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Abstract

Embryonic stem (ES) cells have been shown to differentiate to all hematopoietic lineages.
However, lymphocyte development from murine ES cells has not been fully investigated. In

this thesis, the developmental pathway of natural killer (NK) lymphocytes from ES cells was
investigated, using a multi-step ir vitro ES cell differentiation system. ES cells were induced

to differentiate into embryoid bodies (EBs). CD34" EB cells were isolated and cultured on

OP9 stroma with a cocktail of cytokines to generate cells; termed ES-derived hematopoiétic
progenitors (ES-HPs). EB cell subsets as well as ES-HPs were tested for NK, T, B, and

myeloid lineage potentials using lineage specific differentiation cultures. ES-HPs derived

from CD34" EB cells appeared to be heterogeneous and contained NK, T, B and myeloid
potentials. At the EB level, lymphoid potential was found in CD34"CD45™ EB cell 'subset,‘ -
while CD34"CD45" EB cells had only myeloid but not lymphoid potential. CD347CD45~ EB . -
cells gave rise to CD45"Mac-1"Ter119™ (Lin") ES-HPs, which were highly enriched for NK — -
progenitors, but also had other lineage potentials. The NK progenitors among ES-HPs lacll<ed .
CD122, a marker for NK lineage committed precursors, but they acquire CD122 as they
differentiate along the NK lineage. To further enrich lymp.hoid progenitors among CD'45_A EB
cells, EB cell populations were dissected according to several surface markers and tested for
myeloid and lymphoid lineage potentials. Hematopoietic progenitors with lymphoid potential

in EBs were found to be CD45_CD§4+c-kit+CD41+CD3 1'Flk-17. As they differentiate in

vitro into more mature hematopoietic progenitors, they slowly acquire CD45 and‘ lose FIk-1

and CD41 expression while retaining erythroid/myeloid and lymphoid potentials. This study
suggests that hematopoietic progenitors in EBs are similar to immature embryonic

hematopoietic stem cells (HSCS) and they differentiate into more mature type HSCs in vitro.
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Chapter 1: Introduction
1.1. Embryonic stem cells and lymphopoiesis

Embryomc stem (ES) cells are totipotent cells originating from the inner cell mass of
de'veloplng blastocycts When placed in culture, ES cells retain their totlpotentlal capac1ty
and contribute to the formation of all the tissues after being introduced into the host
blastocysts. In addition, ES cells are able to differentiate to various cell types under
appropriate conditions in vitro'. The properties of ES cells have made them useful in at least
two areas: First, ES cells provide a powerful in vitro model system to address questions in
cell and developmental biology. Second, ES cell are a valuable source for cell replacement

therapies®.

Hematology, in particular, has taken advantage of ES cells as a research and discovery tool to

di’ssé’c_:‘t' t_hé-p‘roéess of hematopoiesis (e.g. generation of blood cells from stem cells). The
blood—formin’g potential of ES cells has been shown by multiple studies. Blood lineages -
inchidii;g erythroid, niyeloid and lymphoid lineages can be produced from ES cells in a

predictable fashion'=®, however developmental processes from ES cells to blood cells, in

particular to lymphocytes, are still unclear.

The purpose of this study was to identify the developmental pathway from ES cells to
lymphocytes in culture. A multi-step culture system to induce differentiation of ES cells into

cells of lymphoid lineage was developed. Using antibodies to cell surface markers,




intermediatés with lymphoid potehtiél afnong E;Sidifferentiated cells. were characterized.
Therefore, a lymphocyte developmental pathway was constructed that can be used to study
lineage commitment. In addition, this work resulted in isolation of a population of
hematopoietic progenitors within differentiated ES cells, which harbor both myeloid and
lymphoid potentials, and may be useful in obtaining hematopoietic stem cells (HSCs) for
transplantation treatments. I will therefore review the current understanding of hematopoiesis
and lymphopoiesis in the adult mouse, followed by the early embryonic and fetal
hematopoietic development. Hematolymphoid potential of ES cell subsets will also be

reviewed and compared with their counterparts during ontogeny.
1.2. Adult hematopoiesis

The hematopoietic system is generated and maintained throughout life through the regulated
proliferation and differentiation of hematopoietic stem cells (HSCs). HSCs are clonogenic
precursors capable of generating more stem cells, as well as differentiated blood cells. It is
well established that hematopoiesis is a stepwise developmental process, in which HSCs lose
self-renewal potential and multipotency and give rise to downstream oligopotent and
unipotent-lineage-restricted progenitors. The lineage commitment is defined as irreversible
and gradual loss of developmental potential to other lineages and maturing to a functionally
and phenotypically distinct set of progeny. HSCs in mouse bone marrow (BM) have been
identified according to cell surface characteristics. These cells are negative for lineage

markers (Lin ) and positive for Sca-1 (Ly6A/E), and c-kit receptor tyrosine kinase (receptor

for stem cell factor), (referred to as LSK phenotype). The properties of HSCs have been




demonstrated by in vitro clonal assays for all major hematolymphoid cell lineages as well as
by zn vzvo _trgqﬁbllantatiop éssa);s. A subset of LSK HSCs (which are CD34 "°F1t37) is known
as long-term (LT) HSCs, because they give rise to long-term multi-lineage reconstitution .and
self-renewal in irradiated mice. According to the described model of hematopoiesis, the LT-
HSCs initially .c‘iifferentiate into sort-term (ST) HSCs with limited self-renewal activity and
subsequently to multipotent progenitors (MPPs) with no detectable self-renewal potential in
vivo”®. MPPs, which are also included in LSK population, coexpress CD34 and Fms-like
tyrosine kinase 3 (Flt3). FIt3* MPPs have multi-lineage potential; but have lost their
megakaryocyte and erythrocyte lineage potentials (Figure 1.1)]0'12. Multipotent cells (ST-
HSCs/MPPs) then pass through the next developmental step and commit to either lymphoid
or myeloid lineages. Two kinds of oligolineage-restricted cells: common lymphocyte
progenitors (CLPs) and common myeloid progenitors (CMPs) have been found in bone
marrow. CLPs (Lin'“IL-7R0L+Sca-1'°c—kit‘°) are the clonal precursors of the lymphocyte
lineage (T lymphocytes, B lymphocytes, and natural killer (NK) cells)!?, while CMPs are
restricted to the myeloid lineages (granulocytes, monocytes, erythrocytes, and
megakaryocytes)'*. CLPs and CMPs can be distinguished by two cell surface receptors for
cytokines, namely interleukin (IL)-7 receptor and granulocyte macrophage cell-stimulating

factor receptor (GM-CSFR). While CMPs express GM-CSFR and do not express IL-7R,

CLPs express cell surface IL-7Ra but lack GM-CSFR.




1.3. Adult lymphopoiesis

Change in chromatin status and gene expression initiates the process of lineage specification,
even though it does not always signal a firm commitment to a particular lineage"”.
Expression of RAG-1 ‘(recombination—activating gene 1) and concomitant rearrangement of
a\.t‘lti;géh'riecef)tor'genes is the key developmental event specific to lymphocyte lineage]6.
CLPs are long conéidered to be the most immature lymphoid-committed pr(;gén'itors.
Howev-er, recénf studiés have identified progenitors upstream of CLPS with lymphoid
potential (Figure 1.1). In a study by Igarashi et al., RAG-1/GFP (green fluorescent protein)
knock-in mice were used to isolate the earliest lymphocyte progenitors (ELPs), which have
activated RAG-1 locus. ELPs were found in a non-self renewing LSK Flt3"CD27" subset of
BM cells. These cells could sustain T, B, and NK cell production, but had minimal potential
for myelo-erythroid differentiation'’. In addition, cells with similar properties have been
described in the bloodstream'®. The evidence for a common lineage relationship between
ELPs and CLPs was obtained with immunoglobulin Dy-Jy rearrangement products (i.e.
h‘éa\:y-'c-h‘ain'divérsity gene segment linked to joining gene segment) in puriﬁe.d ELPs as well
as CLPs'"-Consistent with these findings, in trans'genic' recombination substrate mice,
recombination ‘éctivity (or evidence of previous activity) was found in CLPs, as well as
downstream progeny B, T, NK and dendritic (DC) cells. However, RAG expression in CLPs
was shown to be regulated by a B cell specific enhancer, Erag, suggesting that CLPs are
associated with the B lineage and do not substantially contribute to T cell production in vivo

119

despite a residual T cell potential . This study supported earlier work by Allman et al. which

showed that a defect in hematopoietic cell-specific transcription factor, Ikaros, affects CLP,




B'and NK lineages, while sparing the T lineage, presenting CLPs as a separate lineage from
T cells®®: 40% of GFP" cells in Lin c-kit" population in RAG-1/GFP mice do not express the
CLP marker, IL-7Ra, suggesting lymphocyte progenitors may be heterogeneous with regard |

1?2 examined Lin c-kit' fraction of BM cells, which

to their surface markers®'. Kouro ef a
also includes CLPs, for lineage potentials. Lin"c-kit” cells included NK and B cell
progenitors (pro-lymphocytes), and were depleted of both progenitors in response to estrogen
treatment, suggesting a common origin for both lineages. Single cell assays confirmed the
presence of B-restricted, NK-restricted and bipotent progenitors in Lin c-kit" pro-
lymphocytes. However, NK and B differentiation from Lin c-kit" cells was shown to follow
distinct path\;\}ays'. For example, while B cell precursors cross an IL-7Ro" stége, the IL-7R is
'elither not expressed or transiently expressed by developing NK-lineage cells. In acidition,
ceils w1th B”cell petential never displeyed CD122 (IL-2RP), whereas NK differentiation took
place via a CD122"B220" stage, followed by the CD122"B220™ pathway. Moreover, NK
precursors were more estrogen resistant than B cell progenitors. Even though the contribution

of Lin"c-kit" pro-lymphocytes to T lymphopoiesis is not clear, it does seem to represent an

important intermediate in B and NK cell development (Figure 1.1)*

In an effort to identify the earliest lymphocyte progenitors with T cell potential in bone
marroev, a tranegenic mice model was developed in which a T-lineage speciﬁe pre-TCRa
(pToc) promoter directed eXpression of a hCD25 surface marker. hCD25+c-k‘it“‘B'22_())r BM
cells Were fo_ﬁnd to be bipotent precursors of T and B cells in clonogenic assays, and

efficiently home to the thymus after intravenous injection into recipients. c-kit B220" cells

could be generated from the CLP cells and were called CLP-2%. Briefly, one can define the




lineage pathway of lymphocyte progenitors as ELP—CLP/pro-lymphocytes—CLP-2 (Figure

1.1).
1.3.1: T éell dévelopment

T cell.s‘devbel,cl)ping in the thymus fall into two major categories according to the type of
antigen-specific receptors displayed on the surface. aff T cells express the T-cell receptor
(TCR) made up of the o and B chains, while the second population of T cells bears a
heterodimeric ydTCR. The TCR chains are encoded by gene segments that undergo
rearrangement during development. Random recombination of variable (V) TCR gene
segments with joining (J) and, in some cases, with diversity (D) gene segments provides the
T cell population with a diverse repertoire of TCR molecules such that each T cell expresses
a TCR with a single specificity. This enables T cells to distinguish antigens derived from
V:nually anyklndof patlh;)gen. of T cells produce adaptive immﬁne response in response to
infections. One gfoup ofa T cells (CDS8 T cells) can differentiate into cytotoXic‘T cells that
lyse inféétéd .cel.‘lls., While a séconci pobulati;)n of oc;B T cells kﬁown a.s CD4 'T.cells activate
macrophages or induce B cells for antibody production. CD8 and CD4 af T cells recognize
peptide ligands in combination with major histocompatibility complex (MHC) class I and
MHC class IT molecules, respectively'®. y8 T cells are non-MHC restricted and function in
immune responses to infections, immunoregulation and tumor immunosurveilance. They
recognize protein (e.g. nonclassical MHC molecules, and heat shock proteins) and non-

protein antigens®*. In functional T cells, both types of TCR are associated with invariant

R Y




accessory CD3 molecules (such as CD3y, CD38, CD3¢) on the cell surface?’. apTCR
complex also includes intracytoplasmic CD3& homodimers. CD3 proteins are involved both

in the surface expression of T cell receptors and in signal transmission to the inside of the

cells'®,

The thymus is Tequired for the gengration of T cells. However,. proger}itors are not generated
in the thymus and have to enter the thymus from the bone marrow through the bloodstream'”.
Immature T cell progenitors in the thymus are negative for the expression of CD4 and CD8
and referred to aé double-negative (DN) cells (these cells are also CD3"). DN cells are
heterogeneous and change their phenotype at different stages as they develop along the T
lineage pathway (Figure 1.1). CD44"CD25 c-kit" DN cells represent the earliest precursor
stage termed as DN1 stage. DN2 stage is characterized by CD25 expression and initiation of
TCR gene rearrangement. DN3 (CD44 CD25") cells continue rearrangement and express
either pre-TCR, consisting of a rearranged TCRp chain and an invariant pre-TCR (pTa)
chain, or the ydTCR depending on which gene rearrangements have been successful.
Signaling throﬁgh pfe-TCR is fequired for the progression of DN3 cells to CD4"CD8"
ci;ﬁ‘.t;letpc;sitive tDP) stage in af T cells, which enables cells to activate TCRQ
rearrangement. Al;ter'natively,. signaling via the ySTCR results in commitmenf of cells to the
vo T lirieélgé. An additional step in ocB T ceil de?eiopment is positive and negative selection,
which allows the generation of MHC-restricted and self-tolerant single positive (SP) CD8

and SP CD4 T cells'**?”. Even though specification, which refers to onset of expression of

T-lineage genes, occurs at the DN1 and DN2 stages, commitment to the T lineage as defined




by loss of alternative choices (B, myeloid, NK and DC) does not happen until- DN3 stage”®.
In addition, within the T lineage, commitment to the y8 T lineage appears to occur at least

one full stage earlier‘than that of aff T lineage. TCRy (e.g. Vy2-Jyl) and TCRS

. 1 P

rearrangements are clearly observed at DN2 stage, while TCRP locus is still in the germline

form?®,

Despite the well defined intra-thymic T differentiation, the pathway from BM derived HSC
to precursors in thymus is not well characterized. HSCs and downstream progenitor
population (including ELP, CLP and CLP-2) have been shown to have T cell potential. The
contribution of each progenitor population to the steady-state T cell development is not clear.
To beﬁef fesoih\le thymic-séeding };rogenitors, itis conce’ivalvale. to corr;paré ;(hém witﬁ their
éoﬁntérbarts in thé thymus. A study by Allman, ef al. showed that the éarliest T lipeage
progenitors (ETPs) among DN1 cells are Lin"c-kit"Sca-1"and develop independently of
CLPs, suggesting that progenitors other than CLPs may seed the thymus®. A later study
reported that ETPs expréss FIt3, and have B-cell lineage potential®. NK, DC and myeloid
potential of ETPs have also been reported®!. Taken together these data suggest that ETPs
resemble BM MPPs (LSKFI1t3"), and therefore, MPPs may be the progenitors entering the
thymus at the times needed (Figure 1.1). On the other hand, an additional BM precursor
population with LSKCD62L" (L-selectin)” phenotype has been identified. LSKCD62L" cells
contain robust T progenitor activity with minimal B and myeloid differentiation potential,

similar to ETPs. This data suggested that CD62L" cells selectively home to the thymus and

give rise to thymic ETPs, which also express CD62L>. In addition, this study raised the




possibility that commitment to the T lineage may happen before contact with the thymic

environment.
1.3.1.1. Notch signals and T cell development

The Notch pathway regulates developmental choices and cellular differentiation across
species. Notch regulation is mediated through a conserved signaling pathway in which
transmembrane Notch receptors undergo sequential proteolytic cleavage followed by nuclear
translocation of the intracellular domain and activation of transcription. There are four
mammalian Notch receptors. The extracellular portion of Notch contains tandem epidermal
growth factor (EGF-like) repeats, which binds the extracellular domain of DSL ligands
(Delta-Serrate-Lag2). Mammals have two Serrate-like ligand (Jagged 1 and 2) and three
Delta-like ligands (DL-1, -3 and -4). The intracellular domain‘ of Notch (ICN, intracellular
Notch) consist"s of domains involved in signal transduction and protein stability including the
RAM domain, ankyrin repeats and PEST domains. Ligand binding results in two cleavage
events that dissociate ICN from the membrane. The first cleavage oécurs, extracellularly and
uses metalloprotease, while the second happens within the transmembrane domain and is y-
secretase dependent. y-secretase inhibitors block Notch signaling. ICN travels to the nucleus,
where it binds the helix-loop-helix transcription factor CSL/RBP-J via its RAM and ankyrin
repeat domains. Ankyrin repeats of ICN also interact with Mastermind-like proteins
(MAMLSs), which recruit transcriptional coactivators. Notch signaling activates transcription

of a bHLH-type transcriptional repressor, known as Hairy/Enhancer of split (HES), which

inhibits transcription of HES target genes. Other tissue specific targets have been proposed™.




