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Title: HUMAN PROGENITOR T-CELLS

Field

[0001] The application relates to progenitor T cells, methods of preparing
same, and all uses of the progenitor T cells including the use of the T cells to
create mature human T-cell populations, to engraft into thymus tissue and in
therapeutic applications.

Background
[0002] T cells are the major cellular arm of the immune system that elicit

potent and specific immune responses in vivo against bacterial and viral
antigens. Individuals born with severe combined immunodeficiency (SCID)
exhibit a complete absence of T cells, while individuals infected with HIV/AIDS
or treated for cancer with chemo/radio-therapy exhibit a profound depletion of T
cells. Regardless of whether the immunodeficiency is congenital or acquired,
these individuals are compromised in their capacity to generate new T cells
from incoming bone marrow-derived stem cells and to mount sufficient immune
responses against opportunistic infections. Conversely, individuals with certain
autoimmune diseases such as arthritis and diabetes exhibit inappropriate
immune responses against self-tissue due in part to an absence of a particular
kind of T cell termed T-regulatory cells. Thus, the ability to generate new
designer T cells in vitro through the differentiation of expanded progenitor cells
extracted from a particular individual may offer therapeutic benefits in the
treatment of many diseases by restoring T cell numbers and the capacity to
maintain and regulate a functional immune system. An in vitro differentiation
system in which mouse hematopoietic stem cells are induced to differentiate
towards a T cell lineage following a period of coculture with the mouse OP9
bone marrow stromal cell line that expresses the Notch receptor ligands Delta-
like-1 or -4 has been described, however, the characterization human

hematopoietic stem cells using the same system has yet to be elucidated.

[0003] Hematopoietic stem cells (HSCs) which give rise to erythroid,
myeloid, and lymphoid lineages, can be identified based on the expression of

CD34 and the absence of lineage specific markers (termed Lin-) (Kawamoto et
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al.,, 1997). Human umbilical cord blood (CB) provides a rich source of HSCs,
which are comparable to bone marrow-derived HSCs (Barker and Wagner,
2003; de Wynter et al., 1999; Fisher et al., 1990; Galy et al., 1993; Gluckman et
al.,, 1997; Ito et al.,, 2002; Lewis and Verfaillie, 2000; McCune et al., 1991;
Sanchez et al., 1993; Wilpshaar et al., 2002). Human T cells differentiate in the
thymus via discrete developmentally-regulated steps that involve a series of
commitment events and developmental checkpoints including T cell receptor
(TCR) variable (V), diversity (D), and joining (J) gene segment rearrangements
[V(D)J], and positive/negative selection of developing thymocytes (Spits, 2002).
The earliest intrathymic progenitors express high levels of CD34 and CD7, do
not express CD1a, and are triple-negative (TN) for mature T cell markers: CD4,
CD8, and CD3 (Galy et al., 1993). Commitment to the T cell lineage is
associated with the expression of CD1a by CD7-expressing pro-thymocytes
(Spits, 2002; Spits et al., 2000).

[0004] Several studies have implicated the Notch pathway in promoting
HSC expansion, self-renewal (Stier et al., 2002), survival (Deftos and Bevan,
2000; Osborne and Miele, 1999), and the induction of T cell lineage
commitment (MacDonald et al., 2001; Osborne and Miele, 1999; Pear and
Radtke, 2003; Radtke et al., 2002; Robey, 1999; von Boehmer, 2001). In
humans there are four Notch receptors (Ellisen et al., 1991; Lardelli et al.,
1994, Milner et al., 1994, Uyttendaele et al., 1996; Weinmaster et al., 1991),
which can pair with two serrate like ligands (Jagged 1 & 2) (Lindsell et al.,
1995; Luo et al., 1997) or three delta-like-ligands (Dll-1, -3 & -4) (Karanu et al.,
2001; Shutter et al., 2000) Notch signaling appears to act at multiple stages of
T cell differentiation (Deftos et al., 2000; Garcia-Peydr6 et al., 2003; 1zon et al.,
2001; Jiang et al., 1998; Robey et al.,, 1996; Washburn et al., 1997) The
strongest evidence for the role of Notch signaling in T cell development comes
from gain-of-function and loss-of-function studies (Aliman et al., 2002; Izon et
al., 2002; MacDonald et al., 2001; Pear et al., 1996; Pui et al., 1999; Radtke et
al., 2002; Wilson et al., 2001), in which signaling though Notch-1 was shown to
play a crucial role in determining the B cell versus T cell lineage choice (Pear
and Radtke, 2003; Radtke et al., 2002).
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[0005] HSCs express multiple Notch receptors (Milner et al., 1996;
Milner et al., 1994) but the expression patterns of the various Notch ligands
have been reported to be distinct between bone marrow stromal cells (Jones et
al., 1998; Karanu et al., 2001; Li et al., 1998; Varnum-Finney et al., 1998;
Walker et al., 1999) and thymic epithelial cells (Anderson et al., 2001) Taken
together, these results suggest that different Notch receptors and ligands may
control different aspects of hematopoiesis depending on the micro-
environment: allowing for self-renewal in the bone marrow and influencing cell
fate decisions in the thymus (Varnum-Finney et al., 1998). This led to the
hypothesis that bone marrow stromal lines, such as OP9 cells (Cho et al.,
1999; Kim et al, 2003; Kodama et al., 1994), which support B cell
differentiation may do so because the appropriate Notch ligand to induce T cell
commitment and differentiation is absent. This hypothesis was tested, and
demonstrated that OP9 cells, which do not express DII1, when retrovirally-
transduced to express DII-1 (OP9-DL1) inhibited the development of B cells
and favored the development of T cells from fetal liver-derived HSCs (Schmitt
and Zuniga-Pflucker, 2002) or mouse ESCs (Schmitt et al., 2004). Given the
high level of homology (90%) between mouse and human DIl-1 molecules, and
the observation that mouse stromal lines can support the differentiation of
human HSCs (Bennaceur-Griscelli et al., 2001; Jaleco et al., 2001; Karanu et
al., 2001; Rawlings et al., 1995), the inventors sought to determine whether
human CB-derived HSCs (CD34'CD38") cultured on OP9-DL1 cells could

initiate and support T cell differentiation in vitro.

[0006] T-cells develop within the thymus from bone marrow-derived
hematopoietic progenitors, and follow a series of stage-specific differentiation
events, which are broadly characterized by the developmentally-coordinated
expression of CD4 and CD8 (Blom and Spits, 2006; Spits, 2002).

[0007] The initial stages of human T-cell development include precursors
that express the stem cell marker CD34 (Haddad et al., 2006; Hao et al., 2001),
which is also present on hematopoietic stem cells (HSCs) and on multipotent or
lineage-specified progenitor cells. Furthermore, several groups have

established that the most primitive cells in the human thymus possess multi-
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lineage potential (Blom et al., 1997; Res et al., 1996; Weerkamp et al., 2006a)
as they give rise to T-lineage, as well as, natural killer (NK), dendritic cells
(DCs) and to some extent myeloid-lineage cells (Blom et al., 1997; La Motte-
Mohs et al., 2007). Within the known hierarchy of T-cell development, the
earliest precursor subset is further defined by their lack of CD3, CD4, CD8 and
CD1a expression (Galy et al., 1993; Vanhecke et al., 1995).

[0008] While immature stages of T-cell development are typically
delineated as CD34'CD1a” (most immature) and CD34'CD1a’ cells, these
populations remain heterogeneous. Of note, CD7 expression is one of the
earliest cell surface markers known to appear during T-lymphopoiesis (Haddad
et al, 2006; Haynes et al, 1988). Importantly, the transition from
CD34*'CD7'CD1a to CD34'CD7'CD1a" by early thymocytes is associated with
T-cell commitment, as a small percentage (~10%) of these cells bear
rearrangement at the T-cell receptor B-chain (TCRp) locus (Blom et al., 1999;
Dik et al., 2005). In addition, CD34"CD7*CD1a" cells appear to be T-lineage
restricted, as these cells show low precursor activity towards non-T-cell
lineages (Spits, 2002). Following this stage, thymocytes progress to a CD4
immature single positive (CD4ISP) stage, at which point CD4 is expressed in
the absence of CD8. Thereafter, a subset of CD4ISP cells are thought to
complete TCRB rearrangement leading to B-selection and differentiation to the
CD4*CD8" double positive (DP) stage. Finally, following TCRa rearrangement,
TCRap-expressing DP thymocytes undergo positive and negative selection,
and yield CD4*CD8 and CD4°CD8" single positive (SP) T-cells, which emigrate
to the periphery (Vanhecke et al., 1997).

[0009] Current understanding of the above-outlined stages has been
obtained from analyses of human fetal or adult thymocyte subsets, and by
analyzing T-cell development in vitro using xenogeneic engraftment of mouse
fetal thymus organ cultures (FTOCs) (Fisher et al., 1990; La Motte-Mohs et al.,
2007).  While these systems have provided important insight into T-cell

development, the capacity to evaluate specific progenitor populations has
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remained difficult to assess given the requirement of human thymus tissue, and

the limited number of progenitor T-cells that can be readily analyzed.

[0010] Previous work from the inventors’ laboratory established that
human T-lineage differentiation can be induced from umbilical cord-blood
(UCB)-derived HSCs cocultured with OP9-DL1 cells (La Motte-Mohs et al.,
2005). The inventors showed normal stage-specific expression of various cell
surface molecules, including the generation of immature DP T-lineage cells.
However, these studies were not performed using quantitative clonal analyses,
and it was unresolved whether different UCB CD34" subsets could give rise to
T-lineage cells and whether Delta-like/Notch signals influence the T-progenitor
frequency of CD34" UCB cells. Additionally, it was unclear whether functional
T-cells could be generated. Finally, the inventors’ initial studies (La Motte-
Mohs et al., 2005) showed that during the early stages of HSC/OP9-DL1
differentiation a population of cells resembling T-progenitors became apparent,
however the potential of these cells to serve as effective T-cell progenitors was

not addressed.

Summary
[0011] The inventors examined the early stages of human T-cell

development in vitro, and performed limiting dilution and single-cell assays to
address the T-cell progenitor frequency of various UCB-derived CD34°
stem/progenitor subsets. The inventors assessed the effect of Delta-like/Notch
interactions in enhancing T-cell progenitor potential among Notch-signaled
CD34" subsets. Furthermore, using limiting dilution thymus-reconstitution
approaches, the inventors findings revealed that different tissue culture-derived
T-progenitor subsets vary in their thymus-engrafting effectiveness, although
these cells display a similar potential to give rise to T-lineage cells when
assayed on OP9-DL1 cells. In particular, two distinct subsets, CD34* CD7**
CD5 CD1a™ (proT1) and CD34" CD7*"" CD5" CD1a” (proT2) were analyzed.
The inventors also showed that mature functional T-cells are generated in vitro,
and that these cells upon TCR-stimulation display T-cell effector-function. The
pro-T cells can also give rise to natural killer (NK) cells when cultured with [L-
15.
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[0012] Together, these findings support the use of the progenitor T cells
(pro-T cells) for the generation and study of human T-cells and NK cells, and
provide support for the use of in vitro-generated pro-T cells, mature T-cells and

NK cells in cell-based immune-reconstitution approaches.

