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Preface

Bone marrow stem cells are the most transplanted cells worldwide. These cells are used as
a replacement therapy for patients suffering from a diverse number of hematopoietic dis-
eases and immunodeficiencies. In contrast, the use of bone marrow cells in regenerative
medicine has so far remained without much success. For example, several studies have been
published on the inability of bone marrow cells to repair acutely infarcted cardiac tissue
[1-4]. In addition, bone marrow cells are highly immunogenic, requiring harsh immuno-
suppressive regimens to prevent rejection and graft-versus-host disease. This limits the
number of bone marrow recipients to a small number of patients that are HLA compatible.
In the new era of pluripotent stem cells, great opportunities for establishing new therapies
have opened up. The discovery of human embryonic stem cells [5] and that of induced
pluripotent stem (iPS) cells [6] has made it possible to derive any desired tissues for regen-
erative medicine. In contrast, iPS cell-derived cells are only limited by the lack of established
protocols that can be applied in humans. The derivatives of pluripotent stem cells lack
MHC class II antigens and poorly express class I antigens, which is an advantage when
transplanting the cells across MHC barriers. Dr. Shinya Yamanaka, who first described iPS
cells, was recently awarded the 2012 joint Nobel prize for Physiology and Medicine for this
pioneering work [6-8].

Clearly the challenge is to establish new protocols that allow the successtul differentia-
tion of these cells into lineage committed cells. A lot of progress has now been made in
mouse cells. For example, it is now feasible to efficiently derive hematopoietic cells from
mouse ES cells [9-11]. These cells have been shown to expand in vitro and to engraft long-
term. The caveat is that it has so far not been possible to show multi-lineage commitment
and functional studies of ES cell derivatives. So far, few studies have been reported on the
function of iPS$ cell derivatives. For example, ES cell-derived T cells were shown to respond
to viral antigen. Tetramer staining and intracellular staining of T cells showed response to
antigen stimulation by the T cells [11, 12]. Functional studies on iPS cell-derived cells are
even more limited. Hanna et al. reconstituted peripheral blood of sickle cell anemic mice
with hematopoietic progenitors derived from iPS cells where the sickle cell anemia gene had
been corrected. This study for the first time showed the potential of iPS cells in regenerative
medicine. Since the cells are derived from self, there is no requirement for immunosuppres-
sion. However, the cells were targeted by NK cells, although they were from “self.” We
recently reported that ES cell-derived hematopoietic cells hardly express MHC antigens,
making them highly susceptible to NK cells [13].

In this book, a variety of topics are discussed. In particular, hematopoietic cells derived
from ES cells are tackled by a number of authors. The interaction of these cells with natural
killer cells or with cytotoxic T cells will be discussed as well. Additionally, a few chapters
deal with the establishment of specific protocols for the derivation of hematopoietic cells
and neuronal cells. This book offers the expert and nonexpert different aspects of stem
cells. The content is very timely to the field as we inch closer to the use of stem cells derived
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Impact of T cells, NK cells and humoral responses
to derivatives of pluripotent stem cells

Fig. 1 Characterization of pluripotent stem cell derivatives: Pluripotent stem cells can be differentiated into
insulin-producing cells, neuronal cells, and hematopoietic cells. The impact of T cells, NK cells, and the humoral
response to these cells in the in vivo setting remains to be studied

from pluripotent stem cells to the clinic. The main challenges that remain are establishing
robust protocols for the derivation of desired cells and establishing the immunological
characteristics of these derivatives. For example, we recently established that ES cell-derived
hematopoietic cells poorly express MHC antigens [11]. This characteristic makes the cells
vulnerable to NK cells [13], but also makes them evade allogenic cytotoxic T cell deletion.
This is supported by an earlier report by us that showed that transplantation of non-
differentiated ES cells across MHC barriers leads to their partial differentiation into hema-
topoietic cells allowing the establishment of mixed chimerism and transplantation tolerance.
These studies need to be extended with other ES cell derivatives extending our possible
application of these cells into future therapies. The advantage of using patient-tailored iPS
cells is that there is no anticipation of allogenic rejection of the cells and their derivatives.
A possible immunological concern is that the derivatives of pluripotent stem cells could be
susceptible to NK cell killing due to their low expression of MHC class I antigens. These
concepts are summarized in Fig. 1.

An interesting area where pluripotent stem cells could make a huge difference in the
design of new cell-based therapies is in type 1 diabetes. This disease is a result of the auto-
destruction of pancreatic f cells. Therefore treatment could be established by replacing the
destructed cells. In vitro, it has taken at least 10 years to establish more robust protocols for
the derivation of pancreatic cells. An initial protocol established in the mouse turned out to
be an artifact and irreproducible [14]. Fortunately, in the past 5-7 years studies on human
ES cell-derived insulin-producing cells have made significant progress. Studies by the
Baetge group [15-19] have made important contributions. The disadvantages of their
approach are that the yield is low and the cells are not mature f cells to the field. A new
approach that has now been published in both the mouse and the humans takes advantage
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of the generation of endodermal cells that can be purified and further differentiated into
insulin-producing cells [20, 21]. In both protocols the transplanted insulin-producing cells
normalized glucose in diabetic mice and survived long-term in vivo. In both protocols, full
maturation of the insulin-producing cells takes 8 months in vivo. Despite the slow process
in achieving robust insulin production, this approach could be a real alternative to the treat-
ment of diabetes in humans.
There is no doubt that stem cells present a new and innovative platform for establishing
new cell-based therapies. What we need to do is better define the immunogenicity of these
cells and establish more efficient protocols for the derivation of the cell types of interest. We
predict that rapid progress will be made in the future and that stem cell-based therapies will

be established possibly within the next decade.

Iowa City, IA, USA
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Chapter 1

Immune Privilege of Stem Cells

Naoki Ichiryu and Paul J. Fairchild

Abstract

Immune privilege provides protection to vital tissues or cells of the body when foreign antigens are intro-
duced into these sites. The modern concept of relative immune privilege applies to a variety of tissues and
anatomical structures, including the hair follicles and mucosal surfaces. Even sites of chronic inflammation
and developing tumors may acquire immune privilege by recruiting immunoregulatory effector cells. Adult
stem cells are no exception. For their importance and vitality, many adult stem cell populations are believed
to be immune privileged. A preimplantation-stage embryo that derives from a totipotent stem cell (i.e., a
fertilized oocyte) must be protected from maternal allo-rejection for successtul implantation and develop-
ment to occur. Embryonic stem cells, laboratory-derived cell lines of preimplantation blastocyst-origin,
may, therefore, retain some of the immunological properties of the developing embryo. However, embry-
onic stem cells and their differentiated tissue derivatives transplanted into a recipient do not necessarily have
an ability to subvert immune responses to the extent required to exploit their pluripotency for regenerative
medicine. In this review, an extended definition of immune privilege is developed and the capacity of adult
and embryonic stem cells to display both relative and acquired immune privilege is discussed. Furthermore,
we explore how these intrinsic properties of stem cells may one day be harnessed for therapeutic gain.

Key words Embryonic stem cells, Induced pluripotent stem cells, T cells, Neuronal cells, Insulin-producing
cells, Hematopoietic cells, Transplantation tolerance

Abbreviations

APC Antigen-presenting cell
CCR4  CC chemokine receptor 4

DC Denderitic cell
ES Embryonic stem
HSC Hematopoietic stem cell

IDO Indoleamine 2,3 dioxygenase

IEN Interferon

1L-10 Interleukin-10

IVD Intervertebral disk

KIR Killer cell immunoglobulin-like receptor
mCRPs Membrane complement regulatory proteins
MHC  Major histocompatibility complex

Nicholas Zavazava (ed.), Embryonic Stem Cell Inmunobiology: Methods and Protocols, Methods in Molecular Biology, vol. 1029,
DOI 10.1007/978-1-62703-478-4_1, © Springer Science+Business Media New York 2013
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MICA  MHC class I chain-related gene A
MIF Migration inhibitory factor

MSC Mesenchymal stem cell

NK Natural killer cell

NSC Neural stem cell

TGEF-f  Transforming growth factor

Theg Regulatory T cell

ulNK Uterine natural killer cell

1 Introduction

Immune privilege provides protection against immune-mediated
injury to a variety of tissues in the body [1]. It was originally
defined as a property of sites where an allogeneic transplant (typi-
cally a skin graft) could survive long term or indefinitely without
being rejected by the recipient’s immune system, even though the
same graft would be rejected elsewhere in the body [2, 3]. Classic
examples of immune-privileged sites are the brain and anterior
chamber of the eye [4]. Maternal-fetal tolerance, or pregnancy-
associated immune privilege, has also been similarly defined, since
an embryo implanted in a mother’s uterus represents a semi-
allogeneic “graft” expressing paternal antigens. It is also estab-
lished that not only sites, in terms of locations in the body, but also
tissues themselves can be privileged [3]. This can be demonstrated
by the survival of these tissues when transplanted ectopically and
allogeneically (i.e.,acrossimmunological barriers) into nonimmune-
privileged sites.

The modern definition of immune privilege has become exten-
sive, applying to situations beyond transplantation and pregnancy.
Various sources of evidence suggest that many tissues in the body
can be placed on a spectrum of “relative immune privilege,” each
tissue or cell type assigned a certain degree of protection and
tolerogenicity, albeit sometimes transient [5]. Relative immune
privilege is conferred on a tissue as a result of multiple cellular and
molecular events, often a subset of the properties displayed by clas-
sical immune-privileged sites. According to this definition, immune
privilege is relative, not absolute. Consequently, it can fail or break
down under some circumstances [5]. Additionally, the concept of
“acquired immune privilege” challenges the idea that immune
privilege is a hardwired characteristic of certain tissues. Acquired
immune privilege is mediated by immunosuppressive effector cells,
in particular CD4*FoxP3* regulatory T cells (T,), which can
induce local tolerance [6]. Since acquired immune privilege is not
restricted to a certain anatomical location or structural feature of
an organ, it can be induced anywhere in the body, among allografts,
as well as tumors and infected tissues [7].
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These new concepts of immune privilege have encouraged
many researchers to seek opportunities for immune intervention
and therapeutic manipulation for the successtul treatment of dis-
ease. On the one hand, immune privilege acquired by tumor tissue
is an obstacle to successtul cancer immunotherapy. Therefore, a
method to specifically abrogate the status of immune privilege
from the tumor mass and the cancer stem cells that sustain it may
greatly improve the efficiency of cancer immunotherapy. On the
other hand, an immune privileged status may be conferred on an
organ or a tissue allograft, in order to achieve the ultimate goal of
transplantation, namely, the long-term acceptance of grafts with as
little general immunosuppression as possible. Such an approach
may be extended to the treatment of other conditions, such as
preeclampsia and type 1 diabetes.

In the field of regenerative medicine, adult and embryonic
stem (ES) cells potentially provide a sustainable supply of tissues for
transplantation. However, since donor adult stem cells or ES cell-
derived tissue will not necessarily be genetically identical to recipi-
ents, they remain under the threat of rejection. Therefore, the field
of regenerative medicine is seeking solutions to the immunological
barriers by manipulating immune privilege. Adult stem cells that
populate most tissues in the body are vital for growth and homeo-
stasis, and may be given special privileges by the immune system in
order to be kept quiescent and uncompromised by deleterious
autoimmune or inflammatory responses. Therefore, it is tempting
to speculate that adult stem cells form a part of the immune-privi-
leged compartment. In contrast, it is not clear to what extent ES
cells display intrinsic and/or acquired immune privilege in vivo,
given their artifactual nature when maintained in vitro. In this
review, we address these issues by discussing evidence for intrinsic
and acquired immune privilege among distinct populations of stem
cells and how these may be exploited therapeutically.

2 Mechanisms of Inmune Privilege

Immune privilege, as the name suggests, is a special benefit that is
conferred upon a tissue by the immune system. The main charac-
teristic of immune privilege is that it can subdue a competent
immune system capable of mounting a fully fledged immune
response (Fig. 1). There are two ways in which a potentially
immunogenic tissue can avoid pursuit by the immune system: a
passive form of antigenic invisibility or active immune regulation.
Antigenic invisibility may be achieved by the lack of antigen pre-
sentation or by actively preventing its recognition. In this case, the
host immune system is ignorant of the target tissue or its antigens.
However, this mode of evasion is rather passive: although, in many
cases, it may enhance the protection of immune-privileged sites, it
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Fig. 1 Schematic diagrams of how immune privilege is achieved in intrinsic or acquired immune-privileged
sites (/eff) and how immune privilege could be achieved artificially for transplanted cells (possibly derived from
stem cells) (righf) exploiting the mechanisms of immune privilege as well as providing a suitable environment
with biodegradable polymers. Immune privilege found in certain tissues or organs is achieved as a result of
multiple mechanisms that work in concert. The tissue is normally surrounded by, or “hidden” behind, a protec-
tive epithelial layer, such as the blood-brain barrier, to prevent or limit the access of professional immune
effector cells. Within the tissue, there is an anti-inflammatory microenvironment, with altered local amino acid
concentrations, soluble anti-inflammatory molecules, and surface molecules that antagonize inflammatory
mediators. Even in the sites lacking the protective barrier, T, cells can invade the tissue and actively prevent
T effector cells from activation, and also may polarize them to a regulatory phenotype by the action of TGF-p.
IL-10-producing dendritic cells in a nearby draining lymph node can also signal naive T cells to differentiate
into regulatory cells in some forms of acquired immune privilege found in cancer. To recreate similar conditions
in an artificial setting, biodegradable polymers or similar materials can be employed to serve as a protective
barrier, as well as to retain some of the anti-inflammatory factors and create a microenvironment similar to
that found in an immune-privileged tissue. T, cells that home to these tissues can induce acquired immune
privilege, and actively promote tolerance rather than rejection

is neither essential nor sufficient for the establishment of immune
privilege. Consequently, privilege achieved by this mechanism
alone can be compromised when the immune system is primed
against these antigens elsewhere in the body. On the other hand,
active immune regulation can locally suppress a primed adaptive
immune response against the target antigen. In this case the
immune system is fully aware of the presence of this antigen-bear-
ing tissue but is unable to reject it due to mechanisms that actively
suppress the immune response. Most of the classical immune-priv-
ileged sites possess both of these mechanisms, while other tissues
and sites may only display the latter.
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Fig. 2 The mechanisms of immune privilege are diverse, ranging from reliance
on anatomical barriers to the deployment of a varied molecular arsenal and the
recruitment of cell types capable of suppressing the immune response. These
strategies may be used alone or in concert by individual cell types and complex
tissues to secure their immunological integrity

Immune privilege can be discussed at multiple levels (Fig. 2). At
one end of the spectrum are small molecules (or lack of them) that
play important roles in the induction and maintenance of immune
privilege. Amino acids, the building blocks of proteins in an organ-
ism, are circulated and distributed among tissues. Essential amino
acids, which cannot be synthesized within the body, need to be
consumed as nutrients, and may limit protein synthesis. The con-
sumption of essential amino acids is higher in rapidly growing cells,
since DNA replication and cell division require continual synthesis
of proteins. Lymphocytes are especially sensitive to amino acid
starvation, since their function depends on rapid proliferation [8].
Therefore, limiting the availability of essential amino acids may
interfere with the function of the immune system [9 ]. Consequently,
lowering the local availability of some or all essential amino acids in
a tissue may allow it to acquire immune privilege, and this mecha-
nism is employed by a number of immune-privileged tissues.
Indoleamine 2,3-dioxygenase (IDO) is an intracellular enzyme
that catabolizes the essential amino acid tryptophan. It was first
described as an important factor in terms of immune privilege in
pregnancy, because the inhibition of its enzymatic activity leads to
a failure in the implantation of allogeneic, but not syngeneic,
embryos in the mouse [10]. IDO has been explored extensively in
its role in the induction of tolerance and maintenance of immune
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privilege. Expression of IDO, not only by the trophoblasts during
pregnancy but also by subsets of dendritic cells (DCs), serves an
important role in polarizing the adaptive immune response.
Antigen presentation in the context of tryptophan deprivation not
only disables the effector functions of lymphocytes but also polar-
izes CD4* T cells towards a T, phenotype. More recently, arginine
catabolism by NOD and arginase 1 and 2 enzymes has also been
implicated in the establishment of immune privilege [11].
Furthermore, it seems that this effect is not restricted to trypto-
phan and arginine, but is more broadly applied to many of the
essential amino acids that modulate T lymphocyte responses via
the mTOR pathway when depleted [12].

At the protein level, antigen presentation by the tissue via
major histocompatibility complex (MHC) molecules is often mod-
ified in immune-privileged tissues. MHC antigen expression is an
important mediator of the adaptive immune response, and is essen-
tial for the recognition of both self- and foreign antigens. The
down-regulation of MHC I and II antigen presentation is a com-
mon feature shared by many immune-privileged sites. In the eye,
for example, MHC I antigen presentation, which is ubiquitous in
all nucleated cells in the body, is low or absent from many of the
cell types, such as corneal endothelial cells. Similarly, MHC II
expression is almost completely absent in the eye [3]. Similarly,
trophoblast cells in human placenta display a unique pattern of
MHC antigen expression. Trophoblast cells, derived from the
implanted embryo, invade and integrate with the maternal tissue
and blood supply, thereby serving as a marginal layer that separates
the maternal immune system from the fetus [ 13]. Trophoblast cells
carry paternal genes and therefore may be recognized by the mater-
nal immune system as foreign. However, labyrinthine trophoblast
cells, in direct contact with the maternal blood, fail to express either
of the two classes of MHC molecules [13]. On the other hand,
spongiotrophoblast cells that are in direct contact with the mater-
nal decidua tissue do not express the conventional MHC class 1
molecules (HLA-A and HLA-B) but the expression of unconven-
tional MHC class I molecules (HLA-C, HLA-G, HLA-E) is
preserved [13].

The absence of conventional antigen presentation by MHC
class I molecules is effective in evading immunosurveillance by the
adaptive immune system. However, cells that lack MHC class 1
expression are susceptible to the natural killer (NK) cell response.
NK cells are thought to operate in such a way that the level of
killer-cell immunoglobulin-like receptors (KIR) on NK cells bound
to MHC class I molecules of the target cells determine their cyto-
toxic activity. Therefore, in addition to “hiding” from antigenic
recognition by the adaptive immune response, many of the
immune-privileged tissues actively suppress NK cell responses.
During pregnancy, a large accumulation of specialized NK cells is
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present in the uterus both in humans and in mice [ 14]. These uter-
ine natural killer (uUNK) cells (CD56%" /CD16") differ from the
conventional NK cells (CD56%™ /CD16*) in their cytotoxic activi-
ties and other functions. uNK cells are thought to play an impor-
tant role in regulating the trophoblast invasion into the decidua,
and in tissue remodeling. In humans, while HLA-G and HLA-E
expressed by some trophoblast cells are relatively non-polymorphic
[15], HLA-C is polymorphic and may lead to a cytotoxic response
by conventional NK or uNK cells. It is believed that the interaction
between HLA-C and KIR is an important factor in successful preg-
nancy, and thus may contribute to population-specific skewing of
HLA-C-KIR genotype combinations [13]. HLA-G and HLA-E
have affinity to NK cell inhibitory receptors, preventing NK cell-
induced apoptosis. However, it is unclear how some trophoblast
cells that are in direct contact with the maternal blood circulation
protect themselves against circulating NK cells.

Human hair follicles, sites of relative immune privilege with
little MHC class I expression, were found to actively suppress NK
cell responses by expression of macrophage migration inhibitory
factor (MIF; an NK cell inhibitor) and low expression of MHC
class I chain-related A (MICA) gene (an activator of NK cells). The
relative expression of these genes seems to have an important role
in the maintenance of immune privilege in hair follicles, since low
expression of MIF and high expression of MICA are seen in hair
follicles isolated from alopecia areata lesions, along with the accu-
mulation of a large number of activated NK cells [16].

Surface expression of regulatory factors, such as Fas-ligand
(FasL) and B7-HI1 (programmed death-1 receptor, CD274), is
implicated in the induction and maintenance of immune privilege
[17]. B7-H1 is constitutively expressed in corneal endothelium
and stromal cells, even when transplanted as an allograft. Against a
background of 50 % spontancous survival of corneal allografts
transplanted between two strains of mice, the blockade of B7-H1
or its receptor PD-1 (expressed by CD4* T cells) significantly
reduced the rate of corneal allograft survival [18]. Many human
tumors are also known to express B7-H1 which provides an advan-
tage for tumor mass survival by causing infiltrating CD4* PD-1* T
cells to undergo apoptosis [19]. Another pro-apoptotic factor,
FasL,, is also constitutively expressed in immune-privileged sites,
including parts of the testis and the eye. However, an immuno-
modulatory effect and its role in the maintenance of immune privi-
lege are complex [20]. The transgenic expression of FasL in some
allografts was found to protect the tissue by inducing T cell apop-
tosis, but other studies have shown accelerated rejection of such
grafts. This may be due to dose-dependency of FasL responses.
FasL is known as a chemotactic factor for neutrophils and as an
apoptotic factor for T cells, and it can exist in either membrane-
bound or soluble forms [20].
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2.2 Micro-
environment
and Structural
Features

2.3 Acquired
Immune Privilege

Additionally, normal tissue and cells are protected from
complement-induced lysis by expressing membrane complement
regulatory proteins (mCRPs) [21]. It is believed that inhibition of
complement-induced lysis is a general protective mechanism of
host cells, but there are indications that these proteins are differen-
tially expressed among tissues, depending on their function. CD49,
one of the mCRPs, is strongly expressed in the genital tract, and is
important for fertility. While human hepatocytes express a number
of mCRPs and are, therefore, protected from complement attack
[22], cancer cells may exploit this mechanism to inhibit
complement-induced lysis by upregulating mCRP expression.

Immune-privileged cells often express immunoregulatory and anti-
inflammatory factors, such as interleukin-10 (IL-10) and transtorm-
ing growth factor-f (TGF-p). These factors may exert their effects
at a systemic level, but they are often retained in the tissue and
therefore act locally. Therefore, anti-inflammatory factors released
by a tissue can create a specialized microenvironment where the risk
of tissue damage due to inflammation is minimized [23]. The deple-
tion of essential amino acids, as discussed above, may also act against
proinflammatory signals and locally inhibit T cell activation, at the
same time polarizing infiltrating T cells towards conventional
CD4*Foxp3* T, cells, or other regulatory phenotypes.

At a tissue/organ level, immune-privileged cells are often sur-
rounded by a protective cell layer that provides a physical barrier,
well-known examples being the blood-brain barrier and the tro-
phoblast layer in the placenta [4]. Only limited or regulated access
by professional immune cells is allowed beyond the barrier. Antigen
presentation may also be hindered by the lack of afferent lymphat-
ics, while an absence of vascularization is an important factor in
maintaining immune privilege in the anterior chamber of the eye
[2]. Local immune privilege may also be affected by systemic
changes. Immune privilege is known to be adjusted and modified
according to age and biological time frame of an animal’s lifespan
by hormonal changes. For example, during pregnancy, the maternal
immune system is strongly biased towards Th2 responses. In addi-
tion, the integrity of the immune system and its regulation may be
affected by neurological signals, since high stress levels are known
to be associated with increased failure of immune privilege [24].

Examples of acquired immune privilege are mainly found in
induced local tolerance following allogeneic transplantation, in
sites of chronic inflammation, and in the escape of tumors from
immune surveillance [6]. These “abnormal” target cells usually
present antigens which can be recognized and become a target for
an immunological response. However, when tissues successfully
acquire immune privilege, rejection is actively prevented by CD4*
T, cells. T, cells can infiltrate the target tissue and provide local
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protection by producing immunoregulatory factors, such as TGE-
B, at the same time inducing naive peripheral T cells to acquire a
regulatory phenotype. During pregnancy, in addition to a Th2
bias, a larger proportion of T cells becomes committed to a
CD4*FoxP3* regulatory phenotype, both in humans and mice [25,
26]. These T, cells infiltrate the placenta and confer extra protec-
tion on a semi-allogeneic conceptus. In addition to T, cells induc-
ing differentiation of naive T cells to T, cells, through expression
of CTLA-4 and TGEF-f, some specialized populations of DCs can
also mediate the induction of T, cells. A subset of DCs found in
proximity to immune-privileged tissue do not express high levels of
co-stimulatory factors but express instead IDO, as well as the anti-
inflammatory cytokines IL-10 and TGEF-f.

Many developing tumors also acquire immune privilege.
Hodgkin’s lymphoma-derived cells produce ligands for CC che-
mokine receptor 4 (CCR4) which is expressed by CD4* cells with
anti-proliferative effector action, conferring on the tumor cells an
acquired immune privilege [27]. Ovarian carcinoma was found to
acquire immune privilege by the presence of IL-10-producing DCs
in the draining lymph nodes [28]. The presence of chronic inflam-
mation may also be an important factor. A mouse model of skin
cancer development, involving mutagenesis followed by a chemical
treatment to mimic chronic inflammation, allowed the outgrowth
of malignant cells in the form of a papilloma [29].

3 Immune Privilege of Stem Cells

Adult stem cells are absolutely required for the growth, homeosta-
sis, and rejuvenation of tissues. They have multiple but restricted
capacity to differentiate into the cell types that make up the tissue
in which they reside. Since these stem cells are typically long-lived
and vital for the routine turnover of tissues and their response to
injury, it is essential that they are protected from adverse autoim-
mune responses or local damage from chronic inflammation.
Furthermore, since stem cell pools typically persist for the entire
life span of an organism, they are maintained quiescent in their
specialized niches until their proliferation and differentiation are
required. Hematopoietic stem cells (HSCs), for example, are main-
tained in a quiescent state by their surrounding microenvironment
as well as by intrinsic transcriptional regulators [30, 31]. It is pos-
sible that these adult stem cell niches serve as a protective micro-
environment in addition to stem cells themselves being immune
privileged. Embryonic stem cells, with a wider range of differentia-
tion capacity, have no in vivo counterpart in an adult organism, and
hence have no niche to which they could naturally home when
transplanted into an adult organism. Nevertheless, since they are
derived from the inner cell mass of preimplantation-stage
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3.1 Immune
Privilege of Adult
Stem Cells

3.2 Immune
Privilege of ES Cells

blastocysts, they may resemble the early embryo in terms of their
intrinsic capacity for immune privilege [32]. Thus, a common fea-
ture shared by both adult and embryonic stem cells is that they are
very likely immune privileged in their native location, since immune
privilege has evolved to protect vital organs for growth, survival,
and reproduction [ 3].

Various adult stem cell populations have been identified and some
have been well characterized in the context of immune privilege.
Mesenchymal stem cells (MSCs) are well known for their capacity
to suppress inflammation and inhibit the immune response [33].
MSCs and the surrounding stromal cells that form MSC niches
inhibit cyclin-D2 expression which disrupts the cell cycle of a vari-
ety of cell types, including T cells [34, 35]. B7-H1, expressed by
MSC:s in response to increased interferon-y (IFN-y) production by
T cells, can, in turn, down-modulate the effector functions of acti-
vated T cells through PD-1 ligation [ 36]. The immunosuppressive
capacity of MSCs has been applied to many different settings from
tissue repair to the prevention of graft-versus-host disease [37].
Hiyama et al. recently succeeded in blocking degeneration of inter-
vertebral discs (IVDs) in a surgically induced canine nucleotomy
model by transplanting MSCs. MSCs contributed to the main-
tenance of immune privilege in IVDs by producing FasL [38].

Neural stem cells (NSC) are immune privileged, not only in
terms of their native niche but also in terms of allogeneic transplan-
tation into a non-privileged site. A study by Hori et al. demon-
strated that neural progenitor cells, a group of cells which contain
NSC as well as more differentiated neural precursor cells, were
unable to sensitize the allogeneic recipient when transplanted
beneath the kidney capsule in the form of a neurosphere, whereas
neonatal cerebellum, transplanted to the same site, was rejected
[39]. However, once an animal had been sensitized to the allo-
antigens post transplantation, the graft was rejected, suggesting
that NSC passively evade immune surveillance; T cells were kept
ignorant of the presence of antigen, instead of acquiring a local or
a systemic antigen-specific tolerance.

Use of ES cell-derived tissues in cell replacement therapy is an attrac-
tive option for the purposes of regenerative medicine, since, unlike
adult stem cells, ES cells could potentially be propagated and
expanded indefinitely in vitro, to meet the growing demand. There
are reasons to speculate that ES cell-derived tissues are less immuno-
genic compared to solid organ transplants or other tissues. ES cells
lack or have little surface MHC class I expression, unless induced by
IEN-y. MHC class II expression is also absent, but, unlike MHC
class I, is not inducible, greatly limiting the direct presentation of
alloantigen to the recipient immune system [40]. Furthermore, in
contrast to a solid organ allograft, ES cell-derived tissues do not
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carry donor antigen-presenting cells (APCs), including the DCs
that initiate primary immune responses. This suggests that the direct
presentation of alloantigen by donor DCs to recipient effector T
cells, normally responsible for acute rejection of a graft, does not
occur. However, once antigens from ES cell-derived tissues have
been processed and presented by the recipient’s own DCs, the
immune system can recognize the allograft as foreign and reject it.
Furthermore, undifferentiated ES cells would be susceptible to NK
cell responses since they lack MHC class I expression. Whether ES
cells and their derivatives actively suppress an NK cell response and
other aspects of the maternal immune response is unclear.

Gene micro-array analysis of human ES cells by Grinnemo
et al. showed that they fail to express classic immune-privileged fac-
tors like TGF-B, FasL, or IL-10 [40]. Contrary to these findings,
however, earlier experiments suggested that undifferentiated
human ES cells were either immunosuppressive or did not elicit
rejection by mouse recipients [41,42]. Nevertheless, a recent study
with better cell-fate tracking of transplanted human ES cells showed
that they are, in fact, rejected when injected into mouse muscle
[43,44]. This is not surprising since transplantation of ES cells into
allogeneic or xenogeneic nonimmune-privileged sites exposes them
to a harsh nonnative environment. Many reports suggest that ES
cells and their derivatives have the potential to differentiate and
contribute to tissue repair and regeneration, but such studies were
invariably conducted in the absence of a competent immune sys-
tem. For example, a study by Dai et al. showed that human ES
cell-derived cardiomyocytes can successfully improve rat heart
function following ischemic damage, but only when nude athymic
recipients, rather than immune-competent rats, were used [45]. It
appears, therefore, that, in spite of the potential immune privilege
displayed by ES cell-derived tissues, allograft rejection remains a
major obstacle to regenerative medicine, no less challenging than
the rejection of solid organ allografts [46].

So why the controversy? One possibility is that, since it is dif-
ficult in many of these experiments to include appropriate controls,
some of the apparent immune privilege of ES cells may not be ES
cell specific. An attempt to induce better immune suppression and
tolerance by co-transplantation of human ES cells and human
MSCs into rat hearts suggested that ES cells alone did not result in
an improvement in heart function following transplantation [47].
Nevertheless, when co-transplanted with MSCs, heart function
was improved, although the effect was only modest. Authors of the
study discuss that there may be a more significant benefit from
using a larger number of transplanted cells as a result of their tro-
phic eftect on the recipient’s own tissues, which is in line with the
achievement of immune privilege through amino acid depletion
discussed above. Dose-dependency of immunosuppression by ES
cells has also been suggested [42].
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3.3 Application of
Immune Privilege to
Regenerative Medicine

Evidence suggests, therefore, that immune privilege of ES cells
is, at best, relatively weak. In order to define the magnitude of the
immunological barriers that could be tolerated using tissues dif-
ferentiated from ES cells, our own laboratory derived a number of
novel ES cell lines from strains of mice differing from the recipient
strain at defined genetic loci [48]. Tissues were transplanted under
the kidney capsule of recipients where they were able to form con-
ventional teratomas. By changing the combination of ES cell and
recipient mouse strains, the exact extent of the immunological dis-
parity could be readily controlled and the propensity for rejection
monitored as a function of infiltrating eftector cells and the size
and integrity of the teratoma. Using this model, it was found that
ES cells could not overcome a full MHC mismatch [48] while in a
related study, relative immune privilege of ES cells achieved by the
absence of antigen presentation did not persist after terminal dif-
ferentiation into insulin-producing cells due to an eventual up-
regulation of MHC class I expression as the cells matured [49].
Even a mismatch at multiple minor histocompatibility antigens was
sufficient for ES cell grafts to be rejected [48]. However, a relative
immune privilege could be observed; immune intervention with
either anti-CD4 or anti-CD8 nondepleting antibodies was suffi-
cient to induce infectious tolerance through the recruitment of T,
cells, whereas additional co-stimulatory-blockade was necessary for
the acceptance of skin grafts [48]. In a model where the only mis-
match between the recipient and the donor ES cell line was a single
MHC class T antigen (H-2K®), 50 % acceptance could be observed
spontaneously in the absence of immune intervention [50].

The culmination of extensive studies using animal models of disease
led to the approval in January 2009 of the first clinical trials of
human ES cell-derived tissue by Geron Corporation. This repre-
sents a great advance in the field of regenerative medicine, and the
result of this trial will inevitably influence the future direction of the
field. In addition to the primary trial, which aims to enhance recov-
ery from spinal cord injuries with ES cell-derived oligodendrocyte
progenitors, the eye may be the next target of cell replacement ther-
apy. Both of these sites are realistic targets since they may benefit
from the intrinsic mechanisms of immune privilege offered by their
anatomical location. Nevertheless, despite these significant advances,
the field still lacks a convenient model in which the immunogenicity
of human ES cell-derived tissues may be tested against a competent
human immune system. Currently, “humanized” trimera mouse
models [51] are probably the best available. These recipients are
generated from immunocompetent mice bearing intact lymphoid
organs, which have been irradiated, injected with SCID bone mar-
row, and reconstituted with human peripheral blood mononuclear
cells [52]. Human ES cell-derived tissues can be transplanted under
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the kidney capsule of such trimera mice in order to investigate their
immunogenicity. However, this represents an extremely complex
model which only partially mimics the human immune system.

Although numerous studies now indicate that the capacity for
immune privilege may not be sufficient to secure the survival of ES
cell-derived tissues in the context of cell replacement therapy, the
prospect remains for immune privilege to act in concert with estab-
lished protocols for the induction of tolerance to overcome the
immunological barriers encountered in the clinic. Like some cases
of successful HSC transplantation which resulted in the establish-
ment of mixed chimerism and systemic donor-specific tolerance,
stem cells derived from rat preimplantation-stage embryos were
reported to differentiate along the hematopoietic lineage and per-
sist in a recipient rat following their injection into the hepatic por-
tal vein. This permitted the acceptance of subsequent grafts from
the strain of rats from which the ES cell-like cells were derived,
consistent with antigen-specific tolerance [53]. However, the
achievement of mixed chimerism is difficult in humans, and this
mode of tolerance, without the irradiation of the recipient, has not
been achieved with either mouse or human undifferentiated ES
cells. For example, Magliocca et al. assessed whether transplanta-
tion of undifferentiated mouse ES cells could condition the recipi-
ent mouse to accept a differentiated tissue derived from the same
ES cell line. Although the primary undifferentiated inoculum was
accepted, as demonstrated by teratoma formation, the differenti-
ated graft was subsequently rejected [54]. Recently, a stable mixed
chimerism and donor-specific tolerance in mice were achieved by
Bonde et al. through the administration of hematopoietic cells dit-
ferentiated in vitro from a mouse ES cell line to irradiated recipi-
ents [55]. Long-term graft survival was observed when these
chimeric recipients subsequently received cardiac allografts from
the donor mouse strain. Even though this work may suggest a
potential method to induce antigen-specific tolerance using ES
cell-derived tissues, it is uncertain whether it can be applied to
humans as a result of the level of conditioning required to permit
the acceptance of donor HSC. Furthermore, mixed chimerism is
wholly dependent on the thymic function of the recipient, a param-
eter which is known to be significantly compromised in the elderly,
who remain the most likely beneficiaries of such therapies.
However, an alternative approach, which may prove more amena-
ble to translation, is to combine the propensity of ES cell-derived
grafts for immune privilege with the administration of nondeplet-
ing CD4 and CD8 monoclonal antibodies. Studies in mice have
already shown how acceptance across a full MHC barrier may be
achieved with minimal conditioning of the host, suggesting that it
may ultimately be easier to gain acceptance of ES cell-derived tis-
sues than allografts from any other source [48].
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4 Conclusions

Immune privilege is not achieved by any one definitive factor, but
rather the combination of various mechanisms that may act in con-
cert (Fig. 2). Future approaches to manipulating immune privilege
would, therefore, need to consider various factors at multiple lev-
els. For example, a study by Tat et al. demonstrated that retinal
progenitor cells can foster immune privilege when implanted with
biodegradable polymers to which the cells and released molecules
can attach (Fig. 1) [23]. This work suggests that, for cells or tissues
to be privileged, they need to be in the correct, perhaps protective,
microenvironment. Evidence to date supports the presence of a
relative immune privilege for both adult and ES cells. However, it
is also clear that their privileged status is not absolute and is, in
reality, rather fragile outside their native niche. The successful
application of adult stem cell transplantation and ES cell-derived
tissues to regenerative medicine will need, therefore, to consider
ways of exploiting the intrinsic privileged nature of these cells while
actively recruiting the regulatory capacity of the immune system
for the induction of acquired immune privilege.
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Chapter 2

Immunogenicity of In Vitro Maintained and Matured
Populations: Potential Barriers to Engraftment
of Human Pluripotent Stem Cell Derivatives

Chad Tang, Irving L. Weissman, and Micha Drukker

Abstract

The potential to develop into any cell type makes human pluripotent stem cells (hPSCs) one of the most
promising sources for regenerative treatments. Hurdles to their clinical applications include (1) formation
of heterogeneously differentiated cultures, (2) the risk of teratoma formation from residual undifferenti-
ated cells, and (3) immune rejection of engrafted cells. The recent production of human isogenic (geneti-
cally identical) induced PSCs (hiPSCs) has been proposed as a “solution” to the histocompatibility barrier.
In theory, differentiated cells derived from patient-specific hiPSC lines should be histocompatible to their
donor/recipient. However, propagation, maintenance, and non-physiologic differentiation of hPSCs in
vitro may produce other, likely less powerful, immune responses. In light of recent progress towards the
clinical application of hPSCs, this review focuses on two antigen presentation phenomena that may lead to
rejection of isogenic hPSC derivates: namely, the expression of aberrant antigens as a result of long-term
in vitro maintenance conditions or incomplete somatic cell reprogramming, and the unbalanced presenta-
tion of receptors and ligands involved in immune recognition due to accelerated differentiation. Finally, we
discuss immunosuppressive approaches that could potentially address these immunological concerns.

Key words Antigen presentation, Immune surveillance, Sialic acid, Xenoantigen, Episomal,
Non-integrating, Teratomas

1 Introduction

Major and minor histocompatibility complex (MHC and mHC,
respectively) antigens belong to a large and diverse group of mol-
ecules involved in immune recognition and graft rejection. Classical
graft rejection responses stem primarily from structural differences
between donor and host antigens, most prominently those belong-
ing to the MHC family (reviewed in ref. 1). Recent experiments
have demonstrated that differentiated human embryonic stem cells
(hESCs) express MHC class I (MHC-I) molecules [2, 3]. As such,
hESC derivatives are expected to promote allorejection responses
similar to those observed following organ transplantation [4].
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1.1 Maintenance of
hPSC May Result in
Aberrant Antigen
Presentation

With advancements toward production of patient-specific hPSCs
by parthenogenesis [5], somatic cell nuclear transfer of oocytes
[6], and induction of pluripotency [7], rejection based on MHC
mismatches may become technically avoidable. Here, we discuss
experiments indicating that aberrant antigens and unbalanced pre-
sentation of immunologic signals that develop due to in vitro
maintenance and differentiation may promote immune responses
even against grafts derived from isogenic hPSCs. We primarily dis-
cuss immunologic hurdles relevant to hiPSC derivatives, since
hiPSC lines may become a main source of patient-matched grafts.
Discussions of immunologic considerations for allogeneic hPSC
transplantation are covered elsewhere [8, 9].

We first discuss improper immune antigen presentation by
hPSCs as a result of long-term maintenance in vitro. At least four
possible sources and mechanisms are involved in incorporation and
production of aberrant immune antigens, including (1) animal-
derived [10, 11] and (2) non-physiologic media compounds [12]
(i.e., high concentrations of hormones or antibiotics), (3) genetic
abnormalities that lead to formation of atypical antigens [13, 14],
and (4) incomplete reprogramming of somatic cells [15]. The sec-
ond concern that we review here is rejection of hPSC progeny that
are immunologically immature. Interactions of the immune system
with somatic cells during fetal development and following birth
gradually shape the presentation of activating and inhibiting sig-
nals required for immune surveillance [16]. Such fine-tuning of
immune ligand presentation is unlikely to take place during the
rapid course of hPSCs differentiation in vitro. These non-
physiological conditions may produce somatic derivatives express-
ing residual embryonic antigens and/or exhibit an imbalanced
repertoire of surface ligands necessary for immune cell inhibition.

Importantly, evidence highlight here indicate that both phe-
nomena may lead to immune rejection and that isogenic and alloge-
neic hPSC derivatives are equally at risk. Still, it is likely that immune
responses against aberrant antigens and immunologically immature
cells will be more indolent than rejection processes targeting mis-
matched histocompatibility antigens expressed by allogeneic hPSC
derivatives. We therefore also discuss milder immunosuppression
regimes that could potentially attenuate these anticipated weaker
rejection processes. Since the number of studies directly examining
our hypothesized rejection is relatively small, we go on to propose
experiments that should provide greater understanding of the
immunological properties of hPSC-derived isogenic grafts.

The reliance on animal products for propagation of hPSCs raises
the concern of xenoantigen incorporation (reviewed in ref. 17).
For example, Martin et al. [10] showed that hESCs present the
nonhuman sialic acid N-glycolylneuraminic (Neu5Gc) when co-
cultured with mouse embryonic fibroblasts (MEFs) and animal
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serum. Uptake of Neu5Gc by human cells results in the substitu-
tion of N-acetylneuraminic acid (Neu5Ac), a glycan frequently
added to human surface proteins [18]. Humans are unable to syn-
thesize Neu5Gce [19]. However, most individuals develop glycan
targeting antibodies as this glycan is introduced through animal
and bacterial products [18]. This raises a concern for rejection of
hPSC derivatives by anti-Neu5Gc antibodies as exposure of hESCs
to human sera with such antibodies has resulted in complement
deposition and cell death [10]. Notably, a follow-up study by
Cerdan et al. [20] challenged these data by showing that comple-
ment fixation via Neu5Gc targeting antibodies did not result in
significant hESC death, although the tested cell lines expressed
Neub5Ge. Although these studies have been critical in establishing
proof-of-concept for the risks associated with xenoantigen presen-
tation by hPSCs, they were limited to direct complement-mediated
lysis assays in vitro, and did not include exposure of hESCs to anti-
bodies and immune cells in vivo. Therefore, conclusion of the
immunological consequence of Neu5Gce incorporation awaits fur-
ther analysis. Since it is likely that other xenoantigens are incorpo-
rated into hPSCs in vitro, we propose that ensuring transplantation
safety requires broader xenoantigen characterization eftforts.

To circumvent the possibility of xenoantigen incorporation, sev-
eral laboratories have developed methods to derive and culture
hPSCs without animal products [21-24]. Culture protocols utiliz-
ing human serum, defined medias, human feeder layers, and /or syn-
thetic polymeric surfaces have been shown to be effective [22, 24].
However, none of these conditions have yet to be fully optimized or
broadly adopted. Standard hPSC culture conditions, which include
MEFs and animal sera, remain widely used and are considered better
suited for long-term support of hPSC self-renewal [25].

Importantly, high concentration of media constituents may
also alter the antigen signature of hPSCs and their derivatives. For
example, CD30 is expressed by hESCs that are cultured in the
presence of animal-free knock-out serum due to high ascorbate
levels [12]. The concept that changes in culture conditions may
alter antigen presentation by hPSCs has also been further sup-
ported by Newman and Cooper who reported that both hESCs
and hiPSCs exhibit lab-specific gene expression signatures [26].
These results highlight the need to extensively characterize and
optimize the effects of media formulations on antigen presentation
by hPSCs as they may lead to changes in immunogenicity.

Genomic rearrangements of hPSCs have been described by a
number of studies and may also lead to antigenic changes. Draper
et al. [13] have characterized a gain of chromosome 12 and a 17q
segment in H1, H7, and H12 hESC lines following long-term
culture. Other groups have described additional chromosomal
lesions in other cell lines [ 14, 27]. Cells bearing genetic abnormali-
ties are likely selected in culture when the modifications provide
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survival and growth advantages [13, 14, 27]. Werbowetski-Oglivie
et al. [28] have demonstrated this correlation by producing two
genetically abnormal hESC sublines through prolonged culturing.
These lines were found to exhibit an order of magnitude increase
in the frequency of tumor-initiating cells and significantly higher
proliferation capacity [28]. Genomic rearrangements in hPSCs
have also been shown to correlate with aberrant surface antigen
presentation. For example, Herszfeld et al. [29] discovered that
karyotypically abnormal hESCs exhibit elevated CD30 levels. The
amplification of the CD30 gene in hESCs indicates that this marker
may provide a survival /growth advantage, as previously shown in
Hodgkin’s lymphoma cells [30]. Although a direct link between
genetic abnormalities and increased immunogenicity has yet to be
demonstrated, given the frequency and number of genetic lesions
reported, we hypothesize that hPSC subclones may exhibit dispa-
rate immunological properties.

Reprogramming of somatic cells into hiPSCs may also results in
aberrant antigen presentation due to partial transcriptional memory
retained from the epigenetic signature of the original tissue [15].
These marks were shown to correlate with disparities in gene and
miRNA transcription compared to hESCs even after prolonged cul-
turing period [31-33], although a different study reported con-
trary results [34]. To test whether these transcriptional disparities
increase the immunogenicity of iPSC Zhao et al. compared the sur-
vival of transplanted mouse isogenic iPSCs with isogenic ESCs.
They found that the isogenic transplants derived from mouse iPSCs
stimulate immune responses, while those derived from isogenic
mouse ESCs did not [32]. Importantly, they confirmed that retro-
viral integration were not the cause of the heightened immunoge-
nicity as iPSCs produced through episomal (non-integrative)
plasmid exhibited the same level of immunogenicity. Epigenetic
abnormalities have also been reported in hESCs that were derived
from parthenogenetic tumors and in SCNT-derived ESCs and
fetuses. For example, Stelzer et al. [33] reported that differentiated
parthenogenetic hiPSCs exhibit altered trophectoderm, liver, and
muscle gene transcription profiles. Animals produced through
SCNT have also been found to exhibit faulty expression of develop-
mental genes due to incomplete reprogramming (reviewed in ref.
35). Taken together, these data indicate that epigenetic alternations
can lead to elevated immunogenicity of hPSCs.

We therefore propose to systematically compare hPSC deriva-
tives with the equivalent somatic cells in vivo, to detect differences
in surface antigen presentations. Functional assays should follow to
evaluate the clinical consequences of antigenic discrepancies. Such
characterization efforts are already underway including those coor-
dinated through the International Stem Cell Initiative Consortium,
which have determined preliminary census properties of hPSCs by
characterizing dozens of hESC lines [36, 371, and culture [38] and
storage conditions [39].
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To discuss potential rejection pathways of isogenic hPSC lines, we
first introduce the known interactions of hPSC allografts with the
immune system. Classical MHC-I molecules are ubiquitously
expressed heterodimers consisting of a single human leukocyte
antigen (HLA)-A, -B, or -C chain and a p2-microglobulin mole-
cule that together present a short peptide sequence sampled from
intracellular proteins. The interactions of T-cell receptors (TCRs)
with MHC-I molecules are one of the fundamental mechanisms
distinguishing peptides as self or nonself. In transplantation set-
tings, a small fraction of the hosts’” TCRs interact with donor’s
MHC-I molecules, leading to maturation of cytotoxic T-cells and
consequently the development of immune responses [1].

The expression of MHC-I molecules is developmentally regu-
lated, increasing from low levels on pluripotent cells to higher levels
throughout fetal development [16, 40—43]. Multiple studies have
shown that MHC-I molecules are similarly expressed at low levels
on human [2, 3, 44-46] and mouse [2, 47, 48] PSCs and increase
on differentiated derivatives, albeit ultimate expression levels are
lower than somatic cells. Although MHC-I presentation by ESC-
derivatives is lower than somatic cells, these levels have been shown
to promote T-cell recognition [44, 49, 50]. In concurrence with
these in vitro studies, multiple reports have indicated that T-cells
also mediate acute rejection of PSCs and their derivatives in mice
[46, 47, 50-52]. Other studies, however, presented evidences that
some PSC derivatives are not targeted by T-cells [45, 53].
Ultimately, these studies indicate that long-term exposure of almost
any PSC line or their derivatives to T-cells would ultimately elicit
sufficient sensitization for an immune attack. In contrast, in the case
of isografts derived from hPSCs (e.g., derived from patient specific
hiPSCs), the full MHC match would prevent the development of a
T-cell mediated acute immune response. This principle was previ-
ously demonstrated by transplantation of SCNT-derived PSC prog-
eny into isogenic animals [54]. In this case, despite mitochondrial
antigen mismatches (mitochondria are primarily derived from the
ova cytoplasm [55]), T cell response was not observed [56].