During lymphoid cie?elépmer;t, signaling through Notch plays an importént r.ole‘in ’T cell fate
deterr;linéti;r;: It ﬁas been reported that the inactivation of Notch signals in hematopoietic
progenitors selectively blocks T cell differentiation with an excess of B cells in the thymus.
Conversely, HSCs with constitutive active Notchl adopt T cell fate and lose B cell potential.
Relevant to thymopoiesis is Notchl and Delta-like family members. Absence of Notchl
results in complete suppression of T cell development, indicating a lack of compensation by
other Notch family members. Also, expression of the Delta-like family (DL-1 or DL-4) of
Notch ligands in BM as well as thymic stromal cells is sufficient to induce the differentiation
of hematopoietié progenitors, even embryonic stem cells, into the T cell lineage in
vitro'>¥3* This datg supports a model for T lymphopoiesis in which incoming multipotent
proge'ni‘tovrs‘ ﬁrst gncounter Delta-like ligands in the thymus, which in turn triggers Notch
signaling and specification to the T lineage. In fact, T specification of ETPs and suppression

of B cell potential are mediated through the Notch pathwa 933,

1.3.2. B cell development

B cells, the other players of adaptive immunity, recognize antigens derived from a great
variety of pathogens with their-antigen-specific receptors, termed the B cell receptor (BCR).
The'BCR 'is composed of two immunoglobulin (Ig) heavy chains and two immunoglobulin
light chains. Each BCR has a single specificity and is produced through two series of gene
rearrangemcrits,, one fér each receptor-chain locus. The secreted form of BCR ié the antibody
proteins, which are produced by terminally differentiated B cells, plasma cells. The secretion

of antibodies, which provides the humoral immune response, is the main effector function of
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B cells'®. B cells develop in bone marrow from HSCs. The stages of B cell development are
deﬁned.by the gequential reaﬁangement and expression of immunoglobulin genés as well as
the cell éurface expression of érotein markers for the B cell lineage (Figure 11) ‘The earliest
B linage cells are anown as pi‘é-pro-B cells and express'the B cell linéagé marker B220 but
lack other 1ihéage markers ihcluding CD19 B220 eXpression is not restricted to the B lineage
as some cells in the NK cell lineage also express this molecule. Most pre-pro B cells have not
initiated rearrangements. Recent data have shown that pre-pro B cells are heterogeneous and
generate other cell types such as NK, T and DC cells. B cell precursors undergo Dy-Ju
rearrangement, followed by heavy chain variable (Vi) to DJy rearrangement at pro-B cell
stage. This stage is also accompanied by the expression of CD19 which serves to characterize
all later B lineage cells. lProductive rearrangement of VDJy leads to the expression of the p
hgayy, gﬁa:inuwhich is expressed on the cell surface in combination with a surrogate light
chain to form the pre-B cell receptor. Expression of the pre-B cell receptor is the hallmark of
the pre-B cell stage, and occu.rs prior to the rearrangement and expres‘si-orll of thé light chain.

SubseQuently, immature B cells that express IgM but not IgD are generated'6’36’37.

1.3.3. NK cell development

Natural killer (NK) cells are large granular lymphocytes that play a significant role in innate

immunity *®. These cells are important in eliminating viruses and possibly other pathogens o RE
during the initial phase of infections, before an adaptive immune response begins. They also
(;,ontr;ibute:to irﬁmune respbnses against cancer cells, and transplanteci allégerﬁc boﬂe marrow

cells. Immunization or pre-activation of NK cells is not a reéluirement for NK cell
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responses”. The major effector mechanisms employed by NK cells are direct killing of
infected cells or tumor cells and cytokine production. Target killing is mainly mediated
through the exocytosis of granules coﬁtaining perforin and granzyme. NK cells can also
induce cell death via FasL and TNF-related apoptosis-inducing ligand (TRAIL)". Besides
direct cytotoxicity against aberrant target cells, NK cells are also responsible for the
regulation of adaptive immune responses and the action of other innate cells, such as
macrophe;ges, through cytokihe prolduction‘”. Interaction between NK and DC cells also

regulates innate and adaptive immune responses*>.

Unlike T or B cells, NK cells do not express antigen-specific receptors that are the end
product of somatic gene rearrangements. Instead, they use an intricate system of co-
expression of multiple receptors in various combinations to distinguish aberrant target cells
from normal cells. The NK receptor repertoire consists of activating and inhibitory receptors
that interact with several ligands on target cells. Inhibitory receptors, which recognize self
MHC class I molecules on normal cells and deliver negative signals to NK cells, protect
normal host ceﬁs from being lysed by NK cells, thus ensuring self-tolerance. Cells that lack
sufﬁ01entMHC ((;'.llass- I expression és a result of infecﬁon, transformation or_.rn.l'ltati;)n are
susceptible to NK killing. Activating receptors, upon ligation, send stimulating signals. These
receptors enable NK cells to respond to microbial products or molecules that are induced
upon stress or transformation. The balance between stimulating and inhibitory signals

governs the fate of NK-target cell interactions. The murine NK receptors that regulate NK

cell functions mostly belong to two families of C-type lectin-like receptors, Ly49

homodimers and CD94/NKG2 heterodimers. These receptors are expressed in a clonal




-

fashion on overlapping subsets of mature NK cells***. However, some NK receptors are
uniformly expressed among NK cells. Examples of these receptors are activating NKG2DY,
and NK1.1 receptors (in the C57BL/6 strain of mice)*®, as well as integrins, such as Mac-1

and DX5%.

NK cell development depends on the bone marrow environment. Indeed, bone marrow
ablation by ¥SR* or by oestradiol®' results in NK cell deficiencies. A similar defect is
observed in osteopetrotic animals®'. NK cell development from BM precursors has only
recently been examined. NK lineage committed precursors (NKPs) that differentiate into NK
cells;l:;ut not-other hematoboietic cells have been identified in adult mbusé BM by thé surface
phenotype of; Lip_CD122+ (Figure 1.1)*%. CD122 is the P subunit of IL-15R, a cﬁokine
receptor chain shared by IL-2R and IL-15R’ 3. These two receptors are dependent on |
signaling through a third subunit, known as common y chain (yc)’ 4 NKPs lack many cell-
surface receptors for mature NK cells (NK1.1, DX5, and Ly49 receptors) and do not show
any lytic activity or cytokine production®’. Williams et al. demonstrated that culture of HSCs
in the presence of cytokines such as stem cell factor (SCF), Flt3 ligand (F1t3-L), IL-7, and
IL-6 generates CD1227 cells that presumably are NKPs. These cells give rise to NK cells in
response to IL-1 5%, Collectively, this data indicates that the acquisition of CD122 by NKPs,
marks their commitment to the NK lineage®.

Even though the stages of INKP differentiation from HSCs are still unciear, the -
develoiamental processes from NKPs to maturé NK cells in BM have been described in

detail. As for B and T lymphocytes, stages of NK cell maturation can be defined according to
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the expression pattern of cell surface molecules and functional characteristics (Figure 1.1).
The first developmental stage represents CD122"NK1.1" DX5~ NKPs*. Further
characterization of these cells by Vosshenrich et al.’’ showed that they are yc*, but CD25
(.INL.-_2.I'{(‘1) negatiye with a subset expressing IL-7Ra, c-kit, and F1t3. It was aiso shown that
NKG2D is expressed at this stage®’, while the earlier studies reported its expression at stage
. Aqqufsitibﬁ of NK;lineagé markers; NK1.1" (high 'expression), DXSl° (iow expression),
and CDM9'4/N‘KG2I rebcept.ors bccurs at the. stégé I -(.)f development. The stagé H cells resemble
mature fetal/neonatal NK cell which lack Ly49 receptors. These cells also express the
integrin o.," and are Mac-1°CD43"c-kit™. Developing NK cells acquiré Ly49 receptors and
become c-kit" while in transit through stage III. This step is then followed by an upregulation
of DX5 and extensive proliferation of NK cells in BM in stage IV. The proliferation of NK
cells is slowed and they upregulate Mac-1 and CD43 as they mature in the final step. These

mature NK cells are capable of proliferation in response to pathogens and exhibit full

functional conﬁpetencé, inélﬁding natural killing and an ability to secrete éytokinés49.

BM is often considered as the main site for generating mature NK cells in the adult, as all
introduced developmental intermediates including ELPs, CLPs, NKPs and immature NK
cells are found in BM. The finding of bipotent T/NKPs in adult thymus suggested the ,

existence of other types of NK precursors and possibly pathways contributing to the NK cell
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pool™. Moreover, recent studies have provided evidence for a thymic-dependent pathway of

NK cell development. Vosshenrich ef al.*®

demonstrated that thymic NK cells are unique, as
in contrast to BM-derived splenic NK cells, most of them are IL-7Ra’, and express Gata-3,

the transcription factor essential for the development of the earliest T cell progenitors in the
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thymus®®. The generation of thymic NK cells was IL-7 dependent, while BM NK cell
development is not>®. The IL-7Ra’ NK cells were represented as a sizeable proportion (15-
30%) in lymph nodes compared to other tissues, suggesting the possible export of thymic NK
cells to lymphoid organs. The engraftment of RagZ_/ - recipient mice with thymus from

’~ mice confirmed selective homing of thymic NK cells to the lymph nodes. Gata3 "

Tera
hematopoietic precursors did not generate IL-7Ra.” NK cells in the thymus and lymph node.
From these obs"'ervations, they conclude that IL-7Ro” NK cells develop intrathymically from,
perhaps early T cell vpreelrrsors, in at process dependent on Gata-3, and are exported to the
peripheral lymphoid tissues. Functional characteristics of thymic and lymph node NK cells
differed from splenic NK cells. These cells showed higher cytokine production and lower
cytotoxicity. The work by Veinotte ef al. also confirmed the contribution of thymic

pathway in generation of NK cells. They showed that TCRy genes are rearranged in at least

half of thymic NK cells, but in a very small fraction of BM NK cells (less than 5%),

suggesting that a subpopulation of NK cells derives from thymic T/NK bipotential

precursors®. They proposed that the thymic NK cells develop from DN2 cell stage since this o
is the stage when TCRy rearrangement initiates®.

Studies of human NK cell development have also indicated an involvement of tissues other

than BM in the generation of 'at least subsets of NK cells. Initially, the NK potentiat was

noted 1n iluman BM-derived CD34" hematopoietic progenitor cells (HPC) cultured with IL-2

and IL-15 in liquid cultures or in combination with stromal cells, suggesting the existence of

a NKP population among CD34" HPCs®'**. However, CD122 expression on freshly isolated

CD34" HPCs was undetectable by flow cytometry, making it difficult to identify a human
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equlvalent of NKPs even though CD122" NKPs were generated in in vitro cultures®%°,

Human NK cells -are characterized as CD3 CD56" cells and can be d1v1ded into two subsets.
One subset deﬁned by CD5 6d'm has potent cytolytic functions, with little ability to produce
cytokines. The other subset, CD56""€" has poor cytolytic properties but are potent cytokine
producers®. Currently, the developmental relationship between these two subsets is unclear.
A recent report from the Caligiuri laboratory has discovered a novel |
CD34%™CD45RA *integrin oc4[57hi hematopoietic precursor in human lymph node which
differentiates to CD56™€" NK cells. These cells were located in the T cell-rich regions of
human lymph nodes near CD56""*" NK cells*. A follow up study showed thatall . .
developmental intermediates spanning from CD34" progenitors to CD5 68" NK cells can be

found in lymph nodes®. NK cell differentiation in lymph node progressed through four

consecutive stages: stage 1, CD34 c-kit CD947; stage 2, CD34+c-kit+CD94'_' stage 3,

CD34 c-kit'CD94™; stage 4, CD34 c-kit""CD94". NK receptors were not expressed at stage

1, but were progresswely acquired throughout the next developmental stages. A high- den31ty

expression of CD56 was observed within stage 4, and was associated with the acquisition of

capacities for both cytotoxicity and cytokine production. Surface expression of CD122 was

first detected at stage 3. B cell potential was absent in all stages, whereas T and DC

potentials were seen in stage 1 and 2 but not in stage 3 and 4. Therefore, commitment to the

NK lineage seems to occur at stage 3 of development, when CD122 appears. Nevertheless,

the ability to respond to IL-15 begins at stage 2 of differentiation, which correlates with

CD122 mRNA expression at this stage®’.
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Figure 1.1. The scheme of lymphopoiesis in the adult mouse.
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Flgurel 1. The scheme of lymphopmesns in the adult mouse.

Progemtors with lymphoid potential including MPPs, ELPs, CLPs, CLP-2 cells and pro-
lymphocytes (Pro -L) are continuously generated from HSCs in BM. NK and B lineage derive
from CLPs, Pro-L, or possibly CLP-2 cells, while T lineage arise from progenitors upstream
CLPs such as MPPs and ELPs, which express Flt3 and/or CD62L. CLP-2 cells derived from
CLPs also efficiently generate T cells. Steps for individual lymphocyte lineage differentiation
have been illustrated: Differentiation of NK lineage-committed precursor (NKP) to mature
NK cells in BM involves 5 stages, each defined by indicated surface markers. B cell
development proceeds from less mature pre-pro B cells to immature B cells. Gene
rearrangements associated with each stage are shown below the relevant stage. The earliest T
lineage progenitors (ETPs) in thymus are also F1t3"CD62L". These cells, which fall into DN1
category of thymic progenitors, undergo differentiation into following steps marked by

differential expression of CD44, CD25, CD4 and CD8. TCR rearrangements take place from

DN?2 stage onwards. Figure is from Ref,'%%3%37:49.67

1.3.4. :Cyet)okilfes,_ essential for lymphocyte development
1.3.4.1. SCF and FIt3 Ligand: Stem/progénitor cell factors

c-kit ligand (SCF) and Flt3-ligand (F1t3-L) interact with receptor tyrosine kinases known as
c-kit and FIt3, respectively. F1t3 and c-kit are expressed by HSCs, ELPs, CLPs, and NKPs as
well as various subsets of lineage-committed cells including those for B, T, NK, erythroid,
megakaryocyte and mast cells’*®®. SCF and Flt3-L have synergistic interactions with each
other or with other early acting cytokines to‘ exert their hematopoietic activities, although
they also play distinct roles in the differentiation process of discrete cell lineages. SCF is
critical for rriaintenance.and self-renewal of HSCs, whereas both SCF and Fit3-L are
essen;[ial for optimal production of mature hematopoietic cells from HSCs®. In addition, c-kit
and Fit3 receptors are known to be required for the early events in hematopoiesis, as it is
evidenced from the reduction of hematopoietic precursors, including CLPs, in the absence of

signaling through either receptor®’’. This defect becomes more severe when both c-kit and
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FIt3 are inactivated’'. While c-kit is redundant in B and T cell development in fetal, neonatal
and young mice, it is indispensable in adult mice. The number of pro-B cells and pro-T
(DN2) progenitors are severely reduced in adult c-kit mutant mice®®72, Mice lacking Flt3 or
Flt3-L manifest deficiencies in B cell precursors’"”. In competitive repopulation
experiments, FIt3™ stem cells fail to reconstitute the hematopoietic system, particularly the
T-lymphoid lineage’". A severe reduction in ETP number but only a small reduction in more
differentiated thymocytes has been reported in FI3L™™ mice?®’. By contrast, NK cell
development is only mildly affected with defective c-kit or FIt3-L signaling”>"*. The absolute
number of NKPs is normal in c-kit mutants and only slightly reduced in F1t3 -L™" mice”™™.
These observations have lead to the conclusion that c-kit and F1t3-L play a role in
lymphocyte developmental pathway at the transition from HSCs to CLP, since the generation
of CLPs is dependent on both receptors signaling® . In fact, SCF and FIt3-L may promote
CLP-survival and/or expansion. However, it is not clear whether deve;loping NK cells
traverse through CLP stage, as NKPs develop without either receptor. Since a functional -

redundancy between these two receptors has been suggested, analysis of NK cells in double-

mutant mice may reveal the role of these receptors in NK cell commitment.

In vitro studies have indicated that SCF and F1t3-L may have influence on individual
lymphoid lineage differentiation pathways. The in vitro differentiation of T cells has been
made possible by a recently developed OP9-DL1 (OP9 cells expressing Notch ligand Delta-
like-1) culture system which could replace the fetal thymic organ cultures (FTOC) to assess
the effect of cytokines in T cell proliferation and differentiation’’. In the presence of Flt3-L

and TL.7; progenitors derived from embryonic stem cells’®, fetal liver’” or adult thymus™
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differentiate into T cells on OP9-DL1 stroma. Also, c-kit and IL-7 signaling induce in vitro
proliferation and differentiation of DN1 and DN2 cells along the T lineage pathway’®. Flt3-L
synergizes with IL-7 to stimulate the growth of B cell progenitors®®. Stimulating mouse and
human HSCs with SCF and Ft3L renders them responsive to IL-15, which in turn promotes

NK cell differentiation”>>,

1.3.42.1L-7

The receptor for IL-7 consists of two chains: IL-7Ra and yc. The importance of [L-7 in
lymphocyte development has been shown by IL-7 and IL-7Ro-deficient mice. In these mice,
the development of B and T cells (including y3 T cells) has been severely compromised, even
though pre-pro-B and pro-T cells are still produced. Most NK cells develop normally in IL-
77" and IL-7o™" mice. However, a unique subset of NK cells that is thymus-derived and
expresses IL-7R, is deficient in IL-7"" mice®”**8!5 Further studies have revealed that
signals delivered through IL-7 receptor mediate gene rearrangement events in the
immunoglobulin heavy chain (IgH) and TCR~y loci®**’. In a stromal-free culture system, IL-
7R éignaling is sufficient to specify B cell fate in CLPs, confirming a central role for IL-7 in
B cell development™. TL-7 seems to play an important role in survival and proliferation of B

and T'cell precursors through induction of anti-apoptotic factors such as Bcl2 or Mcl1**!
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1{:3.4.’3." IL-1§

IL-ll5lis a c.ritical cyfokine for NK cell development. IL-15 binds to the IL-15R complex,

which is composed of IL-2/IL-15Rp (CD122), IL-15Ra, and the yc*2. IL-15 and IL-15Ra.-

deficient mice exhibit NK cell deficiencies, as well as deficiencies in NKT cells, intestinal

39 vc mutations/absence cause similar defects in

epithelial cells, and memory CD8" T cells
NK cell development, although these defects are accompanied by X-linked severe combined

immune deficiency”%. Overall, these data suggest an essential role for IL-15 in NK cell

generation. Further investigations showed that the commitment to the NK lineage does not

occur through yc-dependent cytokine stimulation, since NKPs exist in normal numbers in yc-

de’ﬁ;slent ;nlce Conversely, IL-15 functions in subsequent stages of NK dlfferentlatlon by

maiptaining normal numbers of immature and mature NK cells’”. IL-15 signaling acts on the i
upstream of the anti-apoptotic fac‘t(‘)r'Bc:l'-2.‘ Normal numbers of NK cells are obtained in IL-

2% Bcl-2 transgenic NK cells persist

2R B-deficient mice through the overexpression of Bcl-
after adoptive transfer in IL-15 deficient hosts'®!'". Collectively, these data implicate IL-15

in the survival and proliferation of developing NK cells. A candidate downstream target of

IL-15 signaling has been proposed through studies of human NK cells. The expression of

Ets-1, a winged helix-turn-helix transcription factor, increases in response to signaling via - =% %]

IL-2 and IL-15. The exact role of Ets-1 in NK function and the target genes regulated by Ets-

1 is yet to be determined'”’. However, lack of Ets-1only impairs NK ¢ell riimbers and their

éyfolytié acti(zity without affecting T and B cells, suggesting an essential role for Ets-1 in NK

cell development'®.
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1.4. Ontogeny of hemato/lymphopoietic system
1.4.1. Embryonic stage