[0013] Accordingly, one aspect of the present application provides an
isolated progenitor T cell having the phenotype CD34°'CD7°CD1a”. In one
embodiment, the isolated progenitor T cell has the phenotype CD34'CD7*CD5
CD1a’. In another embodiment, the isolated progenitor T cell has the
phenotype CD34'CD7'CD5*CD1a’.

[0014] In another aspect, the present application provides a
pharmaceutical composition comprising an isolated progenitor T cell in

admixture with a suitable diluent or carrier.

[0015] In another aspect, the present application provides the use of the
human progenitor T cells in all applications, including preparing mature T cells,
preparing NK cells, engrafting a thymus, immune reconstitution, the treatment
of conditions requiring an increase in T cells as carriers for genes used in gene
therapy.

[0016] Other features and advantages of the present application will
become apparent from the following detailed description. It should be
understood, however, that the detailed description and the specific examples
while indicating preferred embodiments of the application are given by way of
illustration only, since various changes and modifications within the spirit and
scope of the application will become apparent to those skilled in the art from
this detailed description.

Brief description of the drawings

[0017] Advantages of the present application can be readily appreciated
as the same becomes better understood by reference to the following detailed
description when considered in connection with the accompanying drawings.
The following is a brief description of the drawings, which are presented only
for the purposes of further illustrating the applications and not for the purposes
of limiting the same.
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[0018] Figure 1. Developmental progression of human T-lineage
cells from CD34* CD38"° HSCs cultured on OP9-DL1 cells. (A) Flow
cytometric analysis for the cell surface expression of CD34, CD5, CD1a, CD10,
CD2, CD4, CD8, CD3 and CD7 from purified human CD34* CD38™° HSCs prior
to coculture with OP9-DL1 cells. (B, C) HSC/OP9-DL1 cocultures were
harvested and analyzed by flow cytometry at the indicated time-points for the
expression of the markers as shown. Data are representative of at least 5
independent cocultures. Numbers in plots indicate percentage of cells within

each quadrant.

[0019] Figure 2. Analysis for the presence of T-cell progenitors
generated in vitro. (A) Flow cytometric analysis for the expression of CD7
and CD45RA from HSC/OP9-DL1 cocultures harvested at the indicated time-
points, including a day 0 prior to the start of coculture. (B) Flow cytometric
analysis of CD7 and CD34 expression from HSC/OP9-DL1 cocultures
harvested at days 4, 6, and 8 (upper row), with CD45RA expression shown for
cells gated as CD34" CD7"" (lower row). Data are representative from 3
independent cocultures. Numbers in plots indicate percentage of cells within

each quadrant, and RCN = relative cell number.

[0020] Figure 3. Gene expression analysis of CD34" CD38"° HSCs
cultured on OP9-DL1 cells. (A) Temporal kinetics of gene expression by
quantitative real-time Q-PCR analysis from human CD34" CD38"™ HSCs
cultured on either OP9-control or OP9-DL1 cells for 6, 10, 14 and 18 days. (B)
Flow cytometric analysis for the cell surface expression of CD7 and CD1a from
a day 40 HSC/OP9-DL1 coculture, with CD34 expression shown for cells gated
as CD7' CD1a". (C) Gene expression analysis by Q-PCR from the coculture-
derived subsets as indicated in (B), CD34" CD7"" CD1a’, CD34 CD7"* CD1a,,
CD34  CD7" CD1a", CD34 CD7* CD1a'" see figure key. CD3* T cells and
CD33" myeloid cells were purified from the lineage® fraction of UCB samples
and served as controls. Transcript levels for the indicated genes were
normalized to human B-actin, and these data are representative of three
independent experiments, with the STD error bars shown corresponding to

values obtained from triplicate wells within an individual experiment.
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[0021] Figure 4. Characterization of CD8" T cells generated in vitro.
(A) Flow cytometric analysis for the expression of CD8 and CD4 from human
UCB-derived HSCs cultured on OP9-DL1 cells for 65 days. CD8" CD4" single
positive (SP) cells were gated, as indicated, and analyzed for the expression of
CD27 and CD3, with CD1a expression shown for cells gated as CD3* CD27" or
CD27" (shaded and clear histograms, respectively). (B-D) Day 60-70
HSC/OP9-DL1 coculture-derived CD8 SP T cells were purified as shown, CD8"
CD4 and CD3", and stimulated anti-CD3/CD28 mAbs for 5 days. Flow
cytometric analyses of stimulated (S) or control (non-stimulated, NS) CD8"
CD3" cells (clear and shaded histograms, respectively) for the expression of
CD45R0, CD27, MHC-class Il and CD38 (B); CFSE levels and CD25 (lower
row), with cell size measured by Forward-light Scatter (FSC) intensity (C); and,
CD3 and intracellular Granzyme B (D) are shown. (E) Human IFNy levels from
culture supernatants derived from the above-outlined experiment (B) were
determined by ELISA. Statistical significant was measured by unpaired t-Test.
* (p < 0.005) 2 ug/ml anti-CD3/CD28 stimulated group versus non-stimulated
control. ** (p < 0.0005) 10 ug/ml anti-CD3/CD28 versus non-stimulated control.
Data are representative of at least 3 independent experiments, with the
exception of the data from the 10 ng/mi stimulations, which are derived from 2

independent experiments.

[0022] Figure 5. Analysis of engraftment and differentiation by in
vitro-derived progenitor T cell subsets in FTOC. UCB CD34" CD38™
HSCs were differentiated for 13 days on OP9-DL1 cells and CD34" CD7"
CD5 (proT1) and CD34" CD7"* CD5" (proT2) subsets were sorted by flow
cytometry as indicated in (A), and placed into FTOC (B) or placed back onto
OPS-DL1 cells (C) for 19 days. Cells were harvested and analyzed for cell
surface expression of CD45, CD7, CD34, CD5, CD1a, CD8, and CD4. Data
are representative of 3 independent experiments in which 1.5 x10* sorted proT

subsets were placed either into fetal thymus lobe-pairs or in wells containg
OP9-DL1 cells.
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[0023] Figure 6. Gene expression analysis of CD34" CD7"* CD5" and
CD34" CD7"* CD5" proT cell subsets. (A) Q-PCR analysis of CD34" CD7™
CD5 (proT1) and CD34" CD7"" CD5" (proT2) cells purified by flow cytometric
cell sorting from a day 14 HSC/OP9-DL1 coculture. Thymocytes obtained from
the Lin™ fraction of a human post-natal thymus (PNT) served as a control
sample. Transcript levels for the indicated genes [Ccr9 (CD199), Selplg1
(PSGL-1, CD162), ltga2 (0.2, CD49b), Itga4 (a4, CD49d), ltgas (ad, CD49%e),
and Jltgh1 (p1, CD29)] were normalized to human B-actin. These data are
representative of 3 independent experiments, with the STD error bars shown
corresponding to values obtained from ftriplicate wells within an individual
experiment. (B) Flow cytometric analysis for cell surface expression of CD49d
on gated CD34" CD7™ CD5 (proT1, open) and CD34* CD7™ CD5" (proT2,
shaded) cells from a day 11 HSC/OP9-DL1 coculture.

[0024] Figure 7. Analysis of total cellularity from HSC/OP9-DL1
cocultures at different time-points. Human CD34* CD38"° HSCs (1 x 10%)
from four separate cord bloods were placed into a well of a 6-well plate
containing OP9-DL1 cells. Cellularity was determined at the indicated time-
points by counting cells under the microscope with a hemocytometer based on
trypan blue exclusion, and fold expansion determined by the cellularity
obtained at the indicated day divided by the initial input of HSCs.

[0025] Figure 8. Characterization of the UCB-derived CD34'
subsets used for the progenitor frequency determination in limiting
dilution assay. Lineage-depleted UCB cells were gated to exclude CD7-
expressing cells, sorted into CD34* CD38", CD34" CD38°, and CD34* CD38™™
subsets, plated onto OP9-DL1 cells, and cultured for 11 days. Results from the
limiting dilution assay are shown in Table |I.

[0026] Figure 9. Gene expression analysis of CD34" CD7** CD5 and
CD34" CD7"* CD5" subsets. Q-PCR analysis for the expression of Cebpa
and Gata-2 from CD34" CD7"" CD5 (proT1) and CD34" CD7"* CD5" (proT2)
cells sorted from a day 14 HSC/OP9-DL1 coculture. Lin™ thymocytes obtained
o™ human PNT or CD33* myeloid cells obtained from the Lin* fraction of UCB
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served as controls. Transcript levels for the indicated genes were normalized
to human -actin. These data are representative of 3 independent experiments,
with the STD error bars shown corresponding to values obtained from triplicate

wells within an individual experiment.

[0027] Figure 10. Analysis of long-term HSC/OP9-DL1 cocultures.
CD34* CD38™ cells cultured on OP9-DL1 cells for 40, 80 and 120 days were
analyzed by flow cytometry for the expression of CD7, CD34, CD8 and CD4.

These data are representative of at least 5 independent experiments.

[0028] Figure 11. (Top panel) Flow cytometric analysis and gating on
lymphocytes by FSC and SSC gating in thymus of indicated mice. (Lower
panel) Following live lymphocyte gating, cells were analyzed based on SSC
and human CD45 staining. Numbers in plots indicate percentage of cells within
each quadrant.

[0029] Figure 12. CD45'-gated flow cytometric analysis for the
expression of CD34, CD7, CD5 and CD1a from thymuses of two reconstituted

mice. Numbers in plots indicate percentage of cells within each quadrant.

[0030] Figure 13. CD45+-gated flow cytometric analysis for the
expression of CD4, CD8, and CD3 cell surface expression from thymuses of
two reconstituted mice. Numbers in plots indicate percentage of cells within
each quadrant.

[0031] Figure 14. Following live lymphocyte gating, cells were analyzed
based on SSC and human CD45 staining from thymus of indicated mice.

Numbers in plots indicate percentage of cells within each quadrant.

[0032] Figure 15. CD45'-gated flow cytometric analysis for the
expression of CD4, CD8, and CD3 cell surface expression from the thymus of
an HSC-reconstituted (top) and proT reconstituted (lower) mouse. Inset plot
shows CD4 and CD8 expression on CD3" gated cells. Numbers in plots

indicate percentage of cells within each quadrant.

NOD/SCID yc™ figure legend
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[0033] Figure 16. Flow cytometric analysis of thymuses from
NOD/SCID yc” mice receiving either CD34® HSCs or CD34'CD7"
progenitor T cells. Following live lymphocyte gating, cells were analyzed for
the expression of CD7, CD5, CD1a, CD4 and CD8 expression after SSC and
human CD45 gating. Numbers in plots indicate percentage of cells within each

quadrant.

[0034] Figure 17. Flow cytometric analysis of human HSCs induced
to differentiate on OP9-control, OP9-DL1 and OP9-DL4 cells. Following live
lymphocyte gating, day 24 cocultured cells were analyzed for the expression of
CD4, CD8, and pre-Ta expression. Numbers in plots indicate percentage of

cells within each quadrant.