Although the primary focus of allorejection studies has been
the direct cytotoxic response mediated via CD8 T-cells, recent stud-
ies have highlighted the involvement of CD4 helper T-cell subsets
in graft rejection and survival. It has been shown that hESC trans-
plants survive better in CD4 null compared with CD8 null mice,
yet ultimately both strains rejected the human xenografts [52]. Lui
et al. also showed that ablation of CD4 T-cells via systemic anti-
CD25 antibody treatment permits survival of mouse ESC grafts in
immunocompetent CB/K mice [57] and that inhibition of CD4
T-cells severely dampened the CD8 T-cell activity [58].

These data highlight that host T-cells would likely become
central mediators for rejection of differentiated hPSCs, either
directly through activation of cytotoxic CD8 T-cells or though
indirect exposure of transplanted alloantigens to CD4 T-cells.
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1.3 Retention of
Embryonic Antigens
May Lead to T-Cell
Mediated Rejection
of Isogenic hPSC
Derivatives

The fact that MHC and mHC alleles would match in the hPSC
isograft setting would cancel many of the immunologic barriers
imposed by allogenic transplantation. However, as discussed above,
the expression of aberrant antigens even by isogenic cells is likely to
promote isograft rejection by the host’s T-cells. In addition, as out-
lined below, retention of embryonic antigen expression by isografts
derived from hPSCs may also promote T-cell mediated rejection.

T-cell variability is driven by random rearrangements of the V(D)]
region of the TCR gene. A diverse array of T-cells is generated in
this fashion, of which some specifically recognize self-antigens.
These auto-reactive clones are normally depleted thorough apop-
tosis in the thymus [59]. To allow tolerance towards somatic anti-
gens expressed outside the thymus, medullary epithelial and
dendritic thymic cells express the AIRE gene which induces tran-
scription of somatic genes [60]. During human development, the
fetal thymus becomes capable of rudimentary support of T-cell
selection by approximately 7 weeks gestation [61] and produces
the first mature T-cells during week 8 [62]. Since thymic develop-
ment occurs well over a month after the last pluripotent and early
germ layer progenitors have differentiated, T-cells reactive to early
embryonic antigens may exist in adults [61]. Therefore, embry-
onic proteins and glycans expressed by hPSC progeny may elicit
immune responses, unless they are ectopically expressed in the thy-
mus by AIRE. Partial list includes TRA-1-81, TRA-1-60, SSEA-3,
SSEA-4, and SSEA-5 glycans [63—66]. These glycans exist as post-
translational modifications on hPSC proteins and lipids, producing
isoforms specific to early embryonic development [63, 67, 68].
Since immune responses are known to take place against primitive
oncofetal antigens expressed by tumors [69-72], it is probable to
assume that the thymus does not support negative selection of all
T-cells that are specific for embryonic antigens. For example,
developmental pluripotency associated 2 protein (DPPA2), which
is normally restricted to the placenta and testis is expressed by a
subset of ovarian cancers, and is known to elicit immune responses
[72]. This notion is further supported by studies utilizing ESCs as
part of a vaccination protocol to promote immune responses
against tumors, including those of the colon [69] and lung [73].
The known T-cell response against embryonic antigens raise a
concern that even isogenic hPSC derivatives would be targeted if
embryonic antigens were not entirely removed. Since it is unlikely
that the non-physiological differentiation environments of hPSCs
in vitro would precisely recapitulate normal development, some of
the embryonic antigens may persist on differentiated progeny. In
such a scenario, therapeutic products would induce T-cells
responses. The likelihood that this pathway will affect transplanta-
tion outcomes is currently difficult to predict because the extent to
which embryonic antigens are expressed by hPSC progeny is not
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known. Still, the detection of immune responses against embry-
onic antigens [72, 73] and the discovery of aberrant DNA meth-
ylation patterns in hiPSCs [15] indicate the high probability of
immune response towards residual embryonic antigens. We there-
fore recommend conducting thorough characterization of retained
embryonic antigens on differentiated cells intended for transplan-
tation followed by functional evaluation of their immunogenicity.

As implicated by their name, NK cells are poised to lyse cells, par-
ticularly, those exhibiting aberrantly low MHC-I levels, a phenom-
enon often resulting from viral infections [74, 75]. NK cells
monitor MHC-I molecules through the NKG2 and KIR receptors.
NK cells then integrate inputs from additional activating and
inhibitory stimuli to determine whether the cytotoxic threshold
has been reached [75, 76]. This mode of immune surveillance has
led to the development of the missing-self hypothesis [77].

Similarly to fetal cells, hPSCs and their early derivatives main-
tain low levels of HLA molecules relative to somatic cells [2, 3,
42]. The reduced MHC-I presentation, which is arguably an
important mechanism that prevents recognition of fetal cells by T
and B cells [45], may promote rejection by NK cells [54, 78-81].
During pregnancy, low MHC-I expression by fetal cells does not
lead to rejection as a specialized subset of CD56* NK cells interact
with the trophoblasts in the endometrium, promoting quiescence
of maternal NK cells [82]. In transplantation settings, however, if
the engrafted hPSC derivatives will present low MHC-I levels,
there exists the probability that they will be probed and lysed by
circulating NK cells. Derivatives of parthenogenetic hESCs, in par-
ticular, may be at high risk of NK cell-rejection, as lines that are
derived from unfertilized metaphase II (MII) oocytes harbor only
one set of chromosome homologs [5]. Since MII lines are capable
of expressing only one allele of each HLA-gene, such cells are more
likely to promote NK cell response due to their inherently reduced
HLA expression [83].

Similarly to T-cells, certain NK cells undergo selection or
“education”. Although this process, termed licensing, is not as well
understood as T-cell education, multiple studies have indicated
that NK cells initially express an array of inhibiting and activating
receptors and their interactions with self-MHC molecules on
somatic cells determine whether they mature to become function-
ally competent [74, 75] (for a comprehensive review refer to Orr
et al. [76]). As with all lymphocytes, NK cell “education” can
begin only after the development of the immune system, which
occurs at a relatively advanced gestational stage. It is likely that the
early developmental age of hPSC derivatives may not allow for
their participation in NK cell education.

Our initial analysis has demonstrated that hESC derivatives
express low levels of inhibitory classical HLA-I and nonclassical
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1.5 Additional
Mechanisms
Modulating Immune
Responses Toward
Differentiated hPSCs

HLA-Ib molecules (HLA-E), and that the levels of these molecules
increase during differentiation. In addition, we observed only a
basal response of activated NK cells towards undifterentiated and
differentiated hESCs [2]. NK cells have been reported to be inhib-
ited by hESC derived mesenchymal cells, at least partially by
expressing HLA-G, a protein which plays a pivotal role in promot-
ing maternal NK cell tolerance towards the placenta [53]. Since
HILA-G is primarily expressed by trophoblasts [84], it is likely that
these cells represent placental mesenchyme. Conversely, other
reports have indicated that ESC derivatives are targeted by NK
cells [54, 78, 79]. For example, Preynat-Seauve et al. [79] reported
that neural cells derived from hESCs are lysed by both T and NK
cells. Such discrepancies in NK cell responses towards hPSC deri-
vates could emanate from differences in NK cell subtypes utilized
for in vitro lysis assays and their degree of activation. Differences in
NK cell properties between mouse and human could also account
for some of these disparities, especially since some of the studies
have examined the xenogeneic response of mouse NK cell towards
hPSC derivatives. Given the complexity of NK cell-target interac-
tions and the existence of stimulatory or inhibitory signals it is not
surprising that uncertainty exist as to whether low MHC expres-
sion on hPSC-derivatives leads to an increase [46, 50, 81] or
decrease [45, 85, 86] in NK cell activity. In addition, each differ-
entiated progeny type may profoundly differ in its capacity to pro-
mote NK response.

Take together, the uncertainty regarding the interaction of NK
cells and hPSC derivatives leads us to stress that clinical advance-
ments require extensive characterization of NK cell responses
towards individual cellular products. Due to the inherent limita-
tions of in vitro assays, development of more clinically relevant in
vivo assays should be pursued. In addition, since patient hiPSC
derivatives are expected to become a major source for isogenic
transplants, their susceptibility to NK cell lysis should be rigorously
analyzed. It is also worth noting that it is currently unknown
whether therapeutic populations derived from hPSCs are able to
reach and maintain expression of MHC-I molecules at adult-like
levels, including the various different HLA-I subtypes. We there-
fore conclude that clinical applications of hPSC derivatives require
fundamental analyses of their interactions with NK cells, especially
in the context of long-term engraftment.

Recent studies have indicated that PSCs are capable of modulating
immune responses [16, 87] in similar ways to embryos in vivo
[82]. Yachimovich-Cohen et al. [88] have found that both mouse
and human ESCs secrete Arginase I, which inhibits lymphocyte
proliferation and TCR expression. This immunosuppressive activ-
ity has been shown to be important for pregnancy [89], particu-
larly for protecting fetal-derived trophoblasts from maternal T-cells
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[90, 91]. Other studies have also described the ability of ESCs to
inhibit immune cells via secretion of TGF-f [92] and by activating
the hemoxygenase 1 enzyme, which produces anti-inflammatory
molecules including biliverdin and carbon monoxide [93].

Additional studies proposed that ESC directly suppress
immune cells through Fas ligand (FasL, CD95L) presentation [ 86,
94-96], a molecular which acts by inducing T-cells apoptosis
through interaction with the Fas receptor (CD95). The functions
of FasL have been extensively studied in the context of immune-
privileged sites such as the placenta, where it plays an important
role in inhibiting maternal immune reactions [87, 97]. Although
the expression of FasL by PSCs is in line with their early embryonic
origin, contradictory evidence has indicated that functional FasL is
not present in mouse [98] or human [44] ESCs.

It is important to note that the pathways by which unditferen-
tiated hPSCs modulate immune responses are probably not rele-
vant for clinical translations as transplantation of undifferentiated
cells is undesirable since they produce teratomas [66, 99]. Hence,
FasL or Arginase I could provide immune protection only if they
are expressed by the differentiated therapeutic progenies, a possi-
bility which has not been extensively tested thus far. Therefore, we
propose to focus future studies on the potential immunomodulat-
ing effects of differentiated cells.

1.6 Mild As hPSCs and their derivatives may activate immune responses in
Immunosuppression allogeneic and even isogenic hosts, the development of immuno-
Is Expected to Improve  suppression treatments to mute these responses is also under inves-
Engraftment of tigation [52, 79, 100]. For example, Swinjinberg et al. [52] have
Isogenic hPSC shown that dual treatment with the potent clinical drugs tacrolimus
Derivatives and sirolimus enable survival of mouse ESCs in immunocompetent

mice while monotherapy with either drug was ineffective. Notably,
a caveat of such aggressive immunosuppression may be the inhibi-
tion of graft maturation and function, as highlighted by Preynat-
Seauve etal. [79], who showed that cyclosporine and dexamethasone
inhibited neuroprogenitor cell differentiation from hESCs. Since T
and NK cell response towards tissues generated from isogenic PSC
sources is expected to be mild, we propose that gentler condition-
ing regimes, such as those provided by antibody perturbations
should be developed to prevent isogenic tissue rejection.

Several studies have thus far reported encouraging results for
the utility of monoclonal antibodies (mAbs) targeting immune cell
receptors to inhibit T [51, 58, 100] and NK [78, 79] cell cytotox-
icity. Robertson et al. [51] induced tolerance towards undifferenti-
ated mouse ESCs utilizing non-depleting mAbs against the T-cell
co-receptors CD4 and CDS8. Similarly, Lui et al. [57] showed that
inhibition of CD4 T-cells alone through an anti-CD25 mAb is suf-
ficient to induce tolerance towards undifferentiated mouse ESCs.
Grinnemo et al. [58] and Pearl et al. [100] went on to show that
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1.7 Conclusions

costimulation blockade of T and dendritic cells utilizing anti-
CD40L, CTLA4, and LFA-1 mAbs enabled teratoma formation
from hESCs in immunocompetent mice. In addition, mAbs against
the NKG2D receptor were shown to inhibit NK-cell mediated
PSC lysis in vitro [78, 79, 81].

An important caveat of the majority of the mAb conditioning
studies performed thus far is that they utilized teratoma growth as
their primary assay. Teratomas are poor surrogates to assess the
engraftment potential of functional and clinically applicable pro-
genitors. Notably, numerous cellular properties, including the
molecules involved in immune recognition, are altered during dif-
ferentiation. It is therefore difficult to predict the survival of dif-
ferentiated progeny while assaying engraftment of undifferentiated
cells. Hence, we highlight that it is essential that continual immune
modulation research focus more on enhancing the engraftment of
functional hPSC derivatives.

As an alternative for immunosuppression, immunoprivileged
sites, including the anterior chamber of the eye, the brain, and the
testes [101] could serve as “safe havens” for protecting hPSC-
derivatives from rejection. Immune-privileged sites are character-
ized by a number of mechanisms that disable or suppress immune
effector cells [101]. The anterior chamber of the eye is lined by
secretory cells that produce various cytokines that suppress helper
T-cell activity and promote FAS expression, which in turn, pro-
motes T-cell apoptosis [101, 102]. The brain presents a different
set of mechanisms to dampen immune cells, including the endo-
thelial blood-brain barrier, which inhibits entry of immune cells
including monocytes and T-cells [103]. Since, many routes of
hPSC rejection involve T-cells, which are largely inhibited in
immunoprivileged sites, these sites are expected to enhance sur-
vival. Still, the full extent to which immunoprivileged sites oftfer
protection for hPSC-progeny remains to be functionally tested.

Since the derivation of hESCs by Thompson et al. [104], the field
of PSC biology and their potential clinical utility has been in a con-
stant state of advancement and change. Although the antigenicity
and immunogenicity of hPSCs were initially extensively studied,
this research slowed following the demonstration that genetically
matched hiPSC lines could be prepared from somatic cells.
However, this view was based on the assumption that MHC match-
ing will by itself suffice to prevent immune response towards hiPSC
derivatives.

In this review, we highlight the possibility that isogenic hPSC-
derived transplants should not be considered non-immunogenic
although they are genetically identical to an original tissue donor.
Unlike conventional matched organ transplants, differentiated
hPSCs are propagated and matured in vitro in an artificial environ-
ment that promotes non-physiological proliferation and
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accelerated specification towards committed cells. The propaga-
tion of hPSCs in the presence of animal products may lead to pre-
sentation of xenogenic epitopes, and the artificial nutrient
environment in vitro may promote aberrations in cell surface anti-
gen presentation. In addition, extensive propagation in vitro may
select for genetically abnormal hPSC clones expressing deviant sur-
face molecules. Finally there is an incompletely understood yet real
chance that incompletely reprogrammed iPSCs may results in
increased immunogenicity. These factors alone may significantly
contribute to elevated immunogenicity of differentiated hPSCs.
Compared with normal development, differentiation in vitro is
substantially faster and likely does not allow for complete removal
of embryonic antigens and induction of adult epitopes including
optimization of the MHC-I levels. Such aberrant immunological
signatures could activate cytotoxic T and NK cells which undergo
a complex and developmentally regulated education process from
which embryonic antigens are likely excluded. Therefore, reten-
tion of embryonic antigens on PSC-derivatives may lead to T and/
or NK cell response. In regards to expression of immunosuppres-
sive molecules by hPSCs it is currently unclear whether these fac-
tors persist to later stages of differentiation, and therefore, their
relevance to transplantation tolerance is uncertain. In summary,
these data indicate that differentiated isogenic hPSCs could poten-
tially promote rejection processes unless quality controls and
immunosuppression measures are taken.

Nevertheless, we predict that the immune reactions against
isogenic hPSC derived transplants will be subtler compared to allo-
genic responses directed at MHC and mHC mismatches. Therefore,
we anticipate that immune reactions against isogenic hPSC-derived
transplants could be dampened successfully via targeted therapy.
Promising therapies include specific mAbs against receptors found
on subsets of immune effector cells, rather than global immuno-
suppression employed during the course of allograft transplanta-
tions. However, we stress that arriving upon immunologic solutions
requires a deeper understanding of the mechanisms underlying
rejection and tolerance in addition to a better understanding of
hPSC biology. The subject of immunogenicity of isogenic hPSC
derived graft therefore deserves more attention with special empha-
sis on rigorous in vivo analysis before we can confidently and suc-
cesstully utilize these cells for regenerative purposes.
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Chapter 3

Hematopoietic and Nature Killer Cell Development
from Human Pluripotent Stem Cells

Zhenya Ni, David A. Knorr, and Dan S. Kaufman

Abstract

Natural killer (NK) cells are key effectors of the innate immune system, protecting the host from a variety
of infections, as well as malignant cells. Recent advances in the field of NK cell biology have led to a better
understanding of how NK cells develop. This progress has directly translated to improved outcomes in
patients receiving hematopoietic stem cell transplants to treat potentially lethal malignancies. However,
key differences between mouse and human NK cell development and biology limits the use of rodents to
attain a more in depth understanding of NK cell development. Therefore, a readily accessible and geneti-
cally tractable cell source to study human NK cell development is warranted. Our lab has pioneered the
development of lymphocytes, specifically NK cells, from human embryonic stem cells (hESCs) and more
recently induced pluripotent stem cells (iPSCs). This chapter describes a reliable method to generate NK
cells from hESCs and iPSCs using murine stromal cell lines. Additionally, we include an updated approach
using a spin-embryoid body (spin-EB) differentiation system that allows for human NK cell development
completely defined in vitro conditions.

Key words Embryonic stem cells, Induced pluripotent stem cells, Stromal cell coculture, Embryoid
body, Hematopoietic progenitors, Natural killer cells

1 Introduction

hESCs and iPSCs provide important starting cell populations to
develop new cell-based therapies to treat both malignant and non-
malignant hematological diseases. However, the advancement of
these treatments depends on a better understanding of the normal
development and physiology of desired cell populations. Our
group has previously demonstrated the ability of hESC-derived
hematopoicetic progenitor cells to produce functional NK cells
[1-3]. Studies using hESCs or iPSCs which can be readily geneti-
cally engineered [4, 5] provide new model systems to study human
lymphocyte development and to produce enhanced cell-based
therapies. hESC-derived NK cells could serve as a “universal”
source of anti-tumor lymphocytes for novel clinical therapies.
With continued advances in the stem cell field, it is likely that
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Fig. 1 Schematic diagram of two-step hematopoietic and NK cell differentiation from human embryonic stem
cells or induced pluripotent stem cells. Undifferentiated hESC/iPSCs can be induced to differentiate into hema-
topoietic progenitors either by coculture with M210-B4 stromal cells or by spin embryoid body formation. The
hematopoietic progenitors can be characterized based on expression of specific cell surface markers (e.g.,
CD34, CD45). To generate NK cells, CD34+CD45* progenitors are enriched from M210-B4 coculture and cul-
tured on EL08-1D2 stromal cells in medium supplemented with cytokines supporting NK cell differentiation.
Differentiated spin EBs can be directly transferred onto EI08-1D2 cells in medium plus same cytokines. After
4-5 weeks, mature and functional NK cells typically develop and can be analyzed for phenotype and function

1PSC-derived NK cells will soon be able to be efficiently derived on
a patient-specific basis.

hESC and iPSC-derived NK cells express activating and inhibi-
tory receptors similar to NK cells isolated from adult peripheral
blood [3]. The hESC-derived NK cells are also highly efficient at
direct cell-mediated cytotoxicity and antibody dependent cell-
mediated cytotoxicity, as well as cytokine (IFN-y) production. Our
lab has now developed two separate protocols (stroma or stroma-
free) to generate hematopoietic progenitors, both of which are
capable of forming functional NK cells. Both systems have their
inherent advantages and disadvantages. We traditionally used
coculture with murine stroma to support hematopoietic differen-
tiation because the embryoid body (EB) approaches were more
variable. However, we have recently adapted use of a “spin EB”
protocol [6, 7] to provide as system for more consistent blood cell
differentiation without the use of murine stroma (Fig. 1).
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2 Materials

2.1 CGell Lines

2.2 Hematopoietic
Differentiation of
Human ES/iPS Cells on
Murine Stromal Cells

. H9 line of hESCs (WiCell, Madison, WI) and an iPSC line

generated in our lab by transfection of CD34* umbilical cord
blood cells with four transcription factors Oct4, Sox2, c-Myc,
and Klf4. H9 and iPS cells are maintained as undifferentiated
cells as previously described [8].

. M210-B4 stromal cells (American Type Culture Collection,

Manassas, VA). Maintained in Dulbecco’s modified Eagle’s
medium (DMEM) High Glucose (Invitrogen Corporation/
Gibco; cat. no. 11965-092) supplemented with 15 % defined
fetal bovine serum (FBS, Hyclone; cat. no. SH30070.03),
0.1 mM B-mercaptoethanol, 2 mM r-glutamine, 1 % MEM
nonessentialamino acids solution, and 1 % penicillin-streptomycin
(P/S, Invitrogen Corporation/Gibco; cat. no. 15140-122).

. ELO8-1D2 stromal cells (kindly provided by Drs. Rob

Oostendorp and Majlinda Lako) [9]. Maintained in 50 %
Myelocult M5300 (Stem Cell Tech. cat. no. 05350), 35 %
Alpha MEM (Invitrogen cat. no. 12571-063), 15 % FBS (Stem
Cell Tech. cat. no. 06500), 1 % Glutamax 1 (100x, Invitrogen
cat. no. 35050-061), 0.1 mM p-mercaptoethanol, 10¢ M
hydrocortisone (Stem Cell Tech. cat. no. 07904),and 1 % P/S.

. hESC or iPSC/M210-B4 Differentiation Medium (R-15):

RMPI 1640 (Cellgro/Mediatech;cat.no.  10-040-CV)
medium containing 15 % fetal bovine serum (FBS) certified
(Invitrogen Corporation/Gibco; cat. no. 16000-044),
0.1 mM B-mercaptoethanol (Sigma; cat. no. M75222), 2 mM
L-glutamine (Invitrogen Corporation/Gibco; cat. no. 21051-
024); 1 % MEM nonessential amino acids solution, and 1 %

D/S.

. D-10 Medium used for wash: DMEM supplemented with

10 % FBS plus 1 % P/S.

. Collagenase split medium: DMEM /F12 medium containing

1 mg/mL collagenase type IV (Invitrogen Corporation/
Gibco; cat. no. 17104-019). Collagenase medium is filter ster-
ilized with a 50 mL, 0.22 pm membrane Steriflip (Millipore;
cat. no. SCGP00525).

. Trypsin-ethylene diamine tetraacetic acid (EDTA)+2 %

chicken serum: 0.05 % tryspin 0.53 mM EDTA solution
(Cellgro/Mediatech; cat. no. 25-052-CI) with 2 % chicken
serum (Sigma; cat. no. C5405).

. 6-Well tissue culture plates (NUNC Brand Products, Nalgene

NUNC cat. no. 152795).

. Gelatin (Sigma, cat. no. G-1890), 0.1 % solution made in

water and sterilized by autoclaving.
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2.3 Enrichment
of Hematopoietic
Progenitors CD34+/
CD34+45* from
Stromal Coculture

2.4 Hematopoietic
Differentiation

of hES/iPS Cells
from Spin EBs

2.5 Nature Killer Cell
Differentiation from
Enriched CD34*/
CD34+45*
Hematopoietic
Progenitors or
Unsorted Spin EBs

1. EasySep® human CD34 positive selection kit (StemCell
Technologies, cat.no. 18056) and EasySep® PE positive selec-
tion kit (StemCell Technologies, cat.no. 18557).

2. EasySep butffer: Dulbecco’s Phosphate Buffered Saline (DPBS)
without Ca* and Mg?** (supplemented with 2 % FBS and
1 mM EDTA. Store at 4 °C.

3. 0.05 % Trypsin-EDTA (Cellgro/Mediatech. cat. no. 25-052-
CI)+2 % chick serum.

4. 70 pm Cell strainer filter (Becton Dickinson/Falcon, cat. no.
352350).

5. PE-conjugated anti-human CD45 (BD Pharmingen, cat. no.
555483).

1. Spin EB differentiation medium (BPEL media): 43 % Iscove’s
Modified Dulbecco’s Medium (IMDM, Thermo, cat. no.
SH30228.01), 43 % F-12 Nutrient Mixture w/Glutamax I
(Invitrogen, cat. no. 3176503), 0.25 % Decionized bovine
serum albumin (BSA, Sigma Aldrich cat. no. A3311), 0.25 %
Poly (vinyl alcohol) (Sigma-Aldrich cat. no. P8136), 0.1 pg/
mL Linoleic Acid (Sigma-Aldrich cat. no. L1012), 0.1 pg/mL
Linolenic Acid (Sigma-Aldrich cat. no. 12376), 1:500
Synthechol 500x solution (Sigma-Aldrich cat. no. S5442),
450 pM a-monothioglycerol (a-MTG) (Sigma-Aldrich cat.
no. M6145), 5 % Protein-free hybridoma mix II (Invitrogen
cat. no. 12040077), 50 pg/ml Ascorbic acid 2-phosphate
(Sigma-Aldrich cat. no. A8960), 2 mM Glutamax I (Invitrogen
cat. no. 35050061), 1 % Insulin, Transferrin, Selenium 100x
solution (ITS) (Invitrogen cat. no. 41400-045), 1 % Pen/
Strep plus 40 pg/mL recombinant human stem cell factor
(SCF) (PeproTech cat. no. 300-07), 20 pg/mL BMP4 (R&D
systems, cat. no. 314-BP), and 20 pg/mL VEGF (R&D sys-
tems, cat. no. 293-VE).

2. TrypLE Select (Gibco/Invitrogen, cat. no. 12563-011).

3. 96-Well round bottom plates (NUNC cat. no. 262162 with
lids, cat. no. 264122).

1. NK cell development medium: 56.6 % DMEM-high glucose,
28.3 % HAMS/F12 (Invitrogen, cat. no. 11765-064), 15 %
heat-inactivated human AB serum (Valley Biomedical, cat. no.
HP1022 HI), 2 mM r-glutamine, 25 pM B-mercaptoethanol,
5 ng/mL sodium selenite (Sigma-Aldrich, cat. no. §5261),
50 pM ethanolamine (MP Biomedicals, cat. no. 194658),
20 mg/L ascorbic acid (Sigma-Aldrich, cat. no. A-5960), 1 %
P/S, 5 ng/mL IL-3 (PeproTech, cat. no. 200-03), 20 ng/mL
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SCF, 20 ng/mL IL-7 (PeproTech, cat. no.), 10 ng/mL IL-15
(PeproTech, cat. no. 200-15), 10 ng/mL Flt3 ligand (FIt3L)
(PeproTech, cat. n0.300-19). Store at 4 °C in the dark.

. 24-Well tissue culture plates (NUNCTM Brand Products,

Nalgene Nunc; cat. no. 142475).

3 Methods

3.1 Generation

of Hematopoietic
Progenitors from
hESCs or iPSCs Using
Stromal Cell Coculture

3.2 Enrichment
of Hematopoietic
Progenitors from
M210-B4 Coculture

. Culture of Undifferentiated hESCs/iPSCs.

The confluency of unditferentiated hESCs/iPSCs should
be approximately 90-95 % by the day they are passed onto
M210-B4 stromal cells for hematopoietic differentiation.

. Preparation of M210-B4 Feeder Layer.

Mouse bone marrow M210-B4 cells are maintained in
M210-B4 culture medium. To prepare feeder layers, the
M210-B4 cells are treated with 10 pg/mL mitomycin C for
4 h at 37 °C, 5 % CO,, After mitomycin C treatment cells are
washed with DPBS three times and then dissociated with
0.05 % trypsin-EDTA to make a single suspension. Inactivated
M210-B4s are plated onto 0.1 % gelatin-coated six-well plates
with 2.5 mL/well at 1.0 x 10° cells/mL (see Note 1).

. Coculture of hESCs/iPSCs on M210-B4 stromal cells.

Undifferentiated hESCs/iPSCs are dislodged and disrupted
by incubation in 1 mg/mL collagenase type IV for approxi-
mately 5 min at 37 °C, followed by scraping colonies off with
a 5 mL glass pipette. Cells are washed with D-10 medium
twice to remove residual collagenase (see Note 2).

. Disrupted hES/iPS colonies are then resuspended in R-15

differentiation medium and transferred to M210-B4 mono-
layer at 1: 4. Cocultures are incubated at 37 °C, 5 % CO, for
17-21 days with medium change every 2-3 days (see Note 3).

Optimal time for harvesting hematopoietic progenitors varies
somehow depending on the hESC /iPSC line and stromal cells and
serum lots. However, 10-15 % CD34* hESC/iPSC-derived cells
are generally observed by flow cytometry after 17 days of coculture
with M210-B4s (see Note 3). A time course experiment in which
cells are sampled every 2—-3 days is recommended to find the best
time for enrichment of hematopoietic progenitors as assayed by
flow cytometry and/or colony forming assays in methylcellulose
[10]. Further sorting for CD34 and CD45 double positive cells can
increase the kinetics and frequency of NK cell differentiation [1].

1. To prepare a single-cell suspension from differentiated hES/

iPS cells, aspirate medium from all six-well plates of cultures
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3.3 Generation

of Hematopoietic
Progenitors from hES/
iPS Cells by Spin-EB
Formation

and add 1 mg/mL collagenase IV 1.5 mL per well for 5-7 min
at 37 °C until stromal layer can be observed to break /peel up.
Scrape with a 5 mL glass pipette to disrupt the cells and trans-
fer to a 50 mL conical tube. Add 5 mL of Ca?* and Mg**-free
PBS and mix by pipetting up and down against the bottom of
the tube until there is a fine suspension of cells is observed.
Centrifuge cell suspension at 400 x4 for 5 min.

2. Remove the supernatant and add 5 mL of 0.05 % prewarmed
trypsin/EDTA +2 % chick serum solution into the tube. Mix
the cell suspension by vigorously pipetting up and down.
Incubate tube in 37 °C water bath for 5-10 min until a sin-
gle cell suspension can be observed. It is recommended
to shake the tube at regular intervals during the incubation
(see Note 4).

3. Add 10 mL ES wash medium and mix by pipetting to further
disperse cells. Centrifuge at 400 x4 for 5 min. Resuspend cells
in 5 mL ES wash medium. Filter the cell suspension with
70 pm cell strainer filter to remove any remaining clumps of
cells. Wash the filter once with ES wash medium.

4. Count live cells by 0.4 % tryphan blue staining using a hema-
cytometer. In general, 1-2x 10° single cells can be obtained
from a nearly confluent well.

5. Isolate CD34*/CD34*CD45* hES or iPS-derived hematopoi-
etic progenitors by using a EasySep® CD34 positive selection
kit followed by CD45-PE staining of enriched CD34* cells
and a second enrichment for CD45-PE positive cells using a
PE-positive  selection kit according to manufacturer’s
instructions.

6. Count live cells and distribute to 24-well ELO8-1D2 plate at
desired concentration for NK cell differentiation.

Many studies have investigated hematopoietic differentiation by
embryoid body (EB) formation, the advantages of this way are
defined culture conditions and higher efficiency of hematopoietic
progenitor generation. However, EB system cultures that maintain
cells in suspension can be variable and cell yields at typically lower
compared with the coculture system. In contrast, the spin-EB
approach [6, 11] allows a more consistent generation of hemato-
poietic progenitors that actively proliferate in culture.

1. TrypLE-adapted undifferentiated hESCs/iPSCs are main-
tained on low density MEF feeders as described [6, 11]. One
or two days before setting up Spin EB differentiation, pass
TrypLE-adapted hESCs/iPSCs onto fresh MEFs at 1:1 ratio
that will allow them to be 80-90 % confluent on the day of
differentiation setup.
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3.4 Natural Killer
Cell Differentiation

2. To prepare for Spin EB plating, pipet 150 pL sterile water into

1.

the 36 outer wells of each 96-well plate to minimize loss of
well volume to evaporation.

. Aspirate culture media from hESCs/iPSCs and add 1.0 mL

pre-warmed TrypLE Select to each well. Place plates in incu-
bator (37 °C) until ES cells start to come off the plate. Typically
takes ~5 min if TrypLE prewarmed; do not leave longer than
5 min.

Collect dissociated cells in a conical tube and pipet up and
down to break up clumps. Dilute TrypLE with 1 volume
BPEL media and at least 1 volume DPBS. Spin cells down at
1,500 rpm, 5 min, 8 °C. Remove supernatant and resuspend
the cells in 5 mLL BPEL media plus 5 mL. DPBS. Spin cells
down again.

. Remove supernatant and resuspend cells in 5-10 mL BPEL

media. Pass cells through 70 pm filter into a fresh 50 mL
conical in order to remove clumps. Count filtered cells and
aliquote cells to be used for plating into a 50 mL conical. Spin
cells down and resuspend them with stage I spin EB differen-
tiation medium to 3 x 10* cells/mL.

Transfer 100 pL cell aliquots into each of the inner 60 wells of
the prepared 96-well plates with 150 pl of water in outer wells.
Spin 96-well plates at 480x g4, 8 °C for 4 min. Incubate the
plates at 37 °C, 5 % CO, for 8-11 days till hematopoietic
progenitor CD34*CD45" cells are generated. Do not disturb
the plates during the first 3 days of differentiation while the
EBs are forming (se¢ Note 5). Under optimal conditions, the
percentage of CD34* cells can be approximately 40-60 % and
percentage of CD34*CD45* cells can be up to 2040 %. By
day 11, the good differentiation should have more
hematopoietic cells surrounding the initial EBs. Most cells
remaining in the EB are endothelial /mesenchymal progenitor
populations.

The ELO08-1D2 feeder plates are usually prepared the day
before needed. Dissociate cells from T-75 flask with 0.05 %
trypsin. Spin down and resuspend cells in 80 % fresh medium
+20 % old medium to 1.2-1.25x 105 cells/mL. Cell are plated
into 0.1 % gelatin coated-24-well plated at 1 mL/well and
grow to 85-90 % confluency at 33 °C, 5 % CO, by next day.
After X-ray irradiated at 3,000 rads, the feeders are ready for
use or can be saved up to 3—4 days (see Note 6).

. Plate isolated hematopoietic progenitors from M210-B4 cocul-

tures onto ELO8-1D2 feeders at 10,000-50,000 cells per well
in 1 mL NK cell differentiation medium depending on the
purity of CD34*CD45* population. For NK cell differentiation
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from spin EBs, whole spin EBs (without sorting) are directly
transferred 24-well ELO8-1D2 plates at 4-6 EBs/well with
1 mL NK medium (se¢ Note 6).

. Half-medium changes are done every 5-6 days. The first week

the NK cell differentiation medium contains 10 ng/mL IL-3
but removed when the first medium change. Phenotyping of
NK Cell Development by Flow Cytometry (see Note 7).

. Mature CD45*CD56* NK cells can be phenotyped by flow

cytometry. In vitro function of hES /iPS§ cell-derived NK cells
can be analyzed by measurement of direct cytolytic activity
tumor cells (such as K562) by a standard ®!Cr-release assay or
immunological assays for cytotoxic granule or cytokine
release [1-3] (see Note 8).

4 Notes

. M210-B4 feeder layer should be prepared the day but no lon-

ger than 3 days prior to use. Also, after certain passages (>25),
stromal cells will decrease their ability to support hematopoi-
etic differentiation.

. 1 mg/mL collagenase medium is made fresh. Do not store for

longer than 2 weeks at 4 °C.

. hESC/iPSC colonies should be starting to differentiate

3—4 days after they are transferred onto M210-B4 feeder layer.
Colonies spread out from defined edges and a heterogeneous
population of cells should appear.

. 0.05 % Trypsin-EDTA+2 % chick serum should be made

fresh. To make sure single suspension cells have good viability,
don’t leave cell cultures in trypsin longer than 10 min even
though there still are cell clumps not completely digested.

. EBs should have started to form after 24 h incubation. But if

hESC/iPSCs have not been well adapted by TrypLE (at least
>10 passages) or have been passed more than 35—40 passages,
EBs may not be formed well.

. EL0O8-1D2 stromal cells are a temperature sensitive cell line,

which should be maintained at an incubator with 33 °C, 5 %
CO,. However, cells can be kept at 37 °C after inactivation.

. Poor NK differentiation from hematopoietic progenitors on

ELs. If the feeders have been passed in culture for more than
2 months (typically more than ten passages), they may not sup-
port NK cell development effectively. The resource, different
lots of cytokines also affect NK cell differentiation. Also make
sure cytokines are stored at -20 °C and no longer than a week
at 4 °C. If the purity/viability of CD34*CD45* progenitors
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isolated from M210-B4 s is poor, it also affects NK cell differ-
entiation. Of course, if the hematopoietic differentiation from
spin EBs does not undergo well, the NK cell differentiation
efficiency will decrease as well.

8. It usually takes longer (about 5 weeks) to derive NK cells from
spin EBs than from enriched progenitors from stromal cocul-
ture. It is likely the hematopoietic progenitors in d11 spin EBs
are still in earlier development status compared with those
from d21 M210-B4 cocultures.
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Chapter 4

Evaluation of Inmunogenicity of Rat ES-Cell Derived
Endothelial Cells

Martina Seifert and Juliane Ladhoff

Abstract

Evaluation of the immunogenicity of embryonic stem cell derived differentiated cells is important for their
potential application in cell replacement therapies and transplantations. Low immunogenicity or even an
immune privileged status would enable their general use in allogeneic settings and therefore supply an
unrestricted source. Based on conflicting data in terms of immunogenicity published for mouse and human
ES-derived cells, the rat model was used to complement the knowledge in this specific area by a set of in
vitro test systems using endothelial ES cell derivatives.

This chapter describes the strategies and methods used to analyze immunogenicity of rat ES cell
derived endothelial cells (RESC) in comparison to adult mature rat endothelial cells (EC). In a first
characterization step, the endothelial nature of rat ES cell derived endothelial cells was proved by labelling
with von Willebrand factor (VWF) as well as testing tube formation capacity on an extracellular matrix. The
RESC can be characterized by their constitutive or cytokine-induced expression level of the Major
Histocompatibility Complex (MHC) antigens class I and class II by Fluorescence Activated Cell Sorter
(FACS) technology. Moreover, regulation of transcription factors involved in the IFNy signaling pathway
could be evaluated by detecting either the phosphorylation status by specific intracellular antibody staining
followed by flow cytometric measurement or by analyzing the mRNA expression level by quantitative
RT-PCR. By stimulating the RESC with IFNy and coculturing with Carboxy-fluorescein diacetate suc-
cinimidyl ester (CFDA-SE)-labelled CD4* rat T cells, the ability of RESC to induce proliferation was
analyzed by FACS technology. Allo-reactive cytotoxic T cells were generated in a mixed lymphocyte cul-
ture (MLC) with lymph node cells from two MHC-disparate rat strains and used to determine the suscep-
tibility of RESC to lytic processes. Therefore, RESC were labelled with calcein and the release of this
fluorochrome after coculture was measured. To analyze the response to humoral attacks, RESC were
incubated with allo-antibody containing sera and rabbit complement and then cell damage was assessed by
7-actinomycin D (7-AAD) incorporation into the DNA using FACS analysis.

Key words Stem cells, Cell differentiation, Endothelial cells, MHC antigens, Class II transactivator
(CIITA), Immunogenicity, Proliferation, Cytotoxicity

Nicholas Zavazava (ed.), Embryonic Stem Cell Inmunobiology: Methods and Protocols, Methods in Molecular Biology, vol. 1029,
DOI 10.1007/978-1-62703-478-4_4, © Springer Science+Business Media New York 2013

43



44 Martina Seifert and Juliane Ladhoff

1 Introduction

Embryonic stem cells (ESC) are considered to be powerful tools in
regenerative and transplantation medicine. Besides their capacity
to differentiate into several adult-type cell lineages, aspects of their
immunogenic potential and their behavior under transplantation
conditions require more attention. Descriptions by other groups
vary between an immune-privileged state [1, 2] and profound
immunogenicity following allogeneic transplantation with subse-
quent differentiation [ 3, 4]. In a rat model system we used a well-
characterized rat ES cell-like cell line [5] and generated endothelial
derivatives as described [6]. We have recently analyzed the com-
plex pattern of adaptive immune response against rat ES-cell
derived endothelial cells (RESC) in more detail [7]. In this con-
text, the surface expression of structures recognized by the host
immune system such as MHC class I and II play a predominant
role in the recognition of grafted non-autologous (allogeneic) cells
by the recipient’s immune system [8].

This chapter describes the impact of MHC class II up-
regulation under inflammatory conditions on the cellular and
humoral immune responsiveness of RESCs in comparison to adult
aortic rat endothelial cells (EC), their normal somatic counterpart.
RESC derived cells showed impaired MHC class 1T expression after
IFNy stimulation, reduced allo-stimulatory capacity, diminished
susceptibility to cytotoxic T cell lysis, and protection against
humoral allo-recognition by allo-antibodies and complement. The
overall reduced adaptive immune responses to RESC derivatives
support the conclusion that these rat ES derived cells are immune
privileged.

2 Materials

2.1 General
Materials

1. Phosphate buffered saline (PBS; PAA, Pasching, Austria).

2. Dulbecco’s modified Eagles medium (DMEM; PAA, Pasching,
Austria).

3. RPMI 1640 (PAA, Pasching, Austria).
4. Endothelial Basal Medium (EBM; PAA, Pasching, Austria).

5. Penicillin  10.000 U/ml (Life Technologies, Karlsruhe,
Germany).

6. Streptomycin 10.000 pg/ml (Life Technologies, Karlsruhe,
Germany).

7. L-Glutamine 200 mM (Life Technologies, Karlsruhe, Germany).

8. Fetal calf serum (FCS; PAA, Pasching, Austria) (inactivated,
see Note 1).
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9. Nonessential amino acids 100x (Life Technologies, Karlsruhe,
Germany).

10. B-Mercaptoethanol (Merck, Darmstadt, Germany): prepared
as a 1 M stock solution in RPMI medium and stored at 4 °C.

11. Nucleosides (adenosine, guanosine, cytosine, uridine, thymi-
dine) (Sigma, Steinheim, Germany): prepared as a nucleoside
solution with 8 pg/ml adenosine, 8.5 pg/ml guanosine,
7.3 pg/ml cytosine, 7.3 g/ml uridine, 2.4 pg/ml thymidine
by dissolving in distilled water at 37 °C. Sterile filtered and
aliquoted solution could be stored at 4 °C.

12. Recombinant human insulin (Roche Diagnostics, Mannheim,
Germany): prepared as a 10 mg/ml stock solution in distilled
water and further diluted 1:2 with PBS/10 % (v/v) FCS and
stored in aliquots at —20 °C.

13. Recombinant rat interferon y (IFNy; Hycult biotechnology
B.V.,, Uden, Netherlands).

14. Trypsin/cthylenediamine tetraacetic acid (EDTA), 100x (Life
Technologies, Karlsruhe, Germany).

15. Trypanblue, 0.4 % (w/v) solution (Sigma, Steinheim, Germany).

16. Gelatine (Sigma, Steinheim, Germany): prepared as a 2 %
(w/v) solution in sterile distilled water heated to 65 °C, then
filtered through a 0.22 pm sterile filter and stored in a glass
bottle at 4 °C. For coating culture plastics, a working solution
ot 0.2 % (w/v) is prepared by 1:10 dilution of the 2 % stock
solution in PBS.

17. 15 ml tubes (Falcon, Oxnard, USA).

18. 50 ml tubes (Falcon, Oxnard, USA).

19. Tissue culture flask T-25, 25 cm? (Falcon, Oxnard, USA).
20. Tissue culture flask T-75, 75 cm? (Falcon, Oxnard, USA).
21. 6-, 12-, 24-well plate (Falcon, Oxnard, USA).

22. 96-well plate U- and flat bottom plate (Nunc, Roskilde,
Denmark).

23. 96-well plate flat bottom plate, black (Nunc, Roskilde, Denmark).
24. Cryovials (Nunc, Roskilde, Denmark).

25. Cell strainer (40, 100 pm) (Falcon, Oxnard, USA).

26. Syringe 1 or 2 ml (BD, Heidelberg, Germany).

27. 26 G¥* Needle, BD Microlance™ 3 (BD, Heidelberg,
Germany).

28. Transfer pipettes (Sarstedt, Niimbrecht, Germany).

29. Petri dishes (BD, Heidelberg, Germany).

30. FACStubes(Micronic Europe B.V., Lelystad, The Netherlands).
31. Eppendorf tubes (Eppendort, Hamburg, Germany).
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2.2 Cell Culture

2.3 Tube
Forming Assay

2.4 Cell Staining

i

. Medium for RESC endothelial derivatives: DMEM supple-

mented with 15 % (v/v) FCS, 100 U/ml Penicillin, 100 pg/
ml Streptomycin, 1 % (v/v) MEM nonessential amino acids,
1 % (v/v) nucleoside solution, 10 mM B-mercaptoethanol,
and 1.7 nM human recombinant insulin.

Medium for primary rat aortic endothelial cells (EC): EBM
supplemented with 10 % (v/v) ECS, 50 pg/ml Gentamycin
(Sigma, Steinheim, Germany), 2 mM r-Glutamine and 6 pg/
ml endothelial cell growth supplement (CellSystems, St.
Katharinen, Germany).

Medium for mixed lymphocyte culture (MLC): RPMI 1640
supplemented with 10 % (v/v) FCS, 2 mM r-glutamine,
100 U/ml penicillin, 100 pg/ml streptomycin, 50 pM
f-mercaptoethanol, 5 mM  2-(4-(2-hydroxyethyl)-1-
piperazinyl)-ethansulfonsiure (HEPES; Biochrom AG, Berlin,
Germany), and 2 % (v/v) autologous rat serum.

Matrigel™ (BD Biosciences Pharmingen, San Diego, USA).
RESC cell culture medium (se¢ Subheading 2.2).

Inverse microscope Axio ObserverZ1 (Carl Zeiss Microimaging
GmbH, Gottingen, Germany) with AxioCam MRm system.

. AxioVision Software; release 4.7.2 (Carl Zeiss Microimaging

GmbH, Gottingen, Germany).

. FACS staining buffer: PBS with 2 % (v/v) FCS and 0.05 %

(w/v) NaN;.

BD Cytofix™ fixation buffer (BD Biosciences Pharmingen,
San Diego, USA).

. Methanol (Baker Analyzed®, Mallinckrodt Baker B.V,

Deventer, The Netherlands): 90 % (v/v) stock solution.

Paraformaldehyde (PFA; Sigma, Steinheim, Germany): pre-
pared a 1 % (w/v) solution in PBS (see Note 2).
T-Octylphenylpolyethylenglycol (Triton X®-100; 0.3% (w/v),
Serva, Heidelberg, Germany) diluted in PBS.

. Primary antibodies:

e Anti-rat CD4-PE (BD Biosciences Pharmingen, San
Diego, USA).

e Anti-rat CD31 (PECAM-1; BD Biosciences Pharmingen,
San Diego, USA).

e Anti-rat CD54 (ICAM-1; BD Biosciences Pharmingen,
San Diego, USA).

)
e Anti-rat CD106 (VCAM-1; BD Biosciences Pharmingen,
San Diego, USA).
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2.5 Quantitative
Real-Time Polymerase
Chain Reaction

e IgGk isotype control (MOPC-21; BD Biosciences
Pharmingen, San Diego, USA).

e Rat-RTIA (OX18; BD Biosciences Pharmingen, San
Diego, USA).

e Rat-RTIB (OX6; BD Biosciences Pharmingen, San
Diego, USA).

* Anti-rat CD144 (VE-Cadherin; Alexis Biochemicals,
Lausen, CH).

e Rabbit isotype control serum (Sigma, Steinheim,
Germany).

e Anti-phospho STAT1-PE (pY70l; part of the BD™
Phosflow kit; BD Biosciences Pharmingen, San Diego,
USA).

e Anti-von Willebrand factor (Sigma, Steinheim, Germany).

. Secondary antibody conjugates:

e DPE-labelled donkey-anti-mouse IgG (H+L) polyclonal
antibody (Dianova, Hamburg, Germany).

e PE-labelled goat-anti-rabbit IgG (H+L) polyclonal anti-
body (Southern Biotechnology, Birmingham, USA).

BD FACSCalibur (Becton Dickinson, San Jose, USA).

9. CellQuest Software (Becton Dickinson, San Jose, USA).

10.

11.

Inverse microscope Axio Observer Z1 (Carl Zeiss Microimaging
GmbH, Gottingen, Germany) with AxioCam MRm system.

AxioVision Software; release 4.7.2 (Carl Zeiss Microimaging
GmbH, Gottingen, Germany).

. Absolutely RNA RT-PCR Miniprep Kit (Stratagene, La Jolla,

USA).

. qPCR-Mastermix (Eurogentec Deutschland GmbH, Koln,

Germany).

. SYBRGreen®Mastermix (Applied Biosystems, Darmstadt,

Germany).

. RNA 6000 Reagents and Supplies (Agilent Technologies,

Waldbronn, Germany).
dNTPs (Pharmacia Biotech, Uppsala, Sweden).

. GoScript™ Reverse Transcription System (Promega GmbH,

Mannheim, Germany).
DNAse I, RNAse free (Stratagene, La Jolla, USA).

. RNAse inhibitor (RNAsin) (Promega GmbH, Mannheim,

Germany).
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2.6 Functional
Analyses

2.6.1

Cytotoxicity Assay

9.
10.

11.

12.

13.