The first hematopoietic cells observed in the mouse embryo are erythrdid cells emerging
from yolk sac (YS) blood islands at embryonic day 7 (ED7). These cells are nucleated and
express embryonic hemoglobin (¢ and BH1). This first wave of erythropoiesis in the YS is
known as primitive wave, as opposed to the production of definitive erythrocytes, which are
enucleated and express adult forms of hemoglobin (B-major and cot). Primitive erythropoiesis
in the YS is associated with production of macrophage and megakaryocyte lineages'™. A
second wave of definitive erythroid progenitors has been detected in the Y'S beginning at
ED8.25. These progenitors seed the liver where they begin to mature. The YS also provides
multiple committed myeloid progenitors including mast cell progenitor, granulocyte-
rrlléc}r‘dpha:ge‘ progenitors and megakaryocyte progenitors during the definitive phase of
hematopoieisis'*°. Characterization of hematopoietic progenitors in fhé YS lhéve indicated
that the primitive erythroid as well as definitive hematopoietic progenitors express CD41 as
an early marker (Figure 1.2)106’107. The definitive myeloerythroid progenitors also express c-
kit, but lack the pan-hematopoietic marker CD45 (Ptprc; protein tyrosine phosphatase

108

receptor C), even though they turn on CD45 during their progressive maturation . Despite

the abundant production of myeloerythroid progenitors in the YS, YS cells cannot generate

19911 "and lymphoid progenitors previously detected in the YS have been

lymphoid progeny
obtained from the YS after the establishment of circulation and could have originated in

intra-embryonic sites'®*!1?%1!! Pprecirculation YS cells may need a maturation step to acquire
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the properties of adult definitive HSCs. Conditioning of YS cells such as injecting into the
liver of newborn mice or co-culturing with AGM stromal cells provides them with log-term

reconstitution potential in the adult' >,

The earliest HSCs, which are able to generate long-term multilineage engraftment in the
adult recipient, have been identified in the intra-embryonic sites, known as splanchnopleura
(Sp), as early as ED7.5 before the onset of circulation!'’. Para-aortic splanchnopleura (P-Sp),
which' compr.i_é‘es the doréal aorta énd surrounding splanéhnic inesodeﬁn (ED8.5-1 0'),. also
ciisplay; hem;atopoietic progenitor activity'' ', After ED10, P-Sp region which deyelops to
the aorta, gonads, and mesonephros, is called AGM. AGM is the source of definitive

HSCsVI 17118 The AGM region does not support expansion and differentiation of
hematopoietic progenitors. These AGM-derived HSCs are thought to colonize the fetal liver
and ultimately bone marrow to provide long-term adult hematopoiesis'®''"°. HSCs isolated
from AGM exhibit a phenotype that is characteristics of immature HSCs (e.g. CD41"c-

kit'CD45"CD31"AA4.1" (CD93)'%, or CD34"c-kit"'?""'%?) (Figure 1.2).
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Figure 1.2. HSCs and their precursors during mouse ontogeny

Hematopoietic potential is specified initially in mouse primitive streak in hemangioblasts.
Hemangioblasts are thought to be the precursors of YS hematopoietic progenitors (HP) and

- AGM HSCs. Markers attributed to HSCs in each location are displayed. While YS and AGM
generates HSCs de novo, FL is site of HSC expansion and differentiation. Figure is adapted
from Mikkola et al.'"!

1.4.2. Fetal stage

Although fetal liver (FL) is the main site of hematopoiesis in the fétus, it does not produce
HSCs de novb,'énd has to be seeded by circulating hematopoietic celis. FL is first seeded by
-hematopoietic progenitors from YS at ED9.5-10.5, followed by HSCs derived from AGM
and placenta beginning at ED11.5. After ED12.5, the FL becomes the main fetal organ for
HSC expansion and differentiation. HSCs expand rapidly by ED15.5-16.5, after which the
expansion is slowed. FL hematopoiesis changes according to the needs of the fetus. At earlier
stages, proerythroblasts reflective of definitive erythropoiesis are dominant, whereas myeloid
and lymphoid progenitors accumulate later on'''. FL HSCs differ from adult HSCs in the cell
surface marker expression. For example, unlike adult HSCs, FL HSCs express CD34 and

lifléégé ‘markers such as the monocyte/macrophage marker Mac-1 (CD11b) and B cell marker

AAA4.1 (Figure 1.2)"2"12312 These differences might be related to the difference in cell-cycle




status between FL and adult HSCs. FL HSCs are actively cycling, whereas most HSCs in
adult BM are quiescent. Both intrinsic and environmental factors are attributed to the

observed differences between adult and fetal HSCs'!!.

FL s fich.in vinmtermediate,progenitors derived from the first waves of stem cell
différ;entiation. These intermgd_iate progenitors are also distinct from the mul‘;ipotgnt and
‘committed. prc;,cursors described in adult stage. Th_e developmental potential of FL cells has
been investigated with a novel multilineage progenitor assay. In this assay, unipotent
progenitors (p)-T and p-B, but not bipotent p-T/B were detected in IL-7R" population of FL
cells, which corresponds to BM-derived CLPs. T cell precursors are enriched at ED12, while
B cell precursors predominate on ED14. Moreover, P-T and p-B are generated through the

intermediate p-myeloid/T and p-myeloid/B stages (Figure 1.3)!%

. CLP-like precursors with
myeloid differentiation potential have also been reported by other groups'?®. These
observations lead to the conclusion that the dichotomy between lymphoid and myeloid

lineages as seen‘in adult does not hold true in fetal development.

Committed B cell precursors have been identified in FL at ED12. These cells also retain the
ability to differentiate to macrophages, confirming that commitment to lymphoid precursors
in FL does not result in loss of macrophage differentiation potential*"'*®, The first CD19" B
cells become apparent in FL by ED14'%, after which developing B cells accumulate in a
fashion similar to adult B cell development, although later stages only appear closer to
birth'*’. Some differences exisf between adult and fetal B lymphopoiesis. For instance, CD5"

B1 B cells, with a unique repertoire of immunoglobulin Vy genes, are prevalent during fetal
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life"®". In aiddition, while IL-7 is essential for B cell development in adult mice, it is

dispensable for fetal B cell development'?.

- Since the number of T cell precursors in FL declines between ED12 and ED14, and this
temporally coincides with the appearance of T cell precursors in blood, it has been proposed
that T cell precursors migrate from the FL to fetal thymus through bloodstream during this

time period'*?

. DN cells first appear in the thymus at ED12, followed by a successive
generation of DN2, DN3 and DN4 cells over the next 3 days. The number of T cell
precursors increase dramatically by ED15. This increase is due to both expansion and import
of cells from FL'?’. A bipotent T/NK progenitor (T/NKP), which has the Lin c-kit'NK1.1"
phenotype; hag been detected in fetal thymus'>. Further reports have shown that the DN1
and DN2 populations contain bipotent T/NKPs, which produce p-NK and p-T. CD122" NK-
lineage committed progenitors (NKP) were identified within CD44"CD25 DN cells (Figure
1.3)1**13% Prethymic T cell precursors in ED15 FL have been identified as Lin B220"c-
kit"CD19™ (Figure 1.3). These cells that comprise 70% of total T cell progenitor activity in
FL are also restricted to T and NK lineage and do not exhibit B or myeloid lineage potentials
as shown in a limiting dilution fetal thymic organ culture (FTOC) assay. When injected into

/—

Rag2™ »™" mice, they reconstitute the NK and T cell compartments, but not B-cell or

myeloid corfipartmerits'®®. These results indicate that commitment to the T/NK lineage and
loss of B cell potential can occur before thymic entry. Bipotent T/NKPs that display a CLP-
type. plienotyiae (Lin c-kit TL-7R™) have also been found in fetal blood between ED1 1 to

ED14 (Figure 1.3)"". The conclusion from these data is that contact with thymic stroma to

induce Notch signaling, as needed in the adult, is not a prerequisite for commitment to the T
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cell lineage in fetal environment. Thé first thymic immigrants residing in the mesenchymal
region of the EDI11 fetal thymic anlage have been shown to express similar surface markers
tofetalblood T/N KP;s a;ld aré restricted to T, NK and DC lineages, suggestiné a se-lective
colonization of T/NKPs to thymic anlage"*®. Furthermore, it has been shown that Notch |
signaling is riot activated in precursors located in perithymic mesenchyme, yet they have
already lost B cell potential and committed to the T lineage'3 %190 Hence, these data strongly
suggest that Notch signaling is not involved in determining T cell versus B cell fate during
the first wave of thymic colonization. Nonetheless, Notch signaling is required for induction

and maintenance T cell specification and differentiation at both the DN1 and DN2 stages'®’.

Fetal liver Fetal blood Fetal thymus

“Lin-B220% - ~
- c-kit"CD19- ‘ """ > B >
i Lin—c-kit*
IL-7R*
CD44*CD25"

CD44*CD25" |

CD122*

Figure 1.3. Lymphocyte development at fetal stage

Bipotent T/NK cell progenitors (T/NKP) are isolated from fetal liver, blood, and thymus. A
bipotent T/B stage could not be found, but p-myeloid/B (p-M/B), p-M/T and un;)sotent p-B,

and p-T are present in fetal liver. Revised from Tabatabaei ef al.'"*! and Katsura'®’.
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As with fetal B cells, fetal T cells are less dependent on IL-7R signaling to develop, since all
major thymocyte subpopulations are generated, though in reduced numbers, in IL-7R™"
animals. A similar situation to B1 category of B cells also exists for Vy3™ y8 T cells. These

cells originate more frequently from FL stem cells than from adult BM HSCs"".

Evidence suggests that there are differences between fetal and adult NK cell development.
From studies of fetal bipotent T/NKPs, it appears that fetal NK cells.share aclose
developmehiél pathway with T cells, whereas a corﬁmon precursor for B and NK cells seems
to be more relevant in adult BM. In addition to progenitor differences, fetal and neonatal NK
cells are phenotypically distinct from adult NK cells such that they lack surface expression of
Ly49 receptors normally present on adult NK cells'*?. In contrast, the majority of fetal NK

cells express a member of Ly49 family, Ly49E, which is almost absent on adult NK cells'®.

1.4.3. Markers of developing HSCs

Deveioﬁmen:tal stages of HSC differentiation have been identified using cell surface markers.
These maricefs which have been mentioned throughout this thesis are listed in TaBie 1.1
CD41 ié thé ‘f;l‘I‘St marker used for separation of committed hematopoietic progenitors from
other mesodermal cell types in early embryo (Figure 1.2)'"'. CD41 (GPIIb), an allb integrin,
is an adhesion molecule restricted to cells of megakaryocytic lineage in the adult. However, a
number of studies have demonstrated the expression of CD41 on hematopoietic progenitors

of YS, AGM, fetal liver and adult bone marrow' %147 vet, it appears that CD41

expression is more limited to early hematopoiesis, as it gradually declines in the fetal liver




stage' % Moreover, adult HSCs do not express CD41'8, Conversély, CD45 the

panheniatoppietic marker, is absent on immature HSCs and appears by ED11.5 122 At this

stage, an additional marker of adult HSCs, Sca-1, is also upregulated'?*. Several markers that

are not restricted to hematopoietic cells are consistently expressed by both immature and

mature fetal HSCs. These markers include CD34, CD31 (PECAM-1), and c-kit'2"14%1%0,

CD34 is a sialomucin expressed on cells of the hematopoietic and the endothelial lineages

throughout murine ontogeny
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. Mice deficient in CD34 have decreased numbers of YS and

FL hematopoietic precursors, while adult hematopoiesis is less affected'%. This is consistent

with the expression pattern of CD34 on fetal and adult HSCs. CD34 expression on HSCs is

dbwﬁreéiﬂated by 10 weeks of mouse development ~~.
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Table 1.1. Cell surface molecular markers described in this thesis

Marker Description/ Family Cell types expressing | Biological function
relationship . the marker

Sca-1 Phosphatidylinositol- HSCs, MPPs, ELPs in

(LyBAJE) anchored protein, adult BM®*¥’ HSCs in

encoded by a member of
interferon-inducible Ly6
family of genes

fetal liver'?®, subsets of
B, T, myeloid, and non-
hematopoietic
lineages'**'*

c-kit (CD117)

Tyrosine receptor kinase

HSCs, CLPs and Pro-
Ls*’", subpopulation of
hematopietic cells, germ
cells, melanocytes®

Growth-promoting and
survival factor for
hematopoietic

stem/progenitors®'*’

CD34 Sialmucin Endothelial cells, Binds CD62L and plays a
hematopoietic role in adhesion in
progenitors in mouse, endothelial cells; also
HSCs in human'® involved in adhesion and

homing of hematopoietic
progenitors'>®'%,

Fit3 Tyrosine kinase receptor | Hematopoietic Growth promoting and

: progenitors (MPPs, survival factor for lymphoid
‘ \ , ELP, CLP, ETPs)"” progenitors®®™
IL- Cytokine chain receptor CLPs, early T and B Plays a role in development,
7Ro. (CD127) | for IL-7 progenitors'® survival and proliferation of B

and T cell precursors'®
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Marker

Description/ Family

Cell types expressing

Biological function

relationship the marker
CD27 TNF receptor Medullary thymocytes, Binds CD70; a co-stimulator
T, NK and some B for T and B cells'®
cells'®
CD122 (IL- Cytokine chain receptor NK lineage, resting T Involved in NK cell
2RB) for IL-2 and IL-15 cell subsets, some B development via interaction
cell lines™® with IL-15"*", activates NK
cells through binding IL-2"®"
B220 Tyrosine phosphatase, B | B cells, some NK Functions in sighaling
(CD45R) cell specific form of CD45 | lineage® through BCR'®
aff TCR antigen receptor aff T cells Recognizes antigen in a
A complex with MHC
molecules'®
CD4 Immunoglobulin Ty1 and Ty2 T cells, Co-receptor for MHC class Il
monocytes, molecules'®
marophages'®
CD8 immunoglobulin Cytotoxic T cells Co-receptor for MHC class | -
molecules’®
CD3 Immunoglobulin T cells Associated with the TCR;
necessary for cell surface
expression and signal
transduction by the TCR'®
CD44 Link protein Leukocytes, Binds hyaluronic acid,
erythrocytes mediates leukocyte
adhesion'®
CD25 (IL- Cytokine chain receptor Activated T cells, B In combination with IL-2Rp
2Ra) cells, and monocytes and yc binds IL-2, (IL-2is T
, , cell growth factor)’
¥6 TCR Antigen receptor v T cells Recognizes protein and
nonprotein ligands®*
CD62L (L- C-type lectin B, T,and NK cells, Leukocyte 'adhesion'
selectin) ‘ monocytes molecule, binds CD34,
C ' GlyCAM, mediates rolling on
o the endothelium™
CD19. - - Immunoglobulin B cells Co-receptor for B cells™
NKG2D C-type lectin NK cells, subset of T Forms homodimers; NK
cells stimulating receptor
implicated in immunity
against viruses and
, tumors'®
NK1.1 (NKR- | C-type lectin NK cells, subset of T NK cell stimulating
P1C) cells receptor'®
DX5 (CD49b) | a2 Integrin NK cells CD49b binds collagen or
laminin, its function in NK
cells is unknown'®
Mac-1 Integrin o Myeloid and NK cells Associates with CD18; binds
(CD11b) CD54, complement
component and extracellular
matrix'®
Ly49 C-type lectin NK cells, subset of Activates or inhibits NK cells

memory T cells

based on the type of
receptor'® ©
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Marker

Description/ Family

Cell types expressing

Biological function

relationship the marker
CD94 C-type lectin T-cell subsets, NK Associates with NKG2A/C/E
cells™ receptors to form NK
receptors, plays a role in
activation or inhibition of NK
cells®®
NKG2A/C/E C-type lectin NK cells, subsets of T Associates with CD94,
cells activates or inhibits NK
cytotoxicity depending on the
type of NKG2 receptors
(AJCIE)*®
NKRP1A C-type lectin NK cells, T cells Regulates NK cytotoxicity ™
(CD161) L . L
Granzyme B Serine proteinase NK cells, cytotoxic T Involved in cytolysis by
. , cells'® triggering apoptosis*
CD43 Mucin Leukocytes, except Anti-adhesive role due to its

(Leukosialin)

resting B cells

extended structure'®

CD56

Immunoglobulin

Human NK cells®™®

Isoform of human neural-cell
adhesion molecule gNCAM),
adhesion molecule'®®®

CD45RA

Isoform of CD45

B cells, T cell subsets
(naive T cells),
monocytes

See CD45

Integrin o4B7

Fetal lymphoid tissue
inducer (LTi) cells,
human NK progsgnitors
in lymph nodes

Adhesion (¢4$7), Involved in
hematopoiesis, development
of placenta, heart (¢4), and
gut lymphocytes (B7)'®

Common y Cytokine chain receptor B cells, T cells, NK Essential for develogment of
chain (yc) used by IL-2, IL-4, IL-7, cells, mast cells, T, B and NK cells®"®
(CD132) IL-9, IL-15, IL-21° neutrophils'®

CD45 Tyrosine phosphatase, All hematopoietic cells, | Augments signaling through
(leukocyte multiple isoforms except platelets and BCR and TCR'®

common resulting from alternative | erythrocytes'’

antigen, LCA)

splicing

CD31

Immunoglobulin

Monocytes, platelets,

Adhesion molecule,

(PECAM-1) granulocytes, T cell mediates both leukocyte-
et subsets, endothelial endothelial and endothelial-
. . cells endothelial interactions'®
AA4.1 (CD93) Early B cell progenitors, | unknown- '
fetal liver cells,
endothelial cells,
neutrophils,
L monocytes'®2%124
CD41 (GPIib) | a Integrin Platelets, ollb integrin, associates with
megakaryocytes, CD61 to form GPIIb,
embryonic mediates platelet functions:
hematopoietic binds fibrinogen, fibronectin,
progenitors'® "’ von willebrand factor, and
thrombospondin'®
CD5 Scavenger receptor Thymocytes, T cells, Possiblx negative regulator
subset of B cells' of BCR™®
Flk-1 (VEGF- | Tyrosine kinase receptor | Extraembryonic and Binds VEGF, plays a role in

31




Marker ' - Description/ Family Cell types expressing | Biological function
: relationship the marker

R2) : embryonic mesoderm, hematopoiesis and

- endothelial cells{ vasculogenesis'®
hemangioblasts'®®

VE-cadherin Cadherin Endothelial cells Organizes adherens junction

(CD144) in endothelial cells'®

Ter119 Glycophorin A Erythroid lineage™ Erythroid lineage marker

Gr-1 GPI-linked protein Myeloid lineage Myeloid lineage marker >
(granulocytes)

1.5. Hematopoiesis from ES cells

Doetschman et al. initially noted the heﬁlatopoietic potential of ES cells differentiated in
suspension cultures In these cultures, ES cells formed cystic multilayered structures, known
a; e;;efyeld b0d1es (EB) Wthh resembled the egg- cyhnder-stage embryos and developed
hemoglobinized blood islands in a reproducible fashion'”’. A sequential development of
hematopoietic precursors in EB was observed. Primitive erythroid precursors appear first by
day 4 of differentiation. Shortly afterwards, precursors of macrophage and definitive
erythroid lineage arise, followed by bipotential neutrophil, macrophages, multilineage
precursors, and finally mast cell precursors. The time course of EB blood cell development as
well as the growth factor responsiveness of the EB-derived hematopoietic precursors
suggests that these early cells are more similar to Blood precursors of embryonic YS and
early FL than those in the adult BM'"".