[0035] Figure 18. Flow cytometric analysis of human HSCs induced
to differentiate on OP9-control, OP9-DL1 and OP9-DL4 cells. Following live
lymphocyte gating, day 24 cocultured cells were analyzed for the expression of
CD7, CD1a, and CD5 (right 3 columns) expression. Gated on T cell
populations (left column) corresponding to (A) CD7°CD1a™ (more mature T
cells), (B) CD7"*CD1a" (committed T cells), and (C) CD7"*CD1a” (progenitor T)
and were examined for CD5 (right 3 columns) expression in each of the
corresponding populations labeled as A, B or C. Numbers in plots indicate

percentage of cells within each gated population.

[0036] Figure 19. Flow cytometric analysis of human HSCs induced
to differentiate towards the T lineage upon coculture with OP9-DL1 and
OP9-DL4 cells. Following live lymphocyte gating, day 40 cocultured cells were
analyzed for the expression of CD7, CD1a, TCR-af3, and TCR-yd expression.
Gated on T cell populations (top row) corresponding to (A) CD7*CD1a*" (more
mature T cells), (B) CD7**CD1a’ (committed T cells), and (C) CD7""CD1a’
(progenitor T) were examined for TCR-af (left panel, bottom 3 rows), and TCR-
vd (right panel, bottom 3 rows) expression in each of the corresponding
populations labeled as A, B or C. Numbers in plots indicate percentage of cells

of positive cells within each gated population.
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[0037] Figure 20. Flow cytometric analysis of human HSCs induced
to differentiate on OP9-control, OP9-DL1 and OP9-DLA4 cells. Following live
lymphocyte gating, day 40 cocultured cells were analyzed for the expression of
CD3, V-beta (V;)-3, 5, 8, 23 (right panel). Corresponding isotype controls are
shown (left panel). Numbers in plots indicate percentage of cells within each

quadrant.

[0038] Figure 21. ProT1 cells directly give rise to proT2 cells in
vitro. Flow cytometric analysis of CD34" CD7"* CD5 (proT1) and CD34"
CD7™ CD5" (proT2) cells. Left-side panels, sorted in vitro-generated-proT1
cells were placed onto OP9-DL1 cells and the acquisition of cell surface CD5
was examined at the indicated time points. Right-side panels, as a control,
proT2 were sorted and re-cultured on OP9-DL1 cells. All plots shown were

gated for CD34" CD7"" expression for the analysis.

[0039] Figure 22. Natural killer (NK) cell differentiation potential of
CD34" CD7™ CD5 (proT1) and CD34' CD7"* CD5" (proT2) cells. Sorted
proT1 and proT2 cells from a day 10 HSC/OP9-DL1 coculture were placed
onto OP9-control cells supplemented with rhiL-15 (5 ng/mL); or proT1 and
proT2 cells were placed back onto OP9-DL1 cells. The expression of the NK

cell lineage marker CD56 was examined after 12 days of culture.

[0040] Figure 23. Human proT2 cells effectively engraft the thymus
of immunodeficient mice and facilitate thymic engraftment of UCB-
derived HSCs. Analysis of thymus engraftment and differentiation of HSCs
coinjected with in vitro-derived proT2 cells into immunodeficient mice. Human
UCB CD34" CD38™° (HLA-A2) cells were differentiated on OP9-DL1 cells for
10-12 days, and CD34" CD7"" CD5" (proT2) cells were sorted by flow
cytometry. On the same day that proT2 cells were sorted, human UCB CD34"
CD38™ (HLA-A2") cells were also sorted. Irradiated (130 cGy) neonatal
NOD/SCID/yc™" mice from the same litter were injected intrahepatically with 3.5
x10* HSCs; 2.5x10° proT2 cells; or 3.5 x10* HSCs mixed with 2.5x10° proT2
cells. Bone marrow (BM), spleen and thymuses were harvested 6 weeks after

injection, single cell suspensions were obtained and analyzed by flow
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cytometry. The analysis was performed by gating for human CD45" cells and
donor cell type (HSC-derived-A2*, or proT2-derived-A2’), based on the
absence (proT2-derived) or presence (HSC-derived) of HLA-A2 expression on
CD45" cells. Flow cytometric analysis for cell surface expression of CD45 and
HLA-A2 of (A) BM and (B) spleens from HSC only, HSC+proT2, and proT2
only, treated mice are shown. The lower rows show CD19 and CD33 cell
surface staining on CD45" HLA-A2" (second row; HSC-derived) and CD45"
HLA-A2 (third row; proT2-derived) gated cells. (C) Flow cytometric analysis for
cell surface expression of CD45 and HLA-A2 of thymuses from HSC only,
HSC+proT2, and proT2 only, treated mice are shown. The upper row displays
CD45 and HLA-A2 cell surface staining. The lower rows show CD45 and CD3
cell surface staining on CD45" HLA-A2" (second row; HSC-derived) and CD45"
HLA-A2" (third row; proT2-derived) gated cells. (D) Flow cytometric analysis of
thymuses from HSC+proT2 coinjected mice. The upper row displays CD45 and
HLA-A2 cell surface staining. The lower rows show CD8 and CD4 cell surface
staining on CD45" HLA-A2" (second row; HSC-derived) and CD45" HLA-A2"
(third row; proT2-derived) gated cells.

[0041] Figure 24. Human ESCs and human iPSCs can generate early
human T-lineage progenitor cells upon coculture with OP9-DL1 or OP9-
DL4 cells. (A) Using the two-stage protocol method (see text for details),
CD34™ cells sorted from embryoid bodies, were placed onto OP9-DL1 cells
and examined for cell surface expression of CD5 and CD7 after 20 days of
culture; and, (B) human iPSCs aggregated to form embryoid bodies were
sequentially induced to differentiate towards the hematopoietic lineage, sorted
CD34™ cells were placed onto OP9-DL4 cells and analyzed for the expression
of CD7 and CDS5 by flow cytometry as indicated.

Detailed Description

[0042] T cell development is known to follow a defined set of stage-
specific differentiation steps. However, the molecular and cellular events
occurring at early stages of human T-cell development have not previously
been fully elucidated. To address this, human umbilical cord blood (UCB)-

derived hematopoietic stem cells (HSCs) were induced to differentiate to the T-
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lineage by coculture with OP9-DL1 cells. A developmental program was
revealed that is highlighted by an early, sequential and temporally discrete
expression of CD34, CD7, CD45RA, CD5, CD1a, CD2, and CD4. Quantitative
clonal analyses demonstrated that CD34* CD38" and CD34" CD38" subsets of
UCB cells contain a similarly high T-cell progenitor frequency of 1 in 4 cells,
while the frequency in CD34" CD38"™ cells was 5-fold lower. To address
whether Delta-like/Notch-induced signals can affect the T-cell progenitor
frequency of UCB CD34" CD38™ cells differentiated on OP9-DL1 cells, two
distinct subsets, CD34" CD7™* CD5 CD1a” (proT1) and CD34" CD7"* CD5"
CD1a” (proT2) were analyzed, and both subsets showed a 2-fold increase in
frequency. The inventors established that these progenitor subsets are able to
successfully engraft a mouse thymus and differentiate into CD4 and CD8
human T-cells in vitro. Surprisingly, the in vitro-generated proT2 cells showed
a 3-fold enhanced thymus-engrafting capacity in vitro than the more immature
proT1 progenitor subset. The proT2 cells also showed an almost 3-fold
enhancement in thymus-engrafting capacity in vivo than the proT1 cells.
Further analysis of these subsets showed that proT2 cells express higher
levels of CCR9, PSGL-1 and key integrins than proT1 cells, which may allow
for the enhanced engrafting ability. Moreover, the inventors also demonstrate
that human HSC/OP9-DL1 cocultures support the generation of mature
functional af-T cell receptor/CD3* CD8 T-cells. Further, in the presence of IL-
15, the proT cells can generate natural killer (NK) cells. In addition to human
hematopoietic stem cells, the proT cells can also be generated from embryonic
stem cells and induced pluripotent stem cells. Lastly, the inventors have
extended the in vifro studies that demonstrate thymus reconstitution ability
within FTOC, towards in vivo models that show human thymic reconstitution
within immodeficient strains of mice through intrahepatic injection of progenitor-
T cells. Taken together, the generation and identification of defined in vitro-
generated T-progenitor subsets, which are readily differentiate into functionally
mature T-cells and NK cells in vitro and engraft both in FTOC (in vitro) and

immunodeficient mice (in vivo), may offer important avenues to improve cellular
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based immune-reconstitution approaches for the treatment of

immunodeficiencies.

I. Progenitor T cells

[0043] Generally, the present application provides isolated progenitor T-
cells.
[0044] In one aspect, the present application provides an isolated human

progenitor T cell having the phenotype CD34°CD7'CD1a". In one embodiment,
the isolated progenitor T cell has the phenotype CD34"CD7'CD5CD1a” (pro-
T1). In another embodiment, the isolated progenitor T cell has the phenotype
CD34'CD7'CD5*CD1a” (pro-T2). In a specific embodiment, the pro-T2 cells
express CCR9, PSGL-1 and integrins.

[0045] The term “isolated” as used herein means that the progenitor cell
has been separated or purified from cellular or biological material found with
the cells in their native environment. It thus distinguishes the cells from how

they exist in nature.
[0046] The term “a cell” or “the cell” includes a plurality of cells.

[0047] The term “progenitor T cell’ or “pro-T cell” as used herein means
a T cell that is capable of maturing into a mature T cell or lymphocyte. A
mature T cell includes CD4" and CD8" T cells. A lymphocyte includes CD56+
NK cells.

[0048] The progenitor T cell is preferably human and derived from a
stem cell or progenitor cell. Stem or progenitor cells may be obtained from any
suitable source, including, without limitation, umbilical cord, blood, embryos,
embryonic tissue, fetal tissue, bone marrow and blood. In one embodiment,
the stem or progenitor cell is a hematopoietic stem or progenitor cell. In another
embodiment, the stem cell is an embryonic stem cell. In a further embodiment,
the stem cell is an induced pluripotent stem cell. For therapeutic applications,
the stem cells or progenitor cells used to generate the progenitor T cells may

be preferably obtained from the patient to be treated.
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[0049] Progenitor T cells may be isolated from the stem or progenitor
cells by techniques known in the art. Typically, a sample containing the cells is

first depleted with non-stem cells or mature cells.

[0050] Negative and positive selection methods known in the art may be
used for enrichment of the progenitor cells. For example, cells can be sorted
based on cell surface antigens using a fluorescence activated cell sorter, or
magnetic beads which bind cells with certain cell surface antigens. Negative
selection columns can be used to remove cells expressing lineage specific

surface antigens.

[0051] In an embodiment, a sample containing stem or progenitor cells is
separated into lineage-negative (Lin") and lineage position (Lin") fractions. The

Lin- fraction can be sorted for CD34" cells.