14.

w N

A~

RNA binding buffer (Promega GmbH, Mannheim, Germany).
Primer:

Primer Rat Beta actin:

5’-Primer: 5’-GTA CAA CCT CCT TGC AGC TCC T-3'.
3’-Primer: 5’-TTG TCG TCG ACG ACG AGC GC-3'.
Primer Rat IFNy receptor chain I

5’-Primer: 5’-AGT CGT CTT TCT GGC AAG TTA ATA CA-3'.
3’-Primer: 5’-AAG CAG CAT CCA AAT TGA TTC TTC-3".
Primer Rat IFNy receptor chain 2

5'-Primer: 5’-CAT CGC AGA GAC GAA ATG TGA-3'.
3’-Primer: 5’-GCG CAG GAA GAC TGT GTA TGA GT-3".
Primer Rat class 11 transactivator:

5’-Primer: 5’-CAA GGA CCT CTT CAT ACA GCA CAT T-3'.
3’-Primer: 5’-GGA GGC ACT AGT TTC CTG TGC TT-3".
Primer Rat TNF intron:

5'-Primer: 5’-TGA GAG AGT CAG AGC GGT GAT TC-3'.
3’-Primer: 5’-CCT GCG CCC TCT GCT CTT-3".

Probe: 5-ACG TCC CAT TGG CTA CGA GGT CCG-3'.

Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany).

7500 Real-Time PCR System (Applied Biosystems, Foster
City, USA).

7500 System SDS Software (Applied Biosystems, Foster City,
USA).

MicroAmp Optical tubes and cups (Applied Biosystems, Foster
City, USA).

Calcein-AM (MoBiTec, Gottingen, Germany): prepared a
1 mM stock solution in DMSO (Sigma Steinheim, Germany)
and stored in aliquots at -20 °C (see Note 3).

RPMI 1640 without serum.
T-Octylphenylpolyethylenglycol (Triton X®-100; 1.8 % (w/v),
Serva, Heidelberg, Germany) diluted in PBS.

96-Well plate flat bottom plate, black (Nunc, Roskilde,
Denmark).

Fluorescence microscope (Carl Zeiss Microimaging GmbH,
Gottingen, Germany).

GENios Microplate reader (TECAN, Crailsheim, Germany).



2.6.2 Allo-Antibody/
Complement Assay

2.6.3 0ne Way Mixed
Lymphocyte Culture
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10.

11.
12.

1. PBS with 2 % (v/v) FCS.

2. GVB* buffer (Sigma, Steinheim, Germany).

3.

4. Rabbit complement (Accurate Chemicals, Westbury, USA):

Allo-antigen specific serum (see Note 4).

prepared as a 1 mg/ml stock solution in cold GVB** buffer
and stored in aliquots at -80 °C (see Note 5).
7-Amino-actinomycin D (7-AAD; Sigma, Steinheim,
Germany): prepared a stock solution of 1 mg,/ml by dissolving
1 mgin 50 pl methanol (100 %) and adding 950 pl PBS before
storing in aliquots at =20 °C. Working solution was diluted
with PBS/2 % (v/v) FCS to 2.5 pg/ml.

. MACS buffer: PBS with 0.5 % (w/v) bovine serum albumin

(Sigma, Steinheim, Germany) and 2 mM EDTA (Merck,
Darmstadt, Germany).

Rat CD4-MicroBeads (Miltenyi Biotec GmbH, Bergisch-
Gladbach, Germany).

Medium for mixed lymphocyte culture (MLC): RPMI 1640
supplemented with 10 % (v/v) FCS, 2 mM L-glutamine,
100 U/ml penicillin, 100 pg/ml streptomycin, 50 pM
f-mercaptoethanol, 5 mM HEPES and 2 % (v/v) autologous
rat serum (heat inactivated at 56 °C for 30 min).

. Carboxy-fluorescein diacetate succinimidyl ester (CFDA-SE;

Molecular Probes, Oregon, USA): prepared a 5 mM stock
solution in DMSO and stored in aliquots at —=20 °C in the dark
(see Note 6).

Mouse anti-rat CD4-PE antibody (BD Biosciences
Pharmingen, San Diego, USA).

Concanavalin A (ConA; Sigma, Steinheim, Germany): pre-
pared a 1 mg/ml stock solution in PBS and stored in aliquots
at -20 °C.

MS columns (Miltenyi Biotec GmbH, Bergisch-Gladbach,
Germany).

. MiniMACS separator (Miltenyi Biotec GmbH, Bergisch-

Gladbach, Germany).

. MACS MultiStand (Miltenyi Biotec GmbH, Bergisch-

Gladbach, Germany).

Blood radiation unit OB29 (Steuerungstechnik &
Strahlenschutz (STS) GmbH, Braunschweig, Germany).

FACSCalibur (Becton Dickinson, San Jose, USA).
CellQuest software (Becton Dickinson, San Jose, USA).
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3 Methods

3.1 Cell Culture
of RESC Endothelial
Derivatives

3.1.1 Gelatine Coating
of Cell Culture Dishes

3.1.2 Cell Culture
of RESC Endothelial
Derivatives

3.1.3 Cell Passage

3.2 Characterization

of Endothelial
Phenotype

3.2.1 Staining for von
Willebrand Factor (vIWF)

All analyses were performed in comparison to primary rat aortic
endothelial cells (EC) as counterparts isolated from adult differen-
tiated tissue.

RESC derivatives were differentiated from the RESC line C12 as
described [7]. They were cultured on gelatine-coated dishes for all
experiments.

1.

Coat cell culture dishes with 0.1 % (w/v) gelatine.

2. Incubate for 1 h at room temperature.
3.
4

. Immediately use the coated dishes or store them covered with

Wash three times with PBS.

serum free medium at 37 °C with a 5 % (v/v) CO, humidified
atmosphere.

. Culture the RESC endothelial derivatives ensuring they do

not reach confluence.

2. Change medium completely every 2—3 days.

. Split the culturein a 1:3 ratio and passage (see Subheading 3.1.3)

into fresh gelatine-coated culture dishes.

Aspirate medium carefully.

2. Rinse once with PBS and aspirate again.

Add Trypsin/EDTA (2 ml for a 25 cm? culture flask or 5 ml
for a 75 ¢cm? flask) and incubate at 37 °C for 3-5 min until
cells detach (see Note 7).

Stop the trypsinization process by adding 5 ml of culture
medium.

Transfer cell suspension into a 15 ml tube.

. Centrifuge at 200 x 4 for 10 min at 4 °C.

Discard the supernatant and resuspend the cells in culture
medium.

. Plate cells into gelatine-coated dishes.

. Culture the RESC derivatives in 24-well plates until reach-

ing 80 % confluence and typical cobble stone morphology
(Fig. 1a, d).

Aspirate the medium of each well carefully without disturbing
the cell layer.

. Wash wells three times with PBS by aspiration after carefully

adding the buffer at the rim of the well.

Add 200 pl/well 4 % (v/v) PFA solution and incubate for
15 min at room temperature.
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Fig. 1 Endothelial phenotype of RESC endothelial derivatives. Cobblestone-like morphology of RESC deriva-
tives (a) and adult EC (d); intracellular von Willebrand factor expression (FITC-staining) in RESC endothelial
derivatives (b) and adult EC (e); tube formation of RESC derivatives (c) and adult EC (f) on Matrigel™ after 24 h

(200x magnification)

5.

10.

11.

12.

13.

322 Tube 1.
Forming Assay 2
3

Aspirate the PFA solution and add 200 pl/well of 0.3 % (w/v)
Triton®-X 100 solution followed by incubation for 30 min at
room temperature to allow cells to become permeable.

Wash three times with PBS.
Add 200 pl of the polyclonal rabbit anti-vWF antibody in a

1:200 dilution in FACS-staining buffer or with the corre-
sponding polyclonal rabbit serum as a control.

. Incubate the cells in the culture well with the primary antibody

solution 4 h at room temperature with continuous shaking.
Aspirate the primary antibody solution and add the FITC-
labelled anti-rabbit-IgG secondary antibody (1:160 diluted in
FACS staining buffer).

Incubate the secondary detection antibody 2 h at room tem-
perature with continuous shaking.

Aspirate the secondary antibody solution and wash once with
PBS.

Cover the wells with 200 pl PBS and store at 4 °C in a humidi-
fied box until use.

Examine the stained wells under a fluorescence microscope
with 100x or 200x magnification. Excitation at 510 nm
induces the FITC fluorescence (green emission).

An example result is shown in Fig. 1b, e.

Prepare the Matrigel™ solution by slowly thawing it.

. Pipet 250 pl Matrigel™ solution (9 mg,/ml) immediately after

it is thawed into wells of a 24-well plate. Avoid the generation
of air bubbles (see Note 8).

. Incubate the 24-well plate for 30 min at 37 °Cin 5 % (v/v)

CO; humidified air until the Matrigel™ becomes solid.
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3.3 Cytokine
Stimulation of RESC
Endothelial Derivatives

3.4 FACS Staining of
Extracellular Markers

4.

Al A

10.
11.

12.

13.
14.

Harvest the RESC endothelial derivatives (see Subheading 3.1.3)
and adjust the cell concentration to 5x10*/100 pul RESC
medium. Add 100 pl of cell suspension to each of the wells.

. Incubate the seeded cultures for 30 min at 37 °C in 5 % CO,

humidified air.

Add an additional 500 pl of RESC derivative medium to each
of the 24 wells.

. Incubate again at 37 °C in 5 % CO, humidified air until the

first observation time point.

. Document the tube formation under the inverse light

microscope at 100-200x magnification after 4—6 h, then after
24 and 48 h. An example result after 24 h of culture on
Matrigel™ is shown in Fig. 1c, f.

. Seed cells onto gelatine-coated cell culture plates to reach

70-80 % confluence at the end of the stimulation.

. After 24 h change medium and add stimulation medium sup-

plemented with 10 ng/ml IFNy.

Incubate at 37 °C for 5 min, 6, 24, 48 or 96 h (depending on
the following analysis).

Harvest the cells by trypsin treatment (see Subheading 3.1.3).
Centrifuge cell suspension at 200 x4 for 10 min at 4 °C.
Resuspend cell pellet in FACS staining buffer.

Add 5x105-1 x 10° cells/sample into FACS tubes.

Centrifuge at 200 x g for 10 min at 4 °C and carefully aspirate
supernatant.

Add 40 pl primary antibody solution in the appropriate con-
centration (se¢ Note 9).

Briefly vortex and incubate for 30 min at 4 °C.
Wash with 1 ml of FACS-staining buffer.

Centrifuge at 200 x g for 10 min at 4 °C and carefully aspirate
supernatant.

Add 40 pl of secondary antibody solution.

Centrifuge at 200 x g for 10 min at 4 °C and carefully aspirate
supernatant.

Resuspend sample in 200-300 pl of FACS staining buffer
(see Note 10).

Store samples at 4 °C until flow cytometric analysis.

Measure probes with the FACSCalibur and analyze using
CellQuest software. Example results for the determination of
MHC class I and II surface expression on RESC derived
endothelial cells are shown in Fig. 2a, b, comparing
unstimulated with IFNy-stimulated cells.
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Fig. 2 Impaired cytokine mediated MHC upregulation by CITA induction in RESC endothelial derivatives.
(@) Reduced levels of basal and IFNy-inducible surface MHC class | on RESC endothelial derivatives. (b) Lack
of IFNy-mediated surface MHC class Il induction on RESC endothelial derivatives. Expression levels were
analyzed by staining with mouse anti-rat-MHC I/MHC Il specific antibodies followed by a PE-labelled anti-
mouse-IgG secondary antibody and measured with flow cytometry after 24 h of cytokine stimulation. (c)
Elimination of induction of class Il transactivator (CIITA) mRNA following IFNy treatment for 6 h, analyzed by
qRT-PCR. Data presented as mean = SEM of independent experiments (n=6), **p<0.01, ***p<0.001

3.5 Analysis of 1.

Cytokine Induced

STAT1 Phosphorylation 2.
3.
4
5.

Culture the RESC endothelial derivatives in 24-well plates to
70 % confluence.

Stimulate the cells with stimulation medium for 5 min (see
Note 11).

Aspirate medium and quickly rinse with PBS.

. Harvest the cells by trypsin treatment (see Subheading 3.1.3;

Note 12).
Transfer the cell suspension directly into FACS tubes.

6. Add 375 pl of BD Cytofix buffer to the samples and incubate

10.

11.
12.

13.

for 10 min at 37 °C.

Centrifuge cell suspension at 200 x4 for 10 min at 4 °C and
aspirate supernatant.

Gently resuspend the cell pellet using a vortex.

. Add 200 pl of 90 % methanol to each sample and incubate for

30 min on ice to make the cells permeable.

Centrifuge cell suspension at 200 x4 for 10 min at 4 °C and
aspirate supernatant.

Wash twice with 1 ml FACS staining buffer.

Centrifuge at 200 x g for 10 min at 4 °C and carefully aspirate
supernatant.

Store samples at 4 °C until flow cytometric analysis.
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3.6 Quantitative
Real-Time PCR

3.6.1 mARNA Isolation
and cDNA Synthesis

3.6.2 Quantitative
Real-Time PCR

. Isolate RNA from the cells using the “Absolutely RNA

Miniprep Kit” according to the manufacturer’s instructions.

Digest the RNA samples with DNAse for 15 min at 37 °C to
eliminate DNA contamination.

. Determine the RNA concentration of the samples, e.g., using

the RNA 6000 Nano Assay Reagent & Supplies kit and the
Agilent 2100 Bioanalyzer.

4. Store the samples until cDNA synthesis at -80 °C.

10.
11.

12.
13.

Use a maximum of 2 pg of RNA in a volume of 18 pl for
reverse transcription into cDNA.

. Add 2 pl oligodeoxythymidine (oligo dT) primer (0.5 pg/

sample), to the RNA sample and incubate at 75 °C for 10 min
to eliminate secondary structures.

Chill the samples for 2 min on ice.

. Add 4 pl deoxynucleotides (0.5 mM each dNTP/sample),

2 pl DNase, 8 ul RNA binding bufter, and 0.5 pl RNase inhib-
itor (20 U/sample, RNasin) to each sample and incubate for
30 min at 37 °C.

Inactivate the DNase by incubating at 75 °C for 5 min.
Chill the samples for a further 2 min on ice.

Add 1 pl of reverse transcriptase (GoScript™) and 1 pl of
RNase inhibitor to the samples and incubate for 60 min at
37 °C.

Stop the cDNA synthesis by incubating at 95 °C for 5 min.
Store cDNA at -20 °C until use.

. Perform quantitative real-time PCR (qRT-PCR) analyses in a

96-well format in duplicates.

2. Use 1 pl of sample cDNA template for analysis.

. Add SYBRGreen® Mastermix or qPCR Mastermix as directed,

as well as the correct primer,/probe mix to reach a total reac-
tion volume of 13 pl.

Perform the qRT-PCR using the following conditions:

50°C 2min  Uracil- N-glycosylase (UNG) digest

95°C 10 min Inactivation of UNG, activation of
AmpliTaqGold

95°C 155 Denaturation

60°C 1min Combined annealing and extension step
(40 cycles in total)
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3.7 One-Way Mixed
Lymphocyte Culture

5.

10.
11.
12.

13.
14.
15.

16.

For amplification use the 7500 Real-Time PCR System and
analyze with the 7500 System SDS Software.

Normalize expression using the housekeeping gene p-actin.

When using SYBRGreen®, assess specificity of the desired gene
products by melting curve analysis.

. Calculate the relative expression levels of the target gene

mRNA by means of the formula (27*%“). An example for the
detection of mRNA expression levels for CIITA is shown in
Fig. 2c.

Plate stimulator cells (RESC endothelial derivatives) into a
gelatine-coated 96-well plate and perform the IFNy stimula-
tion for 48 h as described above (see Note 13).

Isolation of lymph node cells

. Harvest all lymph nodes from rats of the donor strain of the

cells of interest and from a haplodiverse rat strain for compari-
son (e.g., Wistar-Kyoto and BDIX).

Transport the lymph nodes in PBS on ice.

. Place a 100 pm cell strainer into a 10 cm dish and transfer the

lymph nodes.

. Mash the lymph nodes carefully through the cell strainer using

a syringe plunger (see Note 14).
Rinse the cell strainer with 5 ml PBS.

Transfer the cell suspension into a 50 ml tube containing a
40 pm cell strainer.

. Centrifuge cell suspension at 200 xg for 10 min at 4 °C and

decant supernatant.
Wash once with 25-30 ml PBS.

Isolation of CD4* vesponder T cells
Wash lymph node cell suspension once with cold MACS bufter.

Determine cell number, using trypan blue to exclude dead cells.

Perform the CD4*-MACS separation according to the manu-
facturer’s instructions using the rat CD4 MicroBeads.

CFEDA-SE labelling

Wash isolated CD4* T cells once with PBS.
Adjust the cell number to 1x107 cells/ml in PBS.

Add CFDA-SE to the cell suspension to reach a working con-
centration of 2.5 pM and incubate for 4 min at room
temperature.

Stop the labelling by the addition of 15-20 ml MLC medium.
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Fig. 3 Low allo-stimulatory capacity of RESC endothelial derivatives. Proliferation of allogeneic rat CD4+
responder T cells in cocultures with IFNy-pretreated adult EC and RESC endothelial derivatives on day 3 was
analyzed by a CFDA-SE-based proliferation assay. Representative histograms of five independent experiments

are shown

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

Wash three times with MLC medium. The cell pellet appears
yellow/green in color during the washing steps.

Resuspend the labelled CD4* T cells in MLC medium supple-
mented with 2 % inactivated autologous serum.

Coculture

Irradiate the stimulator cells with 30 Gy and wash once with
MLC medium.

Determine the actual cell number/well after the stimulation
period by harvesting one well.

Add the CFDA-SE labelled CD4* responder cells to the
stimulator cells applying a responder to stimulator ratio of
10:1 (see Note 15).

To assess autoproliferation, culture the isolated CD4* cells in
MLC medium alone without stimulator cells.

Coculture the cells for up to 5 days at 37 °C in 5 % CO,
humidified incubator.

Collect samples at days 3, 4 and 5 by carefully resuspending
the proliferation clusters and transfer directly into FACS tubes.

Centrifuge samples at 200 x4 for 10 min at 4 °C and aspirate
supernatant.

Wash once with FACS staining buffer.

Label the samples with an anti-rat CD4-PE antibody and sub-
ject them to flow cytometric analysis on a FACSCalibur using
CellQuest software to gate on the CD4*/CFDA-SE* popula-
tion (see Note 16). Representative FACS histograms of prolit-
erated CD4* T cells in coculture with the endothelial derivatives
are shown in Fig. 3.

Calculate the stimulation index defined as the quotient of
sample proliferation over the autoproliferation of CD4* cells.
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3.8 Cytotoxicity Mixed lymphocyte culture

Assay

1.

Harvest all lymph nodes from rats of the donor strain of the
cells of interest and from a haplodiverse rat strain for compari-
son (e.g., Wistar-Kyoto and BDIX).

2. Transport the lymph nodes in PBS on ice.

10.

11.

12.

13.

14.

15.

16.

17.
18.
19.

. Place a 100 pm cell strainer into a 10 cm dish and transfer the

lymph nodes.

. Mash the lymph nodes carefully through the cell strainer using

a syringe plunger (see Note 14).
Rinse the cell strainer with 5 ml PBS.

. Transfer the cell suspension into a 50 ml tube containing a

40 pm cell strainer.

Centrifuge the cell suspension at 200 x g for 10 min at 4 °C
and decant supernatant.

Wash twice with 25-30 ml PBS.

Resuspend cell pellets in 20 ml precooled MLC medium and
keep on ice.

Irradiate (donor derived) target lymphocytes with 30 Gy,
keeping the tube on ice during irradiation.

Wash the target lymphocytes once with precooled (4 °C) MLC
medium.

Count the cells using trypan blue in combination with 3 %
(v/v) acetic acid to exclude erythrocytes. Alternatively, use
Turk’s solution for cell counting.

Plate the MLC into a 24-well plate with a responder: target
ratio of 1:1 (3 x 10 responder cells and 3 x 10° target cells per
well) in 2 ml MLC medium per well.

Culture MLC for 5 days at 37 °C in a 5 % CO, humidified
incubator without medium exchange. Generated lymphoblasts
are used as effector cells (cytotoxic T cells) in the calcein
release assay.

Calcein release assay
Harvest the target cells (RESC endothelial derivatives) by
trypsin treatment as described above.

Centrifuge cell suspension at 200x 4 for 10 min at 4 °C and
decant supernatant.

Wash cell suspension twice with PBS.
Count the cells using trypan blue to exclude dead cells.

Resuspend the cell pellet in serum-free medium for RESC
endothelial derivatives with a cell concentration of
1-2x10° cells/ml.
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20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Add Calcein-AM stock solution (1 mM) to the target cell sus-
pension to reach the working concentration (20 pM) (see
Note 17).

Gently shake the cell suspension and incubate for 30 min at
37 °C in the dark (e.g., inside an incubator). Gently shake
once or twice during the incubation time.

Stop the cell labelling by the addition of 10 ml MLC medium.
Wash three times with MLC medium.

Count the cells under the fluorescence microscope to exclude
unlabelled (nonfluorescent) cells (see Note 18).

Adjust the cell concentration on 2x10° target cells/ml in
MLC medium.

During the calcein labelling: Harvest the effector cells gener-
ated from the 5-day MLC by carefully resuspending the pro-
liferation clusters using a transfer pipette (se¢ Note 19).

Collect effector cells in a 50 ml tube.

Centrifuge cell suspension at 200x 4 for 10 min at 4 °C and
decant supernatant.

Wash once with MLC medium. Keep cells cooled on ice
during the procedure.

Count the cells using trypan blue (see Note 20).

Perform a 1:2 serial dilution of the effector cells three times,
starting with 2x10¢ effectors/100 pl (corresponding to an
effector to target ratio of 100:1).

Pipette 100 pl of the calcein labelled target cell solution
(2x10° target cells/ml) into a 96-well U-bottom plate (cor-
responding to 2x10* target cells/well). Use filter tips for
pipetting. Perform triplicates or quadruplicates for each eftfec-
tor to target ratio (see Note 21).

In addition, prepare triplicates or quadruplicates for the esti-
mation of the spontaneous calcein release and maximum cal-
cein release.

Add 100 pl of the appropriate effector dilution to the target
cells to reach the respective effector to target ratio.

To determine the spontaneous calcein release, add 100 pl of
medium alone to the target cells.

To estimate the maximum calcein release, add 100 pl 1.8 %
(w/v) Triton® X-100/PBS to the target cells.

Shortly centrifuge the plate for 30 s at 200 x g to collect the
cells at the bottom of the well.

Incubate the plate for 4 h at 37 °C in a 5 % CO, humidified
incubator.
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Fig. 4 Reduced immune responses in vitro. (a) Calcein-labelled RESC endothelial derivatives and adult EC were
incubated with allo-specific cytotoxic T lymphocytes (CTLs). Allogeneic EC (white bars) were effectively killed
by allo-specific CTL, whereas in RESC endothelial derivatives lysis was marginally reduced (black bars).
Nonspecific killing was determined using adult third party EC (grey bars). Data are presented as mean + SEM
of independent experiments (n=6). (b) Allo-antibody/complement mediated lysis of RESC endothelial deriva-
tives stayed at spontaneous lysis levels, whereas adult EC exhibited a 18-fold higher lysis rate compared to
spontaneous lysis without serum incubation at a 1:5 dilution. Data are presented as mean +SEM of indepen-
dent experiments (n=6), **p<0.01; *p<0.05

3.9 Allo-antibody/
Gomplement Assay

39.
40.

41.

42.

specific lysis [%] =

Shortly centrifuge the plate again for 30 s at 200 x 4.

Transfer 100 pl supernatant/well into a black 96-well flat bot-
tom plate using filter tips (see Note 22).

Measure the fluorescence emission of the supernatants using
the fluorimeter.

Calculate the specific lysis of the samples as follows:

(experimental release — spontancous release) 100

(maximum release — spontaneous release)

An example of calculated specific lysis rates is shown in Fig. 4a.

. Harvest the target cells (RESC endothelial derivatives) by

trypsin treatment (see Subheading 3.1.3).

. Wash once with PBS, centrifuge with 200x4 at 4 °C for

10 min.

Transfer 2 x 10° target cells into FACS tubes.

. Centrifuge samples at 200 x g for 10 min at 4 °C and aspirate

supernatant.

. Perform dilutions of the allo-specific serum and the syngeneic

control serum in PBS /2 % (v/v) FCS to gain appropriate dilu-
tions (e.g., 1:5, 1:10, 1:20, 1:40).

Add 40 pl of the serum dilution to the corresponding sample.
Include a negative control with PBS /2 % FCS without serum.

. Incubate for 30 min at room temperature.
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8.

9.

10.

11.

12.

13.

14.
15.

16.

Stop the incubation by addition of 0.5-1 ml PBS /2 % FCS to
each sample.

Centrifuge samples at 200 x4 for 10 min at 4 °C and aspirate
supernatant.

Add 25 pl rabbit complement diluted 1:2 in ice cold GVB** buf-
fer to each sample and incubate for 1 h at 37 °C (see Note 23).
Dilute 7-AAD in PBS /2 % FCS to reach a working concentra-
tion of 2.5 pg/ml.

Add 200 pl of the 7-AAD containing solution /tube and incu-
bate 15 min at room temperature in the dark.

Wash once with 1 ml PBS/2 % FCS. Centrifuge samples at
200 x4 for 10 min at 4 °C and aspirate supernatant.
Resuspend the cell pellet in 150-200 pl PBS /2 % FCS.
Perform flow cytometric analysis within the hour. Keep sam-
ples on ice until measurement.

Calculate relative lysis rates as the quotient of specific lysis;.
AAD+ cells with allo-specific serum/spontaneous lySiS7—AAD+cclls without serum-

An example result is shown for serum dilutions of 1:5-1:40 in
Fig. 4b.

4 Notes

. The batch of FCS used should be previously tested in cell cul-

tures. Inactivate the FCS at 56 °C for 30 min and store the
ECS in 50 ml aliquots at -20 °C.

. Prepare a 5 % (v/v) stock solution in PBS by carefully heating

to 55-60 °C on a hot plate in a fume hood to dissolve the PFA
and then cool to room temperature before dilution with PBS
for use.

. Prepare aliquots with a small volume (e.g., 20 pl) to avoid

repeated thawing and freezing. Prepare a working dilution of
20 pM by diluting 1:50 in PBS.

. Allo-specific serum could be generated by the classical skin

transplantation model between two rat strains with complete
MHC mismatches such as WKY to BDIX using methods
described elsewhere [9]. On the day of rejection, which
depends on the combination of rat strains used, and in the case
of WKY to BDIX occurs between days 10 and 12, blood from
the skin graft recipient was collected by heart puncture and
allowed to coagulate. Following storage for 24 h at 4 °C,
serum was collected, centrifuged at 400xg, and carefully
transferred to new tubes to avoid contamination by erythro-
cytes. Aliquots were prepared and then stored at -20 °C until
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10.

11.

12.

13.

14.

15.

their use within the allo-antibody/complement assay. Allo-
specificity was tested as described [10] by FACS analysis of
responder rat thymocytes.

. Baby rabbit complement should be preferentially used since

other sources of complement do not work as well.

Prepare the working dilution of 2.5 pM CFDA-SE by adding
0.5 pl/1 ml of cell suspension in PBS. Working within a clean
bench without the light on will reduce light damage to the
CEDA-SE.

Control the trypsinization process under the inverse micro-
scope. The cells become rounded as they detach and the flasks
can be shaken and gently hit against a hard surface to help
dislodge them for harvest.

. Use bigger tips to prevent bubbles. If they occur, you can try

to move them to the rim of the well with a 26 G* gauge
needle.

Each antibody has to be titrated to find the optimal staining
concentration for each cell type. For rat RESC derivatives and
aortic endothelial cells, final concentrations of 5-10 pg/ml
were commonly used.

If the stained FACS samples cannot be measured immediately,
the cells can be fixed with 1 % (w/v) PFA. Samples are centri-
fuged after the last washing step at 200 x g for 10 min at 4 °C
and the supernatants are aspirated. After careful resuspension
of the pellet using a vortex, 100-200 pl of 1 % (w/v) PEA is
added to each FACS tube and they are stored at 4 °C in the
dark until analysis.

For each cell type the optimal time point to take the samples
after stimulation has to be determined in a pre-experiment
containing various time points.

At this step, trypsinization should be performed as quickly as
possible.

To later determine the cell number of the adherent RESC
endothelial derivatives in the coculture assay, two or three
extra wells should be seeded. Before starting the coculture
with the CFDA-SE-labelled CD4* T cells these wells are
harvested and counted by trypan blue and the number of T
cells to achieve a 1:10 ratio can be calculated.

The lymph nodes should be pressed very carefully to avoid cell
damage.

To establish a positive control for the proliferation capacity of the
rat CD4* T cells, it is recommended to add a well with ConA-
stimulation (5 pg/ml) of the cells. When examining the prolif-
eration during FACS analysis in a histogram plot, typical peaks
for each division can be seen for the CFDA-SE-Channel (FL-1).
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1e6.

17.

18.

19.

20.

21.

22.

23.

During each round of cell division the fluorescence signal of
CFDA-SE is reduced by half, thus allowing the identification
of successive cell generations. The probes are gated first for
live cells (by forward and sideward scatter) and afterwards by
further gating on all CD4* T cells. CESE-staining is detected
for all live and CD4* T cells by standard filters (492 nm excita-
tion, 517 nm emission).

Use filter tips for this step to avoid contamination of your
pipette with calcein.

Cell loss of up to 20 % of the initial cell number can be expected
after finishing the calcein-labelling and subsequent washing
steps. Therefore, it is recommended to label extra cells.

Use transfer pipettes for the harvest of the lymphoblastic cells
and not normal pipette tips to avoid cell damage.

Count only the larger blast cells and not the smaller normal
lymphocytes.

To avoid evaporation of the medium from the experimental
wells, exterior wells of the 96-well plate should not be used as
experimental wells and instead filled with PBS or medium.

Use a small needle to destroy bubbles that may interfere with
the measuring process.

Each lot of complement should be tested before starting a key
experiment. Try to order an appropriate number of complement
vials to perform the complete series of experiments with the
same lot.
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Chapter 5

Interaction of ES Cell Derived Neural Progenitor
Cells with Natural Killer Cells and Cytotoxic T Cells

Casimir de Rham and Jean Villard

Abstract

Knowing that human embryonic stem cells (HESC) can be derived into several different cells types render
these cells very attractive to cure diseases. Unless these stem cells are originated from the patient itself, they
will be isolated from a donor, who is genetically unrelated to the recipient. This situation will mimic an
allogenic transplantation with an immune response against the transplanted cells. The immunogenicity of
the HESC and the potential of NK and T-cells to target HESC and the lineage derived from HESC have
to be addressed. Several different tests do exist to analyse NK cells and T-cells activity against HESC and
its progenitor cells. In this chapter review the capacity of NK and T cells against neural progenitor derived
from HESC, through a classical and a novel approach that combined the phenotype and also the function-
ality of the effector cells. In addition, we also demonstrate in the same test that we can determine the lysis
of the progenitor cells by flow cytometry.

Abbreviations

7-AAD  7-Aminoactinomycin

CFSE 5-Carboxyfluorescein diacetate succinimidyl ester
FACS Flow cytometry

HESC  Human embryonic stem cells

NK cells Natural killer cells

NPC Neuronal progenitor cells

1 Introduction

HESC are pluripotent stem cells, isolated from the inner cell mass
of'a human blastocyst [1]. Stem cells are cells found in a multicel-
lular organism, and what renders them so interesting, is their abil-
ity to renew themselves. They are able to develop into the three
primary germ layers: endoderm, mesoderm, and ectoderm [2].
Moreover, it is possible to derive these HESC into different pro-
genitor cells, which can be maturated into several different cells

Nicholas Zavazava (ed.), Embryonic Stem Cell Inmunobiology: Methods and Protocols, Methods in Molecular Biology, vol. 1029,
DOI 10.1007/978-1-62703-478-4_5, © Springer Science+Business Media New York 2013
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Fig. 1 Left side: Picture of NPC after 3 weeks of derivation from HESC. Right side: Picture of neurons after
2 weeks of derivation from NPC. From ref. 8

types (Fig. 1). The main goal of HESC is the transplantation of
their progenitor cells to cure illness, or to reconstitute failing
organs. Transplantation of NPC in the central nervous system can
cure spinal cord injury, as shown in animal model [3]. But as the
NPC will be originated from an individual, who is genetically
unrelated to the receiver, a major problem arises. The host could
react to the transplanted NPC and launch an immune response, in
which NK and T-cells will be the main actors [4]. NK cells are part
of the innate immune system and use a wide variety of inhibitory
and activating receptors to regulate its activity [5]. NK cells do
not need a maturation process to become effective as T-cells. They
are able to kill cells, which express low or no self- MHC-I [6]. To
determine T or NK cells activity, several experiments can be done.
The chromium release assay is a usual test to determine the capac-
ity of the effector cells to kill target cells. It is a simple test but
with several inconvenient. This test uses a radioactive product,
51Chromium, which means several precautions must be taken. On
the other hand, nothing is known about the effector cells pheno-
type and functionality during this test. That is why a new test,
using the flow cytometry, was set up. In one test, the phenotype
and the functionality (cytotoxic assay, CD107a expression and
IFN-y secretion) of the effector cells can be analyzed [7, 8].
Briefly, target cells are stained with CESE; this allows distinguish-
ing them from the effector cells. After the cytotoxic assay, all the
cells are harvest and 7-AAD is added just before the FACS analy-
sis. 7-AAD is a staining for dead cells, this means that the double
positive CESE*/7-AAD* population represent the target cells
killed by the effector cells. So, on one side, target cells can be ana-
lyzed by gating on the CESE*/7-AAD* population, and on the
other side, by gating on the effector cells, their phenotype and
functionality can be studied.
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2 Materials

2.1 Cells Isolation

2.2 CGells Culture

. Buffy Coat from a healthy donor, provided by the Blood Bank

of the University Hospital Geneva (Geneva, Switzerland).

. Ficoll-Paque™ Plus was from Amersham Biosciences (Uppsala,

Sweden), stored at 4 °C.

. Phosphate-buffered saline (PBS) by Gibco, Invitrogen (San

Diego, CA, USA), stored at 4 °C.

. Trypan Blue provided by Gibco, Invitrogen (San Diego, CA,

USA), stored at room temperature.

. Counting chamber (hemocytometer).

6. Human NK isolation KIT from Miltenyi Biotec (Bergisch

10.

Gladbach, Germany), stored at 4 °C.

. Purified human anti-CD4 and purified human anti-CD14 are

from Dako, Denmark. Purified human anti-CD19 and purified
human anti-CD16 are from BD Biosciences, CA, USA. All
stored at 4 °C.

. Dynabeads® Pan Mouse IgG and magnet from Invitrogen

(Oslo, Norway), stored at 4 °C.

. RPMI-1640 medium, from Gibco, Invitrogen (San Diego,

CA, USA), stored at 4 °C.

. Penicillin /streptomycin from Gibco, Invitrogen (San Diego,

CA, USA), stored at -18 °C.

. L-Glutamine from Gibco, Invitrogen (San Diego, CA, USA),

stored at =18 °C.

. Sodium pyruvate, Invitrogen (San Diego, CA, USA), stored at

4 °C.

. Nonessential amino acids, Invitrogen (San Diego, CA, USA),

stored at 4 °C.

. p-Mercaptoethanol from Sigma Chemicals (St. Louis, MO,

USA), stored at room temperature. Toxic product. Use stan-
dard laboratory procedures with toxic products.

. Human serum provided by the Blood Bank of the University

Hospital Geneva (Geneva, Switzerland), stored at -18 °C.

. Fetal Calf Serum (FCS) from Sigma Chemicals (St. Louis,

MO, USA), stored at -18 °C.

. Stericup® 0.22 pm GP Millipore Express® PLUS membrane,

by Millipore, MA, USA.

Human recombinant rhIL-15 provided by R&D System
(Minneapolis, MN, USA). Stored at -80 °C in 10 pg/ml
aliquots.
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2.3 CFSE Staining

2.4 Functionality
Assay

2.4.1 Chromium Release
Assay (See Note 1)

2.4.2 (CD107 Expression

2.4.3 IFN-y Secretion

2.5 Flow Cytometry
Analysis

11.

Human recombinant rhlIl.-2 provided by Biogen Inc.
(Cambridge, MA, USA). Stored at -80 °C in 10 pg/ml
aliquots.

. 5-Carboxyfluorescein Diacetate Succinimidyl Ester (CESE)

from Molecular Probe, Inc. (Portland, OR, USA). Stored at
-18 °C, stock at 5 mM. Light sensitive.

. Phosphate-buffered saline (PBS) by Gibco, Invitrogen (San

Diego, CA, USA), stores at 4 °C.

. Fetal Calf Serum (FCS) from Sigma Chemicals (St. Louis,

MO, USA) stored at 4 °C.

. Trypsin/EDTA from Gibco, Invitrogen (San Diego, CA, USA),

stored at =18 °C.

. Radioactive Sodium Chromate Na,*'CrO, from Hartmann

Analytics (Braunschweig, Germany) stored at 4 °C.

. Phosphate-buffered saline (PBS) by Gibco, Invitrogen (San

Diego, CA, USA), stores at 4 °C.

. Triton X-100 from Sigma Chemicals (St. Louis, MO, USA)

stored at room temperature. Irritant product. Use standard
laboratory procedures with toxic products.

4. Macrowell™ tube strings by Skatron (Norway).

. Radioactive y-counter, PerkinElmer™ (MA, USA).

. PE-conjugated human anti-CD107a from BD Biosciences

(CA, USA), stored at 4 °C.

. Monensin from Sigma Chemicals (St. Louis, MO, USA), stock

at 2 mM Store at —18 °C. Toxic product. Use standard labora-
tory procedures with toxic products.

. Human IFN-y secretion assay detection kit (APC) from

Miltenyi Biotec (Bergisch Gladbach, Germany), stored at 4 °C.

. Phosphate-buffered saline (PBS) by Gibco, Invitrogen (San

Diego, CA, USA), stored at 4 °C.

. FACS bufter (PBS with 2 % FCS), stored at 4 °C.
. PeCy7-conjugated human anti-CD56 from BD Biosciences

(CA, USA), stored at 4 °C.

. 7-Aminoactinomycin (7-AAD) from Sigma-Aldrich, Germany,

stored at 4 °C, 1 mg/ml aliquots. Toxic product. Use standard
laboratory procedures with toxic products.

. 5 ml Polystyrene round-bottom tube from BD Biosciences

(CA, USA).

. FACS Aria from BD Biosciences (CA, USA).
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3 Methods

3.1 Time Gourse

3.2 Cell Media

3.3 Lymphocytes
Isolation

3.4 NK Cells
Isolation

Day 0: Isolation of lymphocyte.

Isolation and culture of NK cells.
Isolation and culture of CD8* cells.

Day 6: CEFSE staining.
Day 7: Cytotoxic assay, cells staining, and FACS analysis.

In a 500 ml RPMI-1640 medium bottle, add:

1 % penicillin/streptomycin.

1 % r-glutamine.

1 % sodium pyruvate.

1 % nonessential amino acids.

2 pl p-mercaptoethanol.

Add for:

T-cells culture: 10 % FCS.

NK cells culture: 10 % Human serum (see Note 2).

Filter the solution with a Stericup® 0.22 pm GP Millipore
Express® PLUSmembrane.

. Collect the blood from the bufty coat (60 ml) in a flask and

add 60 ml of PBS.

2. Prepare four tubes (50 ml) and add 15 ml of ficoll.
. Carefully pour the blood on the ficoll and centrifuge for 20 min

at 540xg, without the brake.

. Collect the white ring, which contain the lymphocytes, and

pour them in a new tube (50 ml), complete to 50 ml with PBS.
Centrifuge for 10 min at 135xg, with the brake.

. Discard the supernatant, resuspend the pellet with PBS, and

complete to 50 ml with PBS. Centrifuge for 15 min at 85xg,
without the brake in order to discard the platelets.

. Discard the supernatant and resuspend the pellet with 10 ml

NK cells culture media.

. Count the cells.

. In a tube (15 ml) harvest 200 mio lymphocytes and complete

with PBS.

2. Wash the cells for 10 min, 135xg.

. Discard the supernatant.
4. Follow the human NK isolation KIT (from Miltenyi Biotec)

protocol in order to isolate the NK cells.
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3.5 T-cells (CD8*)
Isolation

3.6 CFSE Staining

5.
. Count the cells.
. Place the NK cells, between 500,000 and 1 mio/ml, in a 24
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Wash the cells for 10 min, 135x4.

wells plate.

. Add IL-15 at a final concentration of 25 ng/ml.

. In a tube (15 ml) harvest 50 mio lymphocytes and complete

with PBS.

. Wash the cells for 10 min, 135xg.

. Discard the supernatant.

. Resuspend the lymphocytes in 500 pul of PBS.

. Add 40 pl of CD4, CD14 and CD19, and 16 pul of CD16.

. Incubate for 30 min on a agitator at 4 °C.

. Complete with PBS and wash the cells for 10 min, 1,200 rpm.
. Discard the supernatant.

. Resuspend the lymphocytes in 4,687 pl of PBS.

. Add 312 pl of Pan mouse IgG.

. Incubate for 30 min on an agitator at 4 °C.

. Mix well and place the tube in the magnet for 1 min.

. Discard gently the supernatant, which contain the CD8* cells.
. Complete with PBS and centrifuge for 10 min, 135xg.

. Count the cells.

. Place the CD8~ cells, between 500,000 and 1 mio/ml, in a 24

wells plate.

. Add IL-2 at a final concentration of 25 ng/ml.

. Harvest the NPC.
. Complete with PBS and centrifuge for 10 min at 300xg (see

Note 3).

. Discard the supernatant and resuspend the pellet in 2 ml of

PBS.

4. Count the NPC.

10

. Put 200,000 NPC in a 24 well with NK cells media. This will be

the CFSEneg control, add 10 % of human serum (se¢ Note 4).

. Add 1 mio NPC in a tube (50 ml) and complete to 15 ml.
. In a second tube (50 ml) add 15 ml PBS and 6 pl of CESE

(Stock: 0.5 mM).

. Mix gently the CFSE solution with the NPC solution.

. Incubate on an agitator for 15 min at 37 °C.

. Block the reaction with 3 ml FCS.
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3.7 Cytotoxic Assay
with Flow Cytometry

3.8 °'Chromium
Staining

3.9 Cytotoxic Assay
with ' Chromium

Fig.

2 Spontaneous lysis of NPC. The double positive CFSE*/7-AAD* population

represent the spontaneous dead NPC

11.
12.
13.

[ SO ST NS R
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Wash three times 10 min, 135xg, with PBS.
Count the NPC.

Put the NPC stained with CFSE in a flask with NK cells media
and add 10 % human serum at 37 °C (se¢ Note 5).

. Harvest and count the effector cells (NK or CD8* cells).

. Harvest and count the target cells (NPC stained with CFSE).
. Adjust the concentration of all cells at 50,000 cells /100 pl.

. Put 50,000 target cells alone in a 96 wells plate U bottom.

This will be the spontaneous lysis control (se¢ Note 6) (Fig. 2).

. Mix together 50,000 effector cells and 50,000 target cells in a

96 wells plate U bottom.

. Incubate at 37 °C in a 5 % CO, humidified incubator.
. After 1 h, add the PE-conjugated human anti-CD107a (3.5 pl),

and monensin (3.5 pl from the 2 mM stock) [7].

. Incubate the cells for 3 h more at 37 °C in a 5 % CO, humidi-

fied incubator.

. Collect the cells and put them in a 96 well plate, V-bottom, for

the IFN-y secretion assay kit and for the FACS staining (Fig. 3).

. Incubate the NPC 1 h with Na,*'CrO, at 37 °C.

. Wash three times with PBS, in order to remove the *! Chromium.
. Control the level of y-ray with the y-ray counter (se¢ Note 7).
. Count the cells.

. In 12 wells of'a 96 wells plate, U-bottom, put 10,000,100 pl

target cells (NPC with 5!Chromium). Add 100 pl of media
culture in the first six wells, and 100 pl of media culture with
10 % of triton-X100 in the last six wells (se¢ Note 8).

. In a 96 wells plate, U-bottom, mix 10,000,100 pl effector cells

(NKcells)and 10,000,/100 pl target cells (NPC with ! Chromium).
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Fig. 3 Cytotoxic assay by FACS analysis. NK cells are gated and excluded from the analysis (upper panel), the
double positive CFSE*/7-AAD+ NPC population represent NPC lysed by the NK cells. When the NK cells are
gated on the living cells (lower panel), the expression of CD107a and the secretion of IFN-y can be analyzed

3.10 IFN-y Secretion
Assay and FACS
Staining

. Incubate for 4 h at 37 °C, in CO, humidified incubator.
. Collect 100 ml of all the supernatant and put it in a Macrowell™

tube strings.

. Put the Macrowell™ tube strings in a radioactive y-counter.

6. The percentage of lysis can be calculated (see Note 9) (Fig. 4).

N O\ U N

. Follow the Human IFN-y secretion assay detection kit (APC)

(from Miltenyi Biotec), protocol in order to detect IFN-y
secretion (see Note 10).

. Wash the cells for 5 min at 1,200 rpm.

. Discard the supernatant and add 25 pl of FACS bufter.

. Stain the cells with PeCy7-conjugated human anti-CD56.
. Incubate for 10 min on ice.

. Wash the cells for 5 min at 1,200 rpm.

. Prepare the FACS tube with 300 pl of FACS buffer.
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Fig. 4 5'Cr release assay with NK cells stimulated or not with IL-15 as effector
cells and NPC treated or not with IFN-y as target cells. From ref. 8

8.

9.

10.

Discard the supernatant, add 200 pl of FACS buffer, and put
the cells in the FACS tube.

Add 3 pl of 7-AAD (Stock: 1 mg/ml) per tube and mix well
(see Note 11).

FACS analysis.

4 Notes

. The chromium release assay is a test using radioactive sodium

chromate Na,*’CrOy. 3'Chromium produces y-ray with a half-
live of 27.7 days. All the procedures concerning working with
radioactive products must be taken such as gloves, eyes protec-
tion and lab coat. Besides that, a special bench, designed for
working with radioactive products, must be defined. This place
will have a shield made of lead bricks, a y-ray counter, and a waste
for radioactive products. All the materials (pipettes, tips, PBS,
etc.) used at this place must not be used elsewhere. All experi-
ments containing *!Cr must be done behind the lead shield.

. It was observed that NK cells proliferate much better in pres-

ence of human serum comparing with FCS. Moreover, in pres-
ence of FCS, the mortality of NK cells increase.

. As NPC are lighter than NK or T-cells, it is necessary to centri-

fuge them at a higher speed. This does not affect the NPC.

. Once the number of NPC per milliliter in known, the great

majority of them will be used for the CESE staining. But a
small number of the NPC need to be cultured in NK cells
media as CFSE negative control for the FACS.
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5. The CESE stained or not NPC will stay overnight at 37 °C in
a 5 % CO, humidified incubator. The next day, the supernatant
is removing in order to get rid of the dead cells. The NPC are
trypsinized and counted, the great majority will be used for the
cytotoxic assay. A small number of the NPC need to be cul-
tured in NK cells media as CESE positive control for the FACS.

6. The spontaneous lysis will represent the lysis of the NPC with-
out the presence of NK cells.

7. When the pellet, which has incorporated *!Cr, shows 5 cps at
the y-ray counter, it can be used for the experiment. If this is
not the case, one or two more centrifugations must be done.

8. In the first six wells the NPC with > Chromium will represent the
spontaneous lysis. In the last six wells, due to the presence of tri-
ton X-100, which is a powerful detergent, the NPC will be totally
lysed and all the 5!Chromium will be released in the supernatant.
This will represent the maximal lysis. In the wells were NPC and
NK cells are mixed, the NPC will released the **Chromium in the
supernatant only if they are killed by the NK cells.

9. By using this formula:

[ nb of CPM - spontaneous lysis ] 100

maximal lysis — spontaneous lysis

It will give the percentage of NPC, which are killed by the
effector cells.

10. With this assay, we analyzed the cytotoxic assay by FACS. As
FL-1 is used by the CFSE, FL-2 by CD107a PE, FL-3 by
7-AAD, the last empty channel will be the FL-4. That is why
we used the IFN-y secretion assay with an APC labeling.

11. The NPC stained with or without CFSE must be divided in two
tubes. In each one of them the 7-AAD is added. This will allow
having the four possible controls for the FACS. NPC with or
without 7-AAD, and CFSE stained NPC with or without 7-AAD.
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Chapter 6

Strategies to Generate Induced Pluripotent Stem Cells

Michael Hayes and Nicholas Zavazava

Abstract

The isolation of embryonic stem cells (ESCs) has furthered our understanding of normal embryonic
development and fueled the progression of stem cell derived therapies. However, the generation of ESCs
requires the destruction of an embryo, making the use of these cells ethically controversial. In 2006 the
Yamanaka group overcame this ethical controversy when they described a protocol whereby somatic cells
could be dedifferentiated into a pluripotent state following the transduction of a four transcription factor
cocktail. Following this initial study numerous groups have described protocols to generate induced plu-
ripotent stem cells (iPSCs). These protocols have simplified the reprogramming strategy by employing
polycistronic reprogramming cassettes and flanking such polycistronic cassettes with loxP or piggyBac
recognition sequences. Thus, these strategies allow for excision of the entire transgene cassette, limiting
the potential for the integration of exogenous transgenes to have detrimental effect. Others have prevented
the potentially deleterious effects of integrative reprogramming strategies by using non-integrating adeno-
viral vectors, traditional recombinant DNA transfection, transfection of minicircle DNA, or transfection of
episomally maintained EBNA1 /OriP plasmids. Interestingly, transfection of mRNA or miRNA has also
been shown to be capable of reprogramming cells, and multiple groups have developed protocols using
cell penetrating peptide tagged reprogramming factors to de-differentiate somatic cells in the absence of
exogenous nucleic acid. Despite the numerous different reprogramming strategies that have been devel-
oped, the reprogramming process remains extremely inefficient. To overcome this inefficiency multiple
groups have successfully used small molecules such as valproic acid, sodium butyrate, PD0325901, and
others to generate iPSCs.

