathway, targeting it for proteolysis to an inactive torm. In addition
to glycogen synthase, GSK-3 has many other substrates. However, GSK-3 1s unusual among

the kinases in that it usually requires a "priming kinase" to first phosphorylate a substrate.

[00133] The consequence of GSK-3 phosphorylation is usually inhibition of the
substrate. For example, when GSK-3 phosphorylates another of its substrates, the NFA'T

family of transcription factors, these transcription factors cannot translocate to the nucleus
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and are therefore inhibited. In addition to its important role in the Wnt signaling pathway,
which is required for establishing tissue patterning during development, GSK-3 1s also
critical for the protein synthesis that is induced in settings such as skeletal muscle

hypertrophy. Its roles as an NFAT kinase also places it as a key regulator of both

~ differentiation and cellular proliferation.

[00134] GSK3 inhibition may refer to inhibition of one or more GSK3 enzymes. The
family of GSK3 enzymes is well-known and a number of variants have been described (see
e.g. Schaffer et al., 2003). In specific embodiments GSK3-f is inhibited. GSK3-o inhibitors

are also suitable, and in certain aspects inhibitors for use in the invention inhibit both GSK3-

o and GSK3-f3.

[00135] Inhibitors of GSK3 can include antibodies that bind, dominant negative
variants of, and siRNA and antisense nucleic acids that target GSK3. Examples of GSK3

inhibitors are described in Bennett ef al. (2002) and in Ring et al. (2003).

[00136] Specific examples of GSK3 inhibitors include, but are not limited to,
Kenpaullone, 1-Azakenpaullone, CHIR99021, CHIR98014, AR-A014418 (see, e.g., Gould et
al., 2004), CT 99021 (see, e.g., Wagman, 2004), CT 20026 (see, Wagman, supra),
SB415286, SB216763 (see, e.g., Martin et al., 2005), AR-A014418 (see, e.g., Noble et al.,
2005), lithium (see, e.g., Gould et al., 2003), SB 415286 (see, e.g., Frame et al., 2001) and
TDZD-8 (see, e.g., Chin et al., 2005). Further exemplary GSK3 inhibitors available frorﬁ
Calbiochem (see, e.g., Dalton et al., W0O2008/094597, herein incorporated by reterence),
include but are not limited to BIO (2'Z,3'£)-6-Bromomdirubm-3'-oxime (GSK3 Inhibitor IX);
BIO-Acetoxime (2'Z,3'E)-6-Bromoindirubin-3'-acetoxime (GSK3 Inhibitor X); (5-Methyl-
[H-pyrazol-3-yl)-(2-phenylquinazolin-4-yl)amine (GSK3-Inhibitor XIII); Pyridocarbazole-
cyclopenadienylruthenium complex (GSK3 Inhibitor XV); TDZD-8 4-Benzyl-2-methyl-1,2,4-
thiadiazolidine-3,5-dione (GSK3beta Inhibitor I); 2-Thio(3-iodobenzyl)-5-(1-pyridyl)-[1,3,4]-
oxadiazole (GSK3beta Inhibitor II); OTDZT 2,4-Dibenzyl-5-oxothiadiazolidine-3-thione
(GSK3beta Inhibitor III); alpha-4-Dibromoacetophenone (GSK3beta Inhibitor VII); AR-AO
14418 N-(4-Methoxybenzyl)-N'-(5-nitro-1,3-thiazol-2-yl)urea (GSK-3beta Inhibitor VIII); 3-
(I-(3-Hydroxypropyl)-lH-—pyrrolo[2,3-b]pyridin-3-yl]-4—-pyrazin-2-y1-pyrrolé-2,5-di0ne (GSK-
3beta Inhibitor XI); TWSI 19 pyrrolopyrimidine compound (GSK3beta Inhibitor XII); L803
H-KEAPP APPQSpP-NH2 or its Myristoylated form (GSK3beta Inhibitor XIII); 2-Chloro-I-
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(4,5-dibromo-thiophen-2-yl)-ethanone (GSK3beta Inhibitor VI); AR-AO144-18; SB216763;
and SB415286.

[00137] GSK3 inhibitors can activate, for example, the Wnt/B-catenin pathway. Many
of B-catenin downstream genes co-regulate pluripotency gene networks. For example, a GSK
inhibitor activates cMyc expression as well as enhances its protein stability and
transcriptional activity. Thus, in some embodiments, GSK3 inhibitors can be used to
stimulate endogenous Myc polypeptide expression in a cell, thereby eliminating the need tfor

Myc expression to induce pluripotency.

[00138] In addition, the structure of the active site of GSK3-B has been characterized
and key residues that interact with specific and non-specific inhibitors have been 1dentified
(Bertrand et al., 2003). This structural characterization allows additional GSK inhibitors to be

readily identified.

[00139] The inhibitors used herein are preferably specific for the kinase to be targeted.
The inhibitors of certain embodiments are specific for GSK3-B and GSK3-a, substantially do
not inhibit erk2 and substantially do not inhibit cdc2. Preferably the inhibitors have at least
100 fold, more preferably at least 200 fold, very preferably at least 400 fold selectivity tor
human GSK3 over mouse erk2 and/or human cdc2, measured as ratio of 1Csy values; here,
reference to GSK3 ICsy values refers to the mean values for human GSK3-B and GSK3-a.
Good results have been obtained with CHIR99021 which is specific for GSK3. Suitable
concentrations for use of CHIR99021 are in the range 0.01 to 100, preferably 0.1 to 20, more

preferably 0.3 to 10 micromolar.

2. MEK inhibitor

[00140] MEK inhibitors, which include inhibitors of mitogen-activated protein kinase
kinase (MAPK/ERK kinase or MEK) or its related signaling pathways like MAPK cascade,
may be used in certain aspects of the invention. Mitogen-activated protein kinase kinase (sic)
is a kinase enzyme which phosphorylates mitogen-activated protein kinase. It 1s also known
as MAP2K. Extracellular stimuli lead to activation of a MAP kinase via a signaling cascade
("MAPK cascade") 