The ES/EB differentiation system has been used to investigate the developmental precursors
to the hematoi)oietic lineage by dissecting EB cell populations prior fo fhe in‘itietion of

hematopoietic development. Keller and colleagues identified a population of cells in day-3
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EB, which is able to form blast colonies in methylcellulose culture in response to vascular
endothelial growth factor (VEGF) (designated as blast-colony-forming cell, BL-CFC). Cells
from these blast colonies were replated into other conditions, and were shown to be capable
df differentia{tfhg into both primitive and definitive erythroid and myéloid hérﬁatopoietic
brecuféérs, a; Weil as into endothelial cells. These studies supported the notion that the -
ﬁematopoietic and the endothelial lineage share a common ancestor termed
hemangioblast'>'". Comparable BL-CFC displaying hematopoietic and vascular endothelial
potential was found in the posterior region of the primitive streak of ED7-ED7.5 mouse
embryos, thereby providing evidence for the in vivo existence of hemangioblast (Figure
1.2)!™, BL-CFC in both mouse embryo and EB co-express Flk-1 and Scl'"*'". Gene-
targeting studies have demonstrated that Flk-1 and Scl play an important role in
hematopoietic and endothelial cell development. Flk-1 is a receptor tyrosine kinase that is
stimulated by VEGF'®”. Mice deficient in Flk- shows defects in the blood vessels and yolk
sac la‘lood'islér;dsm. In chimeric aggregation experiments between Fi lic—] - ES cells and wild
'type embryos, Flk-1"" ES cells fail to contribute to primitive and deﬁnitivé‘hématopoie'sié or
vasculogenesis''s. Homozygous mutations in Sc/, a basic helix-loop-helix transcription
factor, causes death at around ED10.5 due to defective embryonic hematopoiesis”g’lgo. An
analysis of chimeric mice derived from Sc/™~ ES cells demonstrated that Scl is required for
definitive hematopoietic development'®' as well as endothelial cell development'®®'#2, Sc/™~
ES cells are unable to give rise to hemangioblast-derived blast colonies'®>. The
aforementioned data is in agreement with a role for both Flk-1 and Scl in hemangioblast

formation. Using knock-in ES cells carrying a non-functional human CD4 gene in one allele

of Scl, Chung et al. showed that hemangioblasts within days 2.75-3 EBs co-express Flk-1

P R L
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and Scl. As they further differentiate, thése cells downregulate Flk-1 expression to become
Flk-17Scl" cells. Only hematopoietic cells, but no endothelial cells, developed from Flk-
17Scl” cells'”®. Endothelial cells were generated from Flk-1*Scl” and Flk-1"Scl™ cell
populations. The conclusion from these observations is that commitment to the hematopoietic

lineage is accompanied by loss of Flk-1 expression and maintenance of Scl expression.

Mikkola et al. presented CD41, as the marker indicating divergence of deﬁnitive
hgm,a,tqpoietjc‘.p‘r,ecursors,from the hemangioblasts during EB differentiation, since
endothelial cells only developed from CD41 cells. In this study, erythroid and myeloid
precursors were enriched in CD41"¢c-kit"CD45™ fraction in day-6 EBs, while the lymphoid
potential of this population was not tested'*®. The phenotype described for hematopoietic
progenitors from EBs is similar to embryonic HSCs. However, it is unclear whether these

cells represent YS or AGM-derived hematopoietic precursors.

Several groups have reported the potential to repopulate irradiated adult mice with cells
differentiated from ES cells in vitro. One study demonstrated that ES cells after at least 4
days of EB differentiation obtain repopulating capacity, as assessed by PCR 12 weeks after

transplantation'®

. Another study documented transient lymphoid reconstitution in Rag-/ "
mice injected with CD45", AA4.17, B220™ cells from day-15 EBs'®. Very low lymphoid
repopulation in immunodeficient SCID neonates has also been reported with day-11 to day-
13 EB cells'®. In both studies, EB cells used for engraftment had been differentiated long
beyond the time point at which the hematbpoietic lineage is initially specified. Thus, even

though blood formation in early EBs recapitulates yolk sac hematopoiesis, the later stages
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may represent AGM-type hematopoietic differentiation, which includes lymphopoiesis.
Moreover; c-kit" CD45" cells taken from day-7 to day-10 EBs differeﬁtiated'in a cocktail of
cytokines were shown to contribute to lymphomyeloid engraftment in irradiated mice'®’. This
latter experiment has not been repfoduced, and adult repopulation with ES-derived cells still
remains a big challenge. As with YS HSCs, the difficulty of engraftment with ES/EB HSCs
may reflect their immaturity. The molecular mechanisms responsible for directing HSCs
differentiation from ES cells have not been defined''2. However, genetic modifications of EB
cells with the.oncoprotein Bcr/Abi'SS, the activated form of its signaling target Stat5'®’, and
the homeobox proteins HoxB4'*, and Cdx4'®' have resulted in reproducible multilineage

hematopoietic repopulation in irradiated adult recipients.

Nakano ef al. showed that co-culture with OP9 stromal line allows the genetation of
lymphohematopoietic progenitors from ES cells'*>. OP9 stromal cells were“generated from
newborn calvaria of op/op mice that are deficient in macrophage colony-stimul;ating factor
(M-CSF)"**'_ Unlike other stromal cell lines which preferentially support monocyte-
macrophage generation from ES cells, M-CSF deficient OP9 cells promoted lymphoid
differentiation'®?. Furthermore, B and T cells were efficiently generated from ES cells using
ES/OP9 co-cultureé'®>'. In these studies, the intermediate hematopoietic progenitors were
not identified. Nakayama et al. reported that CD34" cells from day-6 to 7 of EBs differentiate
into B and NK cells when co-cultured with OP9 stroma. These cells also had myeloid
differentiation potential'®’. They also demonstrated that erythro-myeloid CFCs and lymphoid
progenitors are enriched in CD34°CD31° and CD34*CD45" fractions, respectively'%%. The

enrichment for both myeloid and lymphoid progenitors in the same population was not =
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shown. Since, both OP9 co-culture system and conventional EB system are used for the
formation of hematopoietic cells from ES cells, Zhang e al. compared hematopoietic
development from ES cells in these two systems. While similar kinetics of Scl and Flk-1
expression was observed in both methods, OP9 culture promoted development of endothelial
(FIk1"VE-cadherin®) cells, whereas CD45" and Ter119" hematopoietic cells preferentially
developed within EBs'®?.
Using the EB system, Lian ef al. devised a multi-step differentiation culture to recapitulate
NK cell develﬁpment from hematopoietic precursors. In this model, ES cells were induced to
form EBs. CD34" cells from day-8 EBs were cultured on OP9 with SCF, Flt3-L, IL-7 and IL-
6 to differentiate into cells of hematopoietic lineage. In a final step, these cells became NK

cells in presence of IL-2 and IL-152.

1.6. Factors regulating definitive hematopoietic development

As lpre_:\{iq_usl'y explained, definitive hematopoiesis refers to the development of all lineages
other than primitive erythroid and encompasses definitive erythroid, myeloid, and lymphoid

iineageslos'. The .genes known to specify blood fate in the embryo are discussed.

1.6.1. Scl

Scl is a transcription factor, which can be used to track early hematopoietic commitment'*.

Scl null EBs do not form BL-CFC hemangioblasts'®’; instead they form blast-like colonies
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1'”°, Knockout studies have shown that lack of

with endothelial but not hematopoietic potentia
Scl impairs hematopoietic development, while endothelial cells can still develop, indicating a
pivotal role for Scl in hematopoietic commitment but not in the early stage of vasculogenesis.

"z, However, the

Scl expression extends from all hemogenic embryonic tissues to adult HSCs
deletion of Scl from adult BM has no effect on HSC engraftment, self-renewal, and
differentiation into myeloid and lymphoid lineages, and only proper differentiation to
erythroid and myeloid lineages is impaired. This indicates that the sustained expression of

Scl is not essential for HCS functions''>?"!. Scl interacts with other transcription factors such

as Lmo2 and Gata-2'"%.
1.6.2. Notchl

The Notch receptors regulate a wide range of developmental processes including
hematopoiesis. YS primitive hematopoiesis occurs normally in the absence of Notchl, but in
“vivo definitive repopulating potential of Notchl ™ cells derived from P-Sp is severely
impaired. Furthermore, preventing Notch signaling by y-secretase inhibitors abolishes in
vitro hematopoietic activity from P-Sp explants (ED9.5) but not from AGM explants
(ED10.5). Therefore, Notch! regulates definitive hematopoiesis during a narrow time
windovaossi't.)vly around P—Sp stage, and is not required at the later stages of hemétopoietic
developmenti 12 Interactions with other key factors, such as Scl, Aml1 and Mll need to be
discovere;i). Adult HSC’s self-renewal is promoted by ligand-mediated Notch stimulation, or

expression of constitutively active forms of Notch®.
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1.6.3. Amll

The Aml1 (Runx1/Cbfa) gene encodes the DNA-binding subunit of a transcription factor of
thecore l;lndlng factor (.'C'BF) famiiyzoz. Targeting studies have demonstrated that Aml1 is
esséntial for the establishment of the definitive but not primitive hematéboi;sis. Amll™
embryc;s revéal intact primitive YS hematopoiesis but die at ED12 — 132%?% Before death,
the liver rudiment is devoid of all definitive erythroid, myeloid, and megakaryocytic cells but
contains primitive erythrocytes, indicating a complete block in the development of definitive
hematopoietic potential. AmI™~ ES cells were also unable to differentiate into definitive

hematopoietic cells*®

. Aml1 hemizygous mouse display a milder phenotype, suggesting a
gene dosage effect in the process of definitive hematopoiesis' 12205 While reducing HSC
activity in the AGM region, haploinsufficiency of Ami! causes an earlier appearance of

SZO6

HSCs in the normal position in AGM and also in YS™". Aml1 is expressed in precursors with

hemangioblast properties in EBs. Consistent with the in vivo findings, Aml1 " EBs give rise
to normal numbers of primitive erythroid colonies but are unable to differentiate to definitive

hematopoietic lineages®”’. Haploinsufficiency of AmlI in EBs causes the acceleration of

mesodermal commitment and hemangioblast development*®®.
1.6.4. Mll
The Ml (All-1/Hrx1) gene is disrupted in leukemic cells displaying both lymphoid and

myeloid differentiation programs (mixed lineage leukemia), suggesting the involvement of

an early progenitor. The requirement for Ml in definitive hematopoiesis was shown in
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Rag2_/ ~ chimeric animals reconstituted with MII™” or heterozygous ES cells. In adult

chimeric animals, Mll-deficient cells could not generate lymphocytes. Analysis of fetal

‘chimeras showed a deficiency in fetal liver HSC/progenitor populations, which is preceded

by a reduction of HSC activity in AGM. Ml is thought to regulate Hox genes''**®.

1.6.5. Hox genes

Homeobox-containing Hox genes are believed to be the target of signaling pathways’
involved in anteroposterior (AP) patterning and mesoderm specification during de\}elopment.
Hox genes show an overlapping and graded expression pattern along the AP axis, and
possibly direct the position of tissue formation''?. Several Hox genes are expressed in
definitive HSCs but not in YS, including HoxB3, B4, A4 and A5%1%211 Overexpression of
HoxB4 in adult BM enhances hematopoietic repopulation without inducing leukemia or
interrupting normal hematopoietiq differentiation. Hox B4 seems to regulate self-renewal of
definitive HSCs?'?. Moreover, Hox B4 increases the formation of mixed hematopoietic
colonies from ES cells in vitro®". Finally, ectopic expression of HoxB4 in ES cells and YS

hematopoietic progenitors confers definitive lympho-myeloid engraftment potential'®.

1.6.6. Cdx genes

Cdx genes are the target of morphogens, such as retinoic acid, fibroblast growth factor, and

Wnt family members, which mediate positional patterning, and are thought to convey
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positional information from these pathways to the Hox gene family “. Genetic analysis in the
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zebrafish has elucidated a link between Cdx genes, Hox genes and hematopoiesis. Cdx4 was
sﬁongﬁ ‘;o.be-ml'ltate;d in Kgg zebrafish mutants, which display a defg:ct in hematopoiesis,
abnormal anterppsteripr patterning and aberrant Hox gene expression. The hematopoietic
deficiency could be rescued by overexpression of HoxB7a and HaxA9a, but not Scl,
indicating that the Cdx regulation of Hox genes make the posterior mesoderm competent for
blood development. Ectopic expression of Cdx4 promotes hematopoietic colony formation of
ES cells during EB development®'*. In addition, expression of several hematopoietic genes,

including Scl, Aml1, and Gatal is reduced in Cdx4 null zebrafish, whereas overexpression of

Cdx4 results in ectopic blood formation and upregulation of HoxB4*'*, Furthermore,
overexpression of Cdx4 during early EB development was shown to enhance lymphomyeloid
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engraftment potential of ES-derived hematopoietic progenitors ~ . Therefore, it seems that a

genetic pathway involving Cdx and Hox genes plays an essential role in specification of
definitive hematopoiesis in the EB system.

1.7. Thesis objectives and hypotheses

The main objective of my thesis was to study the differentiation pathway of lymphocytes, in

particular NK cells from ES cells. Even though it is possible to derive lymphocytes from ES
cells, the developmental pathway leading to lymphocytes and the intermediate progenitors
along the pathway have not been described. Since the EB system is more efficient in
hematopoiesis than other methods of hematopoietic differentiation from ES cells, this method
was chosen to :idénfify lymphocyte precursors from ES cells. The culture systém devéloped

by Lian ef al. 2 was modified and used to characterize NK cell progenitors at different steps
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in development and the relationship between the NK and other hematopoietic lineages was
examined. My hypotheses were that: 1) Co-culture with OP9 and cytokines induces
development of NK progenitors from CD34" EB cells. 2) These NK progenitors may have
other lymphoid potentials similar to CLPs or bipotent T/NKPs. 3) CD34" EB cells are
heterogeneous and may include non-hematopoietic lineages. The following objectives were
formlilated t(‘)' tesf these hypotheses: 1) to identify NK intermediate progenitoré within cells
differentiated .from CD34" EB on OP9 by testing NK potential of various populations at
different time points in limiting dilution assays. 2) to test other lineage potentials of these NK
progenitors in in vitro lineage-specific cultures. 3) to purify hematopoietic progenitors in

CD34" EB population using cell surface markers.
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Chapter 2. Materials and methods

2.1. Cell lines

OP?9 cells were obtained from RIKEN (Tokyo, Japan). OP9 cells transduced with Delta-likel
and green fluorescent protein (OP9-DL1) were kind gift from Dr. J-C Zuniga Pflucker
(Toronto, Canada). R1 ES cell line (129/SvJ strain) was provided by Dr. RK Humphries
(Vancouver, Canada). OP9 and OP9-DL1 cells were cultured in Minimum essential medium
eagle, alpha modification with nucleosides (aMEM) with 10% FBS (HyClone), penicillin,

and streptomycin.

2.2. Antibodies

Antibodies used in this thesis are listed in Table 2.1.