The fast paced field of cellular reprogramming has recently produced protocols to generate iPSCs
using non integrative techniques with an ever improving efficiency. These recent developments have
brought us one step closer to developing a safe and efficient method to reprogram cells for clinical use.
However, a lot of work is still needed before iPSCs can be implemented in a clinical setting.

Key words Polycistronic casettes, piggyBac, Somatic cell nuclear transfer, cre/loxP

1 Introduction

The isolation of murine embryonic stem cells (ESCs) in 1981 and
the subsequent isolation of human ESCs in 1998 has increased our
understanding of normal embryonic development and opened the
door for the development of stem cell derived treatments to debili-
tating diseases such as Type 1 diabetes and Parkinson’s disease [1, 2].
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However, the isolation of ESC requires the use of embryos, which
is an ethically controversial approach. Therefore, new methods were
needed to produce pluripotent stem cells without destroying
embryos. This realization promoted the development of approaches
involving the reprogramming of somatic cells. Although the field of
cellular reprogramming is still in its infancy, the first successtul
reprogramming experiments took place nearly 60 years ago. The
goal of these experiments, in which somatic cell nuclei from various
amphibian species were transferred into enucleated eggs or zygotes,
was not to reprogram cells but to determine if somatic cells pos-
sessed the full genetic complement of embryonic cells, as it had
been previously hypothesized that as cells differentiated they would
lose genetic material that was no longer needed. These first somatic
cell nuclear transfer (SCNT) experiments were successful in demon-
strating a somatic cell possesses a full genome and opened the door
to the reprogramming of somatic cells to a pluripotent state [ 3].

Although it played a crucial role in our understanding of plu-
ripotency and remains one of the most efficient methods available
to reprogram somatic cells, SCNT is not an ideal strategy for pro-
ducing pluripotent cells because it requires the use of an unfertil-
ized egg (reviewed in Gurdon and Wilmut [4] and Gurdon et al.
[5]). The isolation and manipulation of unfertilized eggs is com-
monly practiced in the setting of in vitro fertilization, but the scar-
city of eggs in the research setting prohibits large scale use of
SCNT. Thus, new technology is needed for the ethical and efficient
generation of pluripotent stem cells.

In 2006 the Yamanaka group published a pioneering study in
which they described reprogramming mouse cells with a defined
cocktail of four transcription factors [6]. Soon after, both the
Yamanaka and Thomson groups published studies describing the
generation of human induced pluripotent cells (iPSCs) using a four
transcription factor cocktail consisting of Oct4 (O), Sox2 (S), Klf4
(K), and cMyc (M) or Oct4, Sox2, Nanog (N), and Lin28 (L),
respectively [7, 8]. The iPSCs generated by these methods have
been demonstrated to be very similar to ESC (in morphology, plu-
ripotency, mRNA profile, and protein expression) and many believe
iPSCs will one day replace ESC as the pluripotent cell of choice for
the development of clinical therapies.

Unlike ESCs, iPSCs generated using the retroviral transduc-
tion protocols described by the Yamanaka or Thomson groups
contain transgenes that are known oncogenes (e.g., cMyc) [9].
These transgenes have been introduced via retroviral transduction
and contain multiple viral integrations, thus introducing the pos-
sibility for dysregulation of tumor suppressors or proto-oncogenes
[6, 10]. The integration of these oncogenic transgenes makes
traditional iPSCs poor candidates for clinical use. For this reason,
numerous groups have developed new methods to produce
integration-free iPSCs. The reprogramming process is time
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Fig. 1 Retroviral transduction. (a) The traditional approach to reprogram somatic
cells with retroviral vectors involves the use of a cocktail of retroviruses each
expressing a single reprogramming factor. Following viral transduction and
transgene integration/expression somatic cells will dedifferentiate into iPSCs.
iPSCs produced by this traditional multivector retroviral transduction contain
multiple transgene integrations, potentially promoting neoplastic changes.
(b) The development of polycistronic reprogramming vectors, where a single
expression cassette contains multiple reprogramming factors linked by 2A
sequences, reduced the number of viral integrations required to reprogram cells
and thus decreased the risks associated with multiple transgene integrations

consuming, with traditional methods requiring 21-28 days.
Further, the whole process is highly inefficient, as only 0.002 % of
cells are successfully reprogrammed [6]. This review describes tra-
ditional reprogramming methods and those designed to decrease
the introduction of exogenous genetic material and increase
reprogramming efficiency.

2 Integrating Vectors

2.1 Retroviral
Transduction

The first experiments to describe the generation of pluripotent
stem cells without the need to sacrifice eggs or embryos employed
retroviral transduction to deliver reprogramming factors [6-8].
Surprisingly only a four transcription factor cocktail is necessary to
reprogram somatic cells. The efficiency of four factor reprogram-
ming is low and has been shown to be improved with the inclusion
of other factors such as Glis1, SV40LT, RARa, and LRH-1[11-13].
Multiple retroviral vectors were originally needed to deliver the
reprogramming cocktail (Fig. 1a). Now a single vector, employing
picornaviral 2A sequences can deliver all of the reprogramming
vectors using a single virus (Fig. 1b) [14]. This allows for fewer
integrations and therefore reduces the likelihood of disturbing
cellular homeostasis.
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Fig. 2 Excisable reprogramming cassettes. Reprogramming using polycistronic retroviral transduction was
further improved by flanking the reprogramming factor expression cassette with loxP sites. This floxed cas-
sette can then be removed via transient expression of Cre recombinase. However, Cre mediated transgene
excision is not ideal, as a single loxP site is left behind following transgene removal. The Woltjen group
developed an alternative protocol, where piggyBac transposase is used to both integrate and seamlessly
remove a polycistronic reprogramming cassette. The piggyBac protocol is advantageous in that the entire
reprogramming cassette is removed without leaving a footprint, virtually eliminating the possibility of integra-
tion dependent alterations in gene expression

2.2 Excisable
Reprogramming
Cassettes

As described above, the initial reprogramming experiments
used retroviral transduction to deliver reprogramming factors.
Random integration of the reprogramming cassette can result in
dysregulation of proto-oncogenes or aberrant expression of
mutated protein sequences. Additionally, integrated transgenes
may not be completely silenced, resulting in difficulty differentiat-
ing reprogrammed cells or an increased risk of developing neopla-
sia. These hurdles must be overcome before cells or tissues derived
from reprogrammed somatic cells can be developed for clinical use.
Therefore, an ideal integrative system would allow for the removal
of transgenes post reprogramming.

The first methods used to excise integrated reprogramming cas-
settes take advantage of the Cre/LoxP system in the context of
lentiviral transduction and integrative linear DNA transfection.
Specifically, the integrated reprogramming cassette is flanked by
loxP recombination sequences such that Cre expression in repro-
grammed cells will excise the transgene cassette (Fig. 2) [14, 15].
Although these methods will successfully remove the reprogram-
ming factors, excision using Cre/loxP leaves a single loxP site
behind potentially disrupting endogenous protein expression.
More recently the Woltjen group has developed a system employ-
ing the piggyBac transposase. Like Cre/loxP the piggyBac system
effectively excises transgene sequences flanked by the piggyBac
recognition sequences [15, 16]. However, unlike Cre/loxP and
other transposases transposon excision utilizing piggyBac is clean
because no exogenous DNA footprint is left behind.

The piggyBac system uses the piggyBac transposase to both
introduce and remove a polycistronic reprogramming cassette. It is
advantageous in that the reprogramming transgenes can be
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successfully removed without leaving a trace. However, reprogram-
ming with piggyBac vectors requires an extra step to remove inte-
grated transgenes, and extensive screening of iPSC colonies must
be performed to ensure they are integration free. Even the most
sensitive screening techniques may miss small single or oligomeric
nucleic acid changes at excised integration sites [16]. Therefore the
field has developed non-integrative methods to reprogram cells.

3 Non-integrating Vectors

3.1 Adenoviral
Vectors

The goal of developing iPSC-derived therapies has driven multiple
groups to develop methods of generating iPSCs free of viral or
transgene integrations as the integrations themselves and aberrant
transgene expression are thought to be associated with an increased
tumorigenicity [9]. Non-integrating reprogramming protocols are
advantageous in that a transgene is never incorporated into a start-
ing cell’s genome, thus eliminating the risks associated with inte-
grative approaches. These methods are diverse and each strategy
has its own advantages and disadvantages. Although these tech-
niques are attractive, they are also typically more tedious and can
be less efficient than traditional integrative approaches.

One of the first non-integrative approaches to produce both mouse
and human iPSCs used adenoviruses encoding the Yamanaka
reprogramming factors. Compared to their retroviral cousins,
adenoviruses are non-integrating and therefore have a decreased
risk of integration dependent alterations in cellular homeostasis.

Similar to retroviral-mediated reprogramming, adenoviral
reprogramming requires transduction of a susceptible cell type
with the four reprogramming factors Oct4, Sox2, Klf4, and cMyc
(OSKM). Transduction of adenoviral encoded reprogramming
factors will result in transient expression of these reprogramming
factors, which is sufficient for dedifferentiation of somatic cells.
Similar to piggyBac mediated reprogramming, characterization of
adenoviral iPSCs will require screening (via Southern blot and
PCR) to ensure clones are indeed transgene free [17, 18]. This is
because adenoviruses are DNA viruses and therefore undergo inte-
gration events at a low frequency.

The attractiveness in adenoviral mediated reprogramming lies
in the production of integration free iPSCs; however, the repro-
gramming efficiency is a dismal 0.0001-0.001 %. These experi-
ments were completed in the absence of small molecules. Similar to
retroviral reprogramming, adenoviral reprogramming efficiency
may benefit from incorporation of one or more of the myriad small
molecules available [17, 18].
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Fig. 3 Traditional DNA transfection. Transient transfection of recombinant DNA is
a nonviral and non-integrating approach to reprogram somatic cells. This proto-
col, developed by Okita et al. requires multiple rounds of transfection owing to
the short-lived nature of non-integrated DNA. Similar to other approaches, iPSCs
generated using transiently transfected DNA will require intense screening to
ensure no exogenous DNA sequences have become integrated

Another early integration free technique to generate iPSCs is
the direct transfection of recombinant DNA, which is a virus
free approach. Unlike the piggyBac and viral approaches described
above, where a single treatment is sufficient for reprogramming,
the transient nature of traditional DNA transfection necessitates
multiple transfections to maintain the high protein expression nec-
essary for reprogramming to occur (Fig. 3) [19, 20].

Similar to adenoviral transduction, transfection of recombi-
nant DNA introduces the possibility of low frequency integration.
PCR and Southern blot screening must be performed to ensure
iPSC colonies are free of exogenous DNA. Unlike the adenoviral
reprogramming methods, where no integration events were
detected via PCR or Southern blot, multiple clones generated
using this approach contained plasmid DNA sequences [19]. This
relatively high rate of integration is concerning because that plas-
mid segments small enough to be below the limits of detection
may be present in these iPSCs.

Reprogramming mouse embryonic fibroblasts using the tradi-
tional DNA transfection of four reprogramming factors is ~100-
1,000-fold less efficient than traditional retroviral approaches.
Similar to adenoviral mediated reprogramming, the incorporation
of small molecules may increase the efficiency or decrease the num-
ber of transfections required to reprogram cells (also decreasing
the probability of plasmid integration) [19].

The ease and availability of reagents for transient DNA trans-
fection make this an attractive approach. However, the low repro-
gramming efficiency coupled with the requirement of multiple
transfections and the relatively high rate of transgene integration
make transient DNA transfection less than ideal. One way to
improve upon this approach would be to increase the half-life of
the transfected transgenes thereby removing the need for multiple
transfections.
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Fig. 4 EBNA1/0riP DNA. EBNA1 and OriP work together to ensure extrachromosomal replication and passage
of OriP containing episomal vectors. Reprogramming vectors contain a selectable marker (e.g., drug resis-
tance) such that episomes will be maintained when transfected cells are placed under selection. Upon removal
of selection the reprogramming vectors are spontaneously lost, resulting in transgene free iPSCs

3.3 EBNA1/0riP DNA

3.4 Minicirle DNA

Using a single DNA transfection the Thomson group was able to
reprogram human fibroblasts utilizing the well characterized
OriP/EBNAI1 (Epstein—Barr nuclear antigen 1) system [21].
The Orip/EBNALI system is derived from the Epstein—Barr virus
and enables episomal vectors to be maintained indefinitely under
drug selection. This is accomplished by incorporation of the
cis-acting OriP element into a reprogramming vector containing
a selectable marker and an EBNA1 expression cassette.

EBNAI and OriP work together to ensure extrachromosomal
replication and passage of the OriP containing episomal vectors
(reviewed in Conese et al. [22]). Once selection is removed the
episomal vectors are lost due to defects in replication and passage.
Thus, transgene free iPSCs can easily be generated via single trans-
fection of OriP/EBNAI containing reprogramming vectors in
selective media, with removal of reprogramming vectors following
removal of drug selection (Fig. 4).

Reprogramming of human newborn fibroblasts with OriP/
EBNALI containing vectors, using a traditional four factor approach,
is low at <0.01 %. However, OriP/EBNAI mediated reprogram-
ming efficiency can be increased by incorporating more reprogram-
ming factors (e.g., SV40LT antigen) or by using a cell type that is
more amenable to reprogramming such as cord blood and bone
marrow derived mononuclear cells [21, 23]. EBNAI expression may
increase the immunogenicity of transfected cells but this has yet to be
demonstrated in OriP /EBNAI derived iPSCs and their derivatives.

Minicircle DNA exists as small supercoiled DNA episomes consisting
almost entirely of a eukaryotic protein expression cassette. Similar
to the traditional DNA transfection and OriP/EBNAI protocols
described above, transfection of minicircle DNA can also be used
to reprogram somatic cells [24]. The minimalistic nature of
minicircle DNA (e.g., their lack of bacterial genes and prokaryotic
origin of replication) results in decreased transcriptional silencing
of prokaryotic sequences, culminating in an increased vector half-
life and increased protein expression in eukaryotic cells.
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Fig. 5 Minicircle DNA. The transient nature of transgene expression following the
transfection of traditional recombinant DNA construct can be partially attributed
to the inclusion of prokaryotic sequences within these constructs. Minicircle DNA
technology removes these prokaryotic sequences, thus increasing vector half-
life necessitating only a single transfection. These vectors, which persist as epi-
somes, are spontaneously lost resulting in the production of transgene free iPSCs

Jia et al. were able to successfully reprogram human adipose
stromal cells (hASC, a cell type with endogenously high levels of Kif4
and cMyc) utilizing nulceofection followed by serial transfections of
a single minicircle DNA vector carrying a polycistronic reprogram-
ming cassette containing Oct4, Sox2, Lin28, Nanog, and GFP.
14-16 days after the initial transfection ESC like colonies began to
form with a reprogramming efficiency of ~0.005 % (Fig. 5). Human
newborn fibroblasts (HNF) were also reported to be reprogrammed
to Tra-1-81+iPSC, but these iPSCs were not fully characterized [24].

Although minicircle mediated reprogramming holds promise
for the easy production of transgene free iPSCs, there are multiple
caveats to consider when using this approach. The production of
minicircle DNA, as described, requires multiple culture conditions
and special bacterial strains. Jia et al.’s protocol required multiple
transfections and flow cytometric enrichment of transfected cells.
Furthermore, all minicircle derived iPSC clones must be exten-
sively screened to ensure exogenous DNA sequences have not
been introduced. Further advances in minicircle technology, such
as reprogramming with a greater number of factors or incorpora-
tion of small molecules into the protocol, may increase the effi-
ciency and allow more cell types (e.g., adult human dermal
fibroblasts) to be reprogrammed using these vectors.

4 Non-DNA Reprogramming

4.1 Modified mRNA

One non-integrative, non-DNA method used to successfully repro-
gram somatic cells moves down the central dogma of molecular
biology and employs modified mRNA to express four reprogram-
ming factors, therefore bypassing the need for DNA and avoiding
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Fig. 6 Modified mRNA. Similar to transgene expression following transfection of
recombinant DNA, transgenes can be expressed following the transfection of in
vitro transcribed synthetic mRNA. The short half-life of mRNA once again neces-
sitates serial transfections; however, the iPSCs produced by this protocol are
transgene free and do not require extensive screening to ensure no exogenous
DNA has become integrated

the dangers associated with DNA integration [25]. This method
uses in vitro transcription (IVT) reactions utilizing PCR amplified
templates encoding the four Yamanaka reprogramming factors
(Oct4, Sox2, Klf4, and cMyc) with or without the addition of Lin28.
To decrease the immunogenicity of transfected ssRNA (mediated by
RIG-I, PKR, TLR7, and TLRS8) the IVT reactions were carried out
in the presence of unmodified and modified ribonucleotides
(5-methylcytidine and pseudouridine) and an anti-reverse di-guano-
sine cap analog. The IVT reaction products were then DNAse
treated to remove template DNA and phosphatase treated to remove
5’ triphosphates from residual uncapped synthetic mRNA. The pro-
tein expression from these highly stable synthetically produced
mRNA’s reached its peak within 12 h of transfection and signifi-
cantly decreased thereafter. Therefore, for the continuous high pro-
tein expression required for reprogramming daily mRNA transfection
is required for up to 18 days (Fig. 6) [25].

The efficiency of synthetic mRNA reprogramming ranges from
0.6 to 4.4 %. The highest efficiency of reprogramming was obtained
using transfection of all five factors (OSKMUL) in hypoxic (5 % O,)
culture conditions. mRNA reprogramming efficiency was com-
pared to traditional retroviral reprogramming and was found to be
increased 0.04 % versus 1.4 %, respectively, and proceed with faster
kinetics (ES like colonies appeared in 13-15 days vs. 25-29 days
respectively) [25].

Reprogramming of human cells with modified synthetic
mRNAs is an efficient process that results in transgene free iPSCs,
but it is not without its pitfalls. Specifically, mRNA mediated repro-
gramming is a complex process requiring multiple steps (mRNA
production, purification, transfection, etc.), numerous quality con-
trol measures and daily mRNA transfections to maintain high pro-
tein expression. Additionally, mRNA reprogramming may not
benefit from the addition of small molecules as much as traditional
viral reprogramming, as demonstrated by limited increases in effi-
ciency when valproic acid (VPA) was included in reprogramming
experiments [25].
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Fig. 7 Micro RNAs. Similar to transfected mRNAs, transfected miRNAs are also
capable of reprogramming somatic cells. The protocol described by Miyoshi et al.
requires four serial transfections of miRNAs to reprogram somatic cells. Again
similar to mRNA reprogrammed cells miRNA reprogrammed iPSCs are transgene
free and do not require extensive screening to ensure no exogenous DNA has
become integrated

For years it has been known that microRNAs (miRNA), small non-
coding RNAs that are thought to fine tune protein expression via
binding with the 3'UTR of mRNA, play a role in maintaining pluri-
potency. It has also been shown that incorporation of miRNAs into
traditional reprogramming strategies results in an increased repro-
gramming efficiency. The true impact that miRNAs can have on
reprogramming was demonstrated in 2011 when Miyoshi et al. [26]
generated iPSCs from mouse and human somatic cells using only
miRNAs. Although previous studies had successtully reprogrammed
mouse and human somatic cells using miRNA these miRNAs were
expressed from integrated viral vectors [27]. miRNA mediated
reprogramming was accomplished via transfection of a cocktail of
three mature miRNAs: miR-200¢, miR-302s, and miR-369s. This
miRNA cocktail was used to successfully reprogram mouse adipose
stromal cells (mASC), mouse embryonic fibroblasts (MEF), human
adipose stromal cells (hASC) and human dermal fibroblasts (hDF).
This reprogramming protocol calls for four serial transfections of
the miRNA reprogramming cocktail every 48 h. After the eighth
day, transfection cycle cells are transferred to ESC culture conditions
and ESC like colonies begin to appear by 20 days after the first
transfection (Fig. 7). The efficiency of miRNA mediated reprogram-
ming of mASC is similar to the original retroviral mediated repro-
gramming of MEFs at 0.01 % and, as one might expect,
reprogramming of human cells is less efficient with a frequency of
two iPSC colonies per 1 x 105 starting cells (0.002 %) [26].

Similar to other non-DNA mediated reprogramming strategies
the miRNA technique requires no screening to exclude exogenous
DNA sequences being incorporated into iPSC clones. Additionally,
the reprogramming efficiency is not substantially decreased as
compared to other non-integrative methods. Although, multiple
miRNAs and multiple transfections are required to reprogram
cells, Miyoshi et al. was able to efficiently induce pluripotency
without the use of small molecules.
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Fig. 8 Recombinant proteins. Reprogramming factors tagged with a poly-arginine
cell penetrating peptide are capable of entering the nuclei of somatic cells and
inducing pluripotency. Reprogramming using these recombinant cell penetrating
peptides requires multiple protein treatments to dedifferentiate cells. By using
proteins and not nucleic acids the iPSCs produced by this method do not need to
be extensively screened for exogenous transgenes

Similar to transfection of modified synthetic mRNAs, the intro-
duction of recombinant reprogramming proteins themselves is
sufficient to induce pluripotency.

In an attempt to develop transgene free iPSCs for their poten-
tial clinical use Kim et al. and Zhou et al. both developed systems
where recombinant reprogramming proteins (OSKM) tagged with
a polyarginine cell penetrating peptide (CPP) could be used, with
or without the addition of valproic acid (VPA), to reprogram
murine embryonic fibroblasts (MEF) and human newborn fibro-
blasts (HNF) respectively (Fig. 8) [28, 29]. These two protocols
differ in that one method uses bacterial protein expression fol-
lowed by isolation, solubilization, refolding and purification steps
and the other uses a total cell extract isolated from eukaryotic cells
expressing the CPP tagged reprogramming factors.

In Kim et al.’s approach, MEFs were transduced with bacteri-
ally expressed recombinant proteins in the presence of valproic acid
(VPA) four times over a 9 day period. 21-26 days after protein
transduction ESC like colonies were picked and further expanded.
Similar to other methods of reprogramming, this protocol is also
relatively inefficient. Even in the presence of valproic acid, a HDAC
inhibitor shown to increase reprogramming efficiency ~100-fold,
only three iPSC clones were isolated from 5 x 10* starting cells, an
efficiency of 0.006 % [28].

Zhou et al.’s approach uses retrovirally transduced HEK293
cells to express the CPP tagged reprogramming factors. Total cell
extracts isolated from reprogramming factor expressing HEK293
cells were then used to reprogram HNFs in the absence of small
molecules. In order to avoid cytotoxicity associated with prolonged
exposure to the total cell extract, the authors used multiple cycles of
16 h protein treatment followed by 6 days of culture in ESC media.
A minimum of six cycles was required before alkaline phosphatase
positive cells could be detected, a total of 42 days of protein trans-
duction. 14 days after the end of the last protein transduction cycle
ESC like colonies were picked. Using this protocol the authors
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were able to isolate five iPSC clones from 5x 10° starting cells, an
efficiency of 0.001 %. Whole protein extracts were used and titra-
tion of reprogramming factors was not performed, so this protocol
must still be optimized. Additionally, reprogramming was accom-
plished in the absence of any chemical treatments so treatment with
small molecules may increase reprogramming efficiency as seen
with other reprogramming protocols [29].

Recombinant protein mediated reprogramming does not
require extensive screening to rule out the introduction of exoge-
nous genetic material resulting from integration events or ineffi-
cient transgene removal. However, both protocols require multiple
protein transductions (4-6) over an extended period of time to
achieve reprogramming, and neither protocol is as efficient as the
modified mRNA approach.

5 Small Molecules

5.1 Introduction

5.2 Histone
Deacetylase Inhibitors

Cellular reprogramming is an immensely time and cost intensive
process. Multiple methods can be used to increase reprogramming
efficiency including the use of a starting cell type that endogenously
expresses one or more of the traditional reprogramming factors.
Isolation of these cell types is often more difficult than dermal
fibroblast isolation, would be unethical to isolate from humans,
require special culturing conditions or potentially increase the
duration of an already time consuming process. For these reasons,
multiple groups have investigated the potential of the myriad of
small molecules available and found small molecules capable
of increasing reprogramming efficiency, replacing traditional repro-
gramming factors and able to reprogram specific cell types without
the need of exogenous reprogramming proteins or nucleic acids.

Poor reprogramming efficiencies can be overcome by including
a variety of small molecules. However, the inclusion of small mole-
cules is not without cost. It has been proposed that the use of small
molecules, many of which are oncogenic, may induce mutations and
thus promote neoplastic development following the differentiation
of iPSCs. Similar to the use of non-integrating DNA protocols,
where genome wide screening is needed to ensure exogenous DNA
sequences have not been introduced, genome wide sequencing may
be required before iPSCs reprogrammed in the presence of small
molecules before they can be developed for clinical use.

One of the most commonly used small molecules is valproic acid
(VPA), a histone deacetylase (HDAC) inhibitor [30]. VPA has
been used to increase reprogramming efficiencies up to ~100-fold
[30]. VPA is also capable of replacing both Klf4 and cMyc, albeit
at lower efficiencies than OSKM +VPA [31]. However, it has
recently been shown that another HDAC, sodium butyrate (NaB),
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is more efficient at increasing the reprogramming efficiency and
the combination of NaB with PS48 (an activator of
3’-phosphoinositide dependent kinase that is capable of increasing
reprogramming efficiency by itself) is able to further increase the
efficiency over NaB mediated reprogramming [32].

The small molecules PD0325901 (a mitogen activated protein
kinase /ERK kinase inhibitor) and CHIR99021 (a glycogen syn-
thase kinase inhibitor) are commonly used in combination to pro-
mote ground state pluripotency and the growth of true iPSC
colonies. It has also been shown that this small molecule combina-
tion is able to maintain the self-renewal properties of both ESCs
and iPSCs in the absence of leukemia inhibitory factor (LIF) and
serum/Bone Morphological Protein (BMP) [33]. In combination
with or independent of CHIR99021, PD0325901 can facilitate
the conversion of cells stuck in a pre-iPSC state into a true iPSC
state, and independent of PD0325901, CHIR99021 has been
demonstrated to replace Sox2 in OKM reprogramming experi-
ments [33-35].

A large chemical screen looking at the ability of small molecules to
reprogram cells in the presence of exogenous OSM found that
kenpaullone, an inhibitor of cyclin dependent kinases 1, 2, 5 and
GSK3, was able to replace Klf4 [36]. Similar to CHIR99021, ken-
paullone was also able to increase the efficiency of four factor
reprogramming. However, when CHIR99021 alone or in combi-
nation with purvalanol A (a promiscuous cyclin dependent kinase
inhibitor) was used in the same OSM screen, no iPSC colonies
were found, suggesting that the reprogramming activity of ken-
paullone is mediated through a non-GSK pathway [36].

Multiple groups have shown that the inhibition of the transform-
ing growth factor p (TGFE- p) pathway (e.g., with the small mole-
cules A-83-01 or RepSox) can increase reprogramming efficiency
and replace Sox2 and/or cMyc in reprogramming experiments
[37, 38]. Interestingly inhibitors of the Pan-Src kinase family (e.g.,
iPYrazine, Dasatanib, or PP1) can also replace Sox2 in reprogram-
ming experiments [39]. Furthermore, AMI-5 mediated protein
arginine methyltransferase inhibition coupled with AM-83-01
mediated TGB-f inhibition is capable of reprogramming MEFs
transduced with Oct4 only [40].

Similar to other small molecules BIX01294, a G9a histone methyl-
transferase inhibitor, has been shown to replace Sox2 in repro-
gramming experiments [35, 41]. However, unlike other small
molecules, BIX01294 can replace Oct4 in reprogramming experi-
ments, but this replacement of Oct4 was demonstrated in mouse
neural progenitor cells, a cell type with increased endogenous
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5.7 ROCK Inhibition

5.8 DNA Methyl
Transferase Inhibitors

reprogramming factor expression. BIX01294 is also capable of
increasing reprogramming efficiency and BIX01294 mediated
increases in reprogramming efficiency are further increased with
inclusion of BayK, an L-type calcium channel agonist [41].

The ROCK kinase inhibitor Y27632 is commonly used to increase
survival of trypsinized pluripotent cells in reprogramming proto-
cols and passage of ESC and iPSCs [42]. Lin et al. [43] demon-
strated that thiazovivin is also able to increase survival post
trypsinization, and that a combination of thiazovivin, PD0325901
and the ALKS5 inhibitor SB431542 is capable of increasing repro-
gramming efficiency by more than 200-fold over OSKM transduc-
tion alone.

Similar to HDAC inhibitors, inhibitors of DNA methyl transterase
such as AZA and RG108 are capable of increasing reprogramming
efficiency up to ~10-fold [44]. Even more interesting is that single
treatment of myoblasts, cells that endogenously express Sox2,
Klt4, and cMyc, with RG108 produced iPSCs within 3 weeks [45].
These single small molecule reprogrammed cells are capable of
contributing to all three germ layers and were differentiated into
cardiomyocytes capable of improving cardiac function following
infarction.

6 Conclusions

The field of cellular reprogramming is fast paced and constantly
evolving. New reprogramming protocols and methods to increase
both efficiency and quality are constantly being developed. Non-
integrative, non-DNA techniques are the way of the future, but
they are hampered by complex manipulations, special reagents,
and low reprogramming efficiencies. Optimization of these the
protocols is needed before they can be widely accepted.

Cellular reprogramming has come a long way since the SCNT
experiments first done in the 1960s, but a significant amount of
work is still needed to develop a technique that can efficiently pro-
duce safe patient-specific iPSCs for potential use in a clinical setting.
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Chapter 7

Differentiation and Lineage Commitment of Murine
Embryonic Stem Cells into Insulin Producing Cells

Sudhanshu P. Raikwar and Nicholas Zavazava

Abstract

Pluripotent embryonic stem (ES) cells and induced pluripotent stem (iPS) cells recently developed in our
laboratory can be used to generate the much needed insulin producing cells (IPCs) for the treatment of
type 1 diabetes. However, currently available differentiation protocols generate IPCs at a very low fre-
quency. More importantly, it is difficult to purify the IPCs from the mixed cell population due to the lack
of well characterized pancreatic beta cell-specific cell surface markers. Subsequently, multiple studies have
been published with limited success. A major cause for these poor results is an inadequate Pdx1 expression
in the embryoid body (EB) or definitive endoderm (DE)-derived precursors. Here we investigated whether
ectopic expression of pancreatic and duodenal homeobox 1 (Pdxl), an essential pancreatic transcription
factor, in mouse ES cells leads to enhanced differentiation into IPCs. Here we describe a new approach for
the generation of glucose responsive IPCs using ES cells ectopically expressing pancreatic and duodenal
homeobox 1 (Pdx1) and paired box gene 4 (PAX4).

Key words Activin A, Baculovirus, Definitive endoderm, Embryonic stem cells, Diabetes,
Differentiation, Insulin producing cells, Lentiviral vectors, PAX4, Pdx1

1 Introduction

Type 1 diabetes is an autoimmune disease that can be medically
treated or surgically corrected by either whole pancreas or islet
transplantation [ 14 ]. However, chronic shortage of organ donors,
lifelong immunosuppressive therapy and chronic graft rejection
currently limit the therapeutic potential of islet transplantation.
Ultimately chronic graft rejection leads to insulin dependence and
the development of serious diabetic complications [5-10]. With
the incidence of diabetes increasing worldwide at an alarming rate,
there is an urgent and compelling need to develop novel forms of
treatment for diabetes. In this regard, pluripotent embryonic stem
(ES) cells and the recently developed induced pluripotent stem
(iPS) cells offer a novel approach for the development of stem cell
based therapies [11-14]. However, due to complex molecular

Nicholas Zavazava (ed.), Embryonic Stem Cell Inmunobiology: Methods and Protocols, Methods in Molecular Biology, vol. 1029,
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mechanisms underlying pancreatic f§ cell development that are not
yet very well understood, the generation of functional glucose
responsive IPCs from the mouse and human ES and iPS cells has
not been achieved satisfactorily.

Prior work has shown that the mouse ES cells poorly ditferen-
tiate into IPCs [15-21] and consequently fail to correct hypergly-
cemia in diabetic mice. Hence, there is an urgent need to develop
robust protocols for the differentiation of mouse ES cells into
IPCs. During embryonic development, a wide variety of transcrip-
tion factors including pancreatic and duodenal homeobox 1 (Pdx1)
and paired box gene 4 (PAX4) are involved in pancreatic p cell dif-
ferentiation. Pdx1 is involved in the normal development of the
pancreas [22-25] during embryogenesis, p-cell differentiation [23,
26-28] and is essential for the maintenance of p-cell function in
the adult [23, 29-31]. Pdx] mutation in human and mice causes
failure of pancreas development leading to diabetes [22, 32]. PAX4
expression is restricted to the p and 8 cell lineages within the devel-
oping pancreas and mice lacking PAX4 fail to develop any f cells
and are diabetic [22, 33-36]. Here, we hypothesized that lineage
commitment of ES cells by pancreatic transcription factors enhances
the generation of IPCs thereby providing an unlimited source of
cells for the treatment of diabetes. To test our hypothesis, a novel
approach for in vitro ES cell differentiation into IPCs was devel-
oped. We transduced ES cell-derived Nestin* cells with feline
immunodeficiency virus (FIV) based lentiviral vectors expressing
either Pdx1 or PAX4 transcription factors which are critical for the
development of pancreatic islets. The rationale underlying this
approach is that expression of pancreatic p-cell-specific transcrip-
tion factors will maximize the lineage commitment and differentia-
tion of ES and iPS cells into IPCs [16, 24, 29, 35, 37—42]. Ectopic
expression of Pdx1 in the Nestin* cells led to the robust generation
of IPCs while PAX4 had only minimal eftect on the development
of IPCs. However, the major limitation of this approach is that it
requires lentiviral transduction of Nestin* cells. To facilitate greater
efficiency, we have now generated a double transgenic ES cell line
R1Pdx1AcGFP/RIP-Luc to stably express a Pdx1AcGFP fusion
protein [40].

2 Materials

Mouse ES cells (ATCC, Manassas, VA), y irradiated primary mouse
embryonic fibroblasts (Millipore, Billerica, MA), ES cell medium
[(High glucose DMEM medium (Invitrogen, Carlsbad, CA),
1,000 U/ml ESGRO LIF (Millipore, Billerica, MA), 1 % nones-
sential amino acids (Invitrogen, Carlsbad, CA), 1 % nucleosides
(Millipore, Billerica, MA), 1 % B-mercaptoethanol, 1 % 1-Gluta-
mine, 1 % penicillin-streptomycin (Invitrogen, Carlsbad, CA),
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15-20 % ES qualified FBS (Hyclone, Ogden, UT)], porcine gelatin
(Sigma, St. Louis, MO), collagen type IV (BD Bioscience, Franklin
Lakes, NJ), a-Monothioglycerol (Sigma, St. Louis, MO), HEPES
buffer (Invitrogen, Carlsbad, CA), glutamine (Invitrogen,
Carlsbad, CA), sodium pyruvate (Invitrogen, Carlsbad, CA), insu-
lin transferrin selenium (ITS) mix (Invitrogen, Carlsbad, CA), N2
(Invitrogen, Carlsbad, CA), B27 (Invitrogen, Carlsbad, CA),
bFGF (Invitrogen, Carlsbad, CA), EGF (Invitrogen, Carlsbad,
CA), KGF (Invitrogen, Carlsbad, CA), KRBH buffer, nicotin-
amide (Sigma, St. Louis, MO), ultrasensitive mouse insulin ELISA
kit (Mercodia, Winston salem, NC), tolbutamide (Sigma, St.
Louis, MO), nifedipine (Sigma, St. Louis, MO), primary and sec-
ondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA),
immunohistochemical and immunostaining reagents (Dako North
America, Carpinteria, CA), flow cytometry permeabilization kit
(BD Biosciences, Franklin Lakes, NJ), lentiviral vectors (University
ofTowa Gene Transfer Vector Core, Iowa City, IA and Genecopoeia,
Rockville, MD), Bac-to-Bac baculovirus expression vector kit
(Invitrogen, Carlsbad, CA), pCMV6-AC expression vector
(SC319183, OriGene Technologies, Rockville, MD), 12 % precast
SDS PAGE gels (Bio-Rad, Hercules, CA), Laemmli bufter for cell
lysis (Bio-Rad, Hercules, CA), Prestained Precision Plus protein
standard (Bio-Rad, Hercules, CA), His GraviTrap columns (GE
Healthcare Life Sciences, Piscataway, NJ), PD10 columns (GE
Healthcare Life Sciences, Piscataway, NJ), Amicon Ultra 4-cen-
trifugal filter units (Millipore, Billerica, MA), Millex syringe filters
(Millipore, Billerica, MA), ultralow attachment tissue culture plates
(Corning, Lowell, MA), six well tissue culture plates (Corning,
Lowell, MA), 10 and 15 cm? tissue culture plates (Corning, Lowell,
MA), T25 and T75 cm? tissue culture flasks (Corning, Lowell,
MA), 5, 10, and 15 ml pipets (Corning, Lowell, MA), cell scrapers
(Corning, Lowell, MA)].

3 Methods

3.1 Generation

of FIV Based Lentiviral
Vectors Expressing
Pdx1 and Pax4

The generation of vesicular stomatitis virus (VSV) envelope pseu-
dotyped FIV based lentiviral vectors expressing Pdx1 was achieved
using the following strategy.

1. For generating the FIV based lentiviral vectors, first the Pdx1-
AcGFP coding sequences were excised from pCMV-Pdxl-
AcGFP as EcoRI-Hpal fragment, treated with Klenow
polymerase to generate blunt ends and subcloned into lentivi-
ral transfer vector pVETLCSKh10 (University of Iowa Gene
Transfer Vector Core, Iowa City, IA) plasmid at the EcoRV
site to generate pVETLC-Pdx1-AcGFP (see Note 1).
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2. The lentivirus FIV-Pdx1-AcGFP was generated by triple trans-

fection of 293T cells with vector construct pVETLC-Pdx1-
AcGFP, envelope plasmid pCMV-VSV-G and the FIV
packaging plasmid pCFIVAorf2 Avif (University of lowa Gene
Transfer Vector Core, Iowa City, IA) (see Note 2).

. The other lentiviral vectors FIV-CMV-eGFP and FIV-PAX4-

FLAG were generated using the same strategy but employing
either pVETLC-eGFP University of Iowa Gene Transfer Vector
Core, Iowa City IA) or pReceiver-Lv03 (EX-P0096-1Lv03,
GeneCopoeia, Rockville, MD) containing an inframe fusion
between human PAX4 and FLAG tag at the C-terminus of
PAX4 (NM_006193) constructs, respectively (see Note 3).

. The vector containing medium was collected at 24, 36, and

72 h, by replacing this medium with fresh DMEM at 24 and
36 h time points. At each collection the medium was filtered
through a 0.45 pm bottle top filter and stored at 4 °C.

. The viral particles were concentrated by centrifuging the col-

lected medium at 4 °C for 16 h at 5911 xg. The viral pellet
was carefully resuspended in PBS containing lactose (40 mg/1).

The undifferentiated R1 ES cells were subjected to differentiation
using a multistep modified Lumelsky’s protocol [15] (see Note 4).

1. Cultivate mouse R1 ES cells in High glucose DMEM supple-

mented with LIF (1,000 U/ml) on a semiconfluent mono-
layer of y irradiated primary mouse embryonic fibroblast
feeder cells (see Note 5). ES cells must be maintained in fresh
medium every 2-3 days. ES cells must be passaged every
2-3 days since frequent passaging removes the differentiated
cells (see Notes 6-8).

. The undifferentiated ES cells were trypsinized and 1 x 107 cells

were directly plated on to ultra-low attachment tissue culture
dishes in the presence of freshly prepared (45 pl/50 ml) 1:10
a-Monothioglycerol (Sigma chemical Company, St. Louis,
MO) to promote EB formation for 4 days. Alternatively, EBs
can be generated by hanging drop method by plating 25 pl
medium containing 400 ES cells/drop multiple times on to
the inner surface of the lid of a 15 ecm? tissue culture dish and
keeping it inverted in the tissue culture incubator for 2 days.
Once the EBs form, they can be isolated from the hanging
drops and kept in ultra-low attachment tissue culture dishes
for 2 days.

. The EBs were washed in PBS and plated on to gelatin coated

plates at low density in DMEM supplemented with 10 % FBS
for 6 days. Following attachment of the EBs on to the plastic
surface, they progressively become flattened and spread out
within 24 h.
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3.3 Generation
of Recombinant
Baculovirus
Expressing Human
Activin A

4. Lentiviral transduction of EB-derived Nestin* cells was per-
formed at a multiplicity of infection (MOI) of ten transducing
units/cell using either FIV-CMV-eGFP or FIV-Pdx1-AcGFP
or FIV-Pax4-FLAG. The lentiviral transduced Nestin* cells
were further differentiated to generate IPCs (see Note 9).

5. The Nestin* cells were grown in DMEM /F12 (1:1) medium
supplemented with 25 ng/ml bFGF (R&D System Inc.
Minneapolis, MN), N2 and B27 (Invitrogen, Carlsbad, CA)
supplements and cultured for 9 days to generate endocrine
precursors.

6. The endocrine precursors were further propagated for 6 days in
low glucose DMEM supplemented with N2, B27, 10 ng/ml
bFGF, EGF, and KGF, and 10 mM Nicotinamide to enrich IPCs.

7. The resulting IPCs were cultured in the presence of DMEM
supplemented with N2, B27, and 10 mM nicotinamide for
13 days.

8. The IPCs generated with and without lentiviral transduction
were characterized by immunostaining and tested for their
ability to secrete insulin by ELISA (Figs. 1, 2, and 3). The
undifferentiated ES cells, EBs as well as ES cell-derived IPCs
expressed very low levels of MHC class I and class II mole-
cules (Fig. 4) thereby making them poorly immunogenic and
susceptible to NK cell-mediated killing.

Baculovirus expression vectors have increasingly become one of
the most powerful and widely used systems for the production of
recombinant proteins [43]. We have achieved a high level expres-
sion of recombinant human activin A using the commercially avail-
able Bac-to-Bac baculovirus expression system (Invitrogen,
Carlsbad, CA). Generation of recombinant baculovirus is a multi-
step process. The following scheme was used to generate the
recombinant baculovirus.

1. The 1,281 bp human activin A coding sequence consists of a
secretory signal peptide followed by the activin A coding
sequence.

2. The cDNA encoding human activin a was modified by PCR
amplification using pCMV6-AC expression vector (SC319183,
OriGene Technologies, Rockville, MD) and the following
PCR primers:

Forward primer:

5'-CGGAATTCATGCCCTTGCTTTGGCTGAGAGGATT
TCTGTTGGC-3'.
Reverse primer:

5'-GCTCTAGACTAGTGATGGTGATGGTGATGTGAGC
ACCCACACTCCTC-3".



98 Sudhanshu P. Raikwar and Nicholas Zavazava

a

ES Cells EB Nestin* Cells Endocrine Precursors IPCs
—> —> —> —
b c
ES EB IPCs BTC6

Insulin ~ 1.25- [ IPCs

Beta 2 %) 1.00 - Islets
c

PAXA c 0751

Kir6.2 ° 0658 -

GATA4 e

Nestin @

Isl-1 £ 01y

S -
()

Hnf4o =S [_] | =

GAPDH LG LG+T HG+N

Fig. 1 Differentiation of ES cells into insulin producing cells (IPCs): (a) ES cells were subjected to differentiation
using a multistep differentiation protocol and phase contrast pictures were taken at various time points.
Embryoid body (EB) formation represents the first step during multistep differentiation events followed by
Nestin* intermediate stage, which ultimately leads to the development of IPCs via the development of an
endocrine precursor stage. (b) Differential gene expression of ES cells undergoing differentiation into IPCs was
examined by RT-PCR. Total RNA was isolated from the undifferentiated ES cells, EB, IPCs and pTC-6 cells and
used for RT-PCR for several pancreatic (3-cell-specific genes. The house keeping gene GAPDH was used as a
positive control to normalize and validate the results. The RT-PCR results indicate gradual upregulation of
pancreatic -cell-specific genes selectively in the ES cell-derived IPCs during differentiation. Gene expression
in IPCs is similar to that in the control BTC6 cells. (c) 1 x 10° ES cell-derived IPCs and ten mouse pancreatic
islets were tested for their glucose responsive insulin secretion by ELISA in triplicates in the presence of low
glucose (LG), LG + Tolbutamide (LG +T), and high glucose (HG) + Nifedipine (HG + N)

3. The modified human activin A ¢cDNA includes an inframe
fusion of 6x His Tag at the 3’ end for the purpose of purifica-
tion of recombinant activin A by column chromatography (see
Note 10).

4. Initially the activin A cDNA was subcloned as an EcoRI-Xbal
fragment into the pFast/Bac Vector under the control of a
baculovirus-specific strong polyhedrin (PH) promoter. The
cloned activin A ¢cDNA sequence was sequenced to rule out
any errors in the coding sequence. The pFast/Bac vector
encodes ampicillin as well as kanamycin antibiotic resistance
markers for selection.

5. The pFastBac-Activin A expression vector was transformed
into competent DH10Bac™ E. coli. DH10Bac™ cells that
contain a baculovirus shuttle vector (bacmid) with a mini-
attTn7 target site and a helper plasmid.
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ES cell-derived IPCs Mouse Pancreatic islets
C-peptide ' -

8 o

Ins/C-peptide

Fig. 2 Characterization of the ES cell-derived IPCs by immunostaining: the dif-
ferentiated IPCs as well as isolated mouse pancreatic islets (positive control)
were fixed in 2 % paraformaldehyde, permeabilized with 0.1 % Triton X100 and
stained using primary anti-insulin and anti-C-peptide antibodies followed by
staining using secondary conjugated antibodies. Analysis of the immunostaining
pattern by multiphoton imaging revealed that ES cell-derived IPCs are positive
for C-peptide (red) as well as insulin (green) which are specific markers of pan-
creatic  cells

6. Following transtormation into DH10Bac™ cells, transposition
occurs between the mini-Tn7 element on the pFastBac™ vec-
tor and the mini-attTn7 target site on the bacmid to generate
a recombinant bacmid. This transposition reaction occurs in
the presence of transposition proteins supplied by the helper
plasmid.

7. The baculovirus shuttle vector (bacmid), bMONI14272
(136 kb), present in DH10Bac™ E. co/z contains, a low-copy
number mini-F replicon, Kanamycin resistance marker and a
segment of DNA encoding the LacZa peptide from a pUC-
based cloning vector into which the attachment site for the
bacterial transposon, Tn7 (mini-attTn7) has been inserted.
Insertion of the mini-attTn?7 attachment site does not disrupt
the reading frame of the LacZa peptide.

8. The bacmid propagates in E. cols DH10Bac™ as a large plas-
mid that confers resistance to kanamycin and can complement
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Fig. 3 FIV-based lentiviral vectors efficiently transduce Nestin* cells and enhance
the generation of IPCs: the ES cells were converted into EBs and allowed to dif-
ferentiate into Nestin* cells (a) which were transduced with lentiviral vectors
FIV-EGFP, FIV-Pdx1, or (b) FIV-PAX4 expressing EGFP, Pdx1-AcGFP, and PAX4-
FLAG, respectively. The transduced cells were differentiated into IPCs. (¢) The
insulin secretion in the supernatant was determined by ELISA and expressed as
relative to the protein content of the cells. FIV-EGFP transduced cells expressed
the least insulin, a moderate increase was observed following transduction with
FIV-PAX4. The IPCs generated following FIV-Pdx1 transduction expressed the
highest levels of insulin

a lacZ deletion present on the chromosome to form colonies
that are blue (Lac*) in the presence of a chromogenic substrate
such as Bluo-gal or X-gal and the inducer, IPTG.

9. Recombinant bacmids (composite bacmids) are generated by
transposing a mini-ITn7 element from a pFastBac™ donor plas-
mid to the mini-attTn7 attachment site on the bacmid. The
Tn7 transposition functions are provided by a helper plasmid.

10. DH10Bac™ E. coli contains the helper plasmid, pMON7124
(13.2 kb), which encodes the transposase and confers resistance



Differentiation and Lineage Commitment of Murine Embryonic Stem Cells... 101

Isotype Control MHC Class | MHC Class Il
- - -
. 0.06% = 99.0% 2 T 48.0%
> = ]
Q L= K=
8 ?9'_ g\éa ?‘a‘
[ - 1 O T
Qo CS e
Q t.",
l'D o 2.2 = “ = v
= . r . . o s AR LAALE LA L =
] 50 100 150 200 250 0 S0 100 150 200 250 0 S0 100 150 200 250
FSCH Forward Scatter Forward Scatter
- - -
= 0.38% e 0.44% =4 0.25%
Lar] 2 L)
e = =
Q T Feu Teu
0n -2 =52 il
wi w_ w_ o
e e =
= = (=]
2 = e

0 S0 100 150 200 250 0 S0 100 150 200 250 ~ 0 S0 100 150 200 250
FSCH FSCH FSCH
- - -
- = - 1.49% | = 0.11%
h=} o ] o
O o o o
m — — —
B -:ENc- ':ENO END
o — - - -
o o T_ .
E‘ o o o = g
- = =
g % e - E m
0 50 100 150 200 250 0 S0 100 150 200 250 ~ O S0 100 150 200 250
FSCH FSCH ESCH
- - T
2 0.28% - 04% | 2 0.24%
[yr] ™~ [ae]
= e e
8 %N‘? gNS -:END
2 E e
o [=] o
2 2 e

0 S0 100 150 200250 0 S50 100 150 200 250 ~ 0 S50 100 150 200 250
FSCH FSCH FSCH

Fig. 4 ES cells and its derivatives are poorly immunogenic: mouse splenocytes (positive control), undifferenti-
ated ES cells, embryoid body (EB) and ES cell-derived IPCs were stained using MHC class | and MHC class |l
antibodies. As compared to splenocytes, the undifferentiated ES cells, EB and ES cell-derived IPCs express low
levels of MHC class | and MHC class Il molecules
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20.