[0052] The enriched progenitor cells or stem cells are cultured under
suitable conditions to generate pro-T cells. Preferably, the cells are cultured in
the presence of one or more Notch ligand for a sufficient time to form pro-T
cells. More preferably, the stem cells are cultured in the presence cells
expressing a Notch ligand. This is described in greater detail in US-2004-
0171148-A1 which is incorporated herein by reference.

[0053] In an embodiment, the progenitor cells or stem cells are cultured
in a 6 cm or 10 cm tissue culture-treated dish with a Notch Ligand Cell
Preparation. For example, the concentration of hematopoietic progenitor cells
or embryonic stem cells in the culture is between 1-10°, preferably 1 x10% to 1x
10%, more preferably 1 x10° to 1x10* In a particular embodiment,
hematopoietic progenitor cells or embryonic stem cells (about 1-5 x10* cells)

are cultured on a monolayer of OP9 cells expressing Delta-like-1 or Delta-like
4,

[0054] One or more positive cytokines that promote commitment and
differentiation of pro-T cells may also be added to the culture. The cytokines
may be human in origin, or may be derived from other species. The
concentration of a cytokine in a culture is typically about 1-10ng/ml. The

following are representative examples of cytokines that may be employed in
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the present application: all members of the fibroblast growth factor (FGF) family
including FGF-4 and FGF-2, Fit-3-ligand, and interleukin-7 (IL-7). Preferably
the cytokines used herein are Flt-3-ligand and IL-7. The cytokines may be used
in combination with equal molar or greater amounts of a glycosaminoglycan
such as heparin sulfate. The cytokines are commercially available or can be
produced by recombinant DNA techniques and purified to various degrees.
Some of the cytokines may be purified from culture media of cell lines by

standard biochemical techniques.

[0055] The progenitor cells and stem cells may be cultured in culture
medium comprising conditioned medium, non-conditioned medium, or
embryonic stem cell medium. Examples of suitable conditioned medium include
IMDM, DMEM, or aMEM, conditioned with embryonic fibroblast cells (e.g.
human embryonic fibroblast cells or mouse embryonic fibroblast cells), or
equivalent medium. Examples of suitable non-conditioned medium include
Iscove’s Modified Delbecco’s Medium (IMDM), DMEM, or aMEM, or equivalent
medium. The culture medium may comprise serum (e.g. bovine serum, fetal
bovine serum, calf bovine serum, horse serum, human serum, or an artificial
serum substitute) or it may be serum free.

[0056] The culture conditions entail culturing the progenitor cells or stem
cells for a sufficient period of time so that cells in the preparation form pro-T
cells. The cells are maintained in culture generally for 4-50 days, preferably 5
to 20 days. It will be appreciated that the cells may be maintained for the

appropriate  amount of time required to achieve the desired cellular
composition.

[0057] Accordingly, the present application provides a method of
generating a pro-T cell comprising (a) culturing a sample comprising stem cells
or progenitor cells with cells that express a Notch ligand and (b) isolating pro-T
cells. The cells expressing a Notch ligand are preferably OP9 cells expressing
DL1 or DL4. The pro-T cells may be characterized by the phenotype
CD34*'CD7'CD1a’.
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[0058] The methods of the present application allow the generation of
large numbers of pro-T cells. The pro-T cells exhibit, or have the potential to
differentiate into cells that exhibit morphological, physiological, functional,
and/or immunological features of T cells. The generation of large numbers of
pro-T cells with the ability to form mature T cells makes them highly useful in
cell therapy.

[0059] In another embodiment, the progenitor T-cell is obtained by co-
culturing stem cells such as HSC with OP9-DL1 cells or OP9-DL4 cells,
fractionating the cells and collecting the cells of a desired phenotype. The
fractionation step may involve any suitable cell separation technique known in
the art such as (density gradient, ferromagnetic beads cytometry and
fluorescence activated call sorting.) Bioreactors (matrices). In particular, the
cells cultured on the OP9-DL1 or OP9-DL4 cells may be further fractionated
into CD5" (pro-T2) and CD5" (pro-T1) subsets. The pro-T2 subset may be
preferably used for T-cell engraftment.

[0060] In another embodiment, the progenitor T cells may be used to
generate NK cells when cultured under appropriate conditions. Appropriate
conditions to generate NK cells include culturing the pro-T cells with cytokines
such as IL-15 or IL-2. The pro-T cells can also be cultured stromal cells such
as OP-9 cells. Accordingly, the present application provides a method of
generating natural killer (NK) cells comprising a) culturing an isolated
progenitor cell with IL-15 and b) isolating NK cells. The NK cells may be
characterized by the phenotype CD56".

ll. Pharmaceutical Compositions

[0061] In another aspect, the present application provides a
pharmaceutical composition comprising isolated pro T-cells and a
pharmaceutically acceptable diluent or carrier.

[0062] Suitable diluents and carriers are described, for example, in
Remington's Pharmaceutical Sciences. On this basis, the compositions include,
albeit not exclusively, solutions of the pro-T cells in association with one or

more pharmaceutically acceptable vehicles or diluents, and contained in
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buffered solutions with a suitable pH and iso-osmotic with the physiological
fluids.

[0063] Pharmaceutical compositions include, without limitation,
lyophilized powders or aqueous or non-aqueous sterile injectable solutions or
suspensions, which may further contain antioxidants, buffers, bacteriostats and
solutes that render the compositions substantially compatible with the tissues
or the blood of an intended recipient. Other components that may be present in
such compositions include water, surfactants (such as Tween™), alcohols,
polyols, glycerin and vegetable oils, for example. Extemporaneous injection
solutions and suspensions may be prepared from sterile powders, granules,
tablets, or concentrated solutions or suspensions. The composition may be
supplied, for example but not by way of limitation, as a lyophilized powder
which is reconstituted with sterile water or saline prior to administration to the
patient.

[0064] Suitable pharmaceutically acceptable carriers include essentially
chemically inert and nontoxic compositions that do not interfere with the
effectiveness of the biological activity of the pharmaceutical composition.
Examples of suitable pharmaceutical carriers include, but are not limited to,
water, saline  solutions, glycerol  solutions, ethanol, N-(1(2,3-
dioleyloxy)propyl)N,N,N-trimethylammonium chloride (DOTMA), diolesyl-
phosphotidyl-ethanolamine (DOPE), and liposomes. Such compositions should
contain a therapeutically effective amount of the compound, together with a
suitable amount of carrier so as to provide the form for direct administration to

the patient.

[0065] The compositions of the application can be administered for
example, by parenteral, intravenous, subcutaneous, intramuscular, intracranial,
intraorbital, ophthalmic, intraventricular, intracapsular, intraspinal, intracisternal,
intraperitoneal, intranasal, aerosol or oral administration. For parenteral
administration, solutions of the pro-T cells described herein can be prepared in
water suitably mixed with a surfactant such as hydroxypropyicellulose.

Dispersions can also be prepared in glycerol, liquid polyethylene glycols,
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DMSO and mixtures thereof with or without alcohol, and in oils. Under ordinary
conditions of storage and use, these preparations contain a preservative to
prevent the growth of microorganisms. A person skilled in the art would know

how to prepare suitable formulations.

[0066] Preferably the pre T-cells are present in an amount effective for
treating a disease state in a mammalian need thereof. In one embodiment the
pre T-cell is present in an amount effective to enhance hematopoietic
progenitor cell engraftment in a mammal in need thereof. Optionally, the
composition further comprises pre T-cells, or tissue for transplantation. In one
embodiment the tissue comprises a thymus. In another embodiment the tissue

comprises an organ.
lll. Applications

[0067] The present application includes the use of pro-T cells in any and

ali applications.
A. Genetic Modification

[0068] Pro-T cells generated using the methods of the application may
be genetically modified (transduced or transfected) either in nature or by
genetic engineering techniques in vivo or in vitro. Cells can be modified by
introducing mutations into genes in the cells or by introducing transgenes into
the cells. Insertion or deletion mutations may be introduced in a cell using
standard techniques. A gene encoding a selectable marker may also be

integrated into the cells.

[0069] An aspect of the present application relates to pro-T cells that are
genetically engineered in such a manner that the cells or cells derived
therefrom produce, in vitro or in vivo, polypeptides, hormones and proteins not
normally produced in the cells in biologically significant amounts, or produced
in small amounts but in situations in which regulatory expression would lead to
a therapeutic benefit. For example, the cells could be engineered with a gene
that expresses insulin at levels compatible with normal injected doses, or with a

gene that can make up for a deficiency or abnormality of a gene causing a
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disease. Alternatively the cells could be modified such that a protein normally
expressed will be expressed at much lower levels. These products would then
be secreted into the surrounding media or purified from the cells. The cells
formed in this way can serve as continuous short term or long term production

systems of the expressed substance.

[0070] Thus, in accordance with this aspect of the application, pro-T
cells generated using the methods of the application can be modified with
genetic material of interest. The modified cells can be cultured in vitro under
suitable conditions so that they are able to express the product of the gene
expression or secrete the expression product. These modified cells can be

administered so that the expressed product will have a beneficial effect.

[0071] In a further embodiment, transduced pro-T cells (with the
potential to form mature T cells) can be induced in vivo to differentiate into T
cells that will express the gene product. For example, the transduced cells may
be administered to induce production of T cells having the transduced gene.
The cells may be administered in a mixture with other cells or separately and
may be delivered to a targeted area. The cells can be introduced intravenously
and home to a targeted area. Alternatively, the cells may be used alone and

caused to differentiate in vivo.

[0072] Thus, genes can be introduced into cells that are then injected
into a recipient where the expression of the gene will have a therapeutic effect.
For example, an insulin gene may be introduced into the cells to provide a
constant therapeutic dose of insulin in the bone marrow and peripheral blood.

[0073] The technology may be used to produce additional copies of
essential genes to allow augmented expression by T cells of certain gene
products in vivo. These genes can be, for example, hormones, matrix proteins,
cell membrane proteins, and cytokines.

[0074] In a specific embodiment, the pro-T cells are engineered to
recognize an antigen such as a tumor antigen, a viral antigen or a bacterial
antigen. As such the immune response to the target antigen will be augmented

by administering antigen specific progenitor T cells.
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B. Therapeutic Applications

[0075] The ability to generate in vitro-derived human progenitor T celis
and to test their safety in human/mouse immune engraftment models, opens
avenues for cellular based approaches for treating immune-related disorders of
the T lineage (Legrand et al., 2006; van den Brink et al., 2004). T cells are the
major effector arm of the adaptive immune system in recognizing and
eliminating viral and bacterial pathogens. In certain rare blood cancers such as
T cell acute lymphoblastic leukemia (T-ALL), T cells proliferate crowding out
healthy immune cells and perturbing normal immune function (Ferrando et al.,
2002; Weng et al., 2004). Although chemotherapy can often impart therapeutic
benefits in cancer patients, it often can lead to immuno-deficiency and
susceptibility to opportunistic infections. Opportunistic infections also pose a
serious concern in AIDS patients whose CD4" T cells have been depleted
following infection with HIV. While immunodeficiency remains a serious
concern in HIV/AIDS and cancer, immune-hypereactivity is equally problematic
in autoimmune disease where T cells that lack proper regulatory control, make

immune responses to self-tissue.