Table 2.1. List of antibodies

Antibody Clone Animal Isotype Conjugate Company
NKG2A/C/E 20d5 mouse Rat 1gGza, ¥ biotin PM
CD9%4 18d3 mouse Rat 19Ga, ¥ biotin PM
NKG2D C7 mouse Ar Ham IgG biotin Biolegend
CD3¢ 145-2C11 mouse Ar Ham IgG1, « biotin PM
CD8a (LY-2) 53-6.7 mouse Rat 19Gza, PE Boehringer
CD4 GK1.5 mouse Rat IgGap, biotin PM
gamma-delta TCR - | ~GL3 - mouse Ar Ham IgG2, -biotin - - PM
TCR beta chain H57-597 mouse | Ar Ham IgG2, A1 biotin PM
CD44 ' 1M7 mouse Rat IgGap, biotin PM
CD25 (IL-2 R alpha
chain) 3C7 mouse Rat 1gGap, & PE PM
CD19 1D3 mouse Rat 19G2s, biotin PM
. B220 0 RA3-6B2 mouse Rat 19Gy, « biotin homemade
Mac-1 M1/70 mouse Rat 1gGa, & biotin homemade
Gr-1 RB6-8C5 mouse Rat IgGas, biotin homemade
TER-119 Ter-119 mouse Rat 1gGas, biotin PM
CD127 (IL-7 R alpha
chain) A7R34 mouse Rat IgG;,, & biotin eBioscience
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Antibody Clone Animal Isotype Conjugate Company
CD122 (IL-2R beta
chain) TM-B1 mouse Rat IgGay, & PE PM
" common gamma chain ' : : ’

T (ye) TUGmM2' mouse Rat 1gGas, ¥ biotin PM
CD45.2 (Ly5.2) mouse mouse IgGga purified homemade
CD45.2 (Ly5.2) mouse mouse 1gGza FITC homemade

CD45 30-F11 mouse Rat IgGas, x . APC PM
CD34. RAM34 mouse Rat 19Gy,, ¥ biotin eBioscience

CD34 RAM34 mouse Rat 1gGoa, x FITC PM

Fik-1 Avas 12a1 mouse Rat 1gGaa, PE PM

c-kit 2B8 mouse Rat IgGap, PE-CY7 PM

c-kit 2B8 mouse Rat IgGan, biotin PM

Sca-1 (LyBA/E) E13-161.7 | mouse Rat 1gG,, x PE PM

CD31 MEC-13.3 | mouse Rat IgG,,, k biotin PM

CD31 MEC-13.3 | mouse Rat IgGg,, k purified PM

CD41 MWReg30 | mouse Rat 1gG1, k FITC PM

Streptavidin (SA) FITC PM

Streptavidin (SA) APC PM

Streptavidin (SA) PE PM

PE-Texas
Streptavidin (SA) Red PM
Alexa Flour Molecular
Goat anti-mouse 1gG 647 Probes
. Alexa Flour Molecular
Goat anti-fat IgG 647 ' Probes

PM: Pharmingen

2.3. C‘ell culture

2.3.1. ES cell culture

The ES cell line R1 was maintained on gelatin-coated tissue culture flasks in Dulbecco’s
modified Eagle’s medium (with 4500 mg D-glucose/L) (DMEM) containing 15% FBS, 2 |
mM L-glutamine, 0.1 mM nonessential amino acids (StemCell Technologies, Vancouver,
Canada), 1,000 U/ml leukemia inhibitory factor (Chemicon International, Temecula, CA) and
100 pM monothioglycerol (MTG) (Sigma-Aldrich, Oakville, Canada)”®. Two days before
initiation of differentiation, ES cells were passaged in Iscove’s modified Dulbecco’s medium

(IMDM) ‘.sup.pvlefhented with the same reagents used in the maintenance medium. On the day
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of differentiation, cells were harvested, resuspended at 1,500-2,500 cells/ml in the
differentiation medium consisting of IMDM, 15% FBS, 1% methylcellulose, 2 mM L-
glutamine, 150 pM MTG, 50 ng/ml mouse stem cell factor (SCF), 30 ng/ml mouse IL-3, and
30 ng/ml human IL-6, and 1 ml of the cell suspension was dispensed into 35 mm petri dish
(StemCell Technologies, Vancouver, Canada)'*%. The cells were incubated at 37°C and
5% CO, for 8 days for EB formation. EB cells were then harvested, trypsinized and made
int.ols-ingle-ce':‘ll ‘sﬁspension by passing them through a 21-gauge 1'2-inch needle three times.
Subsequer{tly; the cells were étained with biotinylated aﬁti-CD34 followed by streptavidin-
PE and FITC cbnjugated anti-CD45.2 or purified CD45.2 followed by Alexa Flour 647-
conjugated goat anti-mouse IgG, and sorted on FACSVantage™ SE (BD Biosciences, San
Jose, CA) for isolation of CD34", CD34"CD45™ and CD34"CD45" EB cells. In other
experiments, to fractionate CD34"CD45 EBs according to c-kit and CD41 expression, EB
cells were stained with biotinylated anti-CD34 followed by streptavidin-PE-Texas Red,
APC-conjugated anti-CD45, PE-Cy7-conjugated anti-c-kit and FITC-conjugated anti-CD41
mAbs and sorted into CD34"CD45 ¢c-kit'CD41%, CD34"CD45 ¢c-kit CD417, CD34"CD45 ¢c-
- kit"CD417, anEI CD34J‘“CD45_c-kit_CD41+ fractions. Sorted EB cells were then either directly

transferred into lineage differentiation cultures or into ES-HP culture (see below).

2.3.2. ES-HP culture

Sorted EB cells were seeded onto OP9 stroma in 24-well plates at a concentration of 4x10°
cells/well and cultured for 7 days in cMEM with 5% FBS, 30 ng/ml human IL-6, 4 ng/ml
mouse IL-7, 40 ng/ml mouse SCF, 100 ng/ml human FIt3-L and 100 pM MTG (Stem Cell

Technologies) to generate ES-HPs>®

. After the first 3-4 days of incubation, half the media




was rebléceé:.\&ivth' fresh medium containing the same cytokines. ES-HPs were harvested on
day 7 by vigorous pipetting, washed, and passed through a 45 um filter. Cells were then

stained for FACS analysis or sorted and transferred into lineage differentiation cultures.

- 2.3.3. Lineage differentiation cultures

OP9 and OP9-DL1 cells used in lineage differentiation cultures were cultured for 2 days in
24 well plates to pre-form stroma layers. Cells to be tested for lineage-specific differentiation
were plated onto the pre-formed stroma and cultured. If the culture period was longer than
one week, stromal cells were replaced with the new cells. To do so, cells were harvested by
pipetting, passed through 45 pm filter, and mixed with new media and plated on new pre-
f(gll'meci‘s‘t'ror;la.. o |

2.3.3.1. NK cell culture

EB cells or ES-HPs were plated on OP9 vlayer‘s in OP9 media containing 1,000 U/ml human
IL-2 (PeproTech, Rock Hill, NJ) and 5 ng/ml human IL-15 (StemCell Technologies)zoo. Cells
were cultu;ed for 7-14 days before FACS analysis.

2.3.3.2. T cell culture

EB or ES-HP cells were seeded onto OP9-DL1 stroma with 5ng/ﬁ11 IL-7, and 10 ng/ml F1t3-
L and cultured for 8-14 days. After this period, media was removed from the culture and
replaced with media containing Fit3-L and 1 ng/ml IL-7"7*'>*'®_ Cells were cultured for
aclivditiOIvlal‘2-.6 “dgys and hérvested for FACS analysis or RNA extraction.

2.3.3.3. B celi culture

To show the B cell pbtential of EB cells, EB cells were cultured on OP9 with 5 ,hg/ml IL-7,

10 ng/ml FIt3-L and 1,000 U/ml IL-2 for 7-8 days. At this time, cells were transferred onto




fresh OP9 with only IL-7 and Flt3-L and cultured for additional 6-7 days'’. For
differentiation of ES-HPs into B cells, ES-HP cells were cultured on OP9 stroma with 5
ng/ml IL-7 and 10 ng/ml F1t3-L for one week'*’.

2:3.3.4'. Eryfhroid/Myeloid colony forming

To test the myeloid colony forming capacity of EB or ES-HP cells, cells were resuspended in
IMDM, transferred onto Methocult™ GF M3434 media (StemCell Technologies) at the
density of 1000/plate or 5000/plate in duplicate and cultured for 7 — 14 days. The numbers of
all colonies including erythroid burst-forming units (BFU-E), granulocyte-macrophage
colonies (CFU-GM/CFU-G/CFU-M), and erythrocyte-containing mixed colony-forming

units (CFU-GEMM) were scored.

2.4, Staining and FACS sorting or analysis

Cells were ﬁrs;[ preincubated with 2.4G2 hybridoma supernatant or human y globulin (Sigma-
Aldrich) to block Fc-receptors, and then stained with mAbs. All incubations were perforrhed
on ice for 30 minutes. Propidiﬁm iodide (at the final concentration of 5 ug/ml) or 4-6-
Diami"diﬁo-'i‘-i)hehylindole (DAPI) (at the ﬁnal concentration of 100 ng/ml) was added to
stain dead cells. Stained cells were analysed on a FACSCalibur (BD Biosciences, San Jose,
CA) with CellQuest Pro software (BD Biosciances). Cell sorting was carried out on a

FACSVantage™ SE (BD Biosciences).

2.5. RT-PCR
RNA from bulk cells was isolated with QITAGEN’s RNeasy® Mini Kit and reverse

transcribed into cDNA using QIAGEN’s Omniscript Reverse Transcription kit. For samples
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from limiting dilution cultures, cells in 96-well plates were lysed with 50 pl guanidinium
isothiocyanate solution, RNA was isolated (as described*'®) and reverse transcribed using a
18-mer oligo(dT) primer (1 pg/ul) (New England BioLabs, Pickering, OT) and SuperscriptTM
II (Invitrogen, Carlsbad, CA). Aliquots (1/5) of cDNA thus generated were used in PCR
reaction. Forward primers from TCR Vv2, 3, 4, and 5, and reverse primer from the TCRy
constant region have been described . The primer sequences are listed in Table 2.2. The
50ul .r‘eacti.or; \iolume gontgined Sul of 10x PCR buffer, -1 5 ul_pf SOmM MgC}z, 1 gl .of
10mM dNTPs, 1 pl of each 10 pm forward and reverse primers, and 0.5 pl of 5 U/pl Tag |
DNA polymerase. The PCR thermocycling conditions for TCRy RT-PCR were as follows: 5
min at 96°C followed by 40 cycles of 96°C for 15 s, 50°C for 40 s, 72°C for 1 min, and a final
10 min extension at 72°. The following condition was used for granzyme B RT-PCR: 1 min
at 94°C followed by 40 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. 18 pl of
PCR products from bulk cultures were mixed with 2 pl of 10x loading buffer and analyzed

on 1.2% agarose gel.

Table 2.2, List of primers

RT-PCR:

Vy2: CCTTGGAGGAAGAAGACGA

Vy3: CATCGGATGAAGCCACGTA

Vy4: AGTGACAGAAGAGGACACG

Vy5: CGATTCTGCTCTGTACTACT

C-region: CTTATGGAGATTTGTTTCAGC
Granzyme B(5*): CAAAGGCAGGGGAGATCATC
Granzyme B(3’): CTCTTCAGCTTTAGCAGCATG
CD3¢g(5’): GCCTCAGAAGCATGATAAGC
CD3¢(3’): AGACTGCTCTCTGATTCAGG
RAG-1(5): TGCAGACATTCTAGCACTCTGG
RAG-1(3’): ACATCTGCCTTCACGTCGAT
GAPDH(5’): TCAACGACCCCTTCATTGACCTC
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RT-PCR:

GAPDH(3)): AGACTCCACGACATACTCAGCAC

Oligonucleotide probe:

Jyl: TGCAAATACCTTGTGAAAACCTGAG

2.6. Southern blot
The gel from TCRy RT-PCR from bulk cultures was alkaline blotted to ZetaProbe

membranes (Bio-Rad, Hercules, CA). In limiting dilution experiments, the entire TCRy PCR
products from individual wells were transferred onto ZetaProbe membranes using Bio-Dot®
Microfiltration apparatus (Bio-Rad) according to manufacturer’s protocol. The membrane
was probed with biotin-labeled oligonucleotides and visualized by North2South®
Chemiluminesgent Nucleic Acid hybridization and Detection Kit (Pierce, R(_)ckford, IL). The
3’ end of.c;ligt;'rlucleotidé was labeled with biotin-14-dATP acéording'to the manufacturer’s

-

(Iﬁvitrdgen) protocél. The prqbe sequence is shown in Table 2.2.

2.7. Limiting dilution analysis

OP9 and OP9-DL1 cells were X-ray irradiated (30Gy) and cultured for 2 days in 96 ;Jvell
plates to pre-form stroma layers. Limiting numbers of cells were deposited into 96-well
plates containing the pre-established stroma using the CloneCyt Plus option of
FACSVantage™ SE cell sorter. To determine NK progenitor frequency, cells were cultured
for 10-12 days on OP9 stroma in IL-2 and IL-15. For T progenitor frequency, cells were
cultured on OP9-DL1 stroma with 5 ng/ml IL-7 and 10 ng/ml FIt3-L for 10-12 days. Cells
were 't’héri‘cﬁ{tii‘r‘e’d w1th 1'ng/ml II;;7 for additional 3-5 days. After this culture period, RNA

was isolated from _cells- as described in RT-PCR section. RNA thus generated was reverse
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transcribed into cDNA and used in PCR reaction. The presence of NK cells was confirmed
by granzyme B RT-PCR (Table 1.1). Since y3 T cell lineage seems to arise earlier than of T
cells during T cell development®®, TCRy RT-PCR was used to detect cells of T lineage. The
Cy1 cluster of the TCRy locus, which contains four Vy2, 3, 4 and 5 segments, is frequently
rearranged tb; Jy I "seg'ment.and expr’éssed as Vy2/3/4/5-Jy1Cyl products by the fetal and/or
adultyd T cells®'”. Therefore, a mixture of Vy2, 3, v4, and 5 primers was paired with a reverse
primer from TCRYy constant region (a sequence shared by Cyl, 2, and 4)®. Rearranged TCRy
transcripts were detected by southern blotting using a probe to Jyl. Progenitor frequency was

determined using Poisson statistics and the method of maximum likelihood using L-Calc™

software (StemCell Technologies).
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Chapter 3: Characterization of developmental pathway of natural killer cells from

embryonic stem cells in vitro'

3.1. Introduction

The NK cell developmental pathway includes the formation of committed NKPs from
multipotent progenitors. Currently, a number of intermediate progenitors derived from HSCs
are thought to generate CD122" NKPs. These progenitors include CLPs or Lin"c-kit" pro-
lymphocytes in the adult and bipotent T/NKPs in the fetus. In the ES cell differentiation

1.7 it was shown that CD34" hematopoietic progenitors from

model used by Nakayama et a
EB cells give rise to NK and B cells. However, the developmental stages and intermediate
progenitors were not characterized. Furthermore, using a multi-step culture system, Lian et
al.*® showed that the first stage of NK development from CD34" EB cells involves

differentiation on OP9 stroma with SCF, F1t3-L, IL-7 and IL-6 cytokines, which generates

cells we called ES-derived hematopoietic progenitors (ES-HPs). In the second step, ES-HPs

gave rise to cells of NK lineage. No other lymphocytes were generated in this culture system.

In this study, the ES cell culture system was used to determine the differentiation pathway
from ES cells to NK cells. CD34" EB cells were isolated and differentiated into ES-HPs.
These ES-HPs had NK, T, and very low myeloid potentials. Further characterization of

CD34" EBs showed that NK and T potentials were contained in a CD45™ subset, whereas

'A version of this chapter has been published. Tabatabaei-Zavareh N, Vlasova A, Greenwood CP, Takei F.
Characterization of developmental pathway of natural killer cells from embryonic stem cells in vitro. PLoS
ONE. 2007;2:€232.




CD45" EB cells had myeloid but not lymphoid potential. Limiting dilution analysis of ES-
HPs generated from CD34"CD45™ EB cells showed that CD45"Mac-1"Ter11~ ES-HPs are

llighl;envricllecl l:cr NK.'p'rogenitors but they also had T, B and myeloid potentléls. |
3.2. Results

3.2.1. NK and T cell potentials of ES-HPs

The previously described ES cell culture system®” was slightly modified and used in this
study (depicted in Figure 3.1). Briefly, R1 ES cells were cultured in methylcellulose for 8
days for EB formation. CD34" EB cells were sorted and cultured on OP9 stromal cells with
SCF, FIt3-L, IL-7 and IL-6 for 7 days. As previously reported®®”’, the cells generated in this
9_‘%“9?% termed VE’S‘-HPS,‘ further differentiated into NK cells upon co-culturillg wlth OP9 in
the preéence of IL-2 and IL-15. Typically, from 4x10* EB cells, 10> ES-HP cells were
generated per Well From those ES-HP cells 5><105 NK cells were produced per well The
NK cells der1ved from ES cells (ES-NK cells) expressed CD9%4, NKG2A/C/E receptors on
the surface as well as granzyme B transcripts (Figure 3.2A, Figure 3.3D). It has previously
shown that similar to fetal NK cells, ES-NK cells lack Ly49 expression but express NKRP1A
(CD161) mRNA and are capable of differentially killing some tumor cell lines and MHC

class I-deficient lymphoblasts®®

. To test whether ES-HPs have potential for the T cell
lineage, they were co-cultured with OP9-DL1 cells, which promotes T cell differentiation
from progenitor52'8, in the presence of IL-7 and FIt3-L for 8-12 days. RT-PCR analysis of the
resultant cells showed the express10n of rearranged TCRy mRNA as well as s CD3¢ and RAG1

mRNA (F1gure 3.2B, C). Rearranged TCRy mRNA was undetectable in ES-derived NK cells
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(Figure 3.2B, bottom row). Moreover, flow cytometric analysis showed the surface
expression of TCRP and TCRy (Figure 3.2D). Thus, ES-HPs included T cell progenitors. ES-
HPs were also tested for the myeloid differentiation potential by in vitro colony forming cell
assays. The ES-HP population contained very low frequency of erythroid/myeloid colony

forming cells (Figure 3.2E).

To further charactefize lymphoid progenitors among the ES-HP populétion, we analyzed the
expression of mérkérsl associated with BM lymphoid progenitors. Flow cytometric analysis
showed that most ES-HPs expressed c-kit whereas only very small fractions expressed IL-
7Ra (CD127), common ¥ chain (yc, CD132), IL-2Ra (CD25) and IL-2Rf (CD122) (Figure
3.3A). Furthermore, only 10% of ES-HPs expressed CD45, suggesting that the majority of
the ES-HPs are non-hematopoietic or .mature erythroid cellé. As expected, cells expressing
IL-7Ra and yc were enriched in the CD45" subset of ES-HPs (Figure 3.3B). Limiting
dilution culture analysis for NK progenitors showed that on average 0.5% (1 in 202) of the
bulk‘ ES-HPs differentiate into NK cells. As éxpected, NK progenitors were more enriched in

CD45" ES-HPs (1 in 53 or 1.9%) than in CD45 ES-HPs (1 in 286) (Figure 3.3C,D).
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‘Differentiation Culture OP9 st
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Figure 3.1. Schematic representation of ES cell differentiation culture.

ES culture system to generate ES-HPs is illustrated. ES cells are induced to form EBs in
methylcellulose. CD34" EB cells are sorted and cultured for one week with OP9 stroma in
the presence of indicated cytokines to generate ES-HP cells. ES-HPs are cultured on OP9
stroma with IL-2 and IL-15 for NK cell differentiation or on OP9-DL1 stroma with IL-7 and
Flt3-L for T cell differentiation.
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Figure 3.2. Lineage potential of ES-HPs generated from CD34" EBs.