21.

22.

to tetracycline. The helper plasmid provides the Tn7 transpo-
sition function in trans.

Following homologous recombination in DH10Bac™ E. cols
on LB plates containing Kanamycin (50 pg/ml), gentamycin
(7 pg/ml), tetracycline (10 pg/ml), IPTG (40 pg/ml), and
Bluo-Gal (300 pg/ml), the white colonies are selected.

Inoculate white coloniesin 2 ml LB broth containing Kanamycin
(50 pg/ml), gentamycin (7 pg/ml), tetracycline (10 pg/ml)
and incubate at 37 °C in an orbital shaker at 250 rpm for a
minimum of 16 h.

Gently isolate the recombinant bacmid DNA using the
Concert High Purity Plasmid Miniprep system.

Plate SF9 insect cells on 6 well plates in SE-90011 SFM medium
and allow them to adhere for 30 min. Unlike mammalian cells,
SE9 cells do not form a compact monolayer but quickly adhere
to the cell culture plates/flasks.

Transfect the recombinant bacmid DNA using CellFectin

reagent in the absence of antibiotics. Incubate the transfected
cells for 5 h at 27 °C.

Remove the transfection mixture and add SF-900I1 SFM con-
taining antibiotics and incubate at 27 °C for 72 h. Harvest the
cell culture supernatant containing recombinant baculovirus.

Determine the titer of the recombinant baculovirus by per-
forming plaque assay on SF9 cells. Calculate the titer as
follows:

Pfu/ml of original stock=1 /dilution factor x number
of plaques x 1 /(ml of inoculum /plate).

Although it is essential to determine the titer of the recombi-
nant baculovirus, plaque purification is not necessary with the
site-specific transposition method.

Amplity the virus stock by infecting a suspension or monolayer
culture in mid-exponential growth phase at an MOI of 0.01-
0.1. Collect the supernatant containing concentrated recom-
binant baculovirus 48-72 h post-transduction.

Store the virus at 4 °C. The recombinant baculovirus is highly
stable and maintains its integrity and infectious competency
for several months to years at 4 °C.

For large scale production of recombinant human activin A,
the SF9 cells grown in suspension culture at a density of
2x10°4x 10° cells/ml are transduced with recombinant bac-
ulovirus at an MOI of 0.5-10.

The optimal expression of recombinant activin A takes place
between 48 and 72 h post infection. Harvest the cell culture
supernatant, centrifuge at 280 X4 for 10 min to pellet the SF9
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3.4 Generation
of Definitive
Endodermal (DE) Cells

23.

24.

25.

26.

cells, and use the clarified supernatant to purify recombinant
Activin A.

His-tagged recombinant activin A has a high selective affinity
for Ni** and is easily purified using His GraviTrap flow purifi-
cation (GE Healthcare) (see Notes 11 and 12).

Desalt the purified recombinant activin A using the PDI10
(Amersham Biosciences) desalting columns (see Note 13).

Concentrate the purified protein using the Amicon Ultra
4-centrifugal filter units.

The purity of the recombinant activin A was confirmed by
western blot analysis using anti-His antibody.

The critical step wise progression that needs to be modeled in
order to generate IPCs include the induction of definitive endo-
derm, the patterning and specification of endoderm to a pancreatic
fate and the generation of mature endocrine cells. Multiple studies
have demonstrated that induction of definitive endoderm is depen-
dent on signaling through nodal pathway. We have optimized a
highly reproducible and simple protocol for the generation of DE
cells using mouse ES cells. The key steps are as follows:

1.

Plate 5x10* undifferentiated ES cells on collagen IV coated
plates in serum free DMEM /F12 supplemented with Activin
A (20 ng/ml), bEGF (10 ng/ml), 1 % insulin-selenium-trans-
ferrin solution, 0.1 % BSA, 1 % MEM nonessential amino
acids, 1 pM nucleotide mix, 0.1 mM f-mercaptoethanol,
2 mM glutamine, and 50 U/ml Pen/Strep.

. Whole medium is changed on day 3 followed by changing half

of the medium every day. During the incubation period the ES
cells undergo a progressive change in the morphology and
form isolated DE colonies by day 7 (Fig. 5a).

. On day 9 the DE colonies are treated with TrypLE Express

(Invitrogen, Carlsbad, CA) to obtain a single cell suspension.
The typical yield is approximately 1 x 107 cells.

The DE cells express CXCR4 on the cell surface and therefore
can be easily purified to >99 % purity by magnetic cell sorting
using a two step labeling and magnetic cell separation: (a) label
the DE cells in single cell suspension using PE conjugated anti-
CXCR4 antibody (Miltenyi Biotec GmbH, Germany), (b)
incubate the cells with anti-PE microbeads, (c¢) pass anti-PE
microbead-labeled cells through the magnetic cell separation
column and confirm their purity by flow cytometry (Fig. 5b).

. These CXCR4* DE cells can either be transplanted under the

kidney capsule or systemically injected in diabetic mice to
spontaneously generate the insulin producing cells [40]
(see Notes 14-16).
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Fig. 5 Generation and characterization of DE cells: (a) R1 Pdx1 ES cells treated with recombinant Activin A for
9 days form a DE cell colony. (b) DE cells were analyzed for CXCR4 expression after labeling them with anti
CXCR4 antibody and separating them with magnetic beads

4 Notes

. Recent studies have demonstrated that the transgenes deliv-

ered by lentiviral vectors undergo silencing in ES cells in a
promoter dependent manner [46, 47]. In these studies both
EFla and PGK promoters were shown to be capable of driv-
ing high levels of transgene expression. Taking advantage of
this fact, we have now generated a stable Pdx1 expressing ES
cell line R1Pdx1AcGFP/RIP-Luc [40].

. The packaging plasmid pCFIVAorf2Avif contains full-length

gag and pol, and rev, but has a deletion in the env gene, and
mutations in vif and orf2 genes [44].

. In a recent study, it has been shown that in comparison to

human PAX4, mouse PAX4 displayed a tenfold increase in islet
cell replication [45]. These results suggest that mouse Pax4 in
contrast to human PAX4 may be more efficient in activating
downstream target genes and enforcing a lineage commitment
in the mouse ES cells towards pancreatic p-cell phenotype.

. For achieving robust differentiation, the ES cells must be used

at low passage and without primary mouse embryonic feeder
cells.

. It is best to use vy irradiated primary mouse embryonic feeder

cells because residual mitomycin C may contribute to poor
differentiation and even death of ES cells.

. Continuous use of penicillin/streptomycin in the mouse ES

cell medium can often mask a low level contamination with
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10.

11.

12.

13.

14.

15.

mycoplasma. Therefore, it is highly recommended that the ES
cell lines are regularly tested for mycoplasma contamination.

It is highly recommended that the ES cells are analyzed by
karyotyping to rule out any chromosomal abnormalities espe-
cially at a higher passage number.

. Periodically assess the pluripotency of the undifferentiated ES

cells by performing flow cytometry following Oct3/4 and
nanog staining.

Fluorescent reporters either fused in frame with the transgene
or separated by the IRES or self-cleavable 2A peptide sequence
allow for rapid detection of the transgene expression as well as
permits FACS sorting for generating single ES cell clones.

Genetically engineered tagged recombinant proteins offer mul-
tiple advantages. Tags can facilitate easy and rapid detection of
recombinant proteins during expression, simple one-step puri-
fication by affinity chromatography resulting in high purity,
increased protein stability, solubility and allow on-column
refolding. Detailed protocols for purification of proteins from
baculovirus infected cells are well established [48].

Histidine-tags are small and therefore less disruptive to the
properties of the proteins on which they are attached as a
result it is not essential to remove the tag.

Imidazole is commonly used to elute His-tagged proteins. To
minimize the binding of the unwanted host cell proteins,
imidazole is used at a low concentration in the binding buffer.
The recommended imidazole concentrations are 20 mM in
the binding buffer and 500 mM in the elution buffer.

The PD10 desalting columns are prepacked, disposable col-
umns containing Sephadex G25 for group separation of high
(M,>5,000) from low (M;<1,000) molecular weight sub-
stances by desalting and buffer exchange. The protein yield
using PD10 desalting columns is typically >95 % with <4 % salt
contamination.

Tissue specific promoter driven luciferase reporter can be
engineered in the ES cells. This unique strategy allows precise
monitoring of the in vitro differentiation events that are diffi-
cult and cumbersome to monitor using traditional approaches.
An additional benefit of this strategy is that tissue specific lucif-
erase expression can be very efficiently used to monitor the
fate and function of the transplanted cells by real-time nonin-
vasive in vivo bioluminescence imaging [40, 49].

Thorel et al. [50] have described the conversion of adult pan-
creatic a-cells to p-cells following spontaneous % vivo repro-
gramming. This strategy has the potential for the generation
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of higher numbers of pancreatic p cells directly from adult

exocrine cells.
16.

In a recent study, injection of rat wild-type pluripotent stem

cells into Pdx1~~ mouse blastocysts led to the generation of
normally functioning rat pancreas in Pdx1~~ mice [51].
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Chapter 8

Mouse ES Cell-Derived Hematopoietic Progenitor Cells

Eun-Mi Kim, Gohar Manzar, and Nicholas Zavazava

Abstract

Future stem cell-based therapies will benefit from the new discoveries being made on pluripotent stem cells
such as embryonic stem (ES) cells and induced pluripotent stem (IPS) cells. Understanding the genes
regulating pluripotency has opened new opportunities to generate patient-tailored therapies. However,
protocols for deriving progenitor cells of therapeutic grade from these pluripotent stem cells are not yet
worked out. In particular the potential of these cells in treating diseases when compared to their adult
progenitor counterparts is unknown. This is crucial work that needs to be studied in detail because we will
need to determine engraftment potential of these cells and their ability for multi-lineage engraftment in
the in vivo setting before any clinical applications. The ability of these cells to engraft is dependent on their
expression of cell surface markers which guide their homing patterns. In this review, I discuss murine
hematopoietic progenitor cells derived from mouse ES cells. Stem cells in the bone marrow are found in
the bone marrow niches. Our knowledge of the bone marrow niches is growing and will ultimately lead to
improved clinical transplantation of bone marrow cells. We are, however, a long way in appreciating how
hematopoietic progenitor cells migrate and populate lymphoid tissues. One of the variables in generating
hematopoietic progenitor cells is that different labs use different approaches in generating progenitor cells.
In some cases, the ES cell lines used show some variability as well. The cell culture media used by the dif-
ferent investigators highly influence the maturation level of the cells and their homing patterns. Here,
mouse ES cell-derived progenitor cells are discussed.

Key words HoxB4, Embryonic stem cells, NK cells, Stemness, Ectoderm, Mesoderm, Endoderm

1 Introduction

Bone marrow stem cells that are capable of replenishing peripheral
blood cells are defined as Lin~Sca-1"e"c-kithe" or otherwise known
as LSK cells [1]. These cells have now been established to contain
the “stemness” of bone marrow cells. One important quality of
these cells is that they are capable of symmetric and asymmetric cell
division within the bone marrow niche. So far, at least two bone
marrow niches have been defined, the endosteal and the perivascu-
lar niches, respectively [2]. It is not clear whether these two
bone marrow niches are the end of the story or whether new niches
will be discovered in the future as investigators seek to better
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understand the bone marrow niches. The niches are not unique to
the bone marrow, but rather are thought to be present throughout
the body, particularly in those organs capable of regeneration such
as the liver, gastrointestinal tract, the skin and blood. The niche is
responsible for tissue self renewal as new progenitor cells are
released as a response to stimuli from tissue injuries. These enter
the differentiation phase to generate adult tissue. Pluripotent stem
cell-generated progenitor cells must possess these qualities to be of
any biological significance.

For the progenitor cells to be able to enter the bone marrow
niches, they need to express certain chemokine receptors. For
example CXCL12, CXCL9, stem cell factor, and a few others appear
to be key players in enabling bone marrow progenitor cells to home
into the niches. It has not been easy to generate definitive hemato-
poietic cells in both mouse and human pluripotent stem cells. For
example, we published a manuscript a few years ago in which we
reported that ES cell derived mouse ES cells failed to engraft per-
manently [3]. Although we were able to generate progenitor cells
that expressed hematopoietic cell surface markers, the cells initially
induced mixed chimerism in immunodeficient and immunocompe-
tent mice but were no longer detectable after 3—4 weeks in periph-
eral blood. We concluded from these experiments that the
progenitor cells did not have self-renewal capabilities.

The discovery of HoxB4 as a gene in a leukemia that provides
self-renewal to cancer cells provided a possible answer as to how
these cells can be made to survive long-term. It had been shown
that transduction of HoxB4 in hematopoietic cells led to the expan-
sion of progenitor cells in vitro and in vivo [4, 5]. This transcrip-
tion factor had the same function in both mouse and human
hematopoietic cells. Transduction of HoxB4 in mouse ES cells
allowed the generation of hematopoietic progenitor cells that had
long-term survival [6]. Although the hematopoietic stem cells
derived using this approach could engraft indefinitely, there was a
problem with lineage commitment. Most of the cells derived using
this approach were myeloid and the conclusion by these authors
and others was that HoxB4 impeded lymphocytic cell development
in vitro and in vivo. However, long-term engraftment was achieved.
Unfortunately, the cells were virally transduced to avoid gene
silencing by the use of plasmids in ES cells. Although no tumors
have been so far described in mice transplanted with HoxB4-
transduced cells, another group observed tumor formation in dogs
transplanted with HoxB4-transduced hematopoietic cells [7]. An
additional problem is the lack of lymphocytes in hematopoietic
cells transduced with HoxB4. These two disadvantages are an
impediment to studying ES cell-derived progenitor cells and their
possibility to restore immunity in immunodeficient mice. Despite
these problems, HoxB4 allows the study of the progenitor cells
derived from mouse ES cells. Thus, we can determine the hetero-
geneity of these cells and their expression of cell markers.
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2 Generation of Mouse Hematopoietic Progenitor Cells

Pluripotent stem cells are unique in their ability to form embryoid
bodies (EBs). These EBs are cell clusters that represent a mixture
of cells from all three germ layers, the mesoderm, ectoderm and
endoderm. The ability of cells to form EBs is the mainstay for gen-
erating hematopoietic cells from ES cells but also for confirming
pluripotency of ES cells or that of iPS cells. EBs can be generated
by different techniques, the hanging drop technique, by methycel-
lulose culture or by suspension culture [8]. Initially, these EBs con-
tain erythroid precursors by day 4. By day 6 higher cell numbers of
hematopoietic cells can be harvested from the EBs. In some reports
addition of BMP4 and VEGF enhances hematopoietic cell devel-
opment [9, 10]. The EBs are generally dismantled and the free cell
suspension treated with a cocktail of cytokines. This is followed by
a massive cell death of non-mesodermal cells which can be sorted
out. Early markers of hematopoietic cells are FLK1, CD31, CD41
and finally CD45. Regular tracking of these molecules during the
differentiation process allows easy monitoring of hematopoiesis [ 6,
11, 12]. Figure 1 shows the embryoid body protocol for generat-
ing hematopoietic progenitor cells.

Fig. 1 Progenitors of pluripotent stem cells. iPS or ES cells can be differentiated into multiple cell lineages,
such as insulin producing cells, neuronal cells or hematopoietic cells. Studies have been carried out on the
progenitors to determine the impact of T cells, NK cells but unfortunately no studies have yet been performed
on the humoral responses to these cells
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Fig. 2 ES cell-derived hematopoietic cells populate peripheral lymphoid organs. ES cells were differentiated
into HPCs. These cells were transplanted into Rag2-"-yc~- mice. Mice were sacrificed after 14, 28 or 56 days.
In the spleen, HPCs were consistently detected. The cell numbers decreased with time

When transplanted in immunodeficient mice, these cells popu-
late lymphoid tissues and actively divide replenishing hematopoi-
etic cells, Fig. 2.

A more efficient method for generating hematopoietic cells
from ES cells is the use of stromal cell lines. The OP9 is a mesen-
chymal cell line that expresses only class I antigens, but no class I1
molecules. It was described by Nagano et al. [13] and has been
used for generating hematopoietic cells from both mouse and
human cells [ 14, 15]. Another stromal cell line, the MS-5 together
with growth factors KL, IL-3, IL-6, IL-11, G-CSF, and Epo seem
to enhance hematopoiesis [16, 17]. Megakaryocytes were formed
after addition of TPO. The generation of lymphocytes from ES
cells has been much more challenging. On OP9 cells, B cells, ery-
throid and myeloid cells were generated [17]. OP9 stromal cells
produce SCF and IL-7, which are important for hematopoietic cell
development. The addition of Flt3 led to a tenfold increase in B-cell
production with reduced erythroid and myeloid differentiation.

The generation of T, B and NK cells requires Notch-1 signal-
ing. Zuniga-Pflucker et al. described a protocol which requires an
initial culture of ES cells on OP9 cells up to day 8. The cells at this
stage have developed into CD41- and CD45-expressing cells.
Subsequently, the hematopoietic progenitor cells are transterred
onto OP cells that express DL-1, a ligand for Notch-1 [15, 18].
The cells undergo a series of steps from the DN1 phase through
the CD4*CD8* stage. When transplanted in autologous mice these
cells induce lethal graft versus disease [1]. Interestingly, these T
cells become single CD8 positive but not CD4 positive. The lack
of class II expression by the OP9 stromal cells is thought to be the
reason why no CD4* T cells develop in these cultures. To avoid
GVHD, the T cell precursor cells can be transferred onto fetal
organ cultures during the DN1 and DN2 phases. Thymic selection
allows the derivation of T cells tolerant to self but that are respon-
sive to viral infection [18].
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Interestingly, these progenitor cells are not capable of long-
term survival in the mouse. However, transduction of ES cells with
HoxB4 confers self-renewal properties allowing long-term sur-
vival. This is important as it allows long-term studies to be carried
out such as the study of T cell memory. Earlier studies had claimed
that HoxB4 blocks T cell development [6]. Our own studies seem
to suggest that the lack of robust lymphocyte-development in
those earlier studies might have been due to the particular proto-
cols used. For example, without Notch-1 signaling, T cell develop-
ment is impaired.

3 Long Term Survival of Hematopoietic Progenitor Cells

Many of the data discussed so far showed lack of long-term engraft-
ment of ES cell-derived hematopoietic progenitor cells post trans-
plantation in immunodeficient mice. Our own experiments showed
that after transplantation of non-differentiated ES cells, modest
mixed chimerism was established but this was accompanied by
massive apoptosis in lymphoid tissues [3]. The results of these
experiments were very much similar to data obtained after trans-
planting ES cell-derived progenitor cells. This indicated that ES
cell-derived hematopoietic progenitor cells lacked self-renewal
properties because the result was the same in both immunodefi-
cient mice and in allogeneic mice. HoxB4 is expressed in the yolk
sack at the initiation of hematopoiesis [19]. Sauvageau et al. [20]
reported that overexpression of HoxB4 in hematopoietic cells led
to the in vitro and in vivo expansion of primitive hematopoietic
cells. On the other hand, overexpression of HoxB4 in ES cells
enhanced the erythropoietic, and possibly more primitive, hemato-
poietic differentiation potential of ES cells. In those experiments,
the investigators concluded that there was no effect on myeloid
cells. Results by Kyba et al. [6] a few years later however showed
that hematopoietic progenitor cells derived from HoxB4-
transduced ES cells preferentially differentiated into myeloid cells
rather than into lymphoid cells. Indeed this has been confirmed by
others and by our own studies [11, 12]. So far no data have yet
been reported on HoxB4-transduced cells being able to differenti-
ate into lymphoid cells. Our lab has most recently successfully
derived T cells from HoxB4-transduced ES cells, showing that if
the right cues are delivered, the suggested “repressive effect” of
HoxB4 on lymphopoiesis can be abolished [1]. The expression of
key T cell transcription factors Notch-1, Skp2, or E47 were not
perturbed in these cells. Thus, a better understanding of the signal-
ing cues in the HoxB4-transduced ES cells would allow improved
study of whether ES cell-derived cells can fully reconstitute the
immune system.
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Fig. 3 ES cell-derived HPCs form multi-lineage chimerism. 129SvJ ES cell-
derived HPCs were transplanted in 129SvJ mice and multi-lineage chimerism
monitored using flow cytometry. All major cell lineages were detectable in
peripheral blood up to 56 days, suggesting that ES cell-derived HPCs are capable
of reconstituting peripheral blood

One of the problems in the use of HoxB4 is that permanent
ectopic expression seems to compromise the ability of the hemato-
poietic progenitor cells to go into multi-lineage hematopoiesis and
might interfere with the engraftment of the cells. Another approach
that has been used is the combination of HoxB4 and Cdx4. Ectopic
expression of Cdx4 under a tetracycline-inducible system increased
mesoderm specification, blast colony and hematopoietic progeni-
tor formation. Together with HoxB4, enhanced long-term multi-
lineage engraftment was observed [21]. Both CD4 and CDS8
positive cells were observed and normal thymic repopulation
developed. However, these gene systems appear quite involved and
difficult for smaller labs to recapitulate. Further, it has been
reported that the amount of HoxB4 expressed in the transduced
cells affects hematopoietic cell development [22]. Despite these
caveats, HoxB4 has allowed a better study of ES cell-derived HPCs
and their ability to populate bone marrow spaces. This would have
been impossible with non-HoxB4 transduced ES cells as they are
not capable of self-renewal, which only engraft for a very limited
time of up to 4 weeks in vivo. Although a few cells may persist in
peripheral blood, the pool size of these cells is too small to have
any impact on immunity, Fig. 3.

4 Functionality of ES Cell-Derived HPCs

Data on functional studies of ES cell-derived HPCs are very lim-
ited in the literature. Yet this is an important aspect in determining
whether ES cells can become an alternative source of hematopoi-
etic cells someday. Schmitt et al. [15] functionally analyzed T cells
derived from mouse ES cells using the OP9,/0OP9-DL1 stromal
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cells. First, they stimulated the T cells with a combination of plate
bound anti-CD3 and and-CD28 antibodies and successfully
showed that the T «cells responded by producing IFN-y.
Immmunophenotyping of the cells also revealed that the cells had
a normal T cell repertoire. Finally, infection of immunodeficient
mice reconstituted with ES cell derived T cells revealed a normal T
cell response to viral antigen. These results showed that ES cell-
derived T cells indeed respond to antigen. The caveat is that these
experiments were short-term experiments completed within the
first 3 weeks of reconstituting mice. It remains to be seen whether
the T cells derived from HoxB4-transduced ES cells are capable of
long term survival and are capable of developing T cell memory.

Our initial experiments showed that mice reconstituted with
ES cell-derived HPCs induced mixed chimerism including that of
donor T cells. When these mice were infected with the LCMV
virus, they also responded by developing antigen-specific CD8 T
cells [3]. More recently, using the OP9 stromal cell lines, we suc-
cessfully showed that in vitro-generated T cells that were not gen-
erated through the use of fetal organ cultures led to severe and
fatal graft-versus-host reactions in autologous recipient mice.
When the cells were cultured on fetal organ cultures, however,
negative selection led to the generation of immunocompetent T
cells that were responsive to antigen stimulation but tolerant to self
[1]. Our results confirmed that ES cell-derived T cells are immu-
nocompetent. Thus, indeed HoxB4 does not appear to repress the
development of T cells, but rather confers self-renewal properties.

The generation of NK cells from ES cells has also been success-
ful. Lian et al. [23] reported a protocol that allowed the generation
of NK cells from mouse ES cells. These NK cells expressed NK cell
receptors and efficiently lysed target cells that poorly expressed
MHC antigens. More recently, this has been also possible with
human ES cells [24, 25] which have been used to derive NK cells
that effectively lyse tumor cells. These data are significant in that
they show that indeed human ES cells can be used to derive lineage-
specific cells that potentially can be used in the treatment of human
disease.

However, in the generation of B cells, the data are still unclear.
For example, Martin et al. [26] failed to derive T or B cells from
human ES cells but were readily successful at deriving these cells
from umbilical CD34* cells. This is a major limitation to the use of
human ES cells in producing cells that are directed at human thera-
pies. In contrast, Carpenter et al. successfully generated
CD45*CD10~ cells that were positive for transcripts Pax5, IL7aR,
lambda like, and VpreB receptor. The cells were, however, negative
for surface IgM and CD5 expression, iPS derived CD45*CD19*
cells also exhibited multiple genomic D-J(H) rearrangements,
which supports a pre-B cell identity. So far though, no data are
available in the human system where mature functional B cells have
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been described. These data show that there are clear differences in
gene regulation between human and mouse pluripotent stem cells.
T and B cells have been derived from mouse ES cells, but this
seems a lot more challenging in human pluripotent stem cells.

5 Conclusions

While the derivation of hematopoietic cells from both murine and
human pluripotent stem cells is improving by the day, it has so far
not been possible to establish long-term engrattment of human
hematopoietic progenitor cells. CD34* progenitors can be gener-
ated readily; engraftment studies have only shown short-term sur-
vival of these cells in mice at a low degree of chimerism [2]. This
finding is similar to that found in mouse progenitor cells. The
results seem to suggest that survival transcription factors have not
been turned on in these progenitor cells. Although HoxB4 has
been found to confer self-renewal in mouse cells, this does not
appear to be the case with human cells. In fact the data so far are
conflicting [ 3, 4]. Therefore, the process of selt-renewal in human
hematopoietic cells is differentially regulated. Till we establish a
protocol that provides the necessary maturation and self-renewal
of human CD34* cells, it will remain difficult to replicate mouse
studies in humans.
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Chapter 9

Directed Differentiation of Embryonic Stem Cells
to the T-Lymphocyte Lineage

Haydn C.-Y. Liang, Roxanne Holmes, and Juan Carlos Zuiiga-Pfliicker

Abstract

Hematopoiesis is the highly regulated and complex process by which blood cells are formed. Hematopoiesis
can be achieved in vitro by the differentiation of embryonic stem cells (ESCs) into hematopoietic lineage
cells. Differentiation of ESCs initially gives rise to mesoderm colonies that go on to form hemangioblast
cells, which possess endothelial and hematopoietic lineage potential. While the differentiation of several
hematopoietic lineages from ESCs, such as erythrocytes and macrophages, can be easily recapitulated in
vitro, T-cell differentiation requires additional Notch-dependent signals for their generation. Keeping with
this, ESCs induced to differentiate with OP-9 cells, a bone marrow-derived stromal cell line, give rise to
erythro-myeloid cells and B lymphocytes, while the expression of an appropriate Notch ligand, such as
Delta-like 1, on OP-9 cells (OP9-DL1) is required to support the generation of T-cells in vitro. Here, we
describe an updated and streamlined protocol for the generation of T-lineage cells from mouse ESCs cul-
tured on OP9-DLI cells. This approach can facilitate studies aimed to assess the effects of environmental
and genetic manipulations at various stages of T-cell development.

Key words OP9, OP9-DL, T lymphocytes, Macrophage colony-stimulating factor

1 Introduction

Embryonic stem cells (ESCs) are pluripotent cells derived from the
inner cell mass of the blastocyst capable of differentiating into all
cell types found in an adult organism, including hematopoietic
cells [1]. While several approaches have been described for the in
vitro differentiation of hematopoietic cells from ESCs [2-7], each
method offers different advantages to aid in the characterization,
manipulation, and analysis of ESC-derived lymphopoiesis. The
ESC-OP9-DLI coculture system described here was initially mod-
ified from the seminal work by Nakano et al. in which B-cell dif-
ferentiation was obtained in vitro from cocultures of ESCs and the
bone marrow stromal cell line, OP-9, isolated from an op/0p mouse
[6-8]. OP-9 cells lack the expression of macrophage colony-
stimulating factor (M-CSF), which prevents the cellular expansion
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of macrophages, allowing other hematopoietic lineages such as
B-cells to thrive in culture [8]. Further refinement of the initial
protocol, including the provision of additional IL.-7 and Flt-3L to
cocultures [9-15], resulted in improved B-cell production [9].
This established an efficient and robust model for ESC to B-cell
development in vitro [9], but T-cells were not produced.

Notch signaling was shown to be a critical event for T-cell
development [16, 17]. By retrovirally transducing OP-9 cells to
express the Notch ligand Delta-like 1 (OP9-DL1), it was shown
that T-cell, instead of B-cell, development from stem cells takes
place under similar conditions [18-21]. This finding has been
demonstrated with ESCs and other progenitors, such as fetal liver
hematopoietic stem cells (HSCs), adult bone marrow HSCs, and
ESC-derived progenitors.

Here, we describe an updated and streamlined protocol for the
generation of T-lineage cells from mouse ESCs cultured on
OP9-DLI1 cells. The method described here provides a robust
coculture system for T-cell development from ESCs up to the CD8
ap-TCR" stage. This approach can facilitate studies aimed to assess
the effects of environmental and genetic manipulations at various
stages of T-cell development.

2 Materials

2.1 Cells

2.2 Reagents

1. ESCs. Preferably lines that have shown lymphopoiesis in vitro, e.g.:
(a) ESC lines R1, D3, E14K derived from 129 /Sv mice.
(b) ESCs from BALB/c, C57BL /6, and [C57BL/6x129]F2

mice.
2. Embryonic fibroblasts (EF).
(a) Primary mouse embryonic fibroblasts [22].
3. OP-9 bone marrow stromal cells (OP-9 cells).

(a) Obtained from the RIKEN Cell Repository (ID Number:
RCB1124) (http://www.brc.riken.jp/lab/cell /english /
index.shtml).

4. OP9-DLI stromal cells (OP9-DL1).

(a) OP-9 cells retrovirally transduced to express Delta-like 1
[19].

1. Fetal Bovine Serum (FBS).
Gibco: Cat. #12483-020.
Gibco: Cat. #16141-079 (ES-Qualified) (see Note 1).
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2.3 Media/Reagent
Formulations

2.

10.

11.

12.

13.

14.

15.

16.

1.

High Glucose Dulbecco’s Modified Eagle’s Medium
(D-MEM).

Sigma: Cat. # D-5671.

. Alpha-Modified Eagle’s Medium (alpha-MEM).

Gibco: Cat. #12561-056.

. 1x Phosphate Buffered Saline (PBS).

Gibco: Cat. #14190-144.

. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).

Gibco: Cat. #15630-08.

. Sodium Pyruvate.

Gibco: Cat. #11360-070.
Gentamicin.
Gibco Cat. #15750-060.

. Penicillin /Streptomycin (P/S).

Hyclone Cat. #SV30010.

Glutamax™.

Gibco: Cat. #35050-061.
2-Mercaptoethanol (2-ME).

Gibco: Cat. #21985-023.

2.5 % Trypsin.

Gibco: Cat. #15090-046.

Mouse Leukemia Inhibitory Factor (mLIF).
Millipore: Cat. #£SG-1107.

Mouse IL-7 (mIL-7).

R&D: Cat. #407-ML.

Human Flt-3L (hFlt-3L).

R&D: Cat. #308-FK.

Dimethyl Sulfoxide (DMSO).

Sigma: Cat. #D2650.

Tissue culture-treated tissue culture plasticware.

Any supplier.

ES media.

(a) 500 mL of D-MEM.
(b) 15 % ES-qualified FBS.
(¢) 1 M of HEPES.
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(d) 100 mM of Sodium pyruvate.
(e) 50 mg/mL of Gentamicin.
(f) 10,000 U/mL of P/S.
(g) 200 mM of Glutamax™.

(h) 55 mM of 2-ME.
2. OP9 media.

(a) 500 mL of Alpha-MEM.

(b) 20 % FBS.

(c) 10,000 U/mL of P/S.

(d) 50 mg/mL of Gentamicin.
3. Freezing media.

(a) 90 % FBS v/v.

(b) 10 % DMXO v/v.
4. Cytokines.

(a) mLIF: Use at 10 U/pL.

(b) mIL-7: Use at 1 pg/pL.

(c) hFlt-3L: Use at 5 pg/pL.

3 Methods

3.1 Maintenance
of ESC on EF Gells

The following protocol outlines the procedures for maintaining
and differentiating ESCs on EFs or OP9 /OP9-DLI stromal cells,
respectively. All incubations are performed in a humidified incuba-
tor at 37 °C with 5 % CO,. All plasticware used are tissue culture
treated for adherent cells. All centrifugation steps were performed
at 300 xg for 5 min at 4 °C.

ESCs are maintained on mitotically inactivated EF cells. EF cells
are inactivated by irradiation at 30 Gy.

1. To prepare the EFs thaw first into 10 cm tissue culture plates.
ESC media should be used for these cultures. Once the cells
become confluent (after 2—-3 days) they can be passaged with
0.25 % trypsin diluted with PBS.

2. To passage EFs first aspirate off the media on the plate and
wash with 8 mL of PBS. Once PBS is aspirated, then add 4 mL
of 0.25 % trypsin and incubate for 6 min. Prepare a 50 mL
conical tube with 10 mL ESC media for cell collection. After
the incubation, cells should become loosely adherent and can
be easily washed oft by rigorous pipetting with the addition of
4 mL of PBS. Collect the cell mixture in the 50 mL tube that
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3.2 Maintenance
of OP-9 and
OP9-DL1 Cells

3.3 ESC to T-Cell
Differentiation on OP-9
and OP9-DL1
Cocultures

33.1 Day-3to-2

was prepared. Pellet the cells by centrifugation and resuspend
in ESC media for replating at the appropriate split ratio. Note
that each confluent 10 cm plate of EFs can be irradiated and
plated into four 6 cm plates.

. To seed ESCs to EF cells first thaw a vial of ESCs and seed to

a 6 cm plate of confluent, irradiated EFs as described above.
This coculture is grown in ESC media supplemented with
mLIF. Seed no more than 3x10* cells to avoid contact
between ESC colonies (see Note 2).

. To passage ESCs, refer to the trypsin-mediated procedure

described in step 2 and use 2 mL of 0.25 % trypsin per 6 cm
plate and wash with the addition of 2 mL of PBS. Once the
cells are pelleted, resuspend in 3 mL ESC media with mLIF
and filter through a 40 pm nylon mesh to remove large cell
aggregates. Seed this cell suspension into a newly irradiated,
80 % confluent 6 cm plate of EFs. ESCs must be well dispersed
in the plate to prevent large localized aggregates of ESCs from
torming. Media supplemented with mLIF should be changed
daily and cocultures split/passaged every 2 days to keep the
ESC density below 80 % confluent (see Note 2).

. To make frozen stocks of ESCs wash the plate with PBS and

remove the cells as described in step 2. The cell mixture can
be resuspended in 2 mL of freezing media to be aliquoted into
freezing vials. Approximately 2—4 vials can be produced from
a confluent 6 cm plate of ESC/EFs. Vials are frozen at -80 °C
overnight and transferred to liquid nitrogen the next day (see
Note 3).

. To initiate an OP-9 culture first thaw a vial of OP-9 cells and

plate to a 10 cm tissue culture plate in OP-9 media, until the
cells reach 60 % confluency (2-3 days).

. To passage OP-9 cells first aspirate media from the plate. Cells

are removed as described in Subheading 3.1, step 2. The cell
pellet can be resuspended in OP-9 media to be replated at the
appropriate split ratio, not more sparsely than 1:8, typically at
1:4 ratio. OP-9s should be well dispersed to the plate to avoid
localized cell aggregates, which can form adipocyte clusters
that do not support ESC differentiation. OP9-DL1 cells are
passaged in an identical manner as OP-9 cells (see Note 4).

. Prepare ESC/EF cocultures 3 days before the ESC/OP9

coculture. Maintain the ESC/EF coculture as described
above; ESC should be 80 % confluent for day 0.

. Prepare 10 cm plates of OP-9s by thawing and expanding

from day -3. Passage and maintenance procedures for OP-9
cells are described above. There should be at least two 80 %
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332 Dayo
333 Day3
334 Days5
335 Day7
336 Day8

confluent 10 cm plates of OP-9 cells ready for day 0: one to be
seeded with ESCs and one to be passaged for OP-9 cell
expansion.

. ESCs are removed with 0.25 % trypsin similar to the method

described in Subheading 3.1, step 4. After the 6-min incuba-
tion cells are moved into 5 mL of PBS and no media is added.
This cell mixture is centrifugated at 300 x g for 5 min at 4 °C
to isolate the cell fraction and also to induce low levels of auto-
aggregation to remove adherent EF cells (se¢ Note 5).

. Cells are passed through a 40 pm nylon mesh and then resus-

pended in OP9 media for counting.

. Seed 5x10* ESCs per 10 cm plate of OP9 cells in a total of

10 mL of OP9 media (see Note 6).

. Replace the media with 10 mL of fresh OP9 media. The old

media should be centrifugated and any cells in the pellet
should be recovered with fresh media to ensure that no cells
are lost.

. Greater than 50 % colonies should have mesoderm-like mor-

phology [22]. Cobblestone morphology should also be visible
at this time point. Remove media without disturbing the
coculture and centrifugate to pellet any cells to place back in
coculture. The coculture should be passaged as described in
Subheading 3.3.2, steps 1 and 2. Once the cells are counted,
seed 6 x 10° cells per 10 cm plates of 80 % confluent OP-9 cells
(see Note 7).

. Fresh coculture should be grown in 10 mL OP9 media sup-

plemented with hFlt-3L.

. OP9-DLI cells should be prepared similar to OP-9 cells at this

time. Refer to Subheading 3.3.1 for instructions.

. Place passaged OP9-DLI cells into 6-well tissue culture plates.

Each confluent 10 cm plate can be plated into two 6-well
plates (i.e., 12 wells) to be ready for day 8.

. The hematopoietic progenitors are now either loosely or no

longer adherent to the OP-9 cells [23]. Remove the media
from each plate carefully and very gently wash the stromal
layer to remove all weakly adherent cells without disturbing
the integrity of the adherent cells and the stromal cell layer (see
Note 8).

. Filter all collected cell mixture through a 40 pm nylon mesh to

remove any stromal fragments, or undifferentiated ESC
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3.3.7 Day10

338 Dayi2

3.3.9 Beyond Day 12
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Fig. 1 T-cell development from an ESC/OP9-DL1 coculture. (a) On day 14, CD4
CD8 double-negative populations are characterized by their surface expression
of CD44 and CD25. (b) CD4 CD8 double-positive cells, defined by their CD4 and
CD8 co-expression, are observed on day 16. This population will make up the
majority cells in the coculture at later time points

colonies, collected by accident. Centrifugate the collected cell
suspension and resuspend in 3 mL of OP9 media, supple-
mented with mIL-7 and hFlt-3L, for each portion collected
from a 10 cm plate. The non-adherent cells are plated into
6-well plates with OP9-DL1 cells. Each portion collected
from a 10 cm plate is plated into 1 well of'a 6-well plate.

. Change media by collecting, and centrifugating, all the media

from each well, similar to Subheading 3.3, step 3. The cells
are resuspended in 3 mL of OP9 media with added mIL-7 and
hFlt-3L.

. The coculture is passaged by strong and rigorous pipetting to

remove and disrupt the stromal cell integrity. The mixture of
stromal cell fragments and non-adherent cells is filtered
through a 40 pm nylon mesh to collect the non-adherent cells.
Cells are pelleted by centrifugation, resuspended in 3 mL of
OP9 media with mIL-7 and hFlt-3L, and plated onto fresh
6-well plates with 60 % confluent OP9-DL1 cells (see Note 9).

. Repeat step 1 in Subheadings 3.3.7 and 3.3.8 by changing

media every 2 days and stroma every 4 days. When coculture
becomes overconfluent it is necessary to scale up to 10 cm
plates (see Note 10). Figure 1 shows the effective generation
of T-lineage cells from ESC-OP9-DL1 cocultures.
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4 Notes

. Prescreened lots of FBS for the propagation of undifferenti-

ated ESCs are commercially available, but it is recommended
to prescreen lots of FBS for ESC/OP9-DLI1 cocultures.
Different lots can be tested in parallel cocultures where ESCs
are differentiated for 15-20 days. The quality of FBS is deter-
mined by the efficiency in generating T-lineage cells by their
surface expression of T-cell markers, e.g., CD25, CD44, CD4,
and CD8—see Fig. 1.

. ESC colonies may become differentiated even if it is kept at

below 80 % confluence. Localized cell aggregates will promote
differentiation in clusters that must be removed by either
physically picking them oft of the plate or removing the cells
with 0.25 % trypsin for 7 min instead of 5 min. Difterentiated
ESC colonies will appear less optically refractive and exhibit
more adherent cell-like morphology with defined edges. Also
by filtering the large cell aggregates, these cells can be removed.

. Density of frozen stocks is important for subsequent thawing

of cells. Due to their fast expansion rate it is advised to thaw
25 % of'a 6 cm plate into a full 6 cm plate of EFs to allow space
for ESCs to grow.

. Each 1:4 split of OP9 or OP9-DL1 cells will take about 2 days

to become 60-80 % confluent. Due to the potential heteroge-
neity of OP9 cells, splitting ratio beyond 1:8 may render the
stroma functionally inert and unable to support T-cell
development.

. EF cells will aggregate faster than ESCs. After the centrifuga-

tion aggregation can be observed and rigorous pipetting is
required to liberate any ESCs trapped in the cell aggregate.
The resulting smaller cell aggregates can be excluded from the
sample by passing it through a 40 pm nylon mesh filter.

. Up to 3x10° cells can be seeded, depending on the duration

of the experiment. For shorter experiments more cells can be
used to compensate for the slow proliferation early on.

. Up to 1 x10° cells can be used per 10 cm plate, depending on

the duration of the experiment. Micrographs of culture mor-
phology can be found in ref. [24].

. Cells with hematopoietic potential are in the weakly adherent

fraction. Any adherent cells that are carried over into the next
coculture step may take over the culture and negatively impact
hematopoietic development.

. Optimal T-cell development can be achieved by avoiding any

disruption to the cell-cell contacts between hematopoietic
and stromal cells. Nevertheless, it is necessary to change
stroma every 4-5 days in order to provide sufficient support
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for the expanding and differentiating cells. By pipetting rigor-
ously loosely adherent cells can be detached from stromal
cells. By breaking up the stromal layer into intermediate sized
fragments their carryover can be limited.

When non-adherent round hematopoietic cells are observed to
cover 80 % of the stromal layer at the bottom of the plate it is
necessary to expand the coculture into 10 cm plates or more
wells. When T-cell development reaches the end of the DN3
stage it will expand rapidly and extra stromal cells should be pre-
pared to transfer the proliferating T-lineage cells. The timing of
when each stage of T-cell development is reached varies and may
depend on the type of ESC used. Therefore, flow cytometric
analysis of the cultures at different time points, corresponding to

cell passages, is recommended and highly informative [24].
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Chapter 10

Development of Hematopoietic Stem and Progenitor Cells
from Mouse Embryonic Stem Cells, In Vitro, Supported
by Ectopic Human HOXB4 Expression

Sandra Pilat, Sebastian Carotta, and Hannes Klump

Abstract

Differentiation of pluripotent embryonic stem (ES) cells can recapitulate many aspects of hematopoiesis,
in vitro, and can even generate cells capable of long-term multilineage repopulation after transplantation
into recipient mice, when the homeodomain transcription factor HOXB4 is ectopically expressed. Thus,
the ES-cell differentiation system is of great value for a detailed understanding of the process of blood
formation. Furthermore, it is also promising for future application in hematopoietic cell and gene therapy.
Since the arrival of techniques which allow the reprogramming of somatic cells back to an ES cell-like state,
the generation of hematopoietic stem cells from patient-specific so-called induced pluripotent stem cells
shows great promise for future therapeutic applications. In this chapter, we describe how to cultivate a
certain feeder cell-independent mouse embryonic stem cell line, to manipulate these cells by retroviral
gene transfer to ectopically express HOXB4, to differentiate these ES cells via embryoid body formation,
and to selectively expand the arising, HOXB4-expressing hematopoietic stem and progenitor cells.

Key words Pluripotent stem cells, Embryonic stem cells, ES cells, Embryoid body, Hematopoietic
stem cells, HSC, HSPC, HOXB4, Homeobox, Transcription factor, Stem cell expansion,
Differentiation, Myeloid progenitors, Mass culture, Cell clones, Clonal expansion

1 Introduction

Hematopoietic stem cells (HSCs) are the central organizers of the
hierarchical process of blood cell formation (hematopoiesis) in all
adult vertebrates. Because of their ability to completely reconsti-
tute multilineage hematopoiesis for a lifetime after transplantation,
HSC:s are a prime therapeutic target, for example in the context of
treating genetic diseases of the hematopoietic system. In hemato-
poietic gene therapy, use of single HSC clones which have been

Nicholas Zavazava (ed.), Embryonic Stem Cell Inmunobiology: Methods and Protocols, Methods in Molecular Biology, vol. 1029,
DOI 10.1007/978-1-62703-478-4_10, © Springer Science+Business Media New York 2013
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molecularly characterized and expanded to therapeutically effec-
tive amounts prior to transplantation is highly desirable. However,
selective in vitro expansion of HSCs has remained a challenging
task, despite improvement of growth conditions allowing better
maintenance and even some modest expansion of HSCs, in vitro
[1-3]. In contrast, ectopic expression of certain transcription fac-
tors, for example of the homeodomain transcription factor
HOXB4, has proven more efficient in mediating expansion of
hematopoietic stem and progenitor cells (HSPCs) of humans and
mice, in vitro and in vivo [4-6]. In fact, human HOXB4 was the
first gene shown to mediate a profound HSPC expansion in vitro
and in vivo when ectopically expressed in murine bone marrow
cells without inducing leukemia [5]. Another major hurdle is that
the individual identity of HSCs has remained obscure, although
significant progress has been made in defining surface markers
associated with HSCs, thus allowing substantial enrichment of
long-term repopulating activity from bone marrow [7-10]. Hence,
isolation and direct manipulation of HSC clones have remained
technically impossible, so far. At present, the only cell types allow-
ing for application of gene targeting techniques, in vitro selection,
and expansion of defined clones with high efficiency are pluripo-
tent embryonic stem (ES) and induced pluripotent stem (iPS)
cells. Therefore, pluripotent stem cells are an attractive alternative
as a source for generating tailored HSCs, in vitro. After in vitro
differentiation of ES cells, some progeny cells are capable of medi-
ating long-term hematopoietic repopulation after transplantation
into recipient mice, in vivo, when HOXB4 is ectopically expressed
above a certain threshold [11-15] and can induce transplantation
tolerance of allografts [16]. How HOXB4 mechanistically
enhances this conversion towards HSCs is currently not under-
stood. So far, expression profiling in combination with functional
analyses suggested that this transcription factor alters the same
common pathways known to be important for controlling stem
cell self-renewal and differentiation, both in adult as well as in
ES cell-derived hematopoietic stem and progenitor cells [17]. In
this chapter, a basic protocol is presented for cultivation
(Subheading 3.1) and differentiation of a mouse embryonic stem
cell line by “embryoid body” (EB) formation in semisolid medium
(Subheading 3.3). Because retroviral transduction of the human
homeodomain transcription factor HOXB4 into undifferentiated
ES cells enables subsequent outgrowth of HSPCs after
EB-differentiation, in vitro, without any stroma cell support
[12, 17], production of a retroviral HOXB4 expression vector,
titer determination, and retroviral gene transfer (transduction)
into undifferentiated ES cells are explained in Subheading 3.2.
Pluripotent stem cells could significantly promote regenerative
medicine by allowing the usage of techniques not yet established
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Fig. 1 (a) Schematic representation of the retroviral coexpression vector for HOXB4. Transcription is driven by
the U3 enhancer/promoter within the long terminal repeat (LTR) of the retroviral vector. During translation, the
2A-esterase of foot-and-mouth disease virus (FMDV) inhibits peptidyl-transferase activity in the ribosome [31],
consequently leading to separated eGFP and HOXB4 in constant molar ratios and in a non-proteolytical fashion.
Abbreviations: LTR long terminal repeat, U3 unique region 3’, R repeat, U5 unique region 5’, SD splice donor,
SA splice acceptor within the 5’ untranslated region, y wPRE woodchuck hepatitis posttranscriptional regula-
tory element. (b) Flowchart of retroviral transduction of ES cells, cultivation of HOXB4-expressing clones,
embryoid body (EB) differentiation, expansion of ES cell-derived hematopoietic stem and progenitor cells
(HSPCs) and readout systems, in vitro (FACS and colony formation assays) and in vivo (mouse transplantation;
not explained in this chapter)

for somatic stem cells. The recent finding that somatic cells can be
reprogrammed back to a pluripotent state [18-20] has rapidly
enabled the generation of patient-specific iPS cells, in vitro [21],
and thus will open avenues for the future generation of patient-
specific HSCs, in vitro. The subsequent protocol is intended to
convey you the ability to propagate mouse ES cells (CCE
line) (Subheading 3.1), differentiate them via embryoid bodies
(Subheading 3.3), and expand ES cell-derived hematopoietic cells
(Subheading 3.4) after HOXB4 transduction (Subheading 3.2).
An outline is depicted in Fig. 1b.
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2 Materials

2.1 Mouse
Embryonic Stem
(CCE Line) Cell Culture

2.2 Methylicellulose
Stock Solution

1. “Knock-out” Dulbecco’s Modified Eagle Medium (K.O.
DMEM) (Gibco/BRL, Bethesda, MD, Cat. No.#10829-018)
supplemented with 15 % (v/v) fetal calt serum (FCS) (see
Note 1), 1 % (v/v) Penicillin/Streptomycin (PenStrep)
(Sigma-Aldrich, Cat. No. #P0781), 2 mM r-Glutamine
(Sigma-Aldrich, Cat. No. #G7513), 15x10* M
Monothioglycerol (MTG) (Sigma-Aldrich, Cat. No. #M6145)
(see Note 2) in 1x PBS, and 10 ng/ml Leukemia Inhibitory
Factor (LIF, R&D #449-L).