[0076] Accordingly, the present application includes a method of treating
an animal having a condition requiring an increase in the number of T cells
comprising administering an effective amount of a progenitor T cell to an

animal in need thereof.

[0077] As used herein, the phrase "effective amount" or "therapeutically
effective amount” means an amount effective, at dosages and for periods of
time necessary to achieve the desired result. Effective amounts may vary
according to factors such as the disease state, age, sex, weight of the animal.
The amount of a given cell preparation that will correspond to such an amount
will vary depending upon various factors. Such as the pharmaceutical
formulation, the route of administration, the type of disease or disorder, the
identity of the subject or host being treated, and the like, but can nevertheless

be routinely determined by one skilled in the art. An “effective amount” will
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preferably be an amount effective for the progenitor T cells to engraft the

subject being treated.

[0078] The term "treating" or “treatment” as used herein and as is well
understood in the art, means an approach for obtaining beneficial or desired
results, including clinical results. Beneficial or desired clinical results can
include, but are not limited to, alleviation or amelioration of one or more
symptoms or conditions, diminishment of extent of disease, stabilized (i.e. not
worsening) state of disease, preventing spread of disease, delay or slowing of
disease progression, amelioration or palliation of the disease state,
diminishment of the reoccurrence of disease, and remission (whether partial or
total), whether detectable or undetectable. "Treating" and "Treatment" can also
mean prolonging survival as compared to expected survival if not receiving
treatment. "Treating" and "treatment" as used herein also include prophylactic

freatment.

[0079] The term “animal” as used herein means any member of the
animal kingdom and is preferably a human.

[0080] A “condition requiring an increase in number of T cells” includes
any condition wherein T cell levels are reduced as compared to a healthy
animal, including, without limitation, immunodeficiency, cancer, genetic
diseases, infectious diseases and autoimmunity, some of which are described
in detail below.

(i) Cancer

[0081] In 2005, nearly 128,000 individuals were diagnosed with
myeloma, lymphoma and leukemia in North America (US & Canada). Following
aggressive myeloablative-chemo/radiotherapy of these blood cancers, these
individuals may become immunodeficient and require stem cell transplantation
to replace or restore their immune system. Indeed, every year in North America
9,000 individuals undergo stem cell transplantation. Although, HSCs may be
obtained from bone marrow, GM-CSF-mobilized peripheral blood, or cord
blood, several clinical challenges present themselves in most stem cell

transplantations: from finding a suitably major-histocompatible matched donor,
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to preventing GvHD, to successful engraftment of a donor immune system onto
the host (Socie, 2005). Most immune cells recover quickly following
transplantation, but T cells take the most time (~2 years) to recover in terms of
cell numbers and function (Petropoulos and Chan, 2005). This is perhaps
dictated by the broad repertoire of TCRs required to cover the range of
environmental and pathogenic antigens that an individual will be exposed to.
Until that broad repertoire is re-established, gaps may exist that permit the

emergence of opportunistic infections.

[0082] Accordingly, the present application provides a method of treating
or preventing cancer comprising administering an effective amount of a
progenitor T cell to an animal in need thereof.

[0083] In one embodiment, the pro-T cells have been genetically
engineered to recognize tumor specific antigens. For example, progenitor T
cells could be manufactured to recognize tumor-specific antigens found in
certain breast cancers as well as Burkitt's lymphoma, neuroblastoma,
malignant melanoma, osteosarcoma, and renal cell carcinoma (Renkvist et al.,
2001). One example of this genetic approach utilizing CD8" Wilms' tumor
(WT1) gene-specific cytotoxic T-lymphocyte clones for the treatment of Chronic
Myeloid Leukemia (CML) or Acute Lymphoblastic Leukemia (ALL). Thus,
progenitor T cell transplantation could be used as an adjuvant therapy with
stem cell transplantation to quickly reconstitute the T cell compartment in
patients with terminal illness or specifically target cancer cells for destruction
(van den Brink et al., 2004).

(ii) HIV/AIDS:

[0084] Acquired Immunodeficiency Syndrome (AIDS), which follows the
infection with the Human Immunodeficiency Virus (HIV), is characterized by a
chronic decline in the number of CD4 helper T cells. The CD4 T cell is a critical
immune or white-blood cell that helps to maintain the function of “killer” CD8
cytotoxic T cells, which lyse virus-infected cells (Grossman et al., 2006). AIDS
has become a global pandemic with an estimated 38 million people living with
the disease worldwide and 1.6 million cases in North America alone. Current
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treatment regimens including the highly active anti-retroviral therapy (HAART),
a combination of several anti-HIV drugs [i.e.. Viramune (nevirapine), Rescriptor
(delavirdine), Invirase (saquinavir), and Norvir (ritonavir)], have been effective
in reducing viral load and extending the life-span of HIV-infected individuals but
have proven difficult to implement/achieve/maintain over long-periods of times
for a variety or reasons (i.e.: toxicity, financial burden, government apathy, and
evolving resistance of HIV to these drugs). Indeed, HAART is often given in
cycles with ‘vacations’/break periods to allow the patient to recover from anti-
viral drug induced toxicity. As a result there is continued interest to find more
efficacious drugs and/or cellular based therapies (i.e. vaccines or stem cell
approaches) that keep pace with the evolving resistance of HIV and would
augment or replace current treatment regimens to restore or maintain T cell

numbers.

[0085] In the case of HIV/AIDS, the value of the present application may
be the ability to create large numbers of in vitro-generated progenitor T cells
that would offer therapeutic benefits to individuals that HAART has failed or
that have gone off HAART due to drug toxicity. One advantage of a progenitor
T cell based therapy would be minimal toxicity and side-effects of these cells
compared to anti-retrovirals. Given, that few treatment options are available to
this subpopulation of individuals that have failed HAART, the use of progenitor
T cells could be a viable option. Although these progenitor T cells and their
CD4" progeny would again be subject to HIV infection in vivo and require
multiple treatments, the capacity to expand non-infected cells in vitro and
restore T cell numbers in vivo may help to restore immune function and limit
the emergence of opportunistic infections for some time during periods of
planned HAART ‘vacation’ or failure. This presents two future extensions of this
technology for therapeutic potential. First, the OP9-DL1 coculture system may
have therapeutic potential as an adjuvant therapy in combination with HAART,
or as a stand-alone therapy when HAART is periodically discontinued. As with
the case of cancer, the OP9-DL1 coculture system lends itself towards
emerging genetic approaches to create designer T cells resistant to HiV

infection. One example of such an innovative approach would be the



10

15

20

25

30

WO 2010/051634 PCT/CA2009/001601

26

expression of the mutant form of the chemokine co-receptor CCR5 that blocks
viral infection (Markovic, 2006; Samson et al., 1996) in progenitor T cells. Such
an approach would offer a novel means to treat HIV/AIDS by preventing HIV
infection and thus maintaining T cell numbers and T cell function and is no
longer far-fetched as several clinical trials have been approved for the
treatment of HIV/AIDS using genetically modified mature-CD4" T cells and
CD34" HSCs, but not-progenitor T cells.

[0086] Accordingly, the present application provides a method of treating
or preventing an immunodeficiency comprising administering an effective
amount of a progenitor T cell to an animal in need thereof. In one embodiment,
the immunodeficiency is HIV/AIDS.

(iii) Autoimmunity

[0087] Traditionally, tolerance was thought to be established centrally in
the thymus to self-antigen presented by thymic cells and blood-borne self-
antigens, while T cells with specificity towards tissue-specific antigens
underwent tolerance induction in the periphery (Kyewski and Derbinski, 2004).
The recent observation that thymic epithelial cells that express the AIRE gene
can promote the promiscuous expression of tissue-restricted antigens has
yielded new insights for how self-tolerance is maintained and broken (Kyewski
and Derbinski, 2004). Autoimmune diseases result from the dysregulation or
breakdown of the processes that maintain self-tolerance in the periphery. Many
investigators have demonstrated that a population of T cells with regulatory
activity (Treg) can suppress pathological immune responses in murine models
of autoimmune disease, transplantation and GvHD (Chatenoud et al., 2001)
suggesting that these cells could be utilized therapeutically to treat human
autoimmune disease (Bluestone, 2005). Treg cells express CD4 and CD25 as
wells as the forkhead transcription factor boxP3 (Foxp3) (Sakaguchi, 2005),
which serves as a master regulator for Trey development and function
(Fontenot et al., 2003; Hori et al., 2003). Indeed, Foxp3-mutant mice have a
deficiency in Treg cells and develop severe lymphoproliferative autoimmune

syndrome. Similarly, humans with the rare recessive disorder:
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Immunodysregulation, Polyendocrinopathy and Enteropathy X-linked (IPEX)
syndrome exhibit aggressive autoimmunity and early (Walker et al., 2003).

[0088] Treg cells can be generated both in the thymus and in the
periphery and appear phenotypically and functionally similar. Studies with TCR-
transgenic systems indicate that relatively high-affinity interactions of afTCR
with self-peptide agonists presented on thymic epithelial cells are required to
efficiently generate Treg cells in a CD28-dependent manner (Apostolou et al.,
2002; Jordan et al., 2001; Tai et al., 2005; Walker et al., 2003). As a result,
intrathymic Treg cells utilize a diverse TCR repertoire (Bluestone and Abbas,
2003) skewed toward autoantigen recognition. Recently, it was demonstrated
Hassall's corpuscles express thymic stromal lymphopoietin (TSLP), which
activates thymic dendritic cells to induce the proliferation of Treg cells
(Watanabe et al., 2005). Alternatively, Treg cells can be expanded
extrathymically through differences in self-peptide exposure and cytokine milieu
(i.e.: transforming growth factor-p (TGF-B) and IL-10) (Apostolou and von
Boehmer, 2004; Belghith et al., 2003; Roncarolo et al., 2001; Weiner, 2001).

[0089] The observation that Treg cells are deficient in patients with
multiple sclerosis, type 1 diabetes, rheumatoid arthritis (Ehrenstein et al., 2004;
Lindley et al., 2005; Viglietta et al., 2004) has raised hope that treatment of
these and other autoimmune diseases may rest with the restoration of Treg
cells (Bluestone, 2005). In contrast, the elimination of Treg cells may play a
significant role in enhancing cancer immunotherapeutic approaches by
releasing the breaks on antitumor T cell responses and inducing limited local
autoimmunity (Sakaguchi et al., 2001). Finally, Treg cells may play a critical role
in the establishment of tolerance following allogenic organ transplant thereby
minimizing rejection mediated by GvHD (Gregori et al., 2005; Hoffmann and
Edinger, 2006; Touraine et al., 2005).

[0090] As with most cellular based therapies, the major obstacle for the
utilization of Treg cells in the treatment of autoimmunity is the ability to generate
them in large numbers to realize therapeutic effectiveness. Currently, the OP9-

DL1 coculture system does not support the generation of large numbers of TReg



10

15

20

25

30

WO 2010/051634 PCT/CA2009/001601

28

cells from progenitor T cells. Given the role of TSLP in the generation of Treg
cells (Watanabe et al., 2005), it is unclear whether the absence of Treg cells in
the OP9-DL1 coculture system is due to a deficiency of OPS cells to produce
TSLP.