ES-HPs derived from CD34" EB cells were incubated in NK and T culture as described in
Figure 3.1. (A) NK cells generated from ES-HPs were stained for the indicated receptors and
analyzed by flow cytometry. Filled histograms show staining with the appropriate mAbs and
open histograms show isotype-matched control antibody staining. Percentages of positively
stained cells over the control staining are shown. Dead cells were stained with propidium
iodide and gated out. Residual OP9 cells were also gated out by their high scatter profile. (B)
RNA was isolated from 2x10° bulk T cells and 2x10° bulk NK cells derived from ES-HPs
(ES-T and ES-NK, respectively) and converted into cDNAs. Aliquots (1/30) of cDNAs were
subjected to PCR for rearranged TCRy genes. The PCR products were blotted and hybridized
to a Jyl probe. Thymocytes were used as positive control for rearranged Vy2 and Vy3 TCR
mRNA (top) and Vy2 TCR mRNA (bottom). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) RT-PCR was also used as control. (C) cDNA was generated from ES-T cells as in
(B). One microlitre of undiluted, 1/10 and 1/100 diluted cDNA was subjected to PCR for
CD3e and RAG-1. OP9 cells were used as negative control. (D) ES-T cells were harvested
on day 7, stained for TCRyd and TCRp and analyzed using a flow cytometer as in (A). OP9-
DL1 cells expressed green fluorescent protein and were gated out by green fluorescence. (E)
One thousand CD34" EBs and ES-HP cells were plated in methylcellulose media for myeloid
and erythroid colony formation and the total number of myeloid and erythroid colonies were
counted as described in materials and methods.
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Figure 3.3. Characterization of NK progenitors within ES-HPs.

(A) ES-HP cells derived from CD34" EBs were stained for the indicated markers and
analyzed by flow cytometry as in Figure 3.2A. (B) ES-HPs were co-stained with anti-CD45.2
and IL-7Ra mAbs (left panel), or anti-CD45.2 and yc mAbs (right panel) and analyzed by
flow cytometry. CD45 positive cells were gated and analyzed for the expression of indicated
receptors. (C) Irradiated OP9 cells were cultured for 2 days in 96 well plates. ES-HPs were
stained with anti-CD45.2 mAb and CD45" and CD45~ ES-HPs were sorted by FACS into the
wells with pre-formed OP9 stroma layers. For CD45" ES-HPs, 10, 30 and 100 cells per well
were sorted into 12 wells each. For CD45™ and bulk ES-HPs, 30, 100 and 300 cells per well
were sorted into 12 wells each. After culturing with appropriate cytokines for NK cell
differentiation, cells in individual wells were harvested and analyzed for the presence of NK
cells by granzyme B RT-PCR. Statistical analysis was performed using L-Calc™ software.
The results are means + SD of three independent experiments, except for bulk ES-HPs,
which is average of two experiments. (D) One example of RT-PCR for granzyme B
expression in limiting dilution experiments is shown. cDNA is from sorted CD45" ES-HPs
cultured in NK condition as in (C). Specificity of RT-PCR products was confirmed by size
and southern hybridization to granzyme B-specific oligo probe.
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3.2.2. Heterogeneity of CD34™ EB cells: CD34"CD45 EB cells have lymphoid potential

| The above results showed that the ES-HP population was very heterogeneous contalmng
hematop01etlc and poss1bly nen hematop01etlc (e. g endothelial) cells, and the frequency of
NK progemtors among ES-HPs was low. To determine whether this is due to heterogenelty
of CD34" EB cell population that gave rise to ES-HPs, we analyzed the expression of various
hematopoietic cell markers on CD34" EB cells (Figure 3.4A). Large fractions of CD34" cells
expressed the hematopoietic progenitor-associated markers c-kit (65%) and Sca-1 (35%), and

219 and erythroid progenitors'*’. No

almost all expressed CD31, a marker for endothelial cells
significant levels of IL-7Ra (CD127) and mature hematopoietic lineage markers, including
Mac-1, Gr-1, Ter119, B220, CD19, CD3 and CD8 were detected on CD34" EB cells.

Approximately 15-25% of CD34" EB cells expressed the pan-leukocyte marker CD45.

We fra'cti}ox‘lated"CD34+ EB cells into CD45" and CD45" subsets by FACS sorting and
analyzed for myeloid/erythroid and lymphoid potentials. Both populations contained
comparable frequencies of myeloid/erythroid colony forming cells (Figure 3.5A). When they
were cultured on OP9 stroma in the presence of SCF, Flt3-L, IL-7 and IL-6 for 7 days to
generate ES-HPs and examined for the myeloid potential, the frequency of myeloid/erythroid
colony forming cells in CD45" EB-derived ES-HPs was significantly higher than that of
CD34"CD45™ EB-derived cells. However, CD45" EB cells or those cultured for ES-HP
generation did not differentiate into NK, T or B cells upon co-culturing with OP9 or OP9-
DL1'in the presence of appropriate cytokines (see materials and methods). In contrast,
C_D34‘+CD45—_ EB cellsbcultured under the same conditions differentiated «inte NK.and T cells

(Figﬁre,?;.SB,. C). Limiting dilution analysis showed that on average 1 in 633 CD34'CD45~
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EB cells differentiated into NK cells, while frequency of T progenitors was 1 in 1266 (Figure
3.5D). No NK or T cell progenitors were detected among CD45" EB cells by limiting
dilution analysis (data not shown). These results indicate that lymphoid potential is contained
in the CD45"CD34" EB cell population whereas CD45" EB cells have erythroid/myeloid but
not lymph01d potentlal Analys1s of Mac-1 expression on CD34" EB cells showed that in

contrast to CD45 subset, CD45 subsets are Mac-1", suggesting that the latter are committed

myeloid precursors (Figure 3.4B).
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Figure 3.4. Surface marker analysis of EB cells.

(A) EBs were harvested on day 8 and single cell suspension was prepared. Cells were stained
with anti-CD34 mAb together with mAD to the indicated markers and analyzed by flow
cytometry. (B) CD34°CD45™ (left) and CD45" EB cells (right) in (A) were gated and
anlaysed for Mac-1 expression.
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Figure 3.5. CD34°CD45™ EB cells contain lymphoid potential while CD34"CD45" EB
cells are committed to myeloid lineage.

(A) CD34°CD45™ and CD45" EB cells were isolated by FACS sorting and cultured to
generate ES-HPs. The sorted EB cells and the ES-HPs generated from them were plated for
myeloid and erythroid colony formation as in Figure 3.2E. (B) CD34 CD45™ EB cells were
directly cultured on OP9 stroma with IL-2 and IL-15 for NK cell differentiation. Cells were
harvested after 2 weeks, stained for NK markers and analyzed by flow cytometry. (C)
CD34°CD45™ EB cells were directly cultured onto OP9-DLI stroma with proper cytokines
for T cell differentiation for 3 weeks. Expression of T cell markers was analyzed by flow
cytometry. (D) Limiting numbers (100, 300 and 1,000 cells per well) of CD34"'CD45~ EB
cells were sorted into each well of 96 well plates. For NK progenitor assays, wells contained
OP9 stroma, IL-2, and IL-15. For T progenitor assays, wells contained OP9-DL1 cells, IL-7
and F1t3-L as described in materials and methods. NK cells were detected by granzyme B
RT-PCR and T cells detected by TCRy RT-PCR followed by southern blotting. The number
of progenitors in 1000 plated cells was calculated as in Figure 3.3C.

3.2.3. NK cell progenitors among ES-HPs derived from CD34'CD45 EB cells
The above results showed CD34"CD45™ EB cells have lymphoid potentials but the

frequencies of NK and T cell progenitors were rather low. Therefore, we generated ES-HPs
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from CD34"CD45™ EB cells and analyzed them for cell surface marker expression and
lymphoid differentiation potentials. Flow cytometric analysis showed that the cells generated
in vitro from CD34"CD45 EB cells were again heterogeneous and included large fractions
expressing c-kit, Sca-1, and CD31 whereas IL-7R was almost undetectable. Cells expressing
the erythrqidlrrlarker Terl l9_and the myeloid cell marker Mac-1 (CD1 1b, CD18) were also
detected (Figure 3.6A). Only 13% of the cells were CD45", which included cells co-
expressing c-kit and Sca-1 and those expressing Mac-1 and/er Ter119 (Figure 3.6B).

NK r)orential.of ES-HPs generated from CD34°CD45™ EB cells was first tested by bulk
cultures. NK cells expressing CD94 and NKG2A/C/E were readily generated in cultures on
OP9 stroma (data not shown). Limiting dilution analysis showed that NK progenitors are
highly enriched in the CD45"Lin~ (Mac-1"Ter1197) subset of ES-HPs. In three experiments,
the frequency of NK progenitors in this population was on average about 10% (1 in 10),
ranging from 14% (1 in 7) to 4% (1 in 24) in three experiments (Figure 3.7), which is
comparable to the frequency of NK progenitors in the BM NKP (Lin"CD122") populationsz,
whereas the NK progenrtor frequency of the bulk ES-HP population was on average 0.4% (1
in 230) As the CD45"Lin" subset is about 5% of the total ES-HP population, most NK

progenitors seemed enriched in this subset of ES-HPs.

However, CD45"Lin~ ES-HPs were different from BM-derived NKPs, as they do not express
detectable level of IL-2Rp (CD122) (Figure 3.6B, right panel). When CD45"Lin~ ES-HPs
were sorted and cultured with IL-2 and IL-15 for three days, IL-2R was detected on the

cultured cells (Figure 3.6C). CD45Lin” ES-HP cells became mature CD94" and

NKG2A/C/E" NK cells after one week in the NK differentiation culture (Figure 3.6D).
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Figure 3.6. Characterization of ES-HP cells derived from CD34'CD45 EBs for surface
markers and NK potential.

(A) ES-HP cells derived from CD34"CD45™ EB cells were stained with mAbs to indicated
markers and analysed by flow cytometry. (B) ES-HP cells were co-stained with anti-CD45,
c-kit and8ca-1 mAbs. Cells were then gated on CD45" and analyzed for the expression of c-
kit and Sca-1 (left panel). ES-HP cells were stained with a combination of purified anti-
CD45.2 mAD followed by Alexa Flour 647-goat anti-mouse IgG, and biotinylated anti-Mac-1
and Ter119 mAbs followed by streptavidin-PE (middle panel). CD45 "Mac-1"Ter119" cells
were gated and analyzed for the expression of IL-2Rp (right panel). (C) CD45 Lin” ES-HPs
were sorted and cultured on OP9 stroma with IL-2 and IL-15. After 3 days, cells were
harvested and subjected to flow cytometry analysis after staining with anti-IL-2Rf} and anti-
IL-7Ra. (D) Cells in (C) are analysed for the expression of NK markers after one week.
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Figure 3.7. NK progenitor frequency of ES-HPs derived from CD34"CD45™ EB:s.

The bulk and sorted CD45'Lin~ ES-HP cells were analyzed for NK progenitor frequency by
limiting dilution cultures as in Figure 3.3C. For the former 30, 100 and 300 cells per well and
for the latter 3, 10 and 30 cells per well were plated. The results are mean + SD of three
independent experiments.

3.2.4. ES-HPs derived from CD34'CD45 EB cells have T and B cell potentials

To test whether ES-HPs derived from CD34"CD45 EB cells have T cell differentiation
potentlal they were cultured on OP9-DLI1 stromal cells in the presence of IL-7 and Flt3 L.
We first aqalyzed the expression of CD44 and CD25 at different time points during the
culture (Figure 3.8A) as these markers are commonly used to define the early steps of
immature double negative (DN, CD4"CD8") thymocyte differentiation®. The cells initially
resembled the most immature thymocyte population DN1 (CD4 CD8 CD44'CD25"). After
one week of culture, some (~8%) of the cells acquired CD25 and resembled DN2
(CD4"CD8 CD44"CD25") thymocytes. After two weeks, the level of CD44 on DN2-like
cells decreased and they resembled DN3 (CD4 CD8 CD44 CD25") thymocytes. Prolonged
culture did not induce a further differentiation into the DN4 (CD4 CD8 CD44 CD25")
pczpu!gtiqn. A'lthpugh CD44"CD25_" cells were detected early in the cultures“(week one and

two), they seemed to directly derive from the DN1-like cells without going through the DN2
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and DN3 stages. Very few cells expressing CD4, CD8 or CD3 were generated in this culture
(data not shown). It appeared that T cell development from ES-HPs was impaired at the
transition from DN3 to DN4. This may be due to a high dose of IL-7, which has been
reported to block differentiation of adult pr:ogenitors into T cells?'>*'°. Therefore, after 8-14
days of culture, IL-7 concentration was reduced to 1 ng/ml, and the cells were cultured for an
additional 4-6 days with OP9-DL1 cells. Cells expressing CD4, CD8 and the TCR were
déteéte(d‘ in the low-dose IL-7 culture (Figure 3.8B, C). However, the expreésion levels of .
CD4 and CD8 were significantly lower than those on thymocytes (data not shown), and very
few double poSitive (CD4"CD8") and single positive (CD4'CD8™ and CD4"CD8") cells were

generated.

Limiting dilution analysis showed that the frequency of T cell progenitors was approximately
0.3% (1 in 297) in the bulk ES-HP population and 0.9% (1 in 115) in the CD45"Lin™ subset
of ES-HPs (Figure 3.9). Thus, T cell progenitors were enriched in the CD45"Lin™ subset,
which contained most of the NK progenitors. However, the CD45 Lin™ subset was about 5%
of the bulk ESiﬁPs while the enrichment of T cell progenitors was only abéﬁt' three fold,

éuggésting that T cell progenitors were also contained in other subsets of ES-HPs.
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Figure 3.8. T cell potential of ES-HPs derived from CD34"CD45 EB cells.

(A) CD34"CD45™ EB cells were sorted and cultured with OP9 and cytokines to generate ES-
HPs. They were then cultured on OP9-DL1 stroma with cytokines for T cell differentiation.
At different time points, cells were harvested and stained for CD44 and CD25 and analyzed
using a flow cytometer. The numbers show the percentages of cells in the quadrants. (B) ES-
HP cells were cultured for T cell differentiation for 8 days with 5 ng/ml IL-7 as in (A). On
day 8, IL-7 concentration was reduced to 1 ng/ml and cells were cultured for an additional 6
days. Cells were harvested and analyzed by flow cytometry for CD4 and CD8 expression.
(C) ES-HP cells were cultured for T cell differentiation with 5 ng/ml IL-7 for 2 weeks and an

additional 4 days with 1 ng/ml IL-7, stained for TCRy8 and TCRP and analyzed using a flow
cytometer.
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Figure 3.9. T progenitor frequency of ES-HPs derived from CD34'CD45 EBs.

(A) ES-HPs were generated from CD34'CD45™ EB cells as described in materials and
methods. The bulk and sorted CD45 Lin~ ES-HP cells were analyzed for T progenitor
frequency by limiting dilution cultures as in Figure 3.5D, except that 30, 100, 300 and 900
cells per well for bulk and 3, 10, 30 and 100 cells per well for CD45 Lin™ cells were plated.
The results are average of two independent experiments. (B) Southern blot of TCRy RT-PCR
of CD45 Lin~ ES-HPs created in one of two cloning assays in (A) is shown. The number of

cells used in each well with their corresponding location in the blot are as follows: 3

cells/well: A1-A8, B1-B4; 10 cells/well:A’1-A’8, B’1-B’4; 30 cells/well: B5-B8, C1-C8; 100
cells/well: D1-D8, E1-E4; positive controls (thymocytes): B’6, B’8, E6; negative controls
(OP9-DL1 cells): B’7, ES. Pictures of two blots are separated by a line.

To test the B cell potential of ES-HPs, CD45 Lin~ ES-HPs were sorted and cultured on OP9
with IL-7 and FIt3-L for one week. B cells were detected in the culture by the expression of
B220 and CD19 (Figure 3.10A). Therefore, CD45 Lin~ ES-HPs contained B cell potential.

To test whether these cells also have myeloid differentiation potential, sorted CD45 Lin~ ES-
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HPs were transferred into methylcellulose for myeloid colony formation. On average, 5.7%
of CD45"Lin~ ES-HPs formed erythro/myeloid colonies (Figure 3.10B). These results

indicate that ES-HPs have NK, T, B and myeloid/erythroid potentials.
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Figure 3.10. B and myeloid potentials of CD45'Lin~ ES-HPs derived from CD34"CD45"
EBs.

(A) CD45'Lin~ ES-HPs were sorted and cultured on OP9 cells with IL-7 and Flt3-L for B
cell generation. After one week, cells were harvested and analysed for the expression of
B220 and CD19 by flow cytometry. (B) One thousand sorted CD45 Lin~ ES-HPs were
transferred into myeloid differentiation media as in Figure3.2E. The number of myeloid and
erythroid colonies were scored.

3.3. Discussion

We have characterized NK cell progenitors at various stages of development from ES cells in
vitro. The most immature progenitors with NK cell potential are found among EB cells
expressing CD34 but not the pan-leukocyte marker CD45. When cultured on OP9 stroma in
the presence of IL-7, IL-6, Flt3-L and SCF, CD34'CD45™ EB cells differentiate into a
heterogeneous cell population, termed ES-HP (ES cell-derived hematopoietic progenitors).
Among ES-HPs, NK cell progenitors are highly enriched in a subpopulation expressing

CD45 but not the mature erythroid and myeloid cell lineage markers Ter119 and Mac-1.
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Thus, CD34"CD45~ immature hematopoietic progenitors in EBs differentiate into more
mature CD45* NK progenitors in this culture. Since CD34"CD45™ EB cells are
heterogeneous, the relationship between NK progenitors in the EB cell population and those
among ES-HPs is still unclear. However, the difference in CD45 expression indicates that
NK progenitors among ES-HPs are not products of simple amplification of NK progenitors
in EB but rather they are differentiation products derived from immature hematopoietic

progenitors in EBs.