2. 0.1 % (w/v) gelatin (Sigma, Cat. No. #G1890) dissolved in
phosphate-buffered saline (PBS) and autoclaved.

3. Solution of Trypsin (0.25 %) from Gibco/BRL.

4. 25 cm? cell culture flasks for adherent cells from Nunc (Cat.
No. #1361906).

Materinl: Methocel (Fluca, Cat. No.#64630), IMDM powder
(Gibco/BRL, Cat. No. #12100-046), Monothioglycerol (MTGQG)
(Sigma-Aldrich, Cat. No. #M6145), a sterile Erlenmeyer flask
(with screw cap).

1. Put a stirring staft into the flask and weigh, rinse with sterile
cell culture-quality water, then add 450 ml H,O, and boil on
a heater. In the meanwhile, prepare 20 g methylcellulose pow-
der per liter solution. As soon as the water starts boiling, add
methylcellulose, mix with magnetic stirrer, simmer for about
10 min, then boil up once, and subsequently let cool down to
room temperature slowly.

2. For a 2x IMDM medium stock mix 3.025 g/l sodium-
bicarbonate, IMDM powder for 1 1 (se¢ Note 3), 1.0 ml of
an MTG 1,000x stock (=150 mM). Then add 450.0 ml
sterile H,O, dissolve, and filter sterile. Finally, add Penicillin
and Streptomycin to a final concentration of 1% (v/v) from
a commercial 100x PenStrep stock solution and 2mM
L-glutamine.

As soon as the flask containing the viscous methylcellulose
solution is hand-hot (approx. body temperature), move it into a
sterile work bench containing a magnet-stirrer. Pour 2x IMDM
medium to the methylcellulose with simultaneous stirring (the
color of the indicator may change from red to yellow). Because the
final weight must be 1,000 g, subtract the total weight of the mix-
ture from the weight of the flask + stirrer and adjust with sterile cell
culture-quality H,O. Place the flask in a cold room (4 °C) and let
cool down overnight with simultaneous slow stirring. During the
first 2 h, swirl manually approximately every 30 min to achieve a
homogenous solution. Next day pour 40 ml aliquots per 50 ml
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tubes under the sterile hood, shock-freeze in liquid N,, and store
at =80 °C. Prior to use after thawing, centrifuge at 720 xg for
10 min to remove large fibrous cellulose pieces. Use only 30-35 ml
of the supernatant for further steps.

Components:
IMDM (Gibco/BRL, Cat. No. #21980-032), pretested FCS,
PenStrep (Sigma-Aldrich, Cat. No. #P0781), L-Glutamine (Sigma-
Aldrich, Cat. No. #G7513), Human Transferrin (Sigma, Cat. No.#
T0665), Protein Free Hybridoma Medium (PFHM-II) (Gibco/
BRL, Cat. No. #12040-051), Monothioglycerol (MTG) (Sigma-
Aldrich, Cat. No. #M6145), Ascorbic Acid (Sigma-Aldrich, Cat.
No. #A4544).

For 260 ml of semisolid embryoid body differentiation media
mix the components as follows:

IMDM 66.0 ml
ECS (f.c. 15 %) 39.0 ml
100x PenStrep solution 1.3 ml
L-Gln (f.c. 2 mM) 2.6 ml
Human transferrin (f.c. 300 pg/ml) 4.5 ml
PFHM-II (fc. 5 %) 13.0 ml
150 mM MTG (fic. 4x10* M) 0.7 ml
Wait for approx. 10 min, then add

Ascorbic acid® (f.c. 50 pg/ml) 2.6 ml
Methylcellulose solution (f.c. 50 %) 130.0 ml
Total 260.0 ml

“For preparation of an ascorbic acid stock solution, dissolve 5 mg/ml in cold (4 °C)
tissue culture-grade H,O, filter sterile, make 1.5 ml aliquots, and store at -80 °C . After
thawing, use only once and discard excess.

StemPro34 + Nutrient Mix (Gibco/BRL #10639) containing
mSCF (100 ng/ml), mIL-3 (2 ng/ml) (R&D 403-ML; stock:
2 pg/ml in PBS, 0.1 % BSA), mIL-6 (5 ng/ml) (R&D 406-ML;
stock: 5 pg/ml in PBS, 0.1 % BSA), Flt3-L (10 pg/ml) (R&D
427-FL; stock: 10 pg/ml in PBS, 0.1 % BSA), IGF-1 (40 ng/ml)
(Sigma I-1271; stock: 40 pg/ml IGF-1 in 3.4 x10~* M acetic acid,
PBS, 0.1 % BSA), Dexamethasone (1 pM) (Sigma D4902; stock:
1 mM in ethanol).

Combine StemPro34 and nutrient mix, add dexamethasone
(f.c. 1 pM) and IGF-1 (f.c. 40 ng/ml). Aliquot 40—45 ml in 50 ml
tubes. Shock-freeze in liquid N, and store at -80 °C. Add cyto-
kines immediately before use and store for no longer than 2 weeks
at 4 °C.
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2.5 Antibodies All the following anti-mouse antibodies were purchased from eBio-
for Flow Cytometry science, San Diego, CA, USA: GR-1 (clone RB6-8C5), CD11b
(clone M1/70), CD41 (clone ebioMWReg30), CD117 (c-Kit;
clone 2B8), CD31 (PECAM, clone 390), and CD45 (clone 30-F11).

2.6 Retrovirus 1.

Production

All cell lines were purchased from ATCC-LGC (http://www.
lgestandards-atcc.org/). HEK 293T /17 cells were used for
production of virus (ATCC-Nr. CRL-11268), mouse SCI

embryonic fibroblasts for titration of ecotropic retroviruses
(ATCC-Nr. CRL-1404).

All chemicals necessary for calcium phosphate transfection
were purchased from Sigma-Aldrich. A detailed protocol for
preparation of the required buffers can be usually found in
common molecular biology textbooks [22].

. Prepare a 4 mg/ml (1,000x) stock solution of Protamine sul-

fate (Sigma P4020) in cell culture-quality H,O. Sterile-filter,
aliquot, and store at -20 °C.

Prepare a 25 mM (1,000x) stock solution of Chloroquine
(Sigma C6628), in cell culture-quality H,O. Sterile-filter, ali-
quot, and store at -20 °C.

. Sterile 33 mm Milex-GP filter units, 0.22 pm (Millipore, Cat.

Nr. SLGPO33RS).

Expression plasmids for ecotropic envelope and MLVgag-pol
can be purchased online via Addgene (www.addgene.org).
ecotropic MLVenv (pHCMV-EcoEnv; plasmid nr. 15802);
MLVgag/pol (MSCV-gag/pol; plasmid nr. 14887).

3 Methods

3.1 Mouse For hematopoietic differentiation studies, we use clones of the

Embryonic Stem Cell CCE ES cell line [23] into which a retroviral expression vector for

Culture HOXB4 is introduced [12, 14, 16, 24, 25] (see Note 4). CCE cells
can be cultured in LIF without embryonic fibroblast feeder cells.
However, we try to avoid culturing the ES cells for more than 2-3
weeks (see Note 5).

1.

CCE cells should be grown on gelatinized T25 flasks. Prepare
the flasks by pipetting 0.1 % sterile gelatin in 1x PBS solution
until the bottom is well covered and let stand at room
temperature for at least 30 min. Remove the PBS immediately
before use.

Rapidly thaw vial(s) containing frozen ES cells in a 37 °C
water bath exactly to the point where there still is a small rem-
nant of ice inside the vial. Immediately transfer the cell suspen-
sion from the cryotube into a tube containing at least ten
times as much prewarmed ES-cell medium (Subheading 2.1)
and pellet the cells by centrifugation at 260 x g for 10 min.


http://www.lgcstandards-atcc.org/
http://www.lgcstandards-atcc.org/
http://www.addgene.org/
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: f EB d3

PC Fluorescence

Fig. 2 (a) Morphology of ES-cell colonies (CCE cell line). Undifferentiated colonies should have a smooth edge
(the so-called shiny border appearance); boundaries of single cells should not be visible (compare /eft “good”
with right “not good” colony). (b) An ES-cell colony is shown after transduction with a retroviral GFP expression
vector (FMEV-eGFP+wPRE), in phase contrast (PC) and fluorescence (right picture). The inhomogeneous fluo-
rescence may be due to silencing of the vector in some cells of the colony. (c) The development of embryoid
bodies (EBs) on day 0 (d0), day 3 (EB d3), and day 6 (EB d6) is depicted. The spherical shape of the cystic EBs
can be clearly recognized on the EB d6 picture

3. Remove the supernatant with a pipette, carefully resuspend the
cells in fresh ES-cell medium, transfer into the gelatin-coated
flasks, and culture them in an incubator containing 5 % CO,
and a H,O-saturated atmosphere at 37 °C (see Note 6) (Fig. 2a).

4. For passaging ES cells, remove the medium, wash the cells
once with prewarmed 1x PBS, and add 2 ml of trypsin—EDTA
solution prewarmed to 37 °C. Immediately remove the tryp-
sin solution again so that the colonies only stay “wet.” Incubate
at 37 °C for about 3 min, until cell-cell boundaries become
visible which is then the time to shake the flask for colony dis-
sociation (see Note 7).

5. Dilute about 1:5-1:10 in fresh ES-cell medium and incubate
again.
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3.2 Retroviral
Transduction of
Embryonic Stem Cells

3.2.1 Production

of Ecotropic Retrovirus-
Containing Cell Culture
Supernatants

For the present protocol, HOXB4 was introduced into ES cells by
retroviral transduction prior to differentiation, thus allowing for
extensive molecular characterization of purified ES-cell clones
prior to further use. Although retroviral vectors are a very efficient
means for transfer into and stable expression of any cDNA in most
cells, they are often silenced in pluripotent cells. As a consequence,
long-term expressing ES cells have to be isolated by repeated puri-
fication, for example by flow cytometry-based sorting. Another
possibility to avoid extensive silencing is to perform retroviral
transduction after ES-cell differentiation and dissociation of EBs.
However, such polyclonal ES cell-derived hematopoietic cultures
containing undefined retroviral integrations may show effects only
due to insertional mutagenesis and unrelated to HOXB4 expres-
sion. For this work, we coexpressed ¢eGFP and HOXB4 via the
2A-esterase of the picornain foot-and-mouth disease virus
(FMDV), which separates both proteins cotranslationally (Fig. 1a).
In contrast to IRES-elements, cotranslational separation leads to a
stable expression of both proteins at a constant molar ratio [6, 26,
271, enabling a much better estimation of the amounts of HOXB4
by measuring GFP fluorescence [27]. Expression was driven by an
FMEV-based retroviral vector backbone, which we have shown to
mediate long-term high expression in embryonic and adult stem
cells [6, 12]. For virus production, HEK 293T /17-cells were
transfected by the calcium phosphate precipitation method,
described in detail by Kingston et al. [22].

1. In the late afternoon or evening, seed 5x10° 293T /17-cells
in a9 cm tissue culture dish in 10 ml DMEM supplemented
with 10 % FCS and 2 mM L-glutamine.

2. Next day, mix expression plasmids encoding ecotropic enve-
lope (5 pg), MLV gag-pol (10 pg), and 5 pg of the FMEV-
FMEV-eGFP2AHOXB4+Pre vector (EMEV-eGFP+Pre as a
control) in 438 pl water and add 50 pl 2.5 M CaCl,.

3. Add the DNA /CaCl, solution to 500 pl 2x Hepes-buftered
saline by bubbling air in a conical tube; vortex briefly.

4. Immediately before transfection, remove old medium and add
fresh medium containing 25 pM chloroquine.

5. Add DNA-mix to cells and swirl plate gently.

6. After 6-12 h, exchange medium for 10 ml fresh medium with-
out chloroquine.

7. Next morning, remove old medium and add 7 ml fresh
medium containing 20 mM Hepes-buffer (pH 7.4). Harvest
the first virus-containing supernatant in the evening, which is
about 30 h post transfection. To do so, take up the superna-
tant with a 10 ml syringe and pass it through a Milex-GP
(Millipore) sterile filter (0.22 pm). It is recommendable to



3.2.2 Titration

of Retroviral Supernatants

3.2.3 Transduction
of ES Cells

Hematopoietic Differentiation of Mouse Embryonic Stem Cells 137

8.

collect 1 ml of the supernatant separately in a 1.5 ml sterile
reaction tube for later titration. Store supernatants at -80 °C.

Collect viral supernatants every 12 h up to 72-84 h post trans-
tection and store at —80 °C until further use.

For titration of ecotropic virus supernatants we routinely use
mouse SC1 fibroblasts growing in 24-well cell culture plates.

1.

Prepare plates by seeding 1 x10° exponentially growing SC1
cells per 24-well in 1 ml DMEM containing 10 % FCS, 4-6 h
prior to virus transduction. We recommend to test at least
three different dilutions of the virus supernatant, e.g., 10, 25,
and 50 pl supernatant. Seed an additional four wells as a nega-
tive control.

. After 4-6 h, exchange the medium for 500 pl DMEM supple-

mented with 10 % FCS and 8 pg/ml protamine sulfate per
well.

. Prepare the virus supernatants for titration by adding 500 pl

DMEM/10 % ECS to 10, 25, and 50 pl aliquots of each viral
supernatant in a sterile 1.5 ml reaction tube. Keep on ice until
use.

Add the 500 pl virus dilutions to the cells, seal the plates with
parafilm, and centrifuge at 800 x 4 for 60 min at 32 °C.

. Remove parafilm sealing and place cells into the 37 °C/5 %

CO, incubator.

Next day, remove the supernatant from cells and replace with
1 ml fresh DMEM /10 % FCS medium.

. On day 3 post transduction, remove medium, wash cells once

with prewarmed 1x PBS, trypsinize the cells, and resuspend in
1x PBS containing 4 % FCS. It may be necessary to remove
larger cell aggregates by filtration through a gaze-filter prior
to flow cytometrical analysis to avoid clogging of the
FACS-nozzle.

. Determine the percentage of GFP-positive cells by flow

cytometry.

. The apparent titer/ml (termed “GFP transducing units,”

GTUs) can be determined according to the following formula:

proportion of GFP positive cells X seeded cell numbers at the day of infection x 2

volume of virus supernatant (in ml)

With the following protocol, we routinely achieve a transduction
efficiency of about 10 % transgene positive cells 2 days after
transduction.

1.

Trypsinize and count ES cells. Seed 3x10° cells in ES-cell
medium supplemented with 20 mM Hepes-buffer (pH 7.4)
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3.3 ES-Cell
Differentiation

and 4 pg/ml protamine sulfate to each well of a 12-well plate
for suspension cultures. The volume should not exceed 2 ml;
otherwise use a 6-well plate.

. Add the virus-containing supernatant at a multiplicity of infec-

tion (MOI) of 10 (see Note 8) and centrifuge plates at 711 xg
for 60 min at 32 °C.

. After centrifugation, collect the ES cells, add ES-cell medium

to a final volume of 5 ml, and transfer the suspension into a
gelatinized 25 cm? flasks (see Subheading 3.1). Incubate over-
night at 37 °C/5 % CO, and exchange medium next
morning.

. 2-3 days after transduction, continue to propagate the colo-

nies as described in Subheading 3.1. Determine the transduc-
tion efficiency with an aliquot of the single-cell suspension
after trypsinization. For single-clone isolation, flow cytometri-
cal sorting is most convenient (se¢ Note 9).

. 48 h before starting embryoid body differentiation, transfer

ES cells to IMDM-ES medium (in which the DMEM of the
ES-cell medium is simply exchanged for IMDM) in a gelati-
nized T25 flask (se¢ Note 10).

. After 2 days in IMDM-ES medium, harvest cells by trypsiniza-

tion, count, and check for viability (see Note 11). Wash cells in
prewarmed 1x PBS, resuspend in fresh IMDM-ES medium
without LIF, and dilute to a concentration of about 1,500
cells/ml.

. Suspend in methylcellulose differentiation medium, plate on

20 cm bacterial petri dishes, and incubate at 37 °C for the first
2 days.

. On day 3, exchange about 50 % of the methylcellulose

medium.

. On day 5, completely exchange the medium. To do so, use a

pipette with a wide opening, slightly tilt the petri dish, carefully
rinse down the EBs, and collect them in a 50 ml Falcon tube.
They will visibly precipitate. Pellet them with low g-force by
centrifugation at 18 x g for 2 min.

. Discard the supernatant, carefully resuspend the pelleted EBs

in fresh warm methylcellulose differentiation medium, and
transfer the suspension onto a new 20 cm bacterial petri dish.
Remove air bubbles and place back into the incubator. The
appearance of EBs during the procedure is shown in Fig. 2c.

. On day 6, collect the EBs again as on day 5, wash with pre-

warmed 1x PBS, and pipette 5-7 ml trypsin solution on top of
the pelleted EBs. Do not resuspend using a pipette. Instead,
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swirl carefully. Place the tube into a 37 °C water bath for about
2—4 min and agitate every 30 s.

As soon as the solution becomes cloudy, inactivate the trypsin
by adding pure FCS (ca. 3 ml) and immediately vigorously
resuspend with a 5 ml pipette (otherwise the cells will clump
together). Filter the cell suspension through a 70 pm nylon
filter (see Note 12).

Pellet cells at 260 x g/5 min, wash at least twice (se¢ Note 13),
resuspend in fresh 1x PBS, and determine the cell numbers
and viability.

Dilute cells to 3.5 x 10°/ml in hematopoietic serum-free medium
(see below) and plate in a 9 cm suspension cell petri dish.

ES-HSPC cultures must be taken care of daily.
1.

Culture ES-HSPCs in SCM at a density of 3.5x10°/ml dur-
ing the first 2 days, and then at 2-2.5x10°/ml for the rest of
the culture time. Exchange about half of the medium for fresh
medium every day.

Incubate the cells at an increased CO, partial pressure (8 %)
and avoid longer drops of the CO, concentration by keeping
manipulation steps outside of the incubator as short as possible.
GFP-transduced control cells without ectopic HOXB4
expression will only continue to proliferate for about 2 weeks
and then stop growing. Only the HOXB4 cultures will
continue to grow exponentially under these conditions, at
least for more than 200 days (Fig. 3a, b). Regularly determine
the percentage of dead cells in culture. From time to time,
dead and differentiated cells adhering to the petri dish have to
be removed by Ficoll gradient centrifugation (see Note 14).

. Transfer the cell suspension into a 50 ml Falcon tube and care-

fully pipette cold (4 °C) Ficoll (density gradient separation
medium, density 1.1 g/ml) under the cell suspension using a
Pasteur pipette.

Centrifuge at 720x g4 for 10 min (~2,000 rpm in a Heraeus
Megafuge 10).

. Take cell suspension including the interphase (dead cells and

debris are at the bottom of the tube), place into new Falcon
tube, and pellet at 260 x g for 5 min.

4. Remove supernatant and resuspend pelleted cells in SCM.

. Check the quality of cell suspension (cell numbers and viabil-

ity, see Note 11) and continue to culture at a density of

2-2.5%10°/ml.
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3.4.3 Characterization
of ES-HSPC Cultures
by Flow Cytometry

de
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Fig. 3 (a) Hematopoietic suspension cultures ectopically expressing HOXB4
(HOXB4+ ES-HSPCs) at 6 and 8 days after dissociation of the day 6 EBs (d6 and
d8, respectively). (b) Whereas HOXB4-transduced cultures continue to grow
exponentially for >200 days (two separate clones are shown), control cultures
without enforced HOXB4 expression usually cease growing and die after about
20 days under the conditions described in this protocol (termination of eGFP
control vector-transduced cell growth is depicted with a cross)

Multicolor flow cytometry facilitates the analysis of ES-HSPCs and
enables the detection and possible enrichment of the earliest defin-
itive hematopoietic progenitors in culture over time by simultane-
ous detection of indicative surface markers on each cells.
For example, CD41* cells (gp IIa, Itga2b, ollp integrin) detected
during ES-cell differentiation, in vitro, and in the embryo, in vivo,
are restricted to a hematopoietic fate and define the onset of primi-
tive and definitive hematopoiesis [28, 29]. Figure 4 shows simulta-
neous expression of CD41, CD45, and c¢-Kit on ES-HSPC cultures
cultured for 21 days after EB dissociation.

1. For staining the ES-HSPCs with these antibodies, count the
cells and use about 5x10° cells per staining reaction in a
1.5 ml reaction tube. Wash with 1x PBS at 260 x g for 10 min.



Hematopoietic Differentiation of Mouse Embryonic Stem Cells 141

cbh41 intermed / c-kitPos

GFP #1
(control)

c-Kit

CD45

2 4 5

10° 10
CD45

0 10 10

CcD41 hi / c_kitintermed

CcD41 intermed / c-kitPos
CD45

1500

HOXB4 #8 1000

hi .
500 CD41"/ c-kit"e9

CD45

3

4 5

010 10 10 10

Fig. 4 HOXB4 expression leads to the selective expansion of CD41+ hematopoietic progenitors. Flow cytometri-
cal analysis is shown of day 10 ES-HSPC cultures derived from ES-cell clones either expressing the GFP
control vector (upper panel, GFP #1) or HOXB4 (lower panel, HOXB4 #8). In contrast to control cultures, which
lack cells expressing high amounts of CD41 and contain only few cells positive for CD45, the HOXB4 cultures
contain a major amount of CD41" cells, which tend to be negative for CD45 expression, whereas CD41'o/ntermediate
cells which have upregulated c-Kit expression also become CD45+*. CD41" cells display blast-like morphology
(see Fig. 5) and are capable of reconstituting the heterogeneity of the suspension culture when purified flow
cytometrically and cultivated (data not shown)

2. Resuspend the cells in 100 pl PBS/4 % FCS containing 100-
200 ng uncoupled anti-CD16,/32 antibody and incubate for
30 min. This will block eventually present Fc-receptors, which
may lead to a false-positive signal by binding the specific,
fluorochrome-coupled antibodies.

3. Wash once with 1x PBS and resuspend the cells in 100 pl
PBS/4 % FCS containing different combinations of the follow-

ing antibodies according to the “fluorescence minus one”
scheme depicted in Table 1 [30] (see Note 15).
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Table 1

Staining reactions for simultaneous detection of GFP, CD41, CD45, and CD117 (c-Kit) on GFP*
or GFP/HOXB4* ES-HSPCs via multicolor FACS, according to the “fluorescence minus one” method
for correct compensation [30]

Cells/reaction

GFP or GFP/HOX CD41-PE  CD117-PerCP-Cy5.5 (CD45-APC

FMO-control

1x10° cells
1x10° cells

s — — —

FMO-control + + — _
FMO-control  1x10° cells + - + _
FMO-control  1x10° cells + = = +
Measurement  5x10° cells + + + +

4. After incubation for about 60 min at 4 °C in the dark, wash

3.4.4 Morphological
Evaluation of ES-HSPC

Cultures by Cytological tion

Staining

the cells twice, resuspend in 300 ml 1x PBS/4 % FCS, and
analyze on a (at least) four-channel flow cytometer capable of
detecting the employed fluorochromes (see Note 16).

This method complements FACS analysis and often provides a lot
of additional important information on the quality and composi-

of the cultures. An example of HOXB4* ES-HSPCs after flow

cytometrical sorting is shown in Fig. 5.

1.

Wash approximately 5x10* cells in 1x PBS/2 % FCS and
dilute in 100 pl of 1x PBS /1 % BSA. Keep your samples on ice.
Place slides and filters into appropriate slots in the cytospin
centrifuge with the cardboard filters facing the center of the
cytospin. Pipette about 200 pl of cold 1x PBS/1 % BSA into
each of the wells and spin at 150 x g for 3 min.

. Quickly place about 100 pl of each sample into the appropri-

ate wells of the cytospin and spin at 150 x g4 for 7 min.

Remove the filters from their slides without contacting the
smears on the slides.

Dry the slides at room temperature.

. Cover the slide with undiluted May-Griinwald staining solu-

tion for 5 min (se¢ Note 17).
Rinse slide with distilled H,O.

. Stain with diluted Giemsa solution (according to the manufac-

turer) for 20 min.

Thoroughly rinse slide with distilled H,O and let dry before
microscopy.
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Fig. 5 ES cell-derived hematopoietic cells (ES-HSPCs) can develop towards mature granulocytes, entirely in
vitro. EB-derivatives from an ES-cell clone ectopically expressing HOXB4 (HOXB4 #8) are shown. The ES-HSPCs,
grown for 21 days in serum-free medium containing appropriate cytokines [12], were flow cytometrically
sorted into CD41%/c-Kit*/CD45* (left panels) and CD41+/ckit"9/CD45"9 (right panels) subpopulations, spun
onto glass slides and stained with May-Griinwald-Giemsa. CD41"/c-Kit*/CD45+ cells display a mature neutro-
phil phenotype. In contrast, cells expressing high amounts of CD41 show a more blast-like phenotype

4 Notes

1. It is highly recommendable to pretest FCS batches of diverse
companies for their ability to support maintenance of ES cells
in the undifferentiated state and reserve a larger amount of the
positively identified batch. Many companies offer storage of

the serum until call.

2. We usually prepare 100 ml of MTG solution in 1x PBS, and,
after sterile filtration through 20 pm filters, store 1 ml aliquots

at -80 °C.
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3. The osmolarity of the final solution is crucial for these experi-

ments. Thus, we do not recommend ready-to-use liquid
IMDM in this case. The osmolarity can be adjusted more pre-
cisely when weighing out the powder.

. ES cells are transduced with an FMEV-based retroviral expres-

sion vector containing ¢GFP, the 2A esterase of FMDV, and
HOXB4 (FMEV-eGFP-2A-HOXB4+wPRE) [6, 26] (Fig. 1a,
b). We prefer the transduction of undifferentiated ES cells
because it allows for subsequent isolation of single-cell clones,
extensive molecular characterization of the manipulated cells,
and selection and expansion of suitable clones prior to their
further usage for differentiation followed by in vitro assays or
transplantation, in vivo. One disadvantage, however, is that
retroviral vectors are often silenced in pluripotent cells neces-
sitating the repeated purification of cultured cells to obtain
long-term expressing ES-cell clones. Alternatively, retroviral
transduction can also be performed after ES-cell differentia-
tion. In our hands, this also works well for subsequent expan-
sion and analysis of hematopoietic cells, in vitro [ 17]. However,
one should be aware that such polyclonal ES cell-derived
hematopoietic cultures which contain many different retroviral
integration sites may show biological effects unrelated to
HOXB4 expression due to insertional mutagenesis.

. Because of the short culture times, it is necessary to cryopre-

serve a large number of cells from a low passage number. For
longer growth periods of propagation in the undifferentiated
state, it is helpful to maintain CCE cells on growth-arrested
murine embryonic fibroblasts (MEFs).

. We routinely propagate ES cell in 25 m? cell culture flasks and

passage them every 2 days. Undifferentiated embryonic stem
cells will grow as compacted cell aggregates which present
themselves under the phase contrast microscope with a smooth,
“shiny” appearing border at their edges. Individual cell bound-
aries usually cannot be recognized (Fig. 2a). The individual
colonies should be relatively uniform in size and only few of
those should appear as differentiating colonies, which appear
flatter with frazzled edges and individual cells being clearly vis-
ible (Fig. 2b). Mouse ES-cell colonies grow very fast; thus the
cultures should be evaluated every day. If the growth condi-
tions become suboptimal, e.g., acidified “yellow” medium, too
large colonies, ES cells will irrevocably differentiate.

. It is crucial not to overexpose the cells to trypsin but, nonethe-

less, to get a good single-cell suspension as remaining large aggre-
gates begin to spontancously differentiate. Colony dissociation
can be completed effectively by vigorously pipetting the cell sus-
pension against the bottom of the flask with fresh ES-cell medium.
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8.

10.

11.

12.

13.

14.

15.

16.

The MOI describes the amount of virus used to infect cells. An
MOI of 1 means that each cell is transduced only once, in aver-
age. For example, if the titer of your virus is 10® GTU/ml
supernatant and you wish to transduce 10° cells with only 1
GTU/cell (=MOI of 1), you will have to use 100 pl of the
virus supernatant. If the MOI should be 10, then you would
have to use 1 ml of this supernatant, etc.

Because retroviruses are often silenced in pluripotent stem
cells, repeated rounds of sorting are likely to be necessary to be
able to isolate ES-cell clones expressing the retroviral vector
stably and long term.

The idea is to somewhat slowly adopt the cells to the basal
medium which is used for differentiation 2 days later.

For evaluation and electronic documentation of cell numbers,
size distribution, and viability, we use a “CASY” Cell-counter
model TTC (Roche Applied Science) using a 60 pm capillary.
The possibility of electronic documentation of culture quality is
very useful during culture of ES cell-derived hematopoietic cells.

We use cell strainers from Falcon (BD Falcon #352350), which
fit perfectly on top of their 50 ml tubes.

It is important to completely remove FCS. Otherwise, many
adherent cells will appear during the subsequent culture period,
which somehow appear to inhibit growth of hematopoietic
cells in suspension.

Differentiated cells, presumably primitive macrophages and
cell debris, will negatively influence growth of the hematopoi-
etic suspension cultures. We use a “CASY” cell counter (see
Note 9) to evaluate the average cell diameter in our cultures,
which is about 8-12 pm and peaks at about 10 pm if every-
thing is fine. If the cell diameter distribution starts to shift
(appearing “smeary”) towards smaller cell diameters, a Ficoll
purification should be performed promptly.

Correct compensation is a crucial issue when performing mul-
ticolor FACS analysis. We routinely perform the FMO-method
[30]. The amounts of fluorochrome-coupled antibodies neces-
sary for staining must be adjusted to the amount of cells used.
The amount has to be sufficient to obtain a good signal but
low enough to avoid unspecific binding, and, thus, false posi-
tive detection. Ideally, each antibody should be titrated on cells
known to be positive for the according surface marker. As a
rough rule of the thumb, however, one can start with 1 pg of
antibody per 10° antigen-positive cells.

The HOXB4 cultures stain positive for many markers of early
definitive hematopoiesis: CD31 (PECAM), a subpopulation
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for CD41, CD117 (cKit), and CD45, and many more; for
further details see Pilat et al. [12]. Most cells in culture are
myeloid progenitor cells being double positive for CD11b*/
GR1* which only give rise to a transient wave of myeloid
repopulation after transplantation into appropriate recipient
mice. The CD4'" cKit*, CD45* subpopulation consists of
mature neutrophilic granulocytes which are constantly pro-
duced by CD4'"ieh cells in these cultures.

17. May-Griinwald and Giemsa staining solutions were pur-
chased from Sigma-Aldrich (Cat. No. MG500 and GS500,
respectively).

This work is dedicated to the memory of Wolfram Ostertag
(1937-2010) and Hartmut Beug (1945-2011).

Aswell as Bernd Schiedlmeier, Christopher Baum (Department
of Experimental Hematology, Hannover Medical School), and
Bernd Giebel and Peter Horn (Institute for Transfusion Medicine,
University Hospital Essen) for their steady support and continuing

This work was supported by grants of the Deutsche
Forschungsgemeinschaft [KL 1311 /4-2; KLL1311/5-1, cluster of
excellence “REBIRTH” (Exc 62)] and by the NIH (grant number
RO1-HL073015-06, subaward No. 1000830668).

Acknowledgments
fruitful discussions.
References
1. Punzel M, Moore KA, Lemischka IR, Verfaillie

CM (1999) The type of stromal feeder used in
limiting dilution assays influences frequency
and maintenance assessment of human long-
term culture initiating cells. Leukemia
13:92-97

. Zhang CC, Kaba M, Ge G, Xie K, Tong W,

Hug C, Lodish HF (2006) Angiopoietin-like
proteins stimulate ex vivo expansion of hema-
topoietic stem cells. Nat Med 12:240-245

. Zhang CC, Kaba M, lizuka S, Huynh H,

Lodish HF (2008) Angiopoietin-like 5 and
IGFBP2 stimulate ex vivo expansion of human
cord blood hematopoietic stem cells as assayed
by NOD/SCID transplantation. Blood
111:3415-3423

. Antonchuk J, Sauvageau G, Humphries RK

(2002) HOXB4-induced expansion of adult
hematopoietic stem cells ex vivo. Cell
109:39-45

. Sauvageau G, Thorsteinsdottir U, Eaves CJ,

Lawrence HJ, Largman C, Lansdorp PM,
Humphries RK (1995) Overexpression of
HOXB4 in hematopoietic cells causes the
selective expansion of more primitive popula-
tions in vitro and in vivo. Genes Dev
9:1753-1765

. Schiedlmeier B, Klump H, Will E, Arman-

Kalcek G, Li Z, Wang Z, Rimek A, Friel J,
Baum C, Ostertag W (2003 ) High-level ectopic
HOXB4 expression confers a profound in vivo
competitive growth advantage on human cord
blood CD34+ cells, but impairs lymphomyeloid
differentiation. Blood 101:1759-1768

. Challen GA, Boles N, Lin KK, Goodell MA

(2009) Mouse hematopoietic stem cell identi-
fication and analysis. Cytometry A 75:14-24

. Giebel B, Punzel M (2008) Lineage develop-

ment of hematopoietic stem and progenitor
cells. Biol Chem 389:813-824



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Hematopoietic Differentiation of Mouse Embryonic Stem Cells

. Kiel MJ, Yilmaz OH, Iwashita T, Terhorst C,

Morrison SJ (2005) SLAM family receptors
distinguish hematopoietic stem and progenitor
cells and reveal endothelial niches for stem
cells. Cell 121:1109-1121

McKenzie JL, Takenaka K, Gan OI, Doedens
M, Dick JE (2007) Low rhodamine 123 reten-
tion identifies long-term human hematopoietic
stem cells within the Lin-CD34+CD38- pop-
ulation. Blood 109:543-545

Kyba M, Perlingeiro RC, Daley GQ (2002)
HoxB4 confers definitive lymphoid-myeloid
engraftment potential on embryonic stem cell
and yolk sac hematopoietic progenitors. Cell
109:29-37

Pilat S, Carotta S, Schiedlmeier B, Kamino K|
Mairhofer A, Will E, Modlich U, Steinlein P,
Ostertag W, Baum C, Beug H, Klump H
(2005) HOXB4 enforces equivalent fates of
ES-cell-derived and adult hematopoietic cells.
Proc Natl Acad Sci U S A 102:12101-12106
Chan KM, Bonde S, Klump H, Zavazava N
(2008) Hematopoiesis and immunity of
HOXB4-transduced embryonic stem cell-
derived hematopoietic progenitor cells. Blood
111:2953-2961

Pilat S, Carotta S, Schiedlmeier B, Kamino K,
Mairhofer A, Schmidt M, von Kalle C, Steinlein
P, Ostertag W, Baum C, Beug H, Klump H
(2005) Hematopoietic repopulation, in vivo,
with genetically defined clones derived from
HOXB4 expressing ES-cells. ASH Annual
Meeting Abstracts 106:196

Klump H, Schiedlmeier B, Baum C (2005)
Control of self-renewal and differentiation of
hematopoicetic stem cellss HOXB4 on the
threshold. Ann N YAcad Sci 1044:1-10
Bonde S, Chan KM, Zavazava N (2008)
ES-cell derived hematopoietic cells induce
transplantation tolerance. PLoS One 3:¢3212
Schiedlmeier B, Santos AC, Ribeiro A,
Moncaut N, Lesinski D, Auer H, Kornacker K,
Ostertag W, Baum C, Mallo M, Klump H
(2007) HOXB4’s road map to stem cell expan-
sion. Proc Natl Acad Sci U S A 104:
16952-16957

Takahashi K, Tanabe K, Ohnuki M, Narita M,
Ichisaka T, Tomoda K, Yamanaka S (2007)
Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Cell
131:861-872

Takahashi K, Yamanaka S (2006) Induction of
pluripotent stem cells from mouse embryonic
and adult fibroblast cultures by defined factors.
Cell 126:663-676

Wernig M, Meissner A, Foreman R, Brambrink
T, Ku M, Hochedlinger K, Bernstein BE,

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

147

Jaenisch R (2007) In vitro reprogramming of
fibroblasts into a pluripotent ES-cell-like state.
Nature 448:318-324

Park IH, Arora N, Huo H, Maherali N,
Ahfeldt T, Shimamura A, Lensch MW, Cowan
C, Hochedlinger K, Daley GQ (2008) Discase-
specific induced pluripotent stem cells. Cell
134:877-886

Kingston RE, Chen CA, Rose JK (2003)
Calcium phosphate transfection. Curr Protoc
Mol Biol Chapter 9:Unit 9 1

Robertson E, Bradley A, Kuehn M, Evans M
(1986) Germ-line transmission of genes intro-
duced into cultured pluripotential cells by ret-
roviral vector. Nature 323:445-448

Bonde S, Zavazava N (2006) Immunogenicity
and engraftment of mouse embryonic stem
cells in allogeneic recipients. Stem Cells
24:2192-2201

Bonde S, Dowden AM, Chan KM, Tabayoyong
WB, Zavazava N (2008) HOXB4 but not
BMP4 confers self-renewal properties to
ES-derived hematopoietic progenitor cells.
Transplantation 86:1803-1809

Klump H, Schiedlmeier B, Vogt B, Ryan M,
Ostertag W, Baum C (2001) Retroviral vector-
mediated expression of HoxB4 in hematopoi-
etic cells using a novel coexpression strategy.
Gene Ther 8:811-817

Will E, Speidel D, Wang Z, Ghiaur G, Rimek
A, Schiedlmeier B, Williams DA, Baum C,
Ostertag W, Klump H (2006) HOXB4 inhib-
its cell growth in a dose-dependent manner
and sensitizes cells towards extrinsic cues. Cell
Cycle 5:14-22

Ferkowicz MJ, Starr M, Xie X, Li W, Johnson
SA, Shelley WC, Morrison PR, Yoder MC
(2003) CD41 expression defines the onset
of primitive and definitive hematopoiesis
in the murine embryo. Development 130:
4393-4403

Mikkola HK, Fujiwara Y, Schlacger TM,
Traver D, Orkin SH (2003) Expression of
CD41 marks the initiation of definitive hema-
topoiesis in the mouse embryo. Blood
101:508-516

Tung JW, Parks DR, Moore WA, Herzenberg
LA (2004) New approaches to fluorescence
compensation and visualization of FACS data.
Clin Immunol 110:277-283

Donnelly ML, Luke G, Mechrotra A, Li X,
Hughes LE, Gani D, Ryan MD (2001)
Analysis of the aphthovirus 2A /2B polyprot-
ein ‘cleavage’ mechanism indicates not a pro-
teolytic reaction, but a novel translational
effect: a putative ribosomal ‘skip’. ] Gen Virol
82:1013-1025



Chapter 11

Histone Modification Profiling in Normal and Transformed
Human Embryonic Stem Cells Using Micro Chromatin
Immunoprecipitation, Scalable to Genome-Wide
Microarray Analyses

Angelique Schnerch, Shravanti Rampalii, and Mickie Bhatia

Abstract

Comparing normal human embryonic stem cells (hESCs) to those that have acquired cellular properties
of neoplasm provides a unique opportunity to study the distinguishing molecular features of human cel-
lular transformation. As global alterations in the epigenetic landscape are a common feature of cancer, we
sought to investigate the loci-specific and global differences between normal and transformed hESCs using
ChIP-PCR and ChIP-microarray (also known as ChIP-chip). Here, specific emphasis was placed on opti-
mizing ChIP for low cell numbers (termed micro-ChIP; pChIP) towards applications where the target
population is rare, such as the case for somatic human tumors containing a low frequency of cancer stem
cell populations and for single-colony analysis of embryonic and induced pluripotent stem cells emerging
from initial derivation. Using these methods, we suggest that pChIP-PCR and microarray analysis is thus
a powerful technology for epigenetic profiling of cell populations relevant to developmental biology, can-
cer, and regenerative medicine where target populations regulating the biological process can only be
isolated in small numbers.

Key words Human embryonic stem cells (hESCs), Induced pluripotent stem cells (iPSC),
Transformation, Histone H3 lysine 4 trimethylation, Histone H3 lysine 27 trimethylation, Micro
chromatin immunoprecipitation (pChIP), ChIP-PCR, ChIP-chip

1 Introduction

The regulation of the chromatin state is achieved by a number of
interrelated mechanisms including covalent histone tail modifica-
tions correlated with activation (i.e., trimethylation of histone H3
lysine 4; H3K4me3) and repression (i.e., trimethylation of histone
H3 lysine 27; H3K27me3) [1, 2] as well as DNA methylation at
CpG islands [3-5]. Epigenetic chromatin modifiers participate in
the orchestration of normal stem cell self-renewal and differentia-
tion [6-15] as well as in the process of cellular reprogramming of

Nicholas Zavazava (ed.), Embryonic Stem Cell Inmunobiology: Methods and Protocols, Methods in Molecular Biology, vol. 1029,
DOI 10.1007/978-1-62703-478-4_11, © Springer Science+Business Media New York 2013
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somatic cells to a pluripotent stem cell state [16]. Furthermore,
aberrant gene expression and an altered global epigenetic state are
major features of cancer [17]. Histone modifications (i.e., histone
tail methylation) are associated with pathological epigenetic aber-
rations and poor prognosis, such as in the case of acute myeloid
leukemia (AML) [18-20]. Owing to inadequate cell numbers
required for global molecular analyses of rare cancer stem cells, our
group has defined a model of the cellular and molecular mecha-
nisms of neoplastic transformation in human embryonic stem cells
(hESCs) [21, 22] and continues to explore the differences in the
epigenetic state between normal and transformed cells in the
human. Comparisons of loci-specific and global histone modifica-
tion patterns in normal and transformed hESCs (thESCs) will be
critical to understand fundamental properties of self-renewal and
differentiation, particularly how these processes may be dysregu-
lated in cancer stem cells.

Chromatin immunoprecipitation (ChIP) is a widely used
method to study how proteins interact with the genome [23], such
as how specifically modified histone proteins are distributed at the
promoter regions of stem cell regulatory genes and genome-wide.
We describe the protocol for ChIP using antibodies against his-
tones H3K4me3 and H3K27me3. This protocol has been opti-
mized for low cell numbers, on the order of 10* cells (micro ChIP;
pChIP) [24, 25] for PCR analysis or scaled-up for microarray anal-
ysis (ChIP-chip) with the incorporation of whole-genome amplifi-
cation [25, 26]. The pChIP protocol addresses a major limitation
of ChIP-chip in which a substantial number of cells (107-108) are
generally required to obtain a robust and reproducible signal. The
use of normal and transformed hESCs provides us with the oppor-
tunity to optimize the pChIP-chip through comparison with the
conventional ChIP-chip protocol and test whether differences
identified are truly representative when approaching limiting num-
ber of cells isolated for analysis. The optimization of pChIP-chip
protocol has widespread applications in the study of exceedingly
rare populations of de novo-isolated cancer stem cells and their
normal counterparts and in the study of normal hESC differentia-
tion or screening of individual hESC colonies under different phar-
macological conditions. An exciting opportunity for ChIP-chip
analysis from low cell numbers presents itself in the study of
patient-specific induced pluripotent stem cells (iPSC) to model the
epigenetic mechanisms of disease pathogenesis. The analysis of the
global epigenetic status of individual iPSC colonies is crucial to
assess complete reprogramming and ultimately to elucidate the
epigenetic changes that occur in subfractions of emerging colonies
that are heterogeneous, and could be selected for optimal differen-
tiation potential specific to the desired differentiated cell type to be
used for cellular transplantation or drug screening.
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2 Materials

2.1 Cell Preparation

2.2 Chromatin
Immunoprecipitation

1.

Mouse embryonic fibroblast-conditioned medium (MEF-CM)
supplemented with 8 ng/ml human recombinant basic fibro-
blast growth factor (hbFGF; Gibco, cat. no. 13256-029).
Medium consisted of 80 % knockout Dulbecco modified
eagle’s medium (KO-DMEM; Gibco, cat. no. 10829-018)
supplemented with 20 % knockout serum replacement (KO-
SR; Gibco; cat. no. 10828-028), 1 % nonessential amino acids,
1 pM I-glutamine (Gibco, cat. no. 11140-050), 4 ng/m! bFGF,
and 0.1 pM b-mercaptoethanol (Sigma Aldrich, cat. no
M7522). MEF-CM was produced over a 7-day period by daily
collection of medium used to feed irradiated (40 Gy) MEFs
(G1:CF-1®*BR; Charles River Canada, St-Constant, Quebec,
Canada) [27].

Human recombinant basic fibroblast growth factor (hbFGF)
is dissolved at 1 pg/ml in D-PBS (Gibco, cat. no. 14190-144)
containing 0.1 % BSA, filtered (pretreat filter with 10 % BSA
solution—1 ml BSA +2 ml PBS), stored in aliquots at -80 °C,
and added to medium as required (see Note 1).

. Matrigel (BD Biosciences, cat. no. 353234). Matrigel aliquots

are prepared oz ice as follows: Thaw Matrigel overnight at
4 °C to ensure that a gel does not form. Add 10 ml of ice-cold
KO-DMEM directly to bottle containing 10 ml of Matrigel
and mix well with a 10 ml serological pipette. Aliquot 1 or
2 ml on ice into chilled 15 ml falcon tubes (BD Biosciences,
cat. no. 35209). Store at -30 °C.

TrypLE™ Express Stable Trypsin Replacement Enzyme with-
out Phenol Red (Invitrogen, cat. no. 12604-013). Stored at
4 °C, protected from light.

Dulbecco’s phosphate buffered saline (D-PBS), 1x (Gibco,
14190-144).

Trypan blue stain 0.4 % (Invitrogen, cat. no. T10282).

. ChIP-grade anti-histone antibodies: Anti-H3K4me3 (Abcam,

cat. no. abl012) and anti-H3K27me3 (Abcam, cat. no.
ab6002).

2. Normal mouse serum (Santa Cruz, cat. no. sc-45051).

. Dynabeads Protein G for immunoprecipitation (Invitrogen,

cat. no. 100-03D) (vortex the beads immediately before use
to ensure that the beads are well suspended) (see Note 2).

Siliconized Low-Retention Microcentrifuge Tubes (Fisher,
cat. no. 02-681-331).

36.5-38 % Formaldehyde (Sigma-Aldrich, cat. no. F8775) (see
Note 3).
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2.3 Whole-Genome
Amplification

2.4 Quantitative
Polymerize Chain
Reaction

6.

10.

11.

Glycine (Sigma-Aldrich, cat. no. D5760): Make up a 1.25 M
stock solution in water (powder molecular weight 75.07 g/
mol; use 9.385 g and add water up to 100 ml). Prior to use,
autoclave stock solution and store at RT.

Complete EDTA-free, Protease Inhibitor Cocktail Tablets
(Roche, cat. no. 11 873 580 001).

DynaMag™-2 magnet (Invitrogen, cat. no. 123-21D).

Lysis buffer—50 mM Tris-HCL, pH 8.0, 10 mM EDTA, 1 %
SDS, protease inhibitor cocktail diluted 1:100 (one tablet dis-
solved in 1 ml H,O stock solution), and 1 mM PMSF. Protease
inhibitor cocktail and PMSF must be added freshly before use:
this constitutes the complete lysis buffer.

RIPA buffer—10 mM Tris-HCL, pH 7.5, 140 mM NaCL,
1 mM EDTA, 0.5 mM EGTA, 1 % Triton-X, SDS (0.1 %,
w,/V), Na-deoxycholate (0.1 %, w/v). Store at 4 °C protected
from the light.

RIPA ChIP buffer—10 mM Tris-HCI, pH 7.5, 140 mM
NaCL, 1 mM EDTA, 0.5 mM EGTA, 1 % Triton-X, SDS
(0.1 %, w/v), Na-deoxycholate (0.1 %, w/v), protease
inhibitor cocktail diluted 1:100 from stock solution, and
1 mM PMSEF. Protease inhibitor cocktail and PMSF are added
fresh before use. Store at 4 °C protected from the light.

. GenomePlex® Single Cell Whole Genome Amplification Kit

(Sigma, cat. no. WGA4). Store at -20 °C.

GenomePlex® WGA Reamplification Kit (Sigma, cat. no.
WGA3). Store at -20 °C.

. Sigma-Aldrich GenElute PCR Clean-up Kit (Sigma-Aldrich,

cat. no. NA1020). Columns should be stored at 4 °C;
remainder of reagents can be kept at room temperature.

. Platinum SYBR Green qPCR SuperMix-UDG, store at =20 °C

(Invitrogen; cat. no. 11733-046).