[0091] Regardless, stem cell transplantation for the treatment of severe
autoimmunity is gaining momentum (Bluestone, 2005; Gregori et al., 2005;
Sykes and Nikolic, 2005) with the development of human/immunodeficient
mouse models of alloreaction (Thomsen et al., 2005), methods to expand
regulatory T cell populations (Kretschmer et al., 2005) and to engineer stem

cells and progenitor T cells to express self-antigen (Alderuccio et al., 2003).

[0092] Accordingly, the present application provides a method of treating
or preventing an autoimmune disease comprising administering an effective

amount of a progenitor T cell to an animal thereof.
(iv) Genetic Diseases

[0093] As mentioned previously, the pro-T cells may be transfected with
a desired gene. Such cells can be used for treatment of genetic diseases.
Hematopoietic cell-related genetic diseases can be treated by grafting the
cellular composition with cells transfected with a gene that can make up for the
deficiency or the abnormality of the gene causing the diseases. For example, a
normal wild type gene that causes a disease such as f-thalassemia
(Mediterranean anemia), sickle cell anemia, ADA deficiency, recombinase
deficiency, recombinase regulatory gene deficiency and the like, can be
transferred into the pro-T cells by homologous or random recombination and
the cells can be grafted into a patient. Further, a cellular composition
comprising normal T cells free from abnormalities of genes (from a suitable

donor) can be used for treatment.

[0094] Another application of gene therapy permits the use of a drug in a
high concentration, which is normally considered to be dangerous, by providing
drug resistance to normal T cells by transferring a drug resistant gene into the
cells. In particular, it is possible to carry out the treatment using an anticancer

drug in high concentration by transferring a gene having drug resistance
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against the anticancer drug, e.g., a multiple drug resistant gene, into pro-T cells

in a cellular composition of the application.

[0095] Diseases other than those relating to the hematopoietic system
can be treated by using the cellular compositions comprising pro-T cells in so
far as the diseases relate to a deficiency of secretory proteins such as
hormones, enzymes, cytokines, growth factors and the like. A deficient protein
can be induced and expressed by transferring a gene encoding a target protein
into the pro-T cells under the control of a suitable promoter. The expression of
the protein can be controlled to obtain the same activity as that obtained by the
natural expression in vivo.

[0096] It is also possible to insert a gene encoding a ribozyme, an
antisense nucleic acid or the like (e.g., short-interfering RNA) or another
suitable gene into pro-T cells to control expression of a specific gene product in
the cells or to inhibit susceptibility to diseases. For example, the pro-T cells can
be subjected to gene modification to express an antisense nucleic acid, siRNA,
or a ribozyme, which can prevent growth of hematic pathogens such as HIV,
HTLV-l, HTLV-Il and the like in pro-T cells. In an embodiment, pro-T cells of a
cellular composition of the application are created which express known
inhibitory genes of HIV replication, such as RNA decoys or the Tat- or Rev-
responsive elements, or a dominant negative mutant of the Rev trans-activator
protein. Pro-T cells derived from hematopoietic progenitor cells or ES carrying
these genes would provide a potentially limitless and defined source of HIV-

resistant lymphocyte progenitors.
C. Screening

[0097] The cellular compositions comprising pro-T cells may be used to
screen for potential modulators or therapeutics that modulate development or
activity of pro-T cells or cells differentiated therefrom. In particular, the cellular
compositions may be subjected to a test substance, and the effect of the test
substance may be compared to a control (e.g. in the absence of the substance)
to determine if the test substance modulates development or activity of pro-T

cells or cells differentiated therefrom.
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[0098] In an aspect of the application a method is provided for using a
cellular composition of the application comprising pro-T cells or cells
differentiated therefrom to assay the activity of a test substance comprising the

steps of:

(@) generating pro-T cells with a system or method of the application
in the presence of a test substance, or culturing pro-T cells
compositions generated using a system or method of the
application in the presence of a test substance; and

(b) detecting the presence or absence of an effect of the test
substance on the survival of the cells or on a morphological,
functional, or physiological characteristic and/or molecular
biological property of said cells, whereby an effect altering cell
survival, a morphological, functional, or physiological
characteristic and/or a molecular biological property of the cells
indicates the activity of the test substance.

[0099] In another aspect a method is provided for using pro-T cells or
cells differentiated therefrom generated in accordance with the application, to
screen a potential new drug to treat a disorder involving T cells comprising the
steps of:

(a) generating pro-T cells with a system or method of the application in
the presence of a potential new drug, or culturing pro-T cells
preparations generated using a system or method of the application in

the presence of a potential new drug; and

(b) detecting the presence or absence of an effect of the potential new
drug on the survival of the cells in vitro or on a morphological, functional
or physiological characteristic and/or molecular biological property of
said cells, whereby an effect altering cell survival, a morphological,
functional, or physiological characteristic and/or a molecular biological
property of the cells in vitro indicates the activity of the potential new
drug.
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[00100] The cellular compositions of the application may be used to
prepare model systems of disease. The cellular compositions of the application

can also be used to produce growth factors, hormones, etc.

[00101] The cellular compositions of the application can be used to
screen for genes expressed in or essential for differentiation of T cells.
Screening methods that can be used include Representational Difference
Analysis (RDA) or gene trapping with for example SA-lacZ (D.P. Hill and W.
Waurst, Methods in Enzymology, 225: 664, 1993). Gene trapping can be used to
induce dominant mutations (e.g. by deleting particular domains of the gene
product) that affect differentiation or activity of T cells and allow the

identification of genes expressed in or essential for differentiation of these cells.

[00102] The following non-limiting examples are illustrative of the present
application:

EXAMPLES

Example 1

Preparation of Umbilical cord blood sample

[00103] Obtain 25-50 mis of human umbilical cord blood (UCB) by
syringe extraction and collect in a single blood pack unit containing citrate
phosphate dextrose anti-coagulant (CPDA) (Baxter Healthcare, Deerfield,
lllinois). Within 12 hours of collection, cord blood mononuclear cells are
isolated using Ficoll density centrifugation and frozen until further use.
Specifically, the human cord blood sample is diluted 1:4 in PBS or HBSS +
2mM EDTA. The mononuclear cells are isolated by gradient centrifugation in
Ficoll-Paque Plus (Amersham Biosciences, Cat 17-1440-03). Using a thin
sterile Pasteur Pipette underlay the diluted cord blood sample with Ficoll-
Paque. Centrifuge at 1350-1860 rpm for 30-40 minutes at 18-20 °C. Wash
lymphocyte layer 3X in PBS or HBSS, centrifuging between each wash at 1200
rpm for 5 minutes, removing supernatants each time. Resuspend cells in 1 ml
of sterile FACS sorting buffer and freeze at -80°C. For each experiment, frozen
UCB was thawed and then pre-enriched into lineage-negative (Lin-) and
lineage-positive (Lin*) fractions with the autoMACS™ or autoMACS-pro
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separator (Miltenyi Biotec, Auburn, CA) using the StemSep® human progenitor
cell enrichment cocktail (Stem Cell technologies, Vancouver, BC, Canada). To
isolate the human HSCs, Lin™ cells were stained with anti-human CD38-APC
mAbs and anti-human CD34-PE mAbs and subsequently sorted for CD34"
CD38™ cells utilizing a BD Biosciences FACSAria digital cells sorter (San
Jose, CA). Sorted human HSCs were greater than 99% pure as determined by

post-sort analysis.

Example 2

Human hematopoietic stem cells and OP9-DL1 or OP9-DL4 cell coculture

[00104] OP9 cells retrovirally-transduced to express either GFP-vector
backbone (OP9-control) or bicistronic plasmid containing GFP and Delta-like 1
(OP9-DL1) or Delta-like 4 (OP9-DL4) were generated as previously described
(Schmitt and Zufiga-Pflucker, 2002), and maintained in o-MEM medium
supplemented with 20% coculture-characterized fetal bovine srum (FBS)
(Hyclone), plus 50 U/ml penicillin and 50 ug/mi streptomycin (OP9-media). In
most experiments, 1-5 x10* sorted human HSCs (CD34" CD387°) were added
per individual well of a 6-well plate containing confluent OP9-DL1 or OP9-DL4
cells, and cultured in OP9-media supplemented with recombinant human
cytokines FIt-3L (5 ng/ml) and IL-7 (5 ng/ml), (Peprotech, Rocky Hill, NJ).
Every 4-5 days, human HSCs/(OP9-DL1 or OP9-DL4)cocultures were
transferred onto a fresh confluent monolayer of OP9-DL1 or OP9-DL4 cells.
For high cell density cocultures, media changes were performed every 2 days
between passages as previously described (Awong et al., 2008).

[00105] The ability to utilize simple stromal cell monolayers that express
Delta-like-molecules such as OP9-DL1 cells or S17-DL1 cells has permitted a
closer examination of human T cell development than was previously possible.
The OP9-DL1 cells have been already distributed to nearly 400 laboratories
around the world. Research emerging from these laboratories has confirmed
the molecular elements required to sustain the generation of T cells (Lehar and
Bevan, 2002; Wang and Spangrude, 2003) from numerous sources of

progenitor cells and has helped to elucidate many other factors with critical
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roles in T cell development (Gutiérrez-Frias et al., 2004; Outram et al., 2000;
Pongracz et al., 2003; Shah et al., 2004; Staal et al., 2004, Weerkamp et al.,
2006b; Weerkamp et al., 2006d).

[00106] While the paradigm that T cell development requires signaling
through Delta-like ligands has been firmly established for Delta-like-1
expression, it is beginning to emerge that Delta-like-4 expression can also
recapitulate T cell development in vitro (Schmitt and Zufhiga-Pflicker, 2006).
This is not surprising given that Delta-like-4 shares sequence homology with
Delta-like-1 and is also expressed within the thymus (Schmitt and Zuniga-
Pflicker, 2002).

[00107] Prior to the advent of OP9-DL1 or OP9-DL4 cells, the study of
human T cell development required cumbersome FTOCs and their derivative
systems, which although functional, were cumbersome, inefficient, and
impractical given the limitations of hybrid/mouse FTOCs and the lack of
available human fetal thymic tissue. Thus, it was difficult to conceive how one
could generate the numbers of human progenitor T cell needed to elicit
therapeutic effectiveness for the treatment of immune-related disease. The
OP9-DL1 and OP9-DL4 technology has numerous advantages. Many of these
advantages have been reviewed previously with an emphasis on mouse T cell
development (Zaniga-Pflicker, 2004) and offer similar advantages with regard
to the study of human T cell development.