The overall ES-HP cell population is rather heterogeneous and contains myeloid and
erythroid cells at various stages of development as well as CD45Lin" cells, which mostly
includes immafure hematbpoieﬁc progenitors (see next chapter). Most, if not all, NK
progenitors are m the CD45"Lin™ (Ter1 19 Mac-17) subset. The frequency of NK progenitors
in this subset, as determined by limiting dilution assay, is about 10%, which is comparable to
that of adult mouse BM NKPs deﬁnéd by C‘D’l1-22l+Llin_5 2, However, there ar.e‘ some
differences between NKP in BM and those in ES-HPs. Most notably, BM NKPs express
CD122% whereas it is undetectable on those among ES-HPs (Figure3.6B, right panel). It is
likely that NK progenitors at the ES-HP stage are more immature than BM NKPs. CD122”
| NK progenitors, which mature into CD122" progenitors, have been found in human lymph
nodes as well®. As expected, NK progenitors in the ES-HP population rapidly acquire

CD122 during their maturation to NK cells (Figure 3.6C).
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Although CD45'Lin~ ES-HPs also include T cell progenitors, it is still unclear whether ES-
HPs include bipotent T/NK progenitors. Both T and NK cells are generated in bulk cultures
to induce differentiation of CD45 Lin~ ES-HPs into T cells. However, the results with
limiting dilution analysis show that the frequency of T cell progenitors among CD45 Lin~
ES-HPs is low;(less than 1%). Our attempt to determine the frequency of progenitors that
give rise to both NK and T cells by limiting dilution assays have resulted in very variable
frequenciés (data not shown). One of the difficulties in determining T cell progenitor
frequency in this study is that most T cell progenitors do not differentiate into mature T cells
expressing the TCR, CD3, CD4 or CDS8 in our cultures as their differentiation is blocked at
the DN2 stage before TCRy gene rearrangement, which was used to detect T cells in the
limiting dilution analysis. Thus, the frequency of T cell progenitors is likely very much
underestimated in this study, making it difficult to detect bipotent T/NK progenitors.
Nevertheless, this study has shown that CD45*Lin” ES-HPs include both NK and T cell
progenitors. We also showed that CD45"Lin” ES-HPs have B cell and myeloid potentials.
Thus, CD45'Lin™ ES-HPs likely comprise of multiple committed progenitors. However, it is
also pbséible :[hat'CD45+Lin” ES-HPs include multi-potent hematopoietic progenitoré which
éfe downstreém progeny of CD45_ progenitors. | |

Our study has also shown that CD34" EB cells are rather heterogeneous and include both
CD45" and CD45™ cells. Although the relationship between these two subsets of CD34" EB
cells is still unclear, the former includes erythroid/myeloid colony forming cells but no

lymphoid progenitors whereas the latter has both myeloid/erythroid and lymphoid potentials.
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Since CD34"CD45" EB cells express Mac-1 (Figure 3.4B), i;c is poésible thét these cells are
myelojd precﬁrsors that have derived from CD45™ EB cells generated earlier in the EBs.
CD45" macrophage precursors have been described during early embryonic development in
AGM regionm. On the other hand, CD45™ EB cells resemble precursors found in P-Sp and
AGM region which generate lymphocytes and also lack CD45'120 This work demonstrates,
for the first time, a differentiation pathway in which these cells acquire CD45 during ES-HP
stage before subsequent differentiation to individual hematopoietic lineages. It will be
interesting to compare the reconstitution capacity of CD45~ EBs and that of CD45 Lin~ ES-
HPs. While EB cells have been shown to reconstitute adult BM only by overexpression of
HoxB4'?° and/or Cdx4"', CD45" ES-HPs may be developmentally closer to adult HSCs and

give rise to multilineage engraftment without a need for genetic manipulation.
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Chapter 4: Characterization of hematopoietic progenitors with lymphoid and myeloid

potentials generated in vitro from embryonic stem cells?

4.1. Introduction

A number of groups including our group have reported the hematopoietic potential of CD34"
EB cells'*”1%82% The results in my previous chapter showed that CD34" EBs are quite
heterogeneous and can be divided into two subsets based on the pan-leukocyte marker CD45.
CD34"CDA45" cells in day-8 EBs have erythroid/myeloid but not lymphoid potential, whereas
the CD34"CD45™ EB cells have both. CD34 is found on non-hematopoietic lineages
including endothelial cells'>'. CD34" cells arise from ES-derived Flk-1" endothelial
progenitors®?’ -For the purposes of HSC transplantation treatments, it is important to
distinguish hematopoietic progenitors with lymphoid potential (definitive hematopoietic
progenitors) within CD34"CD45™ EBs. CD41 and c-kit have been used to identify

progenitors with definitive hematopoietic potential in EBs'%.

The work in this chapter was initiated based on the hypothesis that CD34"CD45™ EBs should
contain CD41%c-kit" subsets that bear the myeloid/lymphoid progenitors. Differential
expression of CD41 and c-kit on CD34"CD45™ EB cells elucidated four fractions in this
subset. Using cell separation strategies, four different fractions (namely double positive,

single positive and double-negative) were isolated and tested for erythroid/myeloid and

ZVA. version of this chapter has been submitted for publication. Tabatabaei-Zavareh N and Takei F.
Characterization of hematopoietic progenitors with lymphoid potential generated in vitro from embryonic stem
cells.
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lymphoid potentials. As expected, erythroid/myeloid and lymphoid progenitors were only
found in double positive fraction. CD34"CD45 ¢c-kit'CD41" EBs were further characterized
and also differentiated into ES-HPs (as described in chapter 3). The hematopoietic potential

of various ES-HP subpopulations was also examined in vitro.
4.2. Results

4.2.1. Day-8 CD34°CD45 EB cells are heterogeneous

The cﬁlture system used in this study to induce differentiation of ES cells to hematopoietic
cells is delineated in Figure 4.1. In the first step, ES cells differentiated to form EBs. EB cell
subsets were isolated by cell sorting and cultured with OP9 stroma and a cytokine cocktail
for hematopoietic differentiation, which resulted in a heterogeneous cell population we
termed ES-HPs. ES-HP subsets were isolated by cell sorting and cultured for further
differentiation. Cells at each step were analyzed by flow cytometry, and individual
subpopulatio_ns were sortgd and tested for differentiation into myeloid/erythroid, NK, T and

Bcells. ™

Previously, we determined that CD34°CD45™ EB subsets contain lymphoid as well as
myeloid precursors. In this study, we further dissected the CD34"CD45" cell population in
day-8 EBs. At this stage, all CD34" EB cells expressed CD31 and 6% of total EB cells were
CD34'CD45™ (Figure 4.2A). We first analyzed expression of several hematopoietic
progenitor markers including Flk-1, c-kit (CD117) and CD41 on CD34"CD45™ EB cells. Flk-

1 has been shown to be expressed by hemangioblasts, the common progenitors of
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hematopoietic and endothelial lineages. Hemangioblasts are identified in mouse ED7.5
embryﬂo‘s as well as in day 2.510 3.5 EBs as blast colony-forming cells (BL-CFCs)'“. The
majority (approximately 70%) of CD34"CD45™ EB cells expressed high level of Flk-1 while
some expressed low level (Figure 4.2A). Similarly, most (~80%) CD34"CD45™ EB cells
expressed high level of c-kit. As the expression patterns of c-kit and Flk-1 among
CD34"CD45™ EB cells were similar, staining for the combination of c-kit and Flk-1 did not
reveal distinct subsets. The majority of them were c-kit'Flk-1" and only minor single positive
and double negative populations were detected. On the other hand, combination of c-kit and
CD41 divided CD34°CD45™ EB cells into four subsets, namely double positive, single
positive and double negative. Our attempt to further dissect the double positive subset by

Flk-1 expression was not successful as most of the cells expressed Flk-1 (Figure 4.2B).
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Figure 4.1. Scheme of ES cell culture used in this study for hematopoietic
differentiation

ES cells were cultured in methylcellulose to induce EB formation. CD34*CD45 ¢c-kit"'CD41"
EBs were sorted and cultured for one week with OP9 stroma in the presence of indicated
cytokines to generate ES-HP cells. ES-HPs were sorted into CD45"Mac-1/Ter119™ (Lin")
and CD45 Lin™ subsets and cultured in lineage differentiation cultures for erythroid/myeloid,
NK, T and B lineages as described in materials and methods. Sorted CD45 Lin~ ES-HPs
were also incubated on OP9 stroma with the same cytokines used for the prlmary ES-HP
differentiation for.one week before FACS analysis. T




Figure 4.2. Surface expression of hematopoietic markers on day-8 EB cells.

(A) EB cells were harvested at day 8 of differentiation and stained with biotinylated anti-
CD34 followed by streptavidin-PE-Texas Red, APC-anti-CD45, FITC-anti-CD41, PE-Cy7-
anti-c-kit and PE-anti-Flk-1 mAbs. Cells were analysed on FACSVantage (Diva). Dead cells
were stained with 4'-6-Diamidino-2-phenylindole (DAPI) and gated out. CD34"CD45™ cells
were gated (left, upper panel) and analysed for the expression of c-kit and Flk-1 (right upper
panel), and c-kit and CD41 (right lower panel). Numbers show percentages of cells in the
quadrants or in the gates. For analysis of CD34 and CD31 expression, cells were stained with
anti-CD34 and anti-CD31 mAbs and analysed by a FACSCalibur flow cytometer (left lower
panel). (B) CD34"CD45 ¢c-kit'CD41" cells were gated in (A) (R3 gate) and analysed for Flk-
1 expression. The x-axis shows forward scatter whereas the y-axis shows fluorescence
intensity.

4.2.2. CD34"CD45 c-kit'CD41" EB cells have hematopoietic potential
CD34"CD45™ EB cells as well as the individual subsets identified by c-kit and CD41

expression were sorted and cultured in methylcellulose for erythroid and myeloid colony
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forma‘uon (Flgllre 4. 3A) Clonogemc erythroid/myeloid progenitor act1v1ty was enrlched
more than three fold in CD34'CD45 ¢c-kit" CD41 EB cell subset as compared with the whole
CD34 CDA45" EB cell population. Since the CD41"c-kit" population is about 31% of
CD34°CD45™ EB cells, most erythroid/myeloid colony forming cells seemed to be contained
in the CD41"c-kit™ subset. We also examined the lymphoid potential of various EB subsets
(Figure 4.3B). For B and NK cell differentiation, cells were cultured on OP9 stroma, while
OP9-DL1 cells were used to induce T cell differentiatioﬁ (see chapter 2). CD34"CD45 ¢c-
kit"CD41" EB cells generated B, NK and T cells, while the other subsets did not generate any
lymphoid cells with the exception of c-kit"CD41~ population, which generated small number
of lymphocyte's in vitro (Figure 4.3B and data not shown). These results indicate that both
niyeloid and lymph01d potentials are enriched in the c-kit"CD41" subset of CD34'CD45” EB

cells.
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Figure4:3. Myeloid and lymphoid potential of CD34+CD45" EB subsets. -

(A) CD34"CD45™ EB cells were sorted according to expression of c-kit and CD41. Myeloid
differentiation cultures were initiated with 5000 sorted EB cells. Erythroid and myeloid
colonies were enumerated as described in chapter 2. (B) Sorted EB cells were cultured in B,
NK and T differentiation conditions (see chapter 2), stained for CD19 for B cells, NKG2D
for NK cells and TCRy8 and TCRp for T cells and analysed by a flow cytometer.
Percentages indicate the frequencies of positively stained cells over the control staining.

4.2.3. Characterization of developmental intermediate progenitors derived from
CD34"CD45 ¢c-kit'CD41" EB cells

In order to further study the developmental stages leading to the generation of hematopoietic
cells from EB cells, CD34"CD45 c-kit'CD41" EB cells were purified and cultured on OP9

stroma with IL-7, Flt3-L, SCF and IL-6 for differentiation along the hematopoietic lineage
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for 1 week. The cells thus generated, termed ES-derived hematopoietic progenitors (ES-
HPs), were harvested and analyzed for expression of the pan-hematopoietic marker CD45,
the myeloid cell marker Mac-1 and the erythroid marker Terl19. Approximately 25% of ES-
HPs expressed CD45 (Figure 4.4). CD45" cells included Mac-1" and some Ter119" cells but
were negative for other lineage markers (data not shown). The majority of CD45" ES-HPs
retained expression of CD34, c-kit, CD41 and CD31 suggesting that they were mostly
hematopoietic progenitors. The majority of CD45~ ES-HPs also retained CD34, c-kit and
CD41 expressiorn and very few expressed Mac-1 or Terl 19. However, some of them lost
hematopoietic progenitor-associated markers. In particular, Flk-l was éxpréssed, on.only 23%
of CD45~ ES-HPs as compared to 70% of CD34"CD45 ¢c-kit'CD41" EB cells being Flk-1,
Thus, ES-HPs derived from CD34'CD45 ¢-kit'CD41" EB cells were rather heterogeneous
and included CD45" hematopoietic cells at different levels of development along the
hematopoietic lineages as well as CD45™ cells, which were also heterogeneous with respect

to expression of CD34, c-kit, CD41 and Flk-1.

Most Erythroid/myeloid potential as determined by in vitro colohy forming cell assay was
found among CD45'Lin” ES-HPs (Figure 4.5A). The frequency of the colony forming cells
amongth1s subsetof ‘ES-HPS .\.)vas almost 7% and significantly higher than that among
CD34"CD45 ¢c-kit"CD41" EB cells whereas erythroid/myeloid potential of CD45 Lin" ES-
HPs was ‘similar to that of the original EB celis they derived from. CD45"Lin" (Figure 4.5B,
C) and CD45 Lin ™ (Figure 4.5D, E) ES-HPs also showed NK and T cell potentials. There
was no obvious difference between the two subsets of ES-HPs in their potentials for NK and

T cells, although it was not a quantitative assay. On the other hand, B cell potential of ES-
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HPs seemed rather low as very few (2.5 + 2%, n=4) CD19" cells were generated in B cell
d“i_ffe'fentyiatign"cultur_es (data not shown). However, CD45 Lin ES-HPs genérated more (5%,
n=3) CD19" cells, when incubated on OP9 with SCF, Flt3-L, IL-7 and IL-6 (Figure 4.6),
while less than 1% C‘D1’9+ ceilg were generated from CD45+Lin— ES;HPé undef séfne N
conditions (déité not.shown). Therefore, CD45 Lin~ ES-HPs seem to have higher B cell

potential than CD45 ' Lin~ ES-HPs.

Mac-1+Terl119 ~ Terll9

CD45 .

Figure 4.4. Cell surface marker expression of ES-derived hematopoietic progenitors
(ES-HPs) derived from CD34"CD45 ¢c-kit'CD41" EB cells.

CD34"CD45 ¢c-kit'CD41"EB cells were sorted and incubated on OP9 stroma with cytokines
for 7 days to-generate ES-HPs. Cells were then harvested and co-stained with anti-CD45 and
indicated markers and analysed by flow cytometry. Numbers show the percentage of cells in
the quadrants.
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Figure 4.5. Lineage potential of ES-HP subsets.

ES-HPs generated as in Figure 4.1 were stained for CD45, Mac-1 and Ter119 and sorted into
CD45"Mac-1/Ter119™ (Lin") and CD45 Lin~ cells. (A) CD45'Lin” and CD45 Lin~ ES-HPs
were sorted and plated for erythroid and myeloid colony formation as in Figure 4.3A.
CD45"Lin~ ES-HPs (B and C) and CD45 Lin~ ES-HPs (D and E) were cultured for NK (B
and D) and T cell (C and E) differentiation and analysed for NKG2A/C/E expression for NK
cells and TCRyd/TCRP expression for T cells by flow cytometry.

4.2.4. Hematopoietic differentiation of CD45 ES-HPs
The above results showed that the majority of ES-HPs generated from CD34"CD45 ¢-

kit"CD41" EB cells were CD45™ and many of them had similar phenotype to that of
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progenitors in EBs. Sin.ce EB cells were thought to include hemangioblasts, it was possible
that CD45~ ES-HPs rﬂight be products of EB cell differentiation into non-hematopoietic cell
lineages. To test whether they are immature hematopoietic progenitors or non-hematopoietic
.cells, CD45 Mac-1"Ter119™ (Lin") ES-HPs were sorted and cultured in a secondary ES-HP
differentiation culture comprised of OP9 stroma and cytokines identical to the primary ES-
HP cultures. After one week, the cells were harvested and analyzed by flow cytometry
(Figure 4.6). Approximately 80% of the cells recovered from the secondary cultures were
CD45" and the majority expressed the erythroid and myeloid lineage-specific markers Mac-1
and Ter119, respectlvely Some (25%) expressed the granulocyte marker Gr-1. Small
numbers of B cells (CD19 ), and NK cells (II-2RB*, NKG2A/C/E") were also detected.
'Interestingly,"‘thé expression of CD34 and c-kit on both CD45" and CD45" sécdﬁdairy ES-
HPs was similar to that of the originél CD4'5_Lin" pfimary ES-HPs Whereas CD41 was
significantly down-regulated. These results showed that CD45™ cells in the primary ES-HP

cultures were immature hematopoietic cells.
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Figure 4.6. Characterization of cells derived from CD45 Lin ES-HPs after further
differentiation in ES-HP culture.

CD45 Lin ES-HP cells were generated and sorted as in Figure 4.1 and cultured in a
secondary ES-HP culture on OP9 stroma with IL-6, IL-7, FIt3-L and SCF. After one week,
cells were harvested and analysed for the indicated markers by flow cytometry as in Figure
4.3B and Figure 4.4.
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4.3. Discussion

In this study, we have generated in vitro multiple hematopoietic progenitors with myeloid
and lymphoid potentials from ES cells. The most immature hematopoietic progenitors in our
cultures are found among CD34" cells in day-8 EBs, which have been known to contain
hematopoietic progenitors. In the previous chapter, CD34" cells in day-8 EBs were divided
into CD45" and CD45~ populatlons and it was found that the former has erythroid/myeloid
but not lymph01d potent1al whereas the latter has both Here, the CD34"CD45™ EB cell
population were further dissected into four subsets based on the expression of ¢-kit and
CD41. The'resﬁlts indicated that erythroid/myeloid as well as T, B and NK cell potentials are
mostly confined among c-kit'CD417CD34°CD45™ EB cells. Although CD34"CD457¢-
kit'CD41” EB cells seem to have some lymphoid potential, generation of T, B and NK cells
from these EB cells in vitro is significantly less efficient than that from the c-kit'CD41"
subset. It should also be noted that the method to determine lymphoid potential in this study
is not quantitative. Moreover, the CD41" and CD41~ EB cell populations are not well
separated and it is possible that the lymphoid potential of the CD41™ population may be due
to contamlnatlon of CD41 cells CD34 CD45 c-kit'CD41" EB cells are CD31 and mostly
Flk 17 Sepa;etlon of CD34"CD45 ¢-kit"CD41" EB cells into Flk-1" and Flk-1" |
subpopulations did not have much effect on erythroid/myeloid or lymphoid potential (data
not shown). Thus, the most immature hematopoietic progenitors with erythroid/myeloid and
lymphoid potential in day-8 EBs have the phenotype of CD34"CD45 ¢-kit'CD41 Flk-

17CD31". The expression of Flk-1, the vascular endothelial growth factor receptor, suggests
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that they may have potential for the endothelial cell lineage. However, their endothelial

pofentidl was not tested, and whether these EB cells include hemangioblasts is unknown.