3 Methods

3.1 Preparation

of Antibody-Magnetic
Bead Complexes for
mChIP Assay

. Prepare slurry of Dynabeads Protein G. For each IP; 11 pl of

beads are required. For six ChIPs (two IPs and one negative
control per sample, plus one extra aliquot in case of loss/
pipetting error) take 77 pl of suspended Dynabeads Protein G
into a 1.5-ml tube and place in the magnetic holder, allow
beads to be captured (~1 min), remove tubes from the mag-
net, and wash with 154 pl of ice-cold RIPA buffer (22 pl per
initial 11 pl of beads used).
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2.

Vortex, then capture the beads using the magnet, remove the
buffer, and add 77 ul of RIPA buffer.

Vortex the beads and place on ice.

4. Aliquot 90 pl RIPA buffer into 1.5 ml tubes for each ChIP

3.2 Preparation 1.

of Samples for
ChIP Assay

3.3 Micro Chromatin 1.

Immunoprecipitation
Assay

reaction (six tubes).

Add 10 pl of prewashed Dynabeads Protein G per tube.

. Add 3-5 pg specific antibody (anti-H4K4me3 or anti-

H3K27me3) to each tube and 1.5 pl normal mouse serum per
tube for the hESC and thESC negative controls.

Incubate the tubes on a rotator set to 40 rpm for a minimum
of 2 h at RT or overnight at 4 °C.

Normal and transformed hESCs are harvested at day 7 when
cultures are confluent using 1 ml of pre-warmed tripLE!
(6-well tissue culture plates) for 5 min (see Note 4). Cultures
are rinsed once in the plate with 1 ml dPBS, add 1 ml dPBS,
scrape, triturate gently ~20 times (until single-cell suspension
is achieved), and transfer to a 1.5 ml tube. Take an aliquot of
normal and transformed hESC to perform cell counts using
trypan blue exclusion method (se¢e Note 5). Remove the
appropriate volume of cell suspension required to obtain
10,000 cells per IP for each sample, transfer to a new 1.5 ml
siliconized Eppendorf tube, and bring the total volume of cell
suspension to 1 ml with 1x dPBS.

Cross-link cells by adding 27 pl of formaldehyde to a final
concentration of 1 %, mix by gentle vortexing, and rotate at
room temperature for 8—10 min.

. Stop cross-linking by adding 114 pl of 1.25 M glycine at a

final concentration of 125 mM, gently vortex, and rotate at
room temperature for 5 min.

. Spin down the cells at 1,500 rpm for 10 min at 4 °C

(see Note 6).

. Carefully aspirate the supernatant leaving behind approximately

30 pl of the solution containing the cell pellet to ensure maxi-
mum recovery of the cells, as the pellet will not be visible.

. Rinse the cells with 500 pl PBS and centrifuge cells at

1,500 rpm for 10 min at 4 °C.

Aspirate the PBS leaving behind 30 pl of the solution plus cell
pellet (see Note 7).

. Add 120 pl of room-temperature complete lysis buffer to the

cells, resuspend by gently pipetting up and down, and incu-
bate for 5 min on ice.

ICells are cultured in 6-well tissue culture plates and passaged at a ratio of 1:2 upon reaching confluency
every 7 days using pre-warmed Collagenase IV. A working solution of 0.5 ml Collagenase IV.
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Number of cycles of sonication:
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Fig. 1 Optimization of sonication regimes to obtain chromatin fragments from
approximately 400-500 bp, which is optimal for ChIP assays as they span two to
three nucleosomes. The number of sonication cycles will vary greatly depending
on cell type, degree of cross-linking, reaction volume, and the specific instrument
used. Undersonication will result in a loss of resolution while oversonication will
increase noise. (a) Example of agarose gel electrophoresis assessment of cross-
linked chromatin shearing by running a time course of increasing sonication cycles
(adapted from Lee et al. [28]). Cross-links were reversed; the DNA was purified,
and resolved in 2 % agarose. Lanes with molecular weight are labeled ladder and
lanes with sheared chromatin are labeled with the number of sonication cycles

8. Sonicate the cells using the Bioruptor; we specifically used 17.5
cycles of [30-s “ON”, 60-s “OFF”] each to obtain fragment
sizes of approximately 400 bp (see Notes 8 and 9) (se¢ Fig. 1).

9. Add 870 pl of RIPA ChIP buffer to the sheared chromatin (see
Note 10).

10. Centrifuge at 12,000xg for 10 min at 4 °C, and take the
supernatant containing the chromatin, leaving behind a resid-
ual ~30-50 pl in the tube. This residual amount contains cel-
lular debris, which may adhere to the magnetic beads and
cause unspecific background.

11. Remove 100 pl for input, and store at 4 °C.
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12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.
24.
25.

26.

27.
28.

Take the antibody—bead-containing tubes, place in the mag-
netic rack for 1 min, and remove the supernatant (se¢ Note 11).
Wash once with RIPA buffer and equally aliquot the beads into
fresh tubes.

Evenly distribute the sheared chromatin from normal and
transformed hESCs to the antibody-bead-containing tubes
(~300 pl per ChIP; recall three ChIPs per sample).

Remove the tubes from the magnetic rack and place the tubes
on a rotator set at 40 rpm for a minimum 2 h up to overnight
at 4 °C.

Place the tubes in the magnetic rack; remove liquid caught in
the lid as per Note 11. The chromatin—antibody-bead
(immune) complexes are captured on the wall of the tube.
Discard the supernatant.

Wash three times using 100 pl of ice-cold RIPA buffer.
Complete each wash as follows: Add buffer, hand vortex or
invert to mix, incubate for 4 min on a rotator (40 rpm) at
4 °C, place in the magnetic rack, remove liquid caught in lid
according to Note 11, wait for 1 min, discard the supernatant,
and keep the beads.

Wash one time with 100 ul TE buffer, incubate for 4 min on a
rotator (40 rpm) at 4 °C, remove liquid caught in lid by spin-
ning down in a microcentrifuge for 1 s, and transfer contents
to a new, labeled 1.5 ml tube.

Place tubes in magnetic rack, discard the TE, remove from
magnetic rack, and keep the beads on ice.

Add 200 pl elution buffer to the immune complexes and input
samples from step 2.3.11.

Vortex and incubate for 5 min at 65 °C.

Spin down tubes for 1 s in a microcentrifuge, place tubes in
magnetic rack for 1 min, and transfer supernatant (Elution 1,
El) to a new, labeled tube.

Add 200 pl elution buffer to all tubes.
Vortex and incubate for 5 min at 65 °C.

Spin down tubes for 1 s in a microcentrifuge, place tubes in
magnetic rack for 1 min, collect the supernatant (Elution 2,
E2), and combine it with E1.

Add 16 pl of 5 M NaCl (these calculations are for 400 pl elu-
ate; add 8 ml NaCL and 2 ml Rnase A to input samples) and
4 pl of Rnase A to each tube.

Incubate for 5 h at 65 °C.

Spin down tubes for 1 s and add 4 pl EDTA and 1 pl protein-
ase K.
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29.
30.

3.4 Amplicon 1.
Preparation Using
GenomePlex® Single
Gell Whole Genome 3
Amplification Kit 4'
5.
6
7.
8.
9
10.
11.
3.5 Confirmation 1.
of WGA4 Amplicons
by ChiIP-PCR
2

Incubate for 2 h at 42 °C.

Purity the DNA in a QIAquick MINelute column (follow the
instructions for MinElute Reaction Cleanup Kit) (se¢ Note 12).
Elute twice with 20 pl of kit provided Buffer EB (elution
buffer). Measure concentration by NanoDrop.

Use 11 pl of purified DNA from step 30 of Subheading 3.3
for first-round linear amplification.

2. Add 2 pl of Ix Library Preparation Buffer to each sample.

Add 1 pl of Library Stabilization Solution.

. Vortex, centrifuge for 1 s, and place in thermal cycler for 2 min

at 95 °C, followed by 1 min at 4 °C.

Centrifuge for 1 s, and place samples on ice.

. Add 1 yl Library Preparation Enzyme, vortex, and centrifuge

for 1s.

Place samples in a thermal cycler and incubate as follows:
16 °C for 20 min; 24 °C for 20 min; 37 °C for 20 min; 75 °C
for 5 min; and 4 °C hold.

Centrifuge for 1 s. Samples may be amplified immediately or
stored at =20 °C for up to 3 days.

. Amplification master mix may be prepared by adding the fol-

lowing reagents to the 15 pl reaction from step 2.4.8: 7.5 pl of
10x Amplification Master Mix, 46.675 pl of nuclease-free
water, 0.11 mM dUTP (0.825 pl of 10x stock dUTP—10 mM
in 22 pl nuclease-free water) (see Note 13), and 5 pl of WGA
DNA polymerase.

Vortex, centrifuge for 1 s, and begin thermal cycling:

Initial denaturation: 95 °C for 3 min.

Perform 14 cycles as follows:

Denature: 94 °C for 30 s.
Anneal /extend: 65 °C for 5 min.
Maintain reactions at 4 °C or store at —20 °C.

Clean up reactions using Sigma PCR clean-up kit as per the
manufacturer’s instructions (se¢ Note 14). Elute in 50 pl of kit
provided Elution Solution. Measure concentration by
NanoDrop.

Dilute amplicons to 10 ng/pl and test 5 pl by quantitative
PCR with control primer sets targeting OCT4 and Brachyury
promoter regions. An example of the results is shown in Fig. 2.

. Use 5 pl of template for qPCR using the Platinum® SYBR®

Green qPCR SuperMix-UDGand following the manufacturer’s
instructions (see Note 15).
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Primer name
Brachyury-FOR
Brachyury-REV
OCT4-FOR
OCT4-REV

(wga) (wga)

Sequence
ATTTCCGTCCATTTCCCTCTCTGC
TAGTAGTGCTGTTCTCGCGCCT
TTAGAAGGCAGATAGAGCCACTGACC
TGCCTGTCTGTGAGGGATGATGTT

Fig. 2 ChIP-gPCR results from whole-genome amplicons compared with un-amplified samples from normal
and transformed hESCs. (a, b) Enrichment of H3K4me3 and H3K27me3 modifications was assayed at the
promoter regions of the pluripotency gene 0CT4 and (¢, d) mesoderm-specific gene Brachyury. (e) Table of
primer sequences for 0CT4 and Brachyury promoters

3.6 Reamplification
of WGA4 Amplicons
for Microarray
Scale-Up Using the
Genomeplex® WGA
Reamplification Kit

1. Add 10 ng of 1 ng/ul WGA4 amplicons and amplify using

WGA3 kit. Follow the manufacturer’s instructions
(Reamplification Procedure A). Amplification mix: To 10 pl of
WGA4 amplicons add:

48.675 pl of nuclease-free water.

7.5 pl of 10x Amplification Master Mix.
3.0 pl of the 10 nM dNTP mix.

0.825 pl of dUTPD.

5 ul of WGA DNA Polymerase.

. Clean up reactions using Sigma PCR clean-up kit as per the

manufacturer’s instructions. Elute in 50 pl of kit provided
Elution Solution. Measure concentration by NanoDrop.
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3.7 Confirmation

1.

Dilute amplicons to 10 ng/pl and test 5 pl by quantitative

of WGA3 Amplicons PCR with control primer sets targeting OCT4 and Brachyury
promoter regions.
2. Use 5 pl of template for qPCR using the Platinum® SYBR®
Green qPCR SuperMix-UDG (see Note 15).
4 Notes

10.

11.

Add 8 ng/ml of hbFGF to MEF-CM prior to use.

Use Dynabeads Protein G with mouse IgGs and Dynabeads
Protein A (Invitrogen, cat. no. 100-01D) with rabbit IgGs.

. Formaldehyde is toxic by inhalation, and physical contact, or

if ingested and should be disposed of according to standard
operating protocols for hazardous waste.

The ChIP protocol should be used for 1 x10°-1 x 106 live cells
per immunoprecipitation while the mChIP protocol should be
used for 1x10* live cells.

. For the trypan blue exclusion method dilute the cells to

1-2x 10° cells/ml, and for a single well of a 6-well tissue cul-
ture plate the dilution is approximately 1:10. To 10 pl of cell
suspension, add 10 pl of trypan blue stain, mix thoroughly,
and incubate at room temperature for 5 min prior to measure-
ment of live/dead cells using a hemocytometer or an auto-
mated cell counter (Countess Cell Counter; Invitrogen, cat.
no. C10227).

At this point all steps are carried out on ice, try to chill mag-
netic stand and all buffers/solutions (unless otherwise stated),
and precool microcentrifuge tubes used in subsequent steps.

Cells can be stored at —80 °C at this point for later use.

. Bioruptor is operated in a 4 °C refrigerator. The reservoir is

filled to the water-level mark with slurry of 4 °C water and ice
chips (70:30 ratio). The Bioruptor is set to “High Power.”
Replace the gradually heated water with new water/ice chip
slurry every five cycles (keep samples on ice during this
procedure).

A sonication curve should be generated using hESCs to deter-
mine the optimal number of cycles needed to generate chro-
matin fragment sizes of ~400-600 bp.

Additional RIPA buffer is added after sonication to reduce the
concentration of SDS to approximately 0.1 %.

To remove liquid caught in the lid of the tube during rotation,
place tube in the magnetic rack for a moment, invert rack
(containing tubes) for an instant, and quickly bring rack to
original position.
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12.

13.

14.

Protocol for cleanup reaction is as follows:

(a) Add 3 volumes of buffer ERC to the enzymatic reaction
and mix. The maximum volume of enzymatic reaction
that can be processed per MinElute column is 100 pl; if
the reaction volume exceeds 100 pl split the sample and
use the appropriate number of columns.

(b) Check that the color of the mixture is yellow (similar to
buffer ERC without the enzymatic reaction). If the color
of the mixture is orange or violet, add 10 pl of 3 M sodium
acetate, pH 5.0, and mix. The color of the mixture will
turn to yellow.

(c) Place a MinElute column in a 2 ml collection tube, apply
the sample to the MinElute column, and centrifuge for
1 min. Discard the eluate and replace the column into the
collection tube.

(d) Wash with 750 pl buffer PE added to the MinElute col-
umn and centrifuge for 1 min. Note: Be sure to add etha-
nol to the concentrated wash buffer.

(e) Discard the flow-through and place the MinElute column
back in the same tube. Centrifuge the column for an addi-
tional 1 min at maximum speed.

(f) Place the MinElute column in a clean 1.5 ml microcentri-
fuge tube.

(g) To elute DNA, add 10 pl buffer EB (10 mM Tris-HCI, pH
8.5) to the center of the membrane, let the column stand
for 1 min, and then centrifuge for 1 min. Pool all eluates.

Addition of dUTP is required for ChIP-on-chip applications
using Affymetrix promoter or whole-genome tiling arrays.
Necessary to the Affymetrix protocol is enzymatic fragmenta-
tion and labeling of DNA fragments dependent on random
incorporation of dUTP during whole-genome amplification
prior to array hybridization.

All centrifugations are done at maximum speed (12,000-
16,000 x g). The protocol is as follows:

(a) Inserta GenElute Miniprep Binding Column (with a blue
o-ring) into a provided collection tube. Add 0.5 ml of the
column preparation solution to each miniprep column
and centrifuge for 30 s. Discard eluate.

(b) Add 5 volumes of binding solution to 1 volume of the
PCR reaction and mix. For example, add 375 pl of bind-
ing solution to 75 pl of the WGA reaction. Transfer the
solution into the binding column. Centrifuge the column
at maximum speed for 1 min. Discard the eluate, but
retain the collection tube.
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Chapter 12

Combined Total Proteomic and Phosphoproteomic
Analysis of Human Pluripotent Stem Cells
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Andrew M. Crain, Dieter A. Wolf, Evan Y. Snyder, llyas Singec,
and Laurence M. Brill

Abstract

Despite advances in understanding pluripotency through traditional cell biology and gene expression profiling,
the signaling networks responsible for maintenance of pluripotency and lineage-specific differentiation are
poorly defined. To aid in an improved understanding of these networks at the systems level, we present
procedures for the combined analysis of the total proteome and total phosphoproteome (termed (phospho)
proteome) from human embryonic stem cells (hESCs), human induced pluripotent stem cells (hiPSCs),
and their differentiated derivatives. Because there has been considerable heterogeneity in the literature on
the culture of pluripotent cells, we first briefly describe our feeder-free cell culture protocol. The focus,
however, is on procedures necessary to generate large-scale (phospho)proteomic data from the cells.
Human cells are described here, but the (phospho)proteomic procedures are broadly applicable. Detailed
procedures are given for lysis of the cells, protein sample preparation and digestion, multidimensional liquid
chromatography, analysis by tandem mass spectrometry, and database searches for peptide /protein identi-
fication (ID). We summarize additional data analysis procedures, the subject of ongoing efforts.

Key words Embryonic stem cells (ESCs), Induced pluripotent stem cells (iPSCs), Mass spectrometry
(MS), Multidimensional liquid chromatography (MDLC), Proteomics, Phosphoproteomics, Self-
renewal, Pluripotency, Protein phosphorylation, Posttranslational modification (PTM)

1 Introduction

Human pluripotent stem cells, including embryonic stem cells
(hESCs) and induced pluripotent stem cells (hiPSCs), have the
capacity for potentially unlimited self-renewal and differentiation.
Pluripotency is maintained during symmetric cell division through
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production of identical, primordial cells, which have the potential
to differentiate into more than 200 different cell types of the
human body [1, 2]. Pluripotent stem cells are therefore a powerful
experimental model system in developmental biology and could
have therapeutic and diagnostic value for many illnesses of diverse
organ systems and tissues [1, 3].

To begin to understand the systems-level basis of pluripotency
networks, mRNA expression profiles in mouse embryonic stem
cells (mESCs) and hESCs have been examined extensively [4, 5].
However, changes in mRNA expression often do not reflect changes
in protein abundance [6], which is also affected by translational
regulation, posttranslational modifications (PTMs), and protein
degradation. Reversible posttranslational phosphorylation of ser-
ine, threonine, and tyrosine residues is the most important known
molecular event controlling cell signaling, affecting protein activity,
stability, function, complex formation, and localization [7-9].

For the analysis of protein abundance and phosphorylation,
multidimensional liquid chromatography-tandem mass spectrom-
etry (MDLC-MS/MS) is the current technology of choice, because
it can provide quantitative protein identifications (IDs) and site-
specific PTM identifications with high sensitivity on a large scale
[10]. In recent years, technologies and methodologies for
MDLC-MS/MS-based proteomic analyses have advanced rapidly,
including HPLC-based methods for separation of complex mix-
tures of peptides, phosphopeptide enrichment, and MS/MS analy-
ses of (phospho)peptides. Recent advances in detection sensitivity,
scan speed, mass accuracy, and resolution of mass spectrometers
enable the identification of increased number of proteins with high
confidence, especially low-abundance (phospho)proteins, with rel-
ative and absolute quantification. Here, we outline our pluripotent
cell culture methods but focus on the description of a robust, com-
bined proteomic and (phospho)proteomic workflow, built upon
but far surpassing one which was published recently [11]. This
broadly applicable technology platform has been successfully
applied to analyze the total proteome and total (phospho)pro-
teome of cancer cell lines, hESCs, their differentiated derivatives,
and entire organs from mice.

2 Materials

2.1 Cell Culture

We list specific instruments and products used in these protocols,
but exclusion of other high-quality substitute products and instru-
ments is NOT intended or implied.

1. Light microscope equipped with phase-contrast optics (e.g.,
Olympus CKX41).

2. Dissecting microscope (Olympus SZ).



2.2 Lysis of hESCs,
hiPSCs, or Derivatives
for Protein Preparation
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Sterile laminar-flow tissue culture (TC) hood (Esco).

4. Mouse embryonic fibroblast (MEF) line (CD1 used in this

protocol).
Human pluripotent stem cells (hESCs or hiPSCs).

6. Mouse embryonic fibroblast-conditioned media (MEF-CM)

9.
10.

11.
12.
13.
14.
15.
16.

17.
18.
19.

(see Note 1).

FBS Hyclone, heat inactivated (Invitrogen/Gibco, cat. #
SH30071.03HI).

Penicillin /Streptomycin (Pen/Strep; Omega Scientific, cat. #
PS20).

Normocin (Invitrogen, Ant-NR-2).

Y-27632 dihydrochloride (Rho-associated kinase (ROCK)
inhibitor), 10 mM stock (Tocris, cat. # 1254).

FGF2, 20 mg/ml stock (R&D Systems, cat. # 233-FB).
Matrigel (Geltrex) (BD Biosciences, cat. # 356237).

Cell culture flasks T75 vent cap (Corning, cat. # 430641).
Tissue grade 6-well plates (Corning, cat. # 3516).

Pipettes, 5, 10 ml (Sarstedt, cat. # 861253001, 861254001).

2 ml aspirating pipette (BD Vacutainer Labware Medical, cat.
# 357558).

Sterile conical tube, 50 ml (Corning, cat. # 430828).
Micro-centrifuge tubes, 1.5 ml (Sarstedt, part # 72.692.005).
Cell scrapers (Corning costar, 3010).

Lysis buffer is prepared in high-purity water (HPLC Grade;
Chromasolve Plus, Sigma, cat. # 34877-4L) with the following
composition (see Note 2):

Salts, detergents, and chelator stocks Final concentration
1. 1.0 M Tris pH 7.5 50 mM
2. 5.0 M NaCl 100 mM
3. NP40 (Igepal, CA630 Sigma part # 13021; 1.0 %
see Note 3)
4. 100 % Glycerol 10.0 %
5. 0.5 M EDTA 1.0 mM
Protease and protein phosphatase inhibitors (add immediately before use;
see Note 4)
6. Sodium orthovanadate crystals 4.0 mM

7. B-Glycerophosphate disodium salt hydrate 20 mM

(Sigma, cat. # G9891)

(continued)
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2.3 Ammonium
Sulfate ((NH,),S0,)
Precipitation, Protein
Storage

2.4 Protein
Resuspension,
Gel Filtration, and
Quantification

2.5 Protein
Digestion, Reduction,
Alkylation, and
Desalting

Salts, detergents, and chelator stocks

Final concentration

8.

10.

11.

12.
13.

Phosphatase inhibitor cocktail 1 stock 1:100
(Sigma, cat. # P2850; sec Note 4)

. Phosphatase inhibitor cocktail 2 stock 1:100
(Sigma, cat. # P5726)
Phosphatase inhibitor cocktail 3 stock 1:100
(Sigma, cat. # P0044)
Protease inhibitor cocktail (Sigma, cat. # 1:100
P8340)
Calyculin A (AG Sciences, prod. # C-1031) 100 nM
Pefabloc SC powder (Sigma, cat. # 76307) 2.0 mM

® N e

10.
11.

. (NH4),SOq (Sigma, cat. # 09982).

PD-10 gel filtration columns (GE Healthcare; cat. #
17-0851-01).

. 8 Murea/100 mM NH,HCOj; (urea, NH,HCO; from Sigma

or other high-grade suppliers).

80 % H,O,/20 % glycerol (from Sigma or other high-grade
suppliers).

Phosphatase inhibitor cocktail 1 stock 1:100 (see Note 4).
Phosphatase inhibitor cocktail 2 stock 1:100.

Phosphatase inhibitor cocktail 3 stock 1:100.

Calyculin A 100 nM.

Bradford reagent concentrate (Bio-Rad Protein Assay; Bio-
Rad Laboratories) and bovine serum albumin (BSA; Sigma or
other high-grade suppliers).

96-Well plates and plate reader (for protein assays).
0.1 M NH,.HCO; (pH ~8; no pH adjustment is performed).
Microcentrifuge tubes, 2.0 ml (Sarstedt, part # 72.694.005).

Dithiothreitol (DTT) 50.0 mM in water.

. Todoacetamide (IAA) 200 mM in water (see Note 5).

. Trypsin and trypsin re-suspension buffer (Promega, modified,

sequencing grade, cat. # V5111).

4. Sep Pak Plus C18 cartridges (Waters, part # Wat020515).

Luer-lock Syringe, 10 ml (Beckton Dickinson (BD), part #
148232A) and 21-gauge needles (BD, reorder # 305167).



2.6 SCX-Based
Separation of Peptides
from the Total
(Phospho)Proteome

2.7 Automated
Desalting of SCX
Fractions

2.8 Ti0,-Based
Phosphopeptide
Enrichment: A Baitch
Method

2.9 Reversed-Phase
(RP) HPLC-MS/MS
(LC-MS/MS)
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. 50 % Acetonitrile (ACN)/0.05 % formic acid (FA) (50:50

ACN:0.1 % FA in water) (ACN from Fisher or other high-
grade suppliers; FA from EMD Biosciences, cat. # 11670-1 or
equivalent).

2.0 % ACN/0.1 % FA and 40 % ACN/0.06 % FA.

. SCX column: 2.1 mmx200 mm polysulfoethyl A, 5 pm par-

ticle size, 200 A pores (polyLC, Inc., item #202SE0502).

2. Solvent C: 5.0 % ACN /0.1 % FA in water.

. Solvent D: 25 % ACN /0.1 % FA, containing 500 mM KCl, in

water.

4. Wash solvent (40:40:20 isopropanol (IPA):ACN:H,O).
. Glass sample vials and caps (Waters, P/N 186001124DV) and

plastic sample vials and caps (SUN-SRi Inc., part # 501 307
and part # 501 318, or equivalent substitutes).

Paradigm MS4 MDLC (Michrom Bioresources or suitable
substitute; see Note 6).

Peptide macrotrap, including stainless steel macrotrap holder
(Michrom).

. Water bath sonicator (Fisher Scientific, model FS30, or suitable

substitute).

Solvent A: 0.1 % FA in water.
Solvent B: 100 % ACN.

. Loading buffer: 65.0 % ACN /2.0 % trifluoroacetic acid (TFA,

Thermo Scientific, product # 28904 ) saturated with glutamic
acid (10 mg/ml; Sigma, part # G1251).

2. Wash buffer 1: 65.0 % ACN /0.5 % TFA.

Wash buffer 2: 50.0 % ACN/0.1 % TFA.

4. Elution buffer 1: 50.0 % ACN/0.3 M NH,OH (no pH

o=

adjustment).

Elution buffer 2: 5.0 % ACN/0.3 M NH,OH (no pH
adjustment).

. TiO, bead slurry 10.0 mg/ml in loading buffer (beads from

GL Sciences, Part # 1400B500).

. Vortex Genie 2 (Scientific Industries) or suitable substitute.

Peptide captrap and PEEK captrap holder (Michrom).

Analytical column: 150 mmx 0.2 mm Magic C18 (3 pm par-
ticles, 200 A pores; Michrom).

. Solvents A and B as described above.
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4. Paradigm MS2 HPLC (Michrom; see Note 6).

5. LTQ Orbitrap Velos mass spectrometer equipped with elec-
tron transfer dissociation (LTQ OT Velos ETD; Thermo
Fisher Scientific; see Note 6).

1. Standard, modern desktop computer with Windows XP oper-
ating system.

1. Search engine Sorcerer™-SEQUEST® on the Sorcerer Enterprise
hardware /software package (SageN Research Inc., Milpitas,
CA). Alternatively, if smaller quantities of data will be collected,
Sorcerer™-SEQUEST® v. 2.0 can be used (see Note 6).

1. High-speed Internet connection to the Trans-Proteomic

Processing and Pipeline (TPP; Institute for Systems Biology, Seattle, WA),

Further Data Analysis which provides free-access proteomic data processing tools.
2. Software algorithms, described in Subheading 3.12.

3 Methods

Regardless of the experimental conditions or design to be utilized,
it is important to assess reproducibility of (phospho)protein IDs by
performing at least two biological replicate samplings (i.c., from
independent cultures) of each cell population (or tissue /organ type)
studied and two technical replicates of each biological replicate. For
human pluripotent stem cells and their derivatives, morphological
and immunocytochemical validation, karyotype analysis, and myco-
plasma testing should be routinely conducted during the course of
culturing and experimentation, to monitor homogeneity and cellu-
lar identity and to maintain a healthy population of self-renewing
cells in the absence of spontaneously differentiating progeny. For
other cell types, similar measures need to be implemented. Moreover,
the cells should be grown in optimal conditions and handled with
care to avoid stress-activated responses (i.e., avoid temperature
shock, excessive light exposure, etc.). An example of quality control
measures was described recently [11]. Preliminary experiments are
advisable with pluripotent stem cells, which may be laborious or
expensive to culture in larger quantities required for a total (phos-
pho)proteome analysis. Smaller scale cultures may be used to esti-
mate the quantity of cells needed to obtain protein of sufficient yield
and quality and can provide experience in specific procedures
required for successful culture. Yield can be tested with standard,
reliable protein assays, including but not limited to the Bradford
assay. Protein quality can be tested, for example, with Western blots
using antibodies against known, relevant phosphorylation sites.
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Treatment and/or differentiation periods should be carefully
controlled, and harvesting of cells should be done gently, promptly,
and uniformly. High-quality cellular material, proper sample prepa-
ration, and careful analytical procedures are essential to minimize
experimental variability and generate reliable and biologically infor-
mative datasets. It is time and labor intensive to perform a total
(phospho)proteome analysis, so it is vital to perform each step accu-
rately for the most optimal results possible at the end of the time-
consuming procedure (often months).

1. Culture and passage cells with MEE-CM plus FGF2 at 20 ng/
ml (see Note 1) on feeder-free Geltrex-coated 6-well plates
(see Note 7), to avoid contamination from feeder cells, for
proteomics applications. If the starting cell population is grow-
ing on feeders, see Note 8.

2. Examine the cells under a dissecting microscope followed by
inverted phase contrast viewing at 10x for evaluation of cell
morphology. If any colony areas appear differentiated, mark the
differentiated area with a pen on the undersurface of the dish.

3. In a sterile, laminar flow hood, tilt the plate and aspirate the
media with a 2.0 ml suction pipette from the edge of the
meniscus at the top of the vertical wall of the well so that
adherent cells are not disturbed.

4. Directly apply suction to the marked areas to remove differen-
tiated cells.

5. Replace the MEF-CM +FGF2 by applying a pipette to the
sidewall of the well and allowing the media to gently drip into
the well.

6. Examine under the dissecting microscope to verity that dif-
ferentiated cells have been removed.

7. Geltrex coating of 6-well plates: Thaw Geltrex overnight at
4 °C and dilute 1:12 using DMEM /F12 (cold). Add 2 ml of
the diluted Geltrex to each well of a 6-well plate, wrap in
parafilm, and place at 4 °C overnight. Typically two 6-well
plates of approximately 75-80 % confluence are sufficient for
two technical replicates of each of the two biological replicates
tor the (phospho)proteomics workflow. Such numbers are
typically acquired within approximately 4—-6 days after passag-
ing. Repeat steps 2—6 until sufficient number of cells are
obtained and proceed to Subheading 3.2. If sufficient cell
numbers and quality are not obtained, proceed to step 8 to
passage cells. Passaging may be performed by one of several
techniques commonly employed. A method of mechanical
passaging is described below.

8. Scrape undifferentiated cells, avoiding marked areas, using a
2.0 ml sterile pipette in a gentle circular motion with the
pipette at a 45° angle relative to the plate. Replace the lid and
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3.2 Lysis of hESCs,
hiPSCs, or Derivatives
for Protein Preparation

10.

11.

12.

13.

swirl the plate. Examine the plate visually or under a dissecting
microscope for resuspension of the cells. If approximately
80 % or more of the cells have been re-suspended, transfer the
suspension, with a sterile 10 ml pipette, to a sterile, 50 ml,
conical bottomed tube. If large areas of cells have not been
re-suspended, repeat the scraping, and perform the transfer
after satisfactory resuspension of the cells.

Mix cells by pipetting gently.

Immediately prior to plating of stem cells, ready a pre-coated
Geltrex plate (see Note 7) by carefully aspirating the DMEM /
F12 to avoid disturbing polymerized matrix. Apply the cell
suspension to the sidewall of the well without disrupting the
Matrigel. ROCK inhibitor may be added to a final concentra-
tion of 10 pM to improve cell survival after passaging.
However, it is not added during routine media changes.

Agitate the plate thoroughly by hand to distribute the cell sus-
pension evenly.

Incubate at 37 °C/5 % CO, (humidified). Cells begin to
adhere within an hour, although they may continue to adhere
overnight.
Repeat steps 2-7 as necessary to acquire sufficient cell
numbers.

(For each of these cell populations, two 6-well plates containing
12.0 ml total media should yield >1 mg of protein.)

1.

Gently remove one plate from the incubator, place plate on
wet ice, and aspirate the media, avoiding contact with the
cells. After the bulk of the media is gone, hold the plate verti-
cal for 5 s, while still aspirating, for reasonably complete yet
prompt media removal.

Rinse each well gently with 2.0 ml of ice-cold PBS. Aspirate
wells 1-3 in the same manner. Leave the PBS in wells 4-6.

Add 1.0 ml of ice-cold lysis buffer to well 1. Scrape cells in the
first well, with the plate on ice, with a cell scraper. Transfer the
lysate to well 2 with a pipetman. Scrape cells in well 2 in the
same manner. Transfer the lysate to well 3. Scrape cells in well
3 in the same manner. Develop a prompt but thorough, con-
sistent, reproducible scraping technique, and use it every time.
Transfer the lysate containing cells from wells 1-3 to a micro-
centrifuge tube and store on ice.

. Aspirate PBS from wells 4-6 as described above. Add 1.0 ml

of'ice-cold lysis buffer to well 4. Scrape cells, transfer the lysate
to well 5, scrape cells, transfer the lysate to well 6, scrape cells,
transfer the lysate to a microcentrifuge tube, and store on ice
as described above.
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. Repeat steps 1-4 for subsequent plates if needed.

6. Place all lysates on a rocker platform at ~1 Hz in an ice bucket

for 30 min, with the tube long axes at a ~45° angle relative to
the plane of the floor to thoroughly agitate the contents and
facilitate protein extraction and solubilization. Alternative agi-
tation devices to accomplish similar thorough mixing, without
frothing, are acceptable.

. Spin lysates for 20.0 min at 15,000x g, 2 °C. Transfer super-

natants to new tubes.

. Repeat step 7 to obtain the clarified lysate. Avoid the pellet,

which may be soft, but otherwise maximize the yield of
clarified lysate.

. Measure the volume of the clarified lysate with a pipetman

P1000 or a similar tool and add 0.598 g/ml of (NH,),SO,
directly into each lysate.

. Place the lysates on a rotator wheel or platform overnight at

4 °C to precipitate total proteins from the clarified lysates (see
Note 9).

. Centrifuge the tubes at 15,000x 4, 20 min, 2 °C. Carefully

remove the supernatant and store pellets at -80 °C. This is a
favorable time in the procedure to pause, because protein
pellets are stable at -80 °C in our experience.

. Rinse each pellet with 1.0 ml ofice-cold Dulbecco’s PBS that

is 85 % saturated with (NH,),SO, (608 g/1), containing
100 nM Calyculin A and 1:100 dilutions of Sigma phospha-
tase inhibitor cocktails 1, 2, and 3 (se¢ Note 4). Vortex the
pellets gently in the wash buffer for 1.0 min. Centrifuge at
14,000 x4, 20.0 min, 4 °C and remove the supernatant. Note
that protein pellets float on the dense (NH,),SO,-containing
bufters. Keep the pelleted proteins ice-cold.

. For protein resuspension and gel filtration, prepare 6.0 ml of

100 mM NH,HCO; buffer, pH 8, containing 8 M urea,
100 nM Calyculin A, and a 1:100 dilution of Sigma phospha-
tase inhibitor cocktails 1, 2, and 3 (see Note 4). Gently, with-
out introducing bubbles and especially without frothing,
resuspend 1 pellet in 1.0 ml of this buffer.

. Perform gel filtration to deplete small-molecule contami-

nants from the proteins using PD-10 columns. This is accord-
ing to the manufacturer’s protocol, and with phosphatase
inhibitors present the entire time (steps 4-10 assume pro-
cessing of one sample at a time, but with experience, parallel
sample processing is feasible). Before beginning, equilibrate
the column with 25.0 ml of 8.0 M urea/100 mM NH,HCO;
(see Note 10).
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3.5 Protein
Digestion, Reduction,
Alkylation, and
Desalting

. In preparation for collecting the proteins, add 1.0 ml of the

resuspension buffer to a conical bottomed, disposable, 15 ml
centrifuge tube.

. Load the entire 1.0 ml protein sample followed immediately

by an additional 0.5 ml of protein resuspension buffer onto
the column. Alternatively, it is acceptable to have the protein
re-suspended in a total volume of 1.5 ml, and add it all to the
column at this step.

. Elute the column into the 15 ml tube from step 4, using

3.5 ml of 100 mM NH,HCO; bufter pH 8 containing 8.0 M
urea, 100 nM Calyculin A, and a 1:100 dilution of Sigma
phosphatase inhibitor cocktails 1, 2, and 3 (buffer from step 2;
see Note 4). Place the tube containing the protein suspension
on ice immediately after collection.

. Protein quantification: Perform triplicate Bradford protein

assays on small aliquots of the recovered proteins to estimate
protein concentration and total amount of protein recovered.

. Protein storage: Dilute the protein suspension to 4.0 M urea

with 80 % H,O0,/20 % glycerol (final concentration of 10 %
glycerol; see Note 11). Divide suspensions into 1.5 ml screw
cap Sarstedt tubes such that the total mass of protein is 1 mg
or a convenient fraction of 1 mg (e.g., 0.25 mg, 0.5 mg) and
the volume is 500 pl or less, and then store at -80 °C.

. Thaw enough tubes of frozen protein to obtain 1 mg, and

then store on wet ice.

. Thaw one tube containing 40.0 pl (20.0 pg) of trypsin; for-

mulations not already in the resuspension buffer are also
acceptable.

. Add 20.0 pg of trypsin to 1 mg of protein and shake overnight

at 37 °C, 600 rpm.

. Add 50.0 mM DTT stock to a final concentration of 10.0 mM.

Incubate for 30.0 min at 37 °C, 600 rpm.

. Immediately after DTT incubation, add 200 mM ITAA stock,

freshly prepared, to a final concentration of 20 mM and incu-
bate for 45 min at 37 °C, 600 rpm, in the dark (se¢ Note 5).

. Add one volume, equaling the current volume in the tube, of

0.1 M NH,HCO; pH ~8 and 20 pg more trypsin per 1 mg of
protein and incubate overnight at 37 °C, 600 rpm.

. Peptide desalting, and drying: Prepare Sep Pak Plus C18 car-

tridges in conjunction with a 10 ml syringe to push the liquid
through the cartridge. Use a flow rate of ca. 5 ml/min, but
use ca. 2 ml/min for loading the sample on the cartridge and
eluting the desalted sample.

. Wash the syringe once with 10 ml of ACN, and then wash

once with 10 ml of 50 % ACN /0.05 % FA.
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. Wash the cartridge on the syringe once with 10 ml of 50 %

ACN/0.05 % FA, and then wash once with 10 ml of 2.0 %
ACN/0.1 % FA. The syringe and cartridge should be clean,
and the cartridge is thus equilibrated under aqueous condi-
tions to enable peptide binding to the reversed-phase media.

Fill the syringe with 0.5 ml of air, 1.0 ml of 2.0 % ACN /0.1 %
FA and the entire digest containing tryptic peptides. Load the
peptides onto the cartridge (ca. 2 ml/min flow rate). The air is
to enable complete peptide loading. Once this is accomplished,
minimize the amount of air flowing through the cartridge.

Desalt the sample twice, each time with 10.0 ml of 2.0 %
ACN/0.1 % FA.

Fill the syringe with ca. 0.5 ml of air (for flow of all of the elu-
tion solvent through the cartridge), and elute the sample with
1.6 ml of 60 % ACN /0.1 % formic acid, flow rate ca. 2 ml/
min, into a 2.0 ml Sarstedt microfuge tube.

Using a 21 gauge needle, poke two holes in the microfuge
tube cap for the vapors to escape but to prevent sample losses
due to bumping [12], and dry in a speed vac at 35 °C. Replace
the cap with one lacking holes and store at —-80 °C.

. Wash 64 plastic vials by filling with IPA, aspirate, repeat the

washing with methanol, aspirate twice, and air-dry the vials.
Following addition of aliquots of water, mark 32 of the vials
with lines to delineate 300, 350, and 400 pl, to estimate the
remaining volumes after partial dry-down of SCX fractions.
Remove the water from the vials.

. The SCX separation is done using automated Paradigm MS4

MDLC instrumentation, including an auto-sampler/fraction
collector, binary—binary HPLC, and UV detector (Michrom).
Xcalibur v. 2.0 software (Thermo Fisher Scientific) with cus-
tom plug-ins (Michrom) controls the instrument functions
([13]; see Note 6).

. Prepare/clean/condition a polysulfoethyl A column with

three blank SCX gradients in which a 95:5 mix of solvents C:D
is injected as a blank sample in place of a sample containing
peptides. A schematic diagram of the plumbing at the time of
sample injection is shown in Fig. 1a. The first two blank gradi-
ents are as described previously [13]. (This SCX gradient, at a
flow rate of 200.0 pl/min, is 5.0 % (solvent) D-9.0 % D from
0 to 1.0 min, 9.0-20.0 % D from 1.0 to 24.0 min, 20.0-
40.0 % D from 24.0 to 34.0 min, 40.0-100.0 % D from 34.0
to 44.0 min, 100.0 % D from 44.0 to 45.0 min, 100.0-5.0 %
D from 45.0 to 46.0 min, and 5.0 % D from 46.0 to 50.0 min.)
The third blank SCX gradient (in which the data is saved as a
baseline, and typically with an absorbance at 214 nm (A,)4) of ca.
4 % the A,14 of the SCX separation), at a flow rate 0f 200.0 pl /min,



174 Junjie Hou et al.

Fig. 1 Panels (a, b) are reproduced from ref. 13, and panels (f, g) are adapted from ref. 13 with permission of
Elsevier Publishing. A simplified schematic diagram of the plumbing for liquid flow through the HPLC, auto-
sampler, UV detector flow cell, SCX and RP columns, as well as macrotrap is shown. All tubing is 1/16’’ outer
diameter (OD) PEEK, with varied inner diameters, with the exception that PEEKsil tubing (also 1/16’* OD) is
used for all sample flow paths. Tubing was obtained primarily from Michrom and also from Upchurch Scientific
(Seattle, WA). (a) Flow paths for sample introduction and SCX column stabilization, immediately prior to SCX
separation, are shown. Abbreviations: ASV/ auto-sampler valve, HPLC /1 HPLC valve 1, mix 2 mixer 2 (for sol-
vents C and D); HPLC V2 HPLC valve 2, UV UV detector flow cell. Two flow paths, marked by arrows, are active
at this stage: (1) Flow of the sample, from the syringe, for sample introduction into the (100 pul) sample loop,
and (2) flow from pumps C and D (not shown for clarity), through mixer 2, for stabilization of solvent flow and
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is 5.0-9.0 % D from 0.0 to 2.0 min, 9.0-24.0 % D from 2.0 to
30.0 min, 24.0-44.0 % D from 30.0 to 42.0 min, 44.0-
100.0 % D from 42.0 to 54.0 min, 100.0 % D from 54.0 to
57.0 min, 100.0-5.0 % D from 57.0 to 60.0 min, and 5.0 % D
from 60.0 to 64.0 min (Fig. 2).

4. Starting ca. 40 min into the beginning of the blank gradients,
resuspend, at room temp, the sample (desalted peptides from
1 mg of total protein, described above) in 80.0 pl of 95:5 sol-
vent C:D. Use a resuspension method comprising maximum
vortexing for 30 s, vortexing at setting 6 for 10.0 min, maxi-
mum vortexing for 30 s, sonication for 10.0 min in a water
bath sonicator, and then maximum vortexing for 30 s.
Effective, alternative peptide resuspension procedures are
acceptable. Centrifuge at 14,000 xg for 10 min at room tem-
perature and transfer the supernatant into a glass sample vial.
If there is a pellet, avoid including any of it in the sample vial
to prevent fouling of the MDLC system.

<
<

Fig. 1 (continued) pressure through the SCX column prior to the SCX separation. (b) Flow path during the SCX
separation, which no longer involves sample introduction. To enter this stage following that shown in panel (a),
HPLC valve 1 switches, resulting in reversal of the sample flow back out of the sample loop and into the SCX
column. Concurrent to the switching of valve 1, the auto-sampler automatically suspends the fraction collec-
tion tool above the vials, in order to collect eluted fractions from the SCX column. The fraction collection tool is
automatically moved to a fresh vial every 2.0 min, resulting in collection of 32 x 400 pl fractions. The SCX
gradient, consisting of solvents C and D, is applied, resulting in peptide separation throughout the gradient. (c)
Flow path for solvents A and B, with the auto-sampler valve in position 1, during portions of the macrotrap
wash and auto-desalting methods, when the HPLC effluent is directed through the macrotrap to the waste. The
flow (400 pl/min) is unsplit, so the HPLC splitter and pumps A and B are not shown for clarity. mix7 mixer 1.
(d) Flow path for solvents A and B, with the auto-sampler valve in position 2, during portions of the macrotrap
wash and auto-desalting methods, when the HPLC effluent is diverted to the waste without passing through
the macrotrap, and reagents are injected from the syringe through the macrotrap. As in panel (c), the flow
(400 pl/min) is unsplit. (e) Flow path for solvents A and B, with the auto-sampler valve in position 1, during the
step-gradient portion of the auto-desalting method only, when the HPLC effluent is directed through the mac-
rotrap and into a vial to collect the peptides from the desalted SCX fraction. As in panel (c), the flow (400 pl/
min) is unsplit. (f) Flow paths for sample introduction immediately prior to reversed-phase (RP) separation.
Abbreviations: MSV valve mounted on the mass spectrometer, cp tp capillary peptide trap (i.e., captrap; poly-
meric); and AC, C18 reversed-phase, capillary-scale (1/16’’ OD) analytical column. Two flow paths, marked by
arrows, are active at this stage: (1) Flow of the sample, from the syringe, for sample introduction onto the
peptide cap trap (cp tp) followed by desalting of the captured peptides, and (2) flow from pumps A and B (not
shown for clarity), through mixer 1, for stabilization of solvent flow and pressure through the C18 analytical
column (AC). The high voltage (1.4 kV) is manually activated at the start of this stage using the tune page,
which is part of the control software for the mass spectrometer. (g) Flow path during the reversed-phase sepa-
ration, which no longer involves sample introduction. To enter this stage following that shown in panel (f), the
valve mounted on the mass spectrometer switches, resulting in reversal of the solvent flow back through the
peptide captrap, gradient elution of the peptides off of the peptide captrap, their separation in the analytical
column, elution, and ionization in the ESI source, just prior to introduction into the mass spectrometer
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3.7 Automated
Desalting of SCX
Fractions

Fig. 2 SCX separation of a peptide mixture comprising the total (phospho)
proteome from multipotent derivatives of pluripotent hESCs. The solid line is a
typical trace of an SCX separation, in which Ay, was recorded. Peptides derived
from widely differing protein sources yield indistinguishable and consistent
results. The dashed line indicates the HPLC gradient

5. Immediately after the last blank SCX gradient, allow the solvent
to run at 200.0 pl/min for 5.0 min at 95:5 solvent C:D (flow-
path shown in Fig. 1b, but with flow to the waste) to ensure
that the sample loop and the column are fully equilibrated at
the initial solvent condition. Initiate an SCX separation by
injecting all 80 pl of the peptide suspension (Fig. 1a). In the
instrument method, include 10 pl of 95:5 solvent C:D pre-
sample solvent to facilitate injection of the entire sample into
the 100 pl sample loop of the MDLC. The SCX gradient
(Fig. 2) is the longer one described above. Throughout the
SCX separation, a representative trace of A,,4 is shown (Fig. 2),
and 32 x400 pl (2.0 min) SCX fractions are collected.

6. Wash the column with one of the shorter blank SCX gradients
with solvents C and D, and once more with 40:40:20
IPA:ACN:H,0 wash solvent (to clean the column and prepare
it for storage at 4 °C).

7. Perform a partial dry-down of all 32 SCX fractions for
15.0 min in a speed vac (with the goal being depletion of ACN
to facilitate binding of peptides to the macrotrap during
automated desalting). Do NOT pipette the fractions; perform
the partial dry-down in the collection vials. Cap and store the
vials at 4 °C.

1. Estimate the remaining volumes of each SCX fraction by visual
inspection of the vials, using the lines marked on them earlier.
(Do NOT pipette the liquid containing the fractions, in order
to minimize sample losses.) Set the volume in the sample cue,
for the automated desalting method (below), to fill a syringe
on the auto-sampler with ca. 30 pl more than the estimated
remaining volume of each SCX fraction, in order to fill the
syringe with the entire SCX fraction. There should be a small
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volume of air in the syringe after its filling, which should not
cause difficulties.

. Prewash a peptide macrotrap (Michrom) twice using the
MDLC (Fig. 1c, d). The flow rate is 400 pl/min during the
entire method, initially with 98 % solvent A/2 % solvent B
through the macrotrap, with the auto-sampler valve in posi-
tion 1 (Fig. lc¢). Filling of the syringe on the auto-sampler
immediately commences with 440 ul of wash solvent at a fill
speed of 9.0 pl/s. When the syringe is filled, the auto-sampler
valve switches to position 2 (Fig. 1d), the HPLC flow is
directed to waste without flowing through the macrotrap, and
the syringe is emptied through the macrotrap at an injection
rate of 5.0 pl/s. The auto-sampler valve switches back to posi-
tion 1 (Fig. 1¢), the HPLC flow (98:2 solvent A:B) is through
the macrotrap, and the syringe is filled at a rate 0o 9.0 pl /s with
500 pl of 98:2 solvent A:solvent B. The auto-sampler valve
switches to position 2 (Fig. 1d), and the syringe is emptied
through the macrotrap at an injection rate of 5.0 pl/s. The
auto-sampler valve switches to position 1 (Fig. 1¢) and a step
gradient is applied to the macrotrap, consisting of 2.0 % sol-
vent B at 0.0 min, 80.0 % B at 0.06 min, 80.0 % B at 0.55 min,
2.0 % B at 0.60 min, and ending with 2.0 % B at 2.00 min.