[00108] An important practical consideration of the OP9-DL1 and OP9-
DL4 coculture systems is its technical simplicity. Human HSCs are cultured
directly on a simple monolayer with the addition of two human cytokines Fit-3L
and IL-7 for long periods of time. Thus, with media changes and transfer onto
new stroma, the OP9-DL1 and OP9-DL4 cells are easily manipulated and
readily expanded into larger cultures. This is in contrast to cumbersome
FTOCs, which often require direct microinjection of human progenitor cells and
have limited culture times. Given these constraints, the OP9-DL1 and OP9-DL4
coculture system represents an improvement over FTOCs in that a single cell

can be now assayed for T cell progenitor cell function (Ciofani et al., 2006;
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Schmitt and Zuhiga-Pflucker, 2002). Although this was possible using FTOCs
(Ikawa et al., 1999; Michie and Zufiga-Pflucker, 2000; Williams et al., 1986),
the feasibility of large-scale analyses was nearly prohibitive and there were no
reports of progenitor frequency using single cell analysis for human progenitor
T cells. Thus, together with the current assays presently used in FTOCs, the
inventors’ system can complement different approaches utilized in the study of
human T cell development, opening new avenues for future research to test the
immune reconstitution capabilities and immune function of in vitro-derived T
cells (Jenkinson and Anderson, 1994; Takahama, 2000).

[00109] Additionally, the OP9-DL1 and OP9-DL4 systems have been able
to support generation of T cells from a number of defined sources. Mouse
progenitor cells obtained from fetal liver, bone marrow, fetal thymus, and
peripheral blood, and embryonic stem cells (ESCs) generate T cells upon OP9-
DL1 coculture (Adolfsson et al, 2005; Ciofani and Zuniga-Pflicker, 2005;
Schmitt et al., 2004; Schmitt and Zafhiga-Pflicker, 2002). Similarly, human
progenitor cells isolated from fetal liver, bone marrow, fetal thymus, GM-CSF-
mobilized peripheral blood, and umbilical cord blood generate T cells upon
OP9-DL1 coculture (De Smedt et al., 2004; La Motte-Mohs et al., 2005;
Weerkamp et al., 2006a). With regard to ESCs and HSCs, the emerging uses
of short interfering RNA (siRNA) (Gimeno et al., 2004; McManus and Sharp,
2002) and locked nucleic acids (Griinweller et al., 2003) as methods of choice
to quickly assay for the functional importance of a particular gene, for instance
during T cell development, can be easily adapted to the OP9-DL1 and OP9-
DL4 cell coculture systems. This allows for a practical approach to characterize
the role during T cell development of many genes that when deleted, result in
an embryonic lethal phenotype and simply cannot be further studied. Similarly,
the OP9-DL1 system is adaptable to genetic engineering. This principle has
been demonstrated with retroviral and lentiviral vectors in CD34" HSC
(immature) (Case et al., 1999; Gimeno et al., 2004; Haas et al., 2000; Klug et
al., 2000; Su et al., 1997), but not progenitor T cells. As progenitor T cells are
cycling and renewed in the OP9-DL1 coculture system, it is likely they will

prove equally amenable to genetic manipulation. Thus, together with the
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current assays presently used with mouse T cell development, there are many
different approaches that can now be easily applied to the study of human T

cell development.

[00110] In contrast to mouse ESCs, undifferentiated human ESCs have
not yet generated progenitor cells that can give rise to T cells following
coculture with either OP9-DL1 or OP9-DL4 cells. Indeed, the differentiation of
human ESCs in OP9-DL1 coculture has proven more challenging. Several
groups have demonstrated efficient differentiation of human ESCs into CD34"
cells through embryonic body formation (Cerdan et al., 2004; Chadwick et al.,
2003; Wang et al., 2004; Zambidis et al., 2005; Zhan et al., 2004) or coculture
on S17 (Tian et al., 2006), MS5 or OP9 (Vodyanik et al., 2005) stromal lines.
These CD34" cells when sorted and re-cultured onto bone marrow stroma give
rise to B (Vodyanik et al., 2005) and NK {Woll, 2005 #219(Vodyanik et al.,
2005) } cells and dendritic cells (Slukvin et al., 2008) in the presence of the
appropriate cytokine, suggesting that human ESCs can differentiate into
progenitor cells with multilineage potential. In contrast, sorted human ESC-
derived CD34" cells have thus far not differentiated in vitro into T cells upon
coculture with OP9-DL1 cells, nor have embryonic body-derived CD45",
PECAM-1", Flk-1*, and VE-cadherin® (PFV) cells upon intra-femoral injection
into immunodeficient NOD/SCID mice (Wang et al., 2005b), suggesting that
human ESCs may be less sensitive in vitro to Delta-like-Notch induced
differentiation signals than mouse ESCs to promote T cell differentiation.
Alternatively, the OP9-DL1 cells may not completely substitute for all of the
factors required for the induction and early differentiation of human ESCs. This
issue has recently been circumvented in vivo through the direct injection of
human ESC-derived GFP-labeled CD34" cells into conjoint human thymic/liver
(Thy/Liv) tissues implanted under the kidney capsule into sublethally irradiated
immunodeficient SCID-mice (Fleming and Scadden, 2006; Galic et al., 2006).

[00111] The ability to derive T cells from human ESCs remains an
attractive goal for the treatment of immune-related disorders. This is due to the
general consensus that theoretically, unlimited numbers of human T cells may

be generated from undifferentiated human ESC cell lines, whereas human
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HSCs may possess only limited differentiation and proliferation potential from
exhaustible sources such as bone marrow and cord blood. Foresight not
withstanding, only a small number of human HSCs can be isolated from limited
tissue and therefore must be properly stored and expanded for future use.
Efforts to expand human HSCs numbers while preventing their differentiation
are under development and could be utilized in concert to generate even
greater numbers of progenitor T cells. Taken into consideration that not all
HSCs exhibit long-term reconstitution potential, and the thymus does not
contain progenitor cells that self-renew, the utilization of HSCs and progenitor T
cells may have limited niches for the treatment of T cell based
immunodeficiency or autoimmunity. Human ESCs are not without their
drawbacks and serious concerns remain about their safety given their genomic
instability, epigenetic status, their propensity spontaneous differentiation and
their potential to cause cancer (Odorico et al., 2001; Olsen et al., 2006; Rugg-
Gunn et al., 2005; Wang et al., 2005a).

[00112] In the OP9-DL1 or OP9-DL4 coculture systems, human HSCs
derived from cord blood and bone marrow show robust expansion. Indeed, the
OP9-DL1 or the OP9-DL4 system generates a population of T lineage cells that
are highly homogenous and easily isolated based on human markers of T cell
differentiation. This system generates T lineage cells efficiently (>90%) at the
expense of other lymphocytes and myeloid cells; however, the upper-limit of
this T cell expansion is unknown. The output of progenitor-T cells in this
coculture system is at least 10%-10° times higher than other in vitro systems
suggesting that further scaling-up of this system could yield clinically relevant
numbers to achieve therapeutic benefits in patients with immune related
disorders. Long term OP9-DL1 cocultures initiated with human CD34'CD38"
cells demonstrate sustained T cell development for at least 120 days and retain
a population of cells, which are CD34'CD7*. Whether these cells are capable
of self-renewal is unclear, although multiple waves of T cell development have
been observed in long-term OP9-DL1 or OP9-DL4 cocultures [La Motte-Mohs,
unpublished observations]. These waves of T cell development could simply

reflect apoptosis of CD4'CD8* DP T cell populations that did not receive
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positive and negative selection signals followed by the re-emergence of
progenitor T cells derived from early progenitors maintained in the cultures.
Indeed, such a possibility is consistent with the dual role of Notch signaling in
maintaining progenitor cell renewal and promoting T cell differentiation
(Varnum-Finney et al.,, 1998). Further studies are required to determine
whether the OP9-DL1 or OP9-DL1 coculture systems promote both T cell

differentiation and self-renewal at the same time

[00113] Although the differentiation from stem cell to functional T cell can
be obtained readily by coculture on OP9-DL1 ceils (Schmitt et al., 2004,
Schmitt and Zuaniga-Pflicker, 2002), there are still some drawbacks to this
system. For instance, OP9 cells express mouse MHC class | molecules and
support the differentiation of mouse HSCs into CD8" T cells, but do not express
mouse MHC class | molecules and do not appear to express CD1d; thus,
limiting their ability to support the differentiation of CD4 T cells and NKT cells,
respectively (Schmitt and Zariga-Pflicker, 2002; Zuniga-Pfliicker, 2004). While
there is evidence that mouse MHC molecules can support the differentiation of
human HSCs (Fisher et al., 1990; Traggiai et al., 2004), this could be especially
problematic when developing cellular immune-therapies to treat immune-
related disorders without invoking an autoimmune response or graft-verses
host disease (GvHD). However, OP9-DL1 cells could be modified to ectopically
express human MHC molecules, which would permit a re-examination of the
contributions of these molecules to the development of specific subsets of T
cells as well as generate MHC-matched T cells to an individual. Specifically,
the inventors have reported the robust and sustained generation of human T
cells to the DP stage from cord blood-derived HSCs; however, the generation
of CD4" or CD8" SP T cells has been limited (La Motte-Mohs et al., 2005),
which is likely due to the absence of human HLA molecules on mouse OP9-
DL1 cells. Strikingly, under long-term densely packed coculture conditions the
inventors can detect CD4" or CD8” T cells that express TCRof [unpublished
observations, Ross La Motte-Mohs]. At first glance, the emergence of human
single positive T cells seems difficult to reconcile given the published reports

that isolation of human progenitor T cells require human thymic stromal
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elements to realize their full differentiation potential towards SP T cells.
Nevertheless, a recent paper by Choi ef al demonstrated that thymocyte-
thymocyte (T-T) interactions can mediate positive selection and promote the
maturation of CD4 T cells in the absence of MHC-class {I* thymic stroma (Choi
et al., 2005). Similarly, the emergence of human CD4* SP T cells during high-
density coculture conditions with OP9-DL1 cells may take advantage of T-T
interactions as developing progenitor T cells (CD34"CD7") express high levels
of human MHC class Il molecules [unpublished observations, Ross La Motte-
Mohs. Alternatively, y8-T cells, which emerge fater in OP9-DL1 coculture may
function as professional APCs towards emerging af-T cells permitting further
differentiation (Brandes et al., 2005; Modlin and Sieling, 2005).

[00114] Interestingly, another drawback is the limited number of self-
antigens that OP9-DL1 cells are likely to present to developing T cells. Initially,
OP9 cells, in contrast to thymic medullary epithelial cells, were thought unlikely
to express the AIRE gene (Anderson et al., 2002) and mediate ectopic self-
antigen presentation for peripheral tolerance. However the detection of low
levels AIRE message in OP9-DL1 cells [personal communication, Lynn
Rumfelt] suggests that OP9-DL1 cells may posses some capacity to present
tissue-specific-antigens, such as insulin, which was also detected in OP9 cells.
Whether the AIRE transcription factor is functional in OP9-DL1 cells remains to
be confirmed experimentally. However, the recent demonstration that skin cells
that express AIRE and Delta-like-1 can support thymic-independent T cell
development and mediate negative selection (Clark et al., 2005), suggests a
similar possibility for the OP9-DL1 cells. Thus, questions dealing with the
mechanisms responsible for positive and/or negative selection of the TCR
repertoire can be investigated by appropriately manipulating the OP9-DL1 cells
and are currently under investigation in the inventors’ laboratory. Nonetheless,
issues related to the ability or function of OP9-DL1 cells to properly select
mature T cells can be avoided by simply transferring CD4" CD8 double
negative progenitors or immature CD4" CD8" T cells, obtained from stem cells
cultured on OP9-DL1 cells, into FTOC or intrathymically into host mice (Schmitt

et al., 2004). Such an approach not only provides a practical solution to the
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self-MHC restriction and tolerance issues, but also opens new avenues for
future possibilities to test the immune function of the in vitro-derived T cells as
well as their efficacy in adapting T cells to treat human immune-related

disorders.