HSCs have been previously shown to express different surface markers depending on their
location and their stage of development. CD41 is expressed by primitive HSCs, but
downregulated by HSCs during the transition to fetal liver stagemﬁ’los’lzz, and adult HSCs
lack CD41 expres_sion148. In addition, CD41 expression precedes CD45 expression in early
hematopoiesis'®. The phenotype of EB cells in this study is in total agreement with that of
embryonic hematopoietic progenitors described in these studies. Since ‘;he hematopoiet}ic
progenitors in day-8 EBs in our study have lymphoid potential, they differ from yolk sac

*122 a5 well as

hematopoietic‘.brogenitors: AGM-derived HSCs have been defined as CD34
CD45'/ l“’c-kit;CD4 l.+CD3 1*AA4.1"'%° which is very similar to the progenitors exi)ressing
CD31, CD34, CD41 and c-kit in EBs in our study. However, they differ in Flk-1 expression.
In contrast to EB-derived hematopoietic progenitors, AGM-HSCs lack Flk-1 expression. This
suggests that hematopoietic progenitors in day 8 EBs are more immature than ED10.5 AGM-
HSCS, since the former still express the marker of early hemangioblasts. We assume that

these EBs correspond to endothelial like lymphohematopoietic progenitors isolated from

caudal half of ED9.5 embryo, which encompass P-Sp region®'.

Culturing CD34"CD45 ¢c-kit'CD41" EB cells with OP9 stroma and cytokines results in a
heterogeneous cell population we termed ES-HPs, some of which express CD45, Mac-1

and/or Ter119 while the majority remains CD34"CD45 c-kit'CD41". CD34'CD45 ¢c-

kit"CD41" ES-HPs resemble the original EB population in phenotype' and lineage potential.




However, the majority of these ES-HPs have lost Flk-1 expression. It has been reported that
Flk-1expression is downregulated after hemangioblast stage, and precursors committed only
to the hematopoietic lineage are Flk-1""%!7® Thus, the expression of Flk-1 on day-8
CD34'CD45 c-kit"CD41" EB cells suggests that they may still retain endothelial potential
wh11e loss of Flk-1 on ES-HPs suggests that the EB cells become fully committed for the
hematop01et1c llneage as they dlfferentlate into ES- HPs In addition, CD41 expression is
diffgrentially regulated during EB differentiation. Most cells derived from CD45 Lin ES-
HPs down-regﬁlate CD41 surface expreésion, while most of the cells at this stage still

express c-kit.

The finding of hematopoietic progenitors with lymphoid and myeloid potential is important
for identification of HSCs with long-term repopulating capacities in adult recipients. Only
genetic modification of EBs has resulted in reproducible engraftment in irradiated adult
recipients, which reflects their state of immaturityl 12 Our current study shows that EB cells
dlfferentlatem _v‘z"z"rq i.nt(_) hematopoietic progenitors that are similar to adult‘he‘matqpoietic
progenitors in phenotype (expression of CD45 and loss of CD41 and Flk-1)''", It remains to

be dctei’mihed whether ES-HPs, which appear to be more mature than hematopoietic

progenitors in EBs, have in vivo repopulating capacity.




Chapter 5.. General discussion

Presented in this thesis is a novel developmental pathway of lymphocyte differentiation from
ES cells in vitro (depicted in Figure 5.1). This pathway entails lymphocyte progenitors at
different stages of development. Each examined progenitor population represents the known
in vivo developmental precursors during ontogeny. The earliest lymphocyte progenitors were
found among day 8 EB cells with the surface marker expression of CD34'CD45 ¢c-
kit"CD41"'Flk-1"CD31". These progenitors, which also contain erythroid/myeloid potential
are dévelopmentally immature and close to ED9.5 hematopoietic progenifors derived from
caudai half of embryo, with the phenotype of VE-cadherin Flk-1"CD3 1*CD34°CD45 2!,
The EB heinatopoie'tic‘ precursors undergo differentiation subsequent to co-culture with OP9
cells ahd form heterogeneous cell population we termed ES-HPs. ES-HPs consist of mature
lineage positive cells (Mac-1"Ter119") and immature lineage negative cells, of which a
minor fraction is CD45". It was demonstrated that CD45"Lin~ ES-HPs derived from
CD34'CD45” EBs are the most immediate NK progenitors along the pathway to NK lineage.
The analyses of CD45 Lin~ ES-HPs derived from CD34'CD45 ¢c-kit'CD41" EB cells
indicated that these cells are immature hematopoietic progenitors compérable to the EB
progenitor population. However, loss of FIk-1 expression by these cells places them at the

same’ developmental stage as ED10.5 AGM-derived HSCs'?.

The important observation in this model of EB differentiation was step-wise phénotypic
changes as EB cells differentiate on OP9 in ES-HP cultures (Figure 5.1). The most

significant change during differentiation of EBs is the acquisition of CD45 by ES-HPs. This
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change is accompanied by increase in potential for all lineages except B lineage. CD45Lin”
ES-HPs derived from CD34"CD45™ contained the highest frequency of NK progenftors (1in
10), T progenitbrs (lin1 15), and erythroid/myeloid progenitors (1in 17.5) és compared with
blllll; ESHP ( 1 ir??.éO fo; NK, 1 in297 for T, and 1 in '92 for myeloid prégenjtérs) c;r EB
populations (11in 633 for NK, 1 in 1266 for T, and 1 in 222 for myeloid progenitors).
CD45"Lin” ES;HPS may include multipie coﬁiﬁiﬂed progenitors, and/or mﬁltipotent and
bipotent progenitors. High frequency of NK and myeloid progenitors among CD45 Lin” ES-
HPs implies the existence of a bipotent NK/myeloid precursor, which is expected with
respect to identification of other myeloid/lymphoid precursors in the fetus'?®. Since the
expression of CD45 on HSCs is first seen on ED11.5 AGM cells'??, CD45"Lin” ES-HPs
might be counterparts to these progenitors (Figure 5.1). Limiting dilution analysis of
CD45'Lin"~ ES-HPs for B cell progenitor frequency was not performed; however, when we
égmpaypigl 'thé B cell generation from EBs and ES-HPs in chapter 3, we always detected
higher number of B cells from CD34"CD45 ¢c-kit"CD41" EBs. It is likely that B cells develop
from a separate population within CD34"CD45 ¢c-kit"CD41" EBs, which lose their potential
in ES-HP culture. These results are in accordance with the defined séheme .of Band T cell
development before birth. Evidence has been provided that CLP-type progenitors do not exist
during prenatal life, instead bipotent T/NKPs are abundant. This implies a dissociation of the
B lineage from more immature hematopoietic precursors before birth. This is in direct
contrast to postnatal life in which B cells develop from a more differentiated hematopoietic

progenitor like CLPs.
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The next phenotypic changes are consecutive downregulation of Flk-1 and CD41 (Figure
5.1). Flk-1 expression diminishes early after the primary ES-HP culture (Figure 4.4) whereas
CD41 expression continues until after the secondary ES-HP culture though at half frequency
of original EBs (Figure 4.6). While loss of Flk-1 has been linked with loss of endothelial

176 CD41 expression serves as a marker

potential and commitment to hematopoietic lineage
for hematopoietic restricted progenitors'®'%®, CD41 is a target gene of Scl transcription
féeter Wthh is essentlal for blood formation. In the absence of Scl, no blood cell
development occurs in vivo in chimera mice or in vitro in embryoid bodles181 22 Our study
also showed that CD41 is present on hematopoietic progenitors from day 8 EBs, but its
expression decreases with differentiation toward more mature hematopoietic cells. Otani ef
al. analysed expression of CD41 on primitive erythroid progenitors from ES cells and found
that CD41" are precursors to CD41"Ter119" erﬁhroid progenitors, which further differentiate

to CD41 Ter119" erythroblasts®®>. It is possible that CD41 expression is maintained in

transition to each lineage, but is eventually lost except in megakaryocyte lineage.

Our results reveal the characterlstlcs of various CD34" EB subpopulations. Of great interest

is CD45" EB" subset. Here, this subset was defined as Mac-1" myeloid precursors. Lymphoid
progenitors in EBs were CD45”™. Multiple studies have documented lack of CD45 expression
on definitive hematopoietic progenitors'"". Burt ef al. reported lymphoid potential of CD45*

cells from day 7-10 EBs in in vivo transplantation experiments'®’

. This report is in contrast to
our study. One explanation is that they have used later stage EBs, which may contain more
mature CD45" HSCs. The other possibility is that since they had isolated CD45" cells by

sorting, the sorted cells may have been contaminated with other CD45 " fractions, which
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have 1yfnphdid potential. Finally, the lymphoid potential of CD45" EBs may be too low to be
detected in our in vitro assays, but is assessable by in vivo assays. On the other hand, CD45"
committed macrophage precursors have been described in embryonic hemogenic sites such
as AGM, which may have resulted from CD45" HSCs'?. Likewise, CD45" EB cells in our

study may represent in situ differentiation of precursors to lineage-restricted progenitors.

With regard to CD34"CD45 ¢-kit CD41" EB cells, we speculated that they could be
erythroid progenitors. The number of Ter119" erythroid cells among ES-HPs derived from
CD34"CD45™ EB cells are consistently higher than those derived from CD34°CD45 ¢-
kit"CD41" cells (10-24% versus 3%). Therefore, it is likely that erythroid potential in the
CD34+CD457 EB cell population is contained in subsets lacking éxpression of c-kit or CD41,
particularly c-kit"°CD41" subset. Erythroid precursors in ES/OP9 co-culturé system are -
CD417%_€D41" EB cell subset may have been formed at a transitional stage in
erythropoiesis. Since their colony forming potential is not substantial, they may be in a more

mature stage of erythroid differentiation.

Since CD45 Lin~ ES-HPs derived from EBs display a more mature phenotype and bear all
NK, T, B and myeloid lineage potentials, we determined the frequency of myeloid, NK and T
progenitors among these cells. The results show that these cells are enriched for NK potential
(one in 10°CD45"Lin” ES-HPs give rise to NK cells). This NK potential is similar to that of
BM-derived NKPs. However, we did not detect CD122 expression on ES-HPs (Figure 3.6)

and (Figure 5.1). CD122 expfession on human NKPs has been difficult to demonstrate, even

though CD34" HPCs cultured with IL-2, IL-15 or SCF and Flt3-L pfoduce NKPs®™. In vivo




stages of NK differentiation from progenitors in lymph node has shown that committed
CD122" NKPs derive from uncommitted CD122" precursors at stage 111 of differentiation®.
We also showed that CD122 appears on NK progenitors in ES-HPs with IL-2 and IL-15
(Figure 5.1). Also, CD45"Lin” NKPs in ES-HPs have other lineage potentials-and-are not
restriéted to NK lineage. This data suggests that these progenitors are still immature and need
signaling via IL-2 and/or IL-15 to upregulate this receptor.

Analysis of NK cells generated from ES cells suggests that ES-derived NK (ES-NK) cells
resemble fetal NK cells in phenotype and function. ES-NK cells express CD94/NKG2 but
not Ly49 receptors. They are differentially cytotoxic against MHC class I-deficient target
cells’®. This data confirms the notion that ES cell culture system recapitulates fetal NK cell

development.

T cell differentiation from EBs appeared to follow the same developmental pathway as NK
lineaée. The 'hf;feqﬁehcy of T cell precursors increases almost 4 fold as CD34°CD45~ EB cells
‘differentiafe int(; ES-HPs (Fiéure 5.1). Therefore, a T cell developmental intermediate may
be geﬁéréteci 1n ”ES-I‘-IP culture. However, the enrichment of T cell progenitors in CD45 Lin~
ES-HP fraction compared to bulk population was much less than that of NK progenitors
(three fold versus 25 fold). Nevertheless, these results show that T progenitors co-exist with
NK progenitors in the same cell population. Clonal assays using OP9-DL1 cells have shown
that fetal DN1 and DN2 cells contain bipotent T/NKPs. These assays showed that NK and T

cell potential can be simultaneously explored on this cell line'*. However, we could not

detect bipotent T/NKPs in CD45 Lin~ ES-HPs on OP9-DL1 stromal cells in limiting dilution




experiments, despite the fact that both NK and T cells could be generated in bulk cultures.
This could be due to the very low frequency of these progenitors in ES-HP population.
Alternatively, defective T cell differentiation on OP9-DLI cells may have resulted in the
observed low frequency of T progenitors and consequently T/NKPs. Analysis of T cell
differentiation from CLPs on OP9-DL1 cells by Porri.tt et al. have revealed a block in
DN3/DN4 transition®**. The block in T cell development on OP9-DL1 cells was also reported
from other adult hematopoietic progenitors, but not from fetal thymic progenitors. It was
thought that IL-7 used in these cultures may inhibit differentiation of adult progenitors to
CD4 and/or CD8 T cells?'*2'®, We also reduced IL-7 concentration in the T culture; and were
able to detect TCR*, CD4" and CD8" T cells. However, percentage of TCR" cells was very
variable in different experiments, making it impossible to detect bipotent T/NKPs in OP9-
DL1 co-culture. It is also likely that T cell progenitors from ES-HPs are more immature than
DN thymic progenitors and need further differentiation beyond the time point when we
performed our analysis. Unfortunately, in clonal assays cells die after 2 week of culture and

we were not able to extend the culture period beyond that.

The most significant outcome of this thesis research is the identification of hematopoietic
progenitors wi{h lymphoid potential generated in vitro from ES cells. vAlth‘ough preQious
studies have éhown that mature B, NK and T cells can be generated from ES cells in vitro,
the progenitors for those have not been characterized. Lymphopoiesis signifies definitive
hematopoietic progenitors, which could be used in transplantation treatments. Thus far, ES
cell progeny can repopulate adult recipient mice, only after they are differentiated on stromal

cell lines*® or transduced with genes to induce definitive hematopoietic potential' 2. We
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have demonstrated that the progeny of EB cells (ES-HPs) possess more definitive
hematopoietic properties aﬁd will be valuable to compare their in vivo repopulating capacity
with that of EBs. Several factors play a role in triggering definitive hematopoietic
developmental program. These factors include Cdx and Hox family members, as well as
Amll , Ml1, and Notch family members. Both Aml1 and Ml specify definitive hematopoiesis
at or before the AGM stage, whereas Notchl is critical for HSC genesis in P-Sp region, and
is dispensable afterward''%. The in vitro ES differentiation culture will allow us to further
explore the role of these factors in the induction of definitive hematopoiesis in the EB

system.
5.1. Future wq'rk

Future studies will focus on analysis of in vivo hematopoieti‘c repopulation usihg described
hemétdpoietié progenitors derived from ES cells. In these experiments, the type of reéipient
mice and route of transplantation are important for successful engraftement. For example,
Rag2™” %™~ immunodeficient mice that lack NK cells are preferred as recipients, because
ES derived progenitors have low-intermediate level of MHC class I molecules and could be
destroyed by NK cells''?. Also, intrafemural injection has resulted in better engraftment
compared to intravenous injection, which may improve homing efficiency of ES derived
progenitors''%. Besides transplantation of self-renewing HSCs, the use of more differentiated
progenifors such as NKPs' or mature immune cells has certain advantages. These cells could
ﬁoté;t{aliy bé 'e>;plcl)itéd 1n areés of inféctious diseageé, cancer and BM tranépléntation“. One

interesting example of clinical application of NK cells is in BM transplantation for leukemia

.....
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patients. While T cells may cause graft-versus—host disease, NK cells generated from
transplanted bone marrow may generate anti-leukemia effects without causing graft-vs-host

disease'*1?%¢,

Hematopoietic. differentiation of mouse ES cells has set the stage for studies of human ES
Qél_l ”(lileVelépr_r.l'gnt‘tQ hemz;itépoietic cells. Many _genetic énd malignanthdis‘ease:s. of bone
marrow is cured by HSC transplantation; and therefore, a protocol to generate hematopoietic
progenitors from human ES cells which reconstitute adult recipients will be very beneficial.
The current sources of 'reconstituting HSCs for clinical therapy including human BM,
mobilized peripheral blood and umbilical cord blood are limited due to lack of well-matched
donors. Deriving HSCs or hematopoietic progenitors from human ES cells could provide
unlimited source of these cells in transplanfation treatments. Similar to mouse ES cells,
human ES cells can differentiate into hematopoietic cells by both co-culture with stromal
cells and formation of EBs. Early hematopoietic precursors during human EB formation have
been_identiﬁeq as CD45 CD3 1'FIk-1"CD34". These cells contain bipptent precursors for
hematopoietic and endothelial lineages similar to hemangioblasts. They are also able to
minimally contribute to hematopoiesis after transplantation into immunodeﬁciént recipient

animals®?’

. Our-analyses of hematopoietic development from mouse ES cells could be
extrapolated into human ES cell system to isolate progenitors with robust myelolymphoid

potential capable of multilineage hematopoietic engraftment in recipients.

92




OC: ED11.5 AGM

. Lin-CD45* L2
CD34*CD31* L5
R CD41*FIk-1~ cD122*
i CD122-
ES-HP
Potential:
NK: 1in 10*
OC: ED9.5 P-Sp £1ms
CD34*CD45- ﬁ_C7F’|EI§’L Myeioid: 1in 14
c-kit*CD41* i
CD31*Flk-1*
EB
Potential: .
NK: 1 in 633* OC: ED10.5 AGM
T: 1in 1266* Lin"CD45"- SCF, FIt3L,
B: +++ CD34*CD31*  |IL-7,IL-6
Myeloid: 1 in"65 > CD41*Flk-1*" > CD41lo-
ES-HP
Potential:
NK:1in 286*
T+
B: ++
Myeloid: in 100

Figure 5.1. Hematopoietic differentiation of EB cells.

EBs differentiate into hematopoietic progenitors (ES-HPs) in presence of the indicated
cytokines. Markers that change during differentiation are demonstrated. Transferring ES-HPs
into other conditions generates hematopoietic cells. The quantitative hematopoietic lineage
potential of each population is shown below it, except for the B lineage. The number of (+)
for B potential refers to the estimated yield of B cells from each population. (*) indicates that
limiting dilution assay has been performed on cells derived from CD34"CD45™ EBs.
Ontogenic counterparts (OC) for each subset have been proposed.
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