. Desalt each of the fractions, in the order 1-32, with the mac-
rotrap desalting method. For the desalting method, a flow
rate of 400 pl/min of 98 % solvent A/2 % solvent B is con-
tinued through the macrotrap following the previous
(macrotrap-washing or auto-desalting) method, with the
auto-sampler valve in position 1 (Fig. 1¢). The syringe on the
auto-sampler is filled with the entire SCX fraction (ca. 290-
370 pl following 15.0 min in the speed vac) at a fill speed of
9.0 pl/s. The auto-sampler valve switches to position 2
(Fig. 1d) and the syringe is emptied through the macrotrap
at a rate of 5.0 pl/s, resulting in binding of peptides to the
macrotrap. The auto-sampler valve switches back to position
1 (Fig. 1c), the HPLC flow (98:2 solvents A:B) through the
macrotrap begins desalting of the peptides, and the syringe is
filled at a rate of 9.0 pl/s with 500 pl of 98:2 solvents A:B.
The auto-sampler valve switches to position 2 (Fig. 1d) and
the syringe is emptied through the macrotrap, to thoroughly
desalt the peptides, at a rate of 5.0 pl/s. The auto-sampler
valve switches to position 1 (Fig. le), redirecting HPLC flow
through the macrotrap. Concurrently, the auto-sampler/
fraction collector initiates collection of the effluent from the
macrotrap, and collection continues during the following
step gradient at 400 pl/min: 2.0 % (solvent) B at 0.0 min,
50.0 % B at 0.56 min, 50.0 % B at 1.05 min, 2.0 % B at 1.10 min,
and ending with 2.0 % B at 2.00 min. The drop collection
function of the auto-sampler/fraction collector is enabled.
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3.8 Ti0,-Based
Phosphopeptide
Enrichment: A Batch
Method

After the first-, second-, and subsequently every 5 SCX fractions
are desalted, the macrotrap wash method is repeated before
proceeding with desalting the next SCX fraction. This mac-
rotrap wash method could be important to prevent fouling of
the plumbing.

4. Half of the eluted fraction containing each desalted SCX frac-
tion is transferred into a 1.5 ml Sarstedt tube (resulting in two
aliquots of each desalted SCX fraction, each ca. 420 pl, which
enables repeat phosphopeptide enrichments of desalted SCX
fractions if necessary).

5. Dry the desalted SCX fractions overnight at 35 °C in a speed
vac, with holes poked in the caps of the microfuge tubes using
a 21 gauge needle, two holes/cap (vapors escape through the
holes, and having the caps on likely controls losses due to
bumping; [12]). The next morning, put a new cap (lacking
holes) on each tube and store at -80 °C.

This protocol is modified from ref. [14]. We typically perform
TiO, enrichments on 13 or 14 desalted SCX fractions simultane-
ously. In addition to elution fractions containing enriched phos-
phopeptides, flow-through and wash fractions are also collected.
Although most detectable phosphopeptides are in TiO, elution
fractions, the flow-through plus wash fractions contain phospho-
peptides that do not bind to the TiO,, some of which are detect-
able in the mass spectrometer, and they also yield a wealth of
information on the total proteome.

1. ATiO;slurry is vortexed at setting 6.0 on a Scientific Industries
Vortex Genie 2 for 10.0 min at room temp. Alternative meth-
ods to suspend the TiO, particles, which result in a uniform
suspension, are acceptable.

2. Add 40.0 pl of the TiO, slurry into each sample tube, which
contains a desalted and dried SCX fraction, and add 160 pl of
loading buffer (see Notes 12 and 13). Vortex the tubes at set-
ting 6.0 for 60.0 min at room temp.

3. Immediately after initiation of vortexing in step 2, wash plas-
tic vials, one for each TiO, enrichment, with methanol and
IPA as described above, for use in collecting the flow-through
and wash fractions. Ensure that the vials are dry before use.

4. Centrifuge the tubes (containing TiO,) for 60 s at RT,
14,000 xg, in a microcentrifuge (Eppendorf 5415¢ or an
equivalent) and save the supernatant (flow-through fraction)
in the plastic vials from step 3 (one vial is used for each TiO,-
based enrichment). Alternative centrifuges are acceptable.
Store the vials at 4 °C. Add 200 pl of loading buffer to each
sample tube, and vortex at setting 6.0 for 30.0 min at room
temperature.
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. Pipette 50.0 pl of HPLC-grade water into glass vials, one vial

for each phosphopeptide enrichment. Use an ultrafine-tipped
sharpie to mark the vertical location, on the sides of the vials,
of the meniscus of the water. Repeat three times so that vol-
umes of 50, 100, 150, and 200 pl are marked on the sides of
the vials. Discard the water from the vials.

. Centrifuge the tubes containing the TiO, as in step 4. Pool

the supernatant (wash fraction 1) in the same plastic vial
(which contains the flow-through fraction from the same
enrichment), and store the vials at 4 °C. Add 200.0 pl of wash
buffer 1 to the sample tube, and vortex at setting 6 for
30.0 min at room temperature.

. Centrifuge the tubes as in step 4. Pool the supernatants (sec-

ond wash fraction) into the same plastic vials. Add 200.0 pl of
wash buffer 2 to each sample tube, and vortex at setting 6.0
for 30.0 min at room temperature.

. Centrifuge the tubes as in step 4. Pool the supernatants (third

wash fractions) into the same plastic vials. Add 200.0 pl of elu-
tion buffer 1 to the sample tubes, and incubate at 45 °C,
1,400 rpm, for 1.0 h on a Thermomixer (Eppendort).

Partially dry the flow-through plus wash fractions in a speed
vac at 35 °C during the incubation listed in step 8.

Centrifuge the TiO,-containing tubes as in step 4. Collect the
supernatants (first elution fractions) in a glass sample vial
(from step 5) for each elution fraction. Add 200 pl of elution
buffer 2 to the sample tubes, and incubate at 45 °C, 1,400 rpm,
for 1.0 h.

Partially dry the flow-through plus wash as well as the first elu-
tion fractions in a speed vac at 35 °C during the incubation
listed in step 10.

Centrifuge the tubes as in step 4. Pool the supernatants (second
elution fractions) in the same glass vials that contain the partially
dried first elution fractions. Partially dry elution and flow-through
plus wash fractions (glass vials and plastic vials, respectively) in a
speed vac at 40 °C until the sample volumes are less than 50 pl.
Some elution fractions resist volume reduction; for those, increase
the temperature in the speed vac to 45 °C, and move the vials to
the positions that contained vials that dried faster.

Add 100.0 pl of 95:5/solvent A:B to each TiO, fraction.
Flow-through plus wash fraction volumes can be measured
with a pipetman. Do NOT pipette /otherwise handle elution
fractions to avoid losses of peptides, many of which are at very
low concentrations. Estimate the elution fraction volumes on

the basis of the lines on the vials (step 5) and store all fractions
at 4 °C. Analyze the fractions by LC-MS/MS.
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3.9 RP HPLC-MS/MS
(LC-MS/MS)

1. Instrumentation comprises an HPLC RP column, captive spray

ESI source, and an LTQ Orbitrap Velos equipped with ETD
(see Note 6). Instrumentation is controlled by Xcalibur v. 2.6.0
build software (Thermo Fisher) with plug-ins (Michrom). Be
aware that improved instrumentation control software could
potentially be available as its development by the manufacturer
progresses.

. Prior to analysis, and especially after running previous samples,

it is important to minimize sample carryover, as well as to keep
the HPLC clean. To do so, HPLC packing and stationary-
phase media are stripped and cleaned by injecting 100 pl of
trifluoroethanol (TFE, an effective solvent for minimizing pep-
tide carryover; [15]) twice over the polymeric cap trap (with
retention characteristics similar to C8 RP media (Michrom);
Fig. 1) and running two 15-min blank gradients (Fig. 1g) over
the C18 column using 40:40:20 wash solvent. The solvent A
channel is transitioned into 40:40:20 wash solvent by switch-
ing over to “wash” solvent (40:40:20 wash solvent) without
purging the A (0.1 % FA) solvent. After these blank gradients,
the solvent A channel is switched back to 0.1 % FA; solvent B
is a constant 100 % ACN. Three more identical blank gradi-
ents, with TFE injected over the captrap (Fig. 1f), are run
(Fig. 1g) to further clean, condition, and transition the C18
column back into the RP solvents A and B. This routine
decreases peptide carryover, may help eliminate HPLC fouling,
avoid lost LC-MS/MS analyses, improve retention time con-
sistency, and decrease the risk of damage to the HPLC plumb-
ing and stationary-phase packing due to poor or blocked flow.

. The LTQ OT Velos ETD is programmed to scan the precur-

sor ions, with an m/z ratio of 300-1,500 in the Orbitrap at a
resolution of 60,000 in the profile mode only. A top-20 data-
dependent MS/MS method is used, and includes a decision
tree to choose collision-induced dissociation (CID) or elec-
tron transfer dissociation (ETD) activation “on the fly” [16].
MS/MS scans are in the dual-pressure cell linear ion trap.
Dynamic exclusion is enabled with a repeat count of 1, and
repeat duration and exclusion duration for 30.0 s. The signal
threshold for MS/MS is 500 counts. CID uses relative colli-
sion energy of 35.0 and an activation Q of 0.250 for 10.0 ms.
ETD activation is for a maximum of 100.0 ms, and is auto-
matically controlled by the Xcalibur instrument software.

. Before sample loading on the Captrap, the auto-sampler injects

50.0 pl of 95:5 solvent A:B through the captrap at 2.0 pl/s
(Fig. 1f). Prior to this time, the captrap and C18 column were
equilibrated in 90:10 solvents A:B. It is possible that hydro-
philic peptides are retained more effectively on the captrap
when it is equilibrated in 95:5 (rather than 90:10) solvents A:B.
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Fig. 3 Data-dependent MS/MS cycle profiling indicates the complexity of the mixtures. The number of MS/MS
events per top 20 data-dependent MS/MS cycle, along with the elution profile for the MS/MS counts, is shown.
(a) Profile for an analysis of a typical TiO, elution (SCX fraction 12, neural stem cells), (b) profile of a typical
flow-through plus wash from an early SCX fraction (SCX fraction 5, neural stem cells), and (c) profile of a typi-
cal flow-through plus wash from a mid-gradient SCX fraction (SCX fraction 12, neural stem cells). Note the
longer (45 min) gradient in (c)

5. The syringe is filled with a sample of the peptide mixture from
a TiO, fraction (50 % of the elution fraction or 4 % of the flow-
through plus wash fraction, each run in duplicate) and the
syringe is emptied, at 0.5 pl/s into the injection port (Fig. 1f),
where peptides are pushed to and captured by the captrap.
Peptides on the captrap are desalted with 50 pl of 95:5 /sol-
vent A:B, which flows through the captrap at 0.5 pl /s (Fig. 1f).

6. Following sample loading and desalting, the valve on the mass
spectrometer is switched to place the Captrap in line with the
analytical column (Fig. 1g), and the gradient and data acquisition
is activated by a “contact closure” signal from the auto-sampler.

7. For TiO; elution fractions, the RP gradient consists of 10.0-
30.0 % solvent B from 0.0 to 30.0 min, 30.0-80.0 % B from
30.0 to 30.1 min, 80.0 % B from 30.1 to 36.0 min, 80.0-
10.0 % B from 36.0 to 36.1 min, and 10.0 % B from 36.1 to
45.0 min. The same gradient is used for pooled TiO, flow-
through plus wash fractions from SCX fractions 3-7, whereas
alonger RP gradient, consisting of 10.0-30.0 % B from 0.0 to
45.0 min, 30.0-80.0 % B from 45.0 to 45.1 min, 80.0 % B
from 45.1 to 51.0 min, 80.0-10.0 % B from 51.0 to 51.1 min,
and 10.0 % B from 51.1 to 61.0 min, is applied to the TiO,
flow-through plus wash fractions from SCX fractions 8-28.
This is because these flow-through plus wash fractions from
later in the SCX gradient are more complex than the earlier
ones and the TiO,-elution fractions (Fig. 3). Although the
complexity of TiO,-elution fractions is relatively low, as are the
TiO, flow-through plus wash fractions early in the SCX gradi-
ent, RP gradients shorter than 30 min are not recommended
by the manufacturer for the 0.2 mmx 150 mm C18 column.
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3.10 MS/MS Spectral
Processing Prior to
Searching Against a
Protein Database

Fig. 4 An LTQ Orbitrap Velos equipped with ETD identifies more proteins in less
time than an LTQ Orbitrap XL with the same sample. (a) Gradient times and (b)
the number of protein identifications are shown. These typical results were from
injecting 5 % of an immobilized metal affinity chromatography (IMAC) flow-
through from one SCX fraction

We obtain better sensitivity with these columns than shorter
(0.2 mmx50 mm) C18 columns, which are more suitable for
shorter gradients. RP gradients longer than 45 min on more
complex TiO, flow-through plus wash fractions (Fig. 3¢) can
yield more protein IDs, but, with the large number of SCX-
TiO, fractions to be run, can be time prohibitive.

8. Compared with an LTQ Orbitrap XL, which delivers very
good performance, an LTQ Orbitrap Velos with ETD is
capable of identifying many more proteins in a shorter time, as
shown in Fig. 4. Our results are in agreement with two other
recently published studies that reported improved performance
with an LTQ Orbitrap Velos [17, 18].

Although high-quality results are obtained from searches using raw
data with the parameters specified in Subheading 3.11 below, we
have found that preprocessing ETD spectra results in improvements
in the number and quality of protein identifications (see Note 14).
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Fig. 5 Removal of signal from un-fragmented precursor ions from ETD-MS/MS
spectra resulted in improved peptide identification compared to searches of the
raw data. Raw data (solid black curve) was then processed by removing un-
fragmented and charge-reduced precursor ions (dotted curve). Precision and
sensitivity estimates were provided by PeptideProphet (TPP)

1. Convert .RAW files to .mzXML files by using the ReAdw.exe
program (http:/ /tools.proteomecenter.org,/wiki/index.
php?title=Software:ReAdW).

# Command-line: ReAdw.exe --mzXML -c * . RAW.

2. Run MzXML2Search.exe (http://tools.proteomecenter.org,/
wiki/index.php?titleSoftware: MzXMIL2Search) to generate
.dta files.

# Command-line: MzXMI 2search.exe -B400 -T6000 *. mzXML.

3. Charge-reduced precursor ions receive one or more electrons
during the ETD reaction but are not dissociated. By using an
in-house script, available from the authors, precursor ions,
charge-reduced precursor ions, and neutral loss ions present
in the ETD spectra are removed; these ions were described
previously [19] (see Note 14). For un-fragmented precursor
and charge-reduced precursor ions, all peaks within +2 m/z
units of the predicted m/z of these ions are removed. Neutral
loss peaks are all peaks with a mass <60 Da/z below that of
un-fragmented precursors or un-fragmented, charge-reduced
precursors [19].

4. Removing un-fragmented precursor ions (described above)
from MS/MS spectra improves the precision and sensitivity of
identification, as shown in Fig. 5. Removal of neutral loss prod-
ucts and un-fragmented precursor ions resulted in a curve that
was essentially the same as the curve shown in Fig. 5, in which
only un-fragmented precursors were removed (data not shown).


http://tools.proteomecenter.org/wiki/index.php?title=Software:ReAdW)
http://tools.proteomecenter.org/wiki/index.php?title=Software:ReAdW)
http://tools.proteomecenter.org/wiki/index.php?titleSoftware:MzXML2Search
http://tools.proteomecenter.org/wiki/index.php?titleSoftware:MzXML2Search
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3.11 Searching MS/
MS Data Against a
Protein Database

Fig. 6 The mass accuracy distribution of precursor ions, detected in the Orbitrap
of an LTQ Orbitrap Velos with ETD, is presented in bins of 1.0 ppm and includes
the curve outlining the precise distribution. The 99 % confidence interval of the
distributionis —3.1375-2.4572 ppm, with a mean mass accuracy of —0.3402 ppm

The search engine Sorcerer™-SEQUEST® on the Sorcerer
Enterprise hardware /software package is used.

1. Precursor ion mass tolerance of 5 parts per million (ppm) and
fragment mass type, monoisotopic, is specified. Searching data
with mass tolerance of relatively optimal stringency yields an
increased number of high-confidence peptide IDs (we specify a
false discovery rate (FDR) of 0.005-0.009), especially for low-
abundance peptides, such as phosphopeptides. Typically, the
mass error of precursor ions measured with an LTQ Obitrap is
less than 5 ppm. A typical mass accuracy distribution, with
external mass calibration according to the recommendations of
the mass spectrometer manufacturer, is shown (Fig. 6).

2. Product ion mass tolerance, for MS/MS scans performed in
the linear ion trap, is 0.5 atomic mass units (amu).

3. The following differential modifications are specified:
Phosphorylation (+79.966331 amu) on Ser, Thr, and Tyr, and
oxidation (+15.99492 amu) on Met. For ETD spectra, modi-
fications of N-termini (b- to c-ions, +17.02655 amu) and
C-termini (y- to z-radical ions, -16.018724 amu; Versasearch
Script, SageN) are included to account for the higher occur-
rence of ¢- and z-type, rather than b- and y-type product ions
[20, 21]. The mass of c-ions is equal to the mass of b-ions with
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a +17.02655 amu modification on N-termini, and the mass of
z-ions is equal to that of y-ions with a ~16.018724 amu modi-
fication on C-termini. Therefore, these terminal modifications
allow the SEQUEST algorithm to effectively search CID and
ETD MS/MS spectra together.

. Static modification, carboxyamidomethylation (+57.02146 amu)

on Cys.

. Isotopic check using mass shift of 1.003355 amu.

6. The database is from the international protein index (IPI). For

protein samples from human pluirpotent cells, we currently
use the ipi. HUMAN.v.3.73 (June 2010), with semi-tryptic
specificity. The IPI databases are currently being updated, but
IPI is scheduled for closure at a time not currently defined.
Personnel at IPI recommend UniProtKB as the reference
database for mass spectrometry in the future.

. Four, six, or eight MS/MS data files are searched together,

from duplicate LC-MS/MS analyses of the TiO, elution and
flow-through plus wash fractions from 1 SCX fraction or 2
back-to-back SCX fractions. MS/MS data files from SCX
fractions 2 and 3, 4 and 5, 6 and 7, as well as 27 and 28 are
searched together, and MS/MS data files from single SCX
fractions are searched together for the rest of the data.

. Search results are filtered at a stringent protein FDR of 0.005—

0.009 using ProteinProphet (TPP).

. We use procedures to recover lower scoring but accurate MS/

MS spectra matched to highly confident phosphopeptide 1Ds,
similar to results recently described [22]. These procedures
are being described in detail [23].

. The relative abundance of proteins that are identified is exam-

ined using spectral counts (termed “total” in the ProteinProphet
XML viewer, and “#n-instances” when the results are exported
from ProteinProphet to Microsoft Excel). Normalized spec-
tral abundance factor (NSAF)-based spectral counting is used
[24]. The use of statistical analysis tools is currently being
explored. In addition, in a recent comparative study using plu-
ripotent and multipotent stem cells, we identified thousands
of known and unknown proteins as well as novel phosphoryla-
tion sites defining different proteomic signatures from stem
cells (Singec et al., in preparation).

. Protein identifications are used as input for gene ontology

(GO) terms, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses, and GeneGo Metacore Pathway
Analyses. We have also used Ingenuity Pathway Analyses,
and are currently exploring the use of additional pathway anal-
ysis tools. Finally, biological validation of proteomics-based
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pathway predictions will be performed, similar to previous
experiments [11], but in greater depth and with more
advanced tools.

4 Notes

. To prepare MEF-CM, plate fibroblasts in tissue culture flasks

and culture in DMEM /F12 + GlutaMax containing 10 % fetal
bovine serum (FBS) + penicillin/streptomycin (Pen/Strep).
24 h prior to harvesting of MEF-CM, aspirate the media and
replace with 20 % Knockout serum replacement (Invitrogen/
Gibco, cat. # 10828028) in DMEM /F12 + GlutMAX (Gibco
10565)+1X  f-mercaptoethanol (BME; also called
2-mercaptoethanol) (Gibco 21985) + Pen/Strep. On the fol-
lowing day, collect media, add Pen/Strep again and, option-
ally, Normocin. Pipette media to a sterile filter. Media can be
transferred to 50 ml conical tubes and stored at -20 °C. Prior
to use, add FGF2 to a final concentration of 20 ng/ml fil-
tered media.

. Stock solutions are prepared with HPLC-grade water, and all

water used is HPLC grade (Sigma Chromasolve Plus). Lysis
buffer stocks are filtered with a 0.22 pum filter, and are stable at
room temperature for months. (HPLC solvents are NOT fil-
tered.) The initial portion of the lysis butfer (Subheading 2.2)
is prepared starting with ca. 50 % of the final volume of HPLC-
grade water, the day before cell lysis (or it may be stored at
4 °C for up to 1 month), and is chilled to 4 °C overnight prior
to use. Preparation of the lysis buffer is completed the next
day, on a stir plate surrounded by an ice bath, immediately
before the cell lysis commences.

. For the sake of accuracy, patience and care must be exercised

when pipetting viscous solutions (glycerol and NP-40). When
filling pipettes, wait for the solution to stop flowing upward,
eject slowly into the incipient lysis buffer, and rinse all of the
material out of the pipette or pipette tip when preparing the
lysis buffer, using the incipient lysis buffer to rinse.

. Protease and phosphatase inhibitors are toxic, so handle with

care! We have been using phosphatase inhibitor cocktail 1, but
its availability has become uncertain. Although there may be
enough phosphatase inhibitors in the phosphatase-containing
buftfers without it, we have also recently begun to add another
phosphatase inhibitor cocktail from Thermo Fisher (Pierce)
Scientific according to the manufacturer’s instructions:
http:/ /www.thermoscientific.com /wps/portal /ts /products/
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detail?navigationld=1L11796&categoryld=92453&product
1d=11954764.

. IAA is sensitive to degradation in light, so its exposure to light

should be minimized. The powder should be stored in a desic-
cator, in the dark, at 4 °C.

We have had success with the instrumentation listed, but the
MDLC-MS/MS methods can be adapted to other instrumen-
tation that is available to the reader.

Prior to culturing the cells, prepare Matrigel-coated 6-well
culture plates by diluting Matrigel 1:12 in cold (4 °C)
DMEM/F12 and adding 1.0 ml into each well of 6-well
plates, 24 h prior to use of the plates. Optional: Matrigel may
be thawed on ice overnight, and pipettes as well as plates may
be prechilled prior to plating Matrigel.

. If pluripotent cells have been previously maintained on feed-

ers, passage them to feeder-free conditions and passage several
additional times to ensure that feeder cells are absent from the
culture.

If any of the (NH,),SOy4 remains undissolved after the over-
night agitation, pipette oft the cloudy liquid phase, if it is
cloudy rather than clear, and place it in a fresh centrifuge tube,
away from the (NH,),SO, crystals. If precipitated proteins are
bound to the sides of the tube and the liquid phase is cloudy,
leave the proteins in the same tube and physically remove the
crystals with extremely clean, stainless steel tweezers or some
other device that will not introduce any contamination.
Washing stainless steel tweezers with methanol gets them
extremely clean. If the amount of undissolved (NH,),SO; is
substantial, precipitated proteins are bound to the wall of the
tube, and the liquid phase is clear, pipette the liquid phase to
a fresh tube, and then use HPLC-grade water to gently dis-
solve the (NH,),SO,4 without contacting the precipitated pro-
tein. Use caution to avoid excessive losses of protein due to
precipitated proteins binding to inner surfaces of pipettes, etc.
The cloudy phase should be transferred back into the original
tube once the (NH,),SO, crystals have been successfully
removed. If the liquid was clear and the precipitated proteins
remained bound to the sides of the tube during removal of
(NH,),SOy crystals, the clear liquid can be discarded.

Prepare this solution for gel filtration by starting with 50 % of
the final volume of HPLC-grade water. It may be necessary to
add small quantities of water for the urea to dissolve, but take
care to keep the volume low enough to add the rest of the
components without exceeding 25.0 ml. Bring the solution to
the final volume with HPLC-grade water after all other com-
ponents have been added.
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11. This buffer works well for protein storage at -80 °C, and for
reduction /alkylation /digestion with trypsin. Failure to dilute
the protein suspension as directed can result in irreversible
aggregation following thawing and/or poor digestion by

trypsin.

12. The TiO, beads rapidly settle out of the slurry, so it is neces-
sary to vigorously pipette it up and down while dispensing to
tubes, containing desalted SCX fractions, to distribute consis-

tent quantities of TiO,.

13. The peptide-to-TiO, ratio is an important factor for phospho-
peptide enrichment [25], so the amount of TiO; slurry used in
the experiment should be optimized if the quantity of peptides

to be enriched differs from that stated in this protocol.

14. In contrast with typical activation by CID, abundant, un-
fragmented precursor ions remain following activation by
ETD, as do charge-reduced precursor ions, whose presence
often results in lower scoring peptide-spectrum matches, since
refinements in database searching algorithms for searching
ETD spectra have been in progress for a shorter time than for
CID spectra [19]. Therefore, we recommend processing ETD
MS/MS spectra, to remove those un-fragmented ions, for

improved database searches.
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Chapter 13

Transcriptional Regulatory Mechanisms That Govern
Embryonic Stem Cell Fate

Satyabrata Das and Dana Levasseur

Abstract

Embryonic stem cells (ESCs) are defined by their simultaneous capacity for limitless self-renewal and the
ability to specity cells borne of all germ layers. The regulation of ESC pluripotency is governed by a set of
core transcription factors that regulate transcription by interfacing with nuclear proteins that include the
RNA polymerase II core transcriptional machinery, histone modification enzymes, and chromatin remod-
eling protein complexes. The growing adoption of systems biological approaches used in stem cell biology
over last few years has contributed significantly to our understanding of pluripotency. Multilayered
approaches coupling transcriptome profiling and proteomics (Nanog-, Oct4-, and Sox2-centered protein
interaction networks or “interactomes”) with transcription factor chromatin occupancy and epigenetic
footprint measurements have enabled a more comprehensive understanding of ESC pluripotency and self-
renewal. Together with the genetic and biochemical characterization of promising pluripotency modifying
proteins, these systems biological approaches will continue to clarify the molecular underpinnings of the
ESC state. This will most certainly contribute to the improvement of current methodologies for the deri-
vation of pluripotent cells from adult tissues.

Key words Pluripotency, Self-renewal, Chromatin immunoprecipitation, Proteomics, Interactome,
RNA polymerase II, Mediator, Micro RNA

1 Introduction

Embryonic stem cells (ESCs) have unlimited self-renewal and can
specify cell types comprising all germ layers, a unique biological
property referred to as pluripotency. The genetic mechanism that
governs these characteristics is not well understood but critically
informs our understanding of early developmental biology, cell fate
specification, somatic cell reprogramming, and pluripotent cell
regenerative medicine. The ability to characterize the genetic
underpinnings of pluripotency arrived with the derivation of ESCs
from the early murine embryo [1]. The availability of ESC lines
and the development of homologous recombination approaches in
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mammalian cells enabled complex genetic analyses to be performed
for the first time in ESC and mice [2, 3].

The characterization of defined genetic perturbations in ESCs
has contributed invaluably to our understanding of the transcrip-
tional machinery that controls the ESC state. This culminated with
the recent demonstration that differentiated adult tissues could be
converted or “reprogrammed” into pluripotent cells that resemble
ESCs morphologically and functionally, and exhibit a genetic and
epigenetic signature that is nearly identical [4-7]. In the last few
years RNA interference screens [8], transcriptome profiling [9],
protein—-DNA occupancy [10, 11], and protein—protein interac-
tion [12] studies have enabled a broader picture of ESC regulation
to emerge and have significantly expanded the list of participants
required for pluripotency. The transcriptional regulatory mecha-
nisms described here have primarily been gleaned from studies in
murine ESCs. However, the substantial genetic overlap shared
between ES and induced pluripotent stem (iPS) cell populations
suggests that a better understanding of ESC function will better
inform future eftorts to efficiently coax murine and human iPS
cells into hematopoietic lineages.

2 Core Pluripotency Factors: Oct4, Sox2, and Nanog

Oct4, a homeodomain-containing transcription factor, was the
first major pluripotency factor to be discovered. Required for early
development [13] and self-renewal /pluripotency of ESCs [14],
Oct4 is highly regulated with gene dosage levels tolerated only
within a narrow threshold [14]. Sox2 was the next intensively
studied pluriopotency factor and was found to be essential for early
embryonic development [15]. Oct4 and Sox2 heterodimerize and
bind many developmentally regulated transcription factors. As
mentioned above, an exhaustive screen for regulators of pluripo-
tency revealed that these two factors were essential for the deriva-
tion of iPS cells [6], and in some cases are sufficient [16] if other
critical genetic modifiers are expressed at the required threshold
levels. Interestingly, it appears that one role of Sox2 is to positively
regulate Oct4. Sox2 downregulates repressors of Oct4 and upreg-
ulates nuclear factors that activate Oct4 expression [17].

The third member of the core pluripotency triad was discov-
ered shortly after using a screen for genes that could rescue ESCs
subjected to leukemia inhibitory factor (LIF) withdrawal [18].
Nanog was the first nuclear factor identified that was capable of
this feat and was soon dubbed one of the “master regulators” of
pluripotency. As expected, disruption of Nanog function resulted
in early failure of the developing embryo and the compromise of
ESC self-renewal and pluripotency (8, 19].
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Since depletion of any of the core pluripotency factors is not
tolerated in ESCs, Smith and colleagues devised a transgenic sys-
tem to enable controlled depletion of Oct4 [14]. The endogenous
alleles of this cell line have been disrupted by homologous recom-
bination and the cells harbor a doxycycline-inducible transgene.
Upon administration of doxycycline, downregulation of transgenic
protein occurs and the ESCs differentiate into a trophectoderm-
like cell type. Transcriptional profiling in these cells has revealed an
expanded transcriptional network controlled by Oct4 [9 ]. However,
it has become clear that the ESC state is controlled by a larger net-
work of transcription factors that act combinatorially to bind and
regulate promoters of developmental target genes. The context of
multiple factor binding at a particular promoter is essential for
determining the contribution of a protein to ESC function.

3 Pluripotency Factor Binding: Combinatorial Control of ESCs

Chromatin immunoprecipitation (ChIP) has enabled the wide-
spread determination of transcription factor occupancy at promot-
ers. Several groups have recently used ChIP coupled with
microarray technology (ChIP-chip) or high-throughput sequenc-
ing (ChIP-Seq) to map DNA binding locations of the core and
accessory pluripotency factors on a genome-wide scale [10, 11].
This is a powerful approach to characterize which gene targets may
be vital for the maintenance of self-renewal or pluripotency. Not
surprisingly, binding was often located at promoters and regula-
tory elements of genes that are essential for developmental pro-
cesses [10, 11]. Using gene ontology associations, there was a
significant correlation with the number of core pluripotency fac-
tors bound at a particular promoter and the likelihood that its cog-
nate gene was involved in developmental functions [11]. Higher
pluripotency factor occupancy was highly predictive of a develop-
mentally regulated transcription factor. Conversely, if a promoter
was bound by only one factor, there was a much higher likelihood
that its function served a housekeeping role. A core pluripotency
“signature” was revealed that implicated Oct4, Sox2, Nanog,
KLF4, Naccl, and NrOb1 (aka Daxl) as having a higher propen-
sity for binding many essential developmental regulatory genes.
We curated and mapped global coordinates of protein occu-
pancy data that had been deposited at the Gene Expression
Omnibus (GEO) [10, 11, 20]. Binding of Nr5a2 was also included
since this protein is an activator of Oct4 and can compensate for
Oct4 function in gene cocktails used to produce iPS cells [21]. Like
the core pluripotency factors, Nr5a2 is essential for specification of
the developing embryo and its genetic ablation results in lethality
shortly after implantation [22]. Sall4 is required for ESC self-
renewal [12] and early development, so we mapped occupancy of
the two alternate splice isoforms of this nuclear protein as well [23].
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Table 1
Comparison of gene targets employed in global chromatin occupancy studies

Gene Chenetal? Kimetal® Marsonetal.® Huetal?® Raoetal® Hengetall'

Oct4 Y Y Y
Sox2 Y Y Y
Y

o

Nanog Y
NrObl

=<

Naccl
Esrrb
Kif4 Y

o

Zp42 Y

Nr5a2 Y
Zp281 Y

Sall4a

Sall4b

Trim28 Y

Cnot3 Y

Smadl

Stat3

Tcf3 Y

c-Myc Y
n-Myc Y
Ctef Y
E2F1 Y
p300 Y
Suzl2 Y
Tefep2ll Y
Ztx Y

*ChIP-Seq data from ref. 9
*ChIP-chip data from ref. 10
°ChIP-Seq data from ref. 42
4ChIP-chip data from ref. 24
¢ChIP-chip data from ref. 22
{ChIP-Seq data from ref. 20

Using global protein location coordinates from the 25 factors
listed in Table 1, we analyzed the genome of ESCs for binding pat-
terns at transcription factors that are known transcriptional regula-
tors of ESC self-renewal or are essential for hematopoietic stem and
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Fig. 1 Combinatorial binding of pluripotency factors at a regulator of hematopoi-
etic specification. Genomic context of the Cdx4 gene showing pluripotency and
RNA polymerase Il (Pol2) chromatin occupancy. ChIP-Seq datasets for Nanog,
Oct4, Sox2, KIf4, Nr5a2, Mediator components (Med1 and Med12), transcription
co-regulators (TBP, p300), Pol2, and histone H3 methylation marks (H3K4mef,
H3K4me3, and H3K27me3) were downloaded from the Gene Expression Omnibus
(GEO, http://www.nchi.nim.nih.gov/geo/, accession numbers: GSE11172,
GSE11431, GSE19019, GSE24164, GSE11724, and GSE22562), reads were
aligned to the mouse reference (mm9) genome using Bowtie, and peaks were
called with MACS to determine regions of statistically significant occupancy
across the genome. The core pluripotency factors Oct4 and Sox2 and Nanog
(OSN) are modestly enriched at the transcriptional start site (TSS) and down-
stream of the TSS. Note that depiction of Nanog marking at the TSS is obscured
due to the robust occupancy at the upstream region. An alternate upstream regu-
latory element is marked by significant occupancy of core (OSN) and accessory
(KIf4, Nr5a2) pluripotency transcription factors, and this is overlaid upon regions
bound by the basal transcriptional apparatus (Pol2, Tbp) and coactivators (p300,
Med1, Med12)
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progenitor cells (HSC). Cdx4 is a homeobox gene that can amplify
ESC-derived hematopoietic progenitors when expression is induced
in transgenic ESCs [24]. We discovered that Cdx4 is significantly
occupied by Oct4, Sox2, Nanog, and other critical regulators of plu-
ripotency (Fig. 1). Although the murine and human genomes have
been sequenced at significant depth for some time, annotation of
protein-coding genesin both speciesis still incomplete. Consequently,
expressed sequence tags (EST) and employment of rapid amplifica-
tion of cDNA end (RACE) methodologies continue to reveal many
novel alternative splice products and promoters.
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Our occupancy studies suggest that transcription factor binding
is also a useful method to identify putative alternative promoters
and transcriptional start sites since a region located nearby the
annotated Cdx4 start site is bound by five pluripotency factors and
contains a transcriptional and epigenetic signature that suggests
that it may be transcriptionally active in ESCs (Fig. 1). The anno-
tated transcriptional start site contains a bivalent histone signature
(discussed below) that indicates that this transcript is likely
expressed at low levels or repressed in ESCs. This raises the possi-
bility that Cdx4 may have an unanticipated role in the regulation
of ESC pluripotency or self-renewal that differs from its docu-
mented HSC-promoting function [24]. RACE and transgenic
expression analyses will have to be employed to verify the existence
of an alternative promoter and/or splice product in HSC and
ESCs. Together with the analysis of histone enrichment and RNA
polymerase II (Pol II) occupancy (discussed below), identifying
pluripotency factor binding to stem cell gene targets is a powerful
tool for gene annotation and revealing novel DNA-binding foot-
prints that may regulate gene expression. This provides an invalu-
able approach for revealing novel DNA-binding footprints that
may regulate gene expression.

4 The Pluripotency Protein Network

The advent of improved proteomic methodologies has enabled the
efficient coupling of protein immunoprecipitation with mass spec-
trometry measurement. We employed a biotinylatable peptide tag-
ging and mass spectrometric approach to demonstrate that Nanog
and Oct4 associate with numerous other critical factors that form a
tight protein interaction network apparently dedicated to pluripo-
tency. These studies allowed us to assemble an interactome net-
work based on protein—protein interactions [12] that significantly
expanded the known nuclear participants responsible for the ESC
state [8, 11, 12, 25-27]. This network revealed a preponderance of
proteins that are essential for early embryonic development and /or
ESC self-renewal and afforded the first interactome in a pluripo-
tent stem cell population. Similar approaches have yielded Oct4-
centered interactomes that share much of the same pluripotency
architecture and also reveal other regulatory factors that define
ESC function [28, 29]. Collectively, the studies show a complex
interwoven web of interactions between the pluripotency factors
Nanog, Oct4, Sox2, Sall4, Naccl, NrObl (aka Daxl), Esrrb,
TRIM28, and Zfp42 (aka Rexl). An additional notable unifying
characteristic of all three interactomes is the significant presence of
multiple repression complexes. Many components of the SWI/
SNF chromatin remodeling, histone deacetylase and nucleosomal
remodeling (NURD), and polycomb group (PcG) repression
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complexes are well represented within the networks, signifying that
a major function of ESCs is to keep the majority of developmental
genes repressed.

Using a multilayered systems biology approach, Lemischka
and colleagues recently coupled transcriptome profiling and pro-
teomics with RNA Pol II chromatin occupancy and the transcrip-
tionally permissive histone H3 lysine 9 and 14 acetylation
(H3K9/14ac) mark to determine the effect on the transcriptome,
proteome, and a limited epigenome of ESCs following shRNA-
enforced Nanog depletion [30]. Surprisingly, there was a stunning
lack of concordance between RNA and protein levels at many of
the genes analyzed following Nanog depletion. Approximately fifty
percent of genes with elevated or depressed expression levels did
not result in corresponding protein changes. Examination of Pol 11
binding and H3K9/14ac enrichment further signaled that post-
transcriptional and epigenetic phenomena had significant and
sometimes nonparallel effects on expression of different classes of
genes. This study highlighted the importance of coupling pro-
teomic analyses with chromatin occupancy and transcriptome pro-
filing for a more comprehensive readout of gene expression changes
in pluripotent cells.

5 RNA Polymerase Il Transcriptional Machinery and the Mediator Coactivator

The regulation of gene expression is a highly complex process that
requires heritable DNA-encoded nuclear factors, as well as epigen-
etic phenomena. In addition to the basal RNA Pol II machinery
and associated general transcription factors (GTF) TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, and TFIIH, transcriptional coactivators
assemble in complexes that modulate the frequency, specificity, and
strength of gene expression. The Pol II TFIID contains TATA-
binding protein (TBP) at its core and constitutes a complex of 13
or 14 TBP-associated factors (TAFs) that appear to differentially
regulate different sets of target genes depending on subunit assem-
bly and stoichiometry. TAF3 expression is essential for early verte-
brate development and ESC-directed hematopoiesis [31],
suggesting a developmental and tissue-specific requirement for
some of the TAFs. Interestingly, TAF3 can function to anchor
TFIID to nucleosomes through its PHD finger domain which is
competent to bind trimethylated histone H3K4 [32]. Additionally,
TAF1 has a double bromodomain that can bind diacetylated his-
tone H4 [33]. Both modifications are marks of active chromatin.
This was an unexpected discovery since prevailing views have long
held that transcription takes place on promoters that are largely or
completely devoid of histones. These recent data suggest a reshap-
ing of this paradigm. Perhaps there is a threshold of low-level his-
tone enrichment that allows transcriptionally permissive DNA that
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is loosely bound by nucleosomes to effectively dock with TFIID
histone-binding components of the Pol II machinery. Alternatively,
interaction of the Pol II machinery through permissive histone
marks facilitates recruitment of chromatin remodeling machinery
(discussed below) for the maximally effective dismantling of
nucleosomes and the exposure of underlying DNA for transcrip-
tion. In either scenario it is clear that these two regulatory layers
may collaborate more closely than once thought to control gene
expression.

Transcriptional activation by the Pol IT machinery is facilitated
by loading of the GTFs but high-level activation requires a
30-subunit coactivator known as the Mediator complex. A highly
diverse protein module with four functionally separable domains,
Mediator acts as a scaffold or a bridge coordinating interactions
between Pol II and a wide range of coactivator complexes. Subunit
heterogeneity within Mediator likely enables tissue and develop-
mental specificity to the transcriptional machinery. Incorporation
of different paralogs or substoichiometric levels of a particular sub-
unit can confer precision to Mediator and the basal transcriptional
machinery. Young and colleagues employed a small hairpin RNA
interfence screen in V6.5 ESCs and revealed that downregulation
of subunits within all four domains of Mediator contributed to a
compromise in the ESC state [20]. In order of phenotypic severity,
Medl4, Medl12, Medl5, Medl7, Med10, Med21, Med7, and
Med6 were revealed in the screen. Of these, Med12 and Med21
are known to have an embryonic lethality phenotype if disrupted,
corroborating the importance of these two subunits for pluripo-
tency. It is unclear if other subunits will have significant develop-
mental specification contributions since they have not been
genetically disrupted in vivo or in ESC lines. Kagey et al. used
ChIP-Seq to further demonstrate that Med1, Med12, TBP, Pol II,
and the core pluripotency factors Oct4, Sox2, and Nanog were
coenriched at many active promoters within ESCs. Intriguingly,
Med12 coimmunoprecipitates with Nanog and regulates the pluri-
potency gene signature through Nanog [34]. Independent deple-
tion of Med12 or Nanog resulted in a 50 % overlap between gene
sets suggesting substantial functional overlap between the two
proteins.

6 Histone Modifying and Chromatin Remodeling Complexes

The transcriptional response is modified by nucleosomal occu-
pancy at gene promoters that characterizes whether DNA is acces-
sible for transcription. Histones packaged within nucleosomes are
subject to a wide array of posttranslational modifications on numer-
ous residues [35, 36]. The modified histones likely serve collec-
tively as scatfolds or docking sites for Pol 11, the GTFs, transcriptional
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coactivators that include p300, Mediator, chromatin remodelers,
and transcription factors. The pattern of histone modification,
together with the frequency of methylated cytosine—guanine
nucleotide pairs (CpG) at a promoter, contributes significantly to
whether a chromatin domain will successfully attract the full reper-
toire of transcriptional machinery required for gene expression.

The employment of ChIP-chip and ChIP-Seq methods to ana-
lyze global histone enrichment has contributed significantly to a
more comprehensive understanding of the transcriptional land-
scape in ESCs. The construction of genome-wide maps of histone
modifications in ESCs, neural progenitor cells (NPC), and murine
embryonic fibroblasts (MEF) has enabled cellular state and lineage
specification potential to be ascertained largely from a histone sig-
nature. Bernstein and colleagues used ChIP-Seq to determine
enrichment of trimethylated histone H3 residues located at posi-
tions lysine 4 (H3K4me3), H3K9me3, H3K27me3, H3K36me3,
as well as histone H3 lysine 20 (H4K20me3) and RNA polymerase
IT (Pol2) [37]. The study was able to corroborate previous work
by others demonstrating that H3K4me3 signals a permissive chro-
matin environment and the transcriptional start site at most genes,
with the level of H3K4me3 often correlating with expression. Also
shown on a global scale is that H3K27me3 marks repressive gene
domains and H3K36me3 paints the bodies of coding and noncod-
ing transcripts. These modifications were able to efficiently dis-
criminate genes that are repressed, active, or in a poised state
primed for activation in the three different cell types. This work
built on sequencing of H3K4me3 and H3K27me3 at highly con-
served regions of the genome by the same group and the discovery
of “bivalent domains” enriched with both marks [38]. This coen-
richment occurred most frequently at sites encoding transcription
factors and other developmental regulators that are expressed at
low levels in ESCs but become activated in a lineage-specific pat-
tern during development. The current dogma is that genes that are
simultaneously enriched with an activating and repressive mark
enable rapid mobilization of gene expression at the appropriate
time and place during development to control lineage specifica-
tion. Not unexpectedly, ESCs have a greater percentage of bivalent
domains than NPC or MEF, which is in concordance with ESCs
having a far wider inventory of cellular lineages to specify during
the developmental process.

Studies of chromatin state in human cells have mirrored obser-
vations made in their murine counterparts. ChIP-Seq analyses of
39 histone modifications in human T cells revealed a permissive
histone signature that was highly predictive of active genes [39].
The 17 modifications that were enriched at over 3,000 promoters
included several well-known activating marks that normally signal
active gene expression such as histone H3 lysine 4 trimethylation
(H3K4me3) and H3K9 acetylation were enriched at a significant
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proportion of promoters and gene bodies. Conversely, these active
promoter regions and expressed genes were devoid of the repres-
sive H3K27me3 mark. Additionally, a large collection of intergenic
DNAsel hypersensitive sites obtained by high-throughput sequenc-
ing [40] were used to map and corroborate predicted enhancers,
and a reliable histone-marking footprint for these cis-regulatory
sites emerged. Though not always predictive of active gene expres-
sion, the experiments from Zhao and colleagues significantly
extend our understanding of the highly combinatorial marking of
histones and how this histone signature marks regulatory regions
and may serve as a molecular beacon for transcriptional activation.

As discussed above, gene expression is largely dependent on
co-assembly of the RNAPII transcriptional machinery and the
Mediator complex at target promoters. The simplest models pos-
tulate that these core complexes collaborate with tissue and devel-
opmental specific as well as ubiquitous transcription factors to
enable gene activation. However, a permissive chromatin environ-
ment is required for these complexes to engage their DNA targets.
Nucleosomes must be removed and chromatin remodeled for
naked DNA to be accessed. The mammalian SWI /SNF [also called
BAF (Brg/Brahma-associated factors)] chromatin remodeling
complexes are ATP-dependent machines that facilitate the remod-
eling of nucleosomes and serve as tissue-specific regulators of gene
expression. A specialized BAF complex appears to be operative in
maintaining self-renewal and pluripotency in ESCs and the early
embryo. Proteomic studies have elucidated an ESC-specific BAF
(termed esBAF) that has a defined subunit composition that difters
from that found in neuronal cells or fibroblasts [41]. A recurring
theme, this is reminiscent of the combinatorial composition
observed in TFIID and Mediator complexes found in different tis-
sues and developmental timepoints. An association of the core
BAF component Brg with the core pluripotency factors Oct4,
Sox2, and Sall4 was shown by Crabtree and colleagues. Our group
also demonstrated that BAF155 and SMARCAD 1—another SWI/
SNEF-related protein—existed within the pluripotency interactome
network [12].

7 MicroRNAs and Gene Regulation

MicroRNAs are essential for ESC self-renewal and lineage specifi-
cation [42]. These small noncoding RNAs exert their function by
targeting the 3" UTRs or coding sequences [43] of their RNA
target sites resulting in the downregulation of gene expression.
Although certain microRNAs are upregulated in ESCs [44, 45],
how these microRNAs genetically intersect with the ESC transcrip-
tional machinery has not been well characterized. Marson et al.
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used H3K4me3 and H3K36me3 histone signatures to identify the
putative promoter regions of 185 primary microRNA targets
responsible for specifying over 300 mature microRNAs in murine
and human ESCs, as well as in lineage-restricted cell types (MEFs
and NPCs) [45].

This low-resolution analysis of global microRNA regulatory
regions provides a global resource for determining how ESC-specific
microRNAs are regulated. Confirming previous screening studies,
Marson et al. used high-throughput RNA sequencing to analyze
expression of all annotated microRNAs, including the ESC-enriched
microRNA clusters mmu-mir-290-295 and mmu-mir-302-367.
Following depletion of Oct4 using the doxycycline-inducible
knockout ESC line ZHBTc4, expression of mature miRNAs from
these clusters was downregulated modestly. Our own unpublished
data using Tagman-based Q-PCR in Oct4-depleted ZHBTc4 ESCs
indicates that levels of the mmu-mir-302—-367 cluster may be higher
in these cells and that downregulation of the mature miRNAs
encoded by this cluster following Oct4 depletion is more signifi-
cant. Additionally, both our study and that of Marson et al. show a
downregulation of mir-135b following Oct4 depletion. Although
expression of this microRNA is not confined to pluripotent tissues
like the aforementioned clusters, it is occupied by more of the core
and accessory pluripotency factors than most ESC-specific microR-
NAs (our unpublished observations). Additionally, it is highly
expressed in human tumor populations [46]. Although contested in
the literature [47, 48], many tumor populations appear to share dif-
fering semblances of an ESC pluripotency signature [47, 48].
Employing profiling strategies such as these will be useful following
controlled differentiation of ESCs into hematopoietic progenitors.
This will aid in the discovery of microRNAs that are essential for
hematopoietic lineage specification.
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