[00115] These studies underline valid concerns to determine the efficacy
and therapeutic effectiveness for the utilization of in vitro-derived progenitor T
cells for the treatment of immune-related disorders. Progenitor T cells, whether
autologous, or allogeneic, generated in the OP9-DL1 system are immature and
still need to undergo positive and negative selection in the host thymus. This
suggests that they are unlikely to evoke an auto-immune response or GvHD in
vivo. Although GvHD remains a concern in stem cell transplantation, the
reconstitution of a human immune system using CD34"HSC, but not progenitor
T cells, in both patients and immunodeficient mice have demonstrated the
principle of this approach (Barker and Wagner, 2003; de Wynter et al., 1999;
Gimeno et al, 2004; Traggiai et al., 2004). Indeed, the utilization of
human/mouse models of engraftment (Legrand et al, 2006) may prove
particularly useful in helping to evaluate the safety of in vitro derived human

progenitor T cells for the treatment of immune-related disorders.

Example 3

Human-mouse fetal thymic organ coculture (FTOC)

[00116] FTOC (Fisher et al., 1990; Plum et al., 2000) was performed by
isolating fetal thymuses from embryos of time-pregnant CD1 mice at day 15 of
gestation (Jackson Laboratories, Bar Harbor ME). The thymuses were cultured
for 5 days in the presence of 1.35 mM deoxyguanosine (dGuo) to remove
endogenous thymocytes. Human pro-T subsets derived from HSC/OP9DLA
cocultures supplemented with FIt-3L (5 ng/ml), IL-7 (5 ng/ml) and SCF (30
ng/ml) (Peprotech, Rocky Hill, NJ) were sorted and placed into hanging drops
in Terasaki wells for 24 hours followed by transfer to Nucleopore filters on
Gelfoam rafts for 7-21 days as indicated. OP9-media and cytokines (Fit-3L and
IL-7) were replenished every 5 days. Cells were analyzed by crushing the
thymic lobes with a nylon mesh cell strainer to obtain single-cell suspensions.
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[00117] Traditionally, the development of in vitro models to study human
T lymphopoiesis and progenitor cell commitment have relied on the use of host
thymic tissue obtained from fetal mice, or from electively terminated human
fetuses, and from thymus tissue discarded during pediatric cardiac surgeries.
Until recently, the only in vitro model system that permitted the generation of
human T cells was the hybrid FTOC system first adapted by Fisher et al (Fisher
et al., 1990). In this whole organ based approach, embryonic day 14/15 mouse
thymic lobes are depleted of endogenous thymocytes through treatment with 2-
deoxyguanosine, seeded with hematopoietic progenitor cells via the hanging
drop method and cultured for a period of time on GelFoam-rafts. T cell
developmental stages can then be assessed at various time points following
introduction of murine hematopoietic progenitors into the thymic rudiments.
Using this hybrid human/mouse FTOC, Fisher et al demonstrated the
proliferation and generation of mature SP T cells from human fetal thymic
progenitor cells (Fisher et al., 1990). This approach was also demonstrated
later with postnatal human progenitor thymocytes (Merkenschlager and Fisher,
1991) and human progenitor cells obtained from bone marrow and cord blood
(Yeoman et al., 1993). The study by Fisher et al noted that efficient colonization
of murine thymic rudiments by human thymic progenitor cells depended on the
addition of human thymic stromal elements (Fisher et al., 1990). In order to
improve thymic colonization and T cell development, several groups directly
injected human progenitor cells into human fetal thymic fragments (Galy et al.,
1993; Peault et al., 1991). Despite its inefficiency and technical complexity,
hybrid human/mouse FTOCs are routinely used to examine human
hematopoiesis and T cell differentiation (Barcena et al., 1995; De Smedt et al.,
2002; Galy et al., 1993; Plum et al., 1994; Res et al., 1997).

Example 4

Quantitative real-time reverse-transcriptase polymerase chain reaction
(Q-PCR)

[00118] Total RNA was isolated in Trizol reagent and reverse transcribed
using Superscript Il and Oligo(dT)12.15 primers (Invitrogen, Burlington, ON).
Diluted cDNA samples from total OP9-control cocultures, total OP9-DL1



10

15

20

25

30

WO 2010/051634 PCT/CA2009/001601

41

cocultures, sorted T-lineage subsets from OP9-DL1 cocultures as indicated in
the figures, UCB purified Lin® CD3" and CD33" cells, or bulk and Lin" human
post-natal thymocytes (PNT) were used as templates for Q-PCR reactions.
Detection of the Q-PCR was performed with the SYBR Green PCR master mix
according to manufacturer’s instructions (Qiagen, Mississauga, Ontario or Bio-
Rad, Hercules CA) on the Applied Biosystems Sequence Detection System
7000. All transcript levels were normalized to human B-actin. Gene-specific
forward (F) and reverse (R) primers are as follows: Rag-1, (F)
CAACCAAATTGCAGACATCTCAAC  (SEQ iD NO:1) and (R)
CCATGCTGGCTGAGGTACCT  (SEQ ID NO:2); Deltex-1 (F)
GTGAGCAAGAGCGACGTGAAG (SEQ ID NO:3) and (R)
ACCACATCCTCGGGATTCTTACT (SEQ ID NO:4); Notch-1 (F)
CGGGTCCACCAGTTTGAATG (SEQ ID NO:5) and (R)
GTTGTATTGGTTCGGCACCAT  (SEQ D NO:6); Gata-3 (F)
GATGGCACGGGACACTACCT (SEQ iD NO:7) and (R)
GCTCTCCTGGCTGCAGACA (SEQ ID NO:8); Cebpa (F)
CGGACTTGGTGCGTCTAAG (SEQ ID NO:9) and (R)
GAGGCAGGAAACCTCCAAAT (SEQ ID NO:10); Ccr9, (F)
TGTCCCAGGGAGAGTTGCA (SEQ ID NO:11) and (R)
GGGTGTCATGGTGGGTCAGT  (SEQ ID NO:12); Selplg (F)
GTGCCATGCCTCTGCAACT (SEQ ID NO:13) and (R)
TGTCCCACAGCTGCAAGCT (SEQ ID NO:14), ltga2 (F)
TCTGAGACTGCCAAGGTCTTCA (SEQ ID NO:15) and (R)
CAGCTGGTATTTGTCGGACATC (SEQ ID NO:16); ltga4  (F)
AAGCTGACTGTTCATGGGTTTGT  (SEQ iD NO:17) and (R)
TCTCCACCATGCACGTTTCA (SEQ ID NO:18); ltgas (F)
CAGTGCCGAGTTCACCAAGA (SEQ ID NO:19) and (R)
GCCTTGCCAGAAATAGCTTCCT  (SEQ iD NO:20); Itgb1 (F)
TCAGAATTGGATTTGGCTCATTT  (SEQ ID NO:21) and (R)
CCTGAGCTTAGCTGGTGTTGTG (SEQ ID NO:22); and f-actin (F)
TTGCCGACAGGATGCAGAA (SEQ ID NO:23) and (R)
GCCGATCCACACGGAGTACT (SEQ ID NO:24).
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Example 5

Flow Cytometry

[00119] Fluorescein isothiocyanate (FITC)-, R-Phycoerythrin (PE)-,
allophycocyanin (APC)-, PE-Cy7-, Peridinin chlorophyll protein (PerCP) PerCP-
Cy5.5-, Alexa Fluorzgo-, Alexa Fluorsse-, and Pacific Blue- conjugated antibodies
were purchased commercially. They include the following antibodies: FITC:
anti-CD34 (clone 581), anti-CD27 (clone M-T271), anti-CD3 (clone HIT3a),
anti-TCRop (clone T10B9.1A-31); PE: anti-CD7 (M-T701), anti-CD4 (clone
RPA-T4), anti-CD49d (clone 9F10) anti-granzyme B (clone eBioGrB); APC:
anti-CD1a (clone HI149), anti-CD7 (CD7-6B7), anti-CD8 (clone RPA-T8); PE-
Cy7: anti-CD8 (clone RPA-T8); PerCP-Cy5.5: anti-CD5 (clone L17F12); Alexa
Fluorze: anti-CD4 (clone RPA-T4); APC-Cy7/APC-Alexa Fluorzsy: anti-CD4
(clone RPA-T4); Pacific Blue: anti-CD3 (clone UCHT1). Intracellular staining
for granzyme B was performed using the Cytofix/Cytoperm kit according to
manufacturer’s instructions (BD Biosciences, San Diego, CA). All antibodies
were obtained from BD Pharmigen with the exceptions of anti-CD49d-PE, anti-
granzyme B-PE, anti-CD3-FITC and anti-CD4-APC-Alexa Fluorzsg, which were
purchased from eBioscience (San Diego, CA). For flow cytometric analyses,
cell suspensions obtained from OP9-DL1 cocultures, or fetal thymic organ
cultures (FTOCs) were FcRIl blocked and stained. Cells were run on a
FACSCalibur (BD-Biosciences) or a four-laser LSR |l benchtop flow cytometer.
Data analysis was performed using FlowJo software (Tree Star, Ashland, OR)
by gating on live lymphocytes and lack of propidium iodide uptake. GFP-
expressing OP9 stromal cells were excluded through GFP expression and side
scatter gating. This procedure eliminated 99% of contaminating GFP-
expressing OP9 stromal cells. Numbers in quadrant corners represent percent

of gated cells.

Example 6

T cell stimulation assays

[00120] In vitro-generated CD3/TCR-ap* CD8" single positive (SP) cells
were sorted from HSC/OP9-DL1 cocultures at days 60-70. For T cell

stimulation assays, 4 x10* cells were seeded in individual wells of a flat bottom
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96-well plate coated with or without anti-CD3 (2 or 10 ug/ml) and soluble anti-
CD28 (1 pg/ml) mAbs. All wells contained OP9-media supplemented with
recombinant human IL-2 (1 ng/ml) and recombinant human IL-7 (1 ng/ml)
cytokines and were analyzed after 5 days. For T cell proliferation assays, 4 x
10* in vitro-generated CD8" T cells were sorted and loaded with 10uM
carboxyfluorescein succinimidyl ester (CFSE) according to manufacturer’'s
protocol (Molecular Probes, Eugene, OR) prior to plating. Loss of CFSE
labeling was assayed after 5 days of stimulation using a FACSCalibur flow

cytometer.

Example 7

Precursor Frequency Analysis

[00121] Human HSC limiting dilution assay (LDA) was performed by serial
dilutions from different cell subsets of UCB samples. UCB cells were sorted as
CD34" CD38", CD34* CD38", CD34" CD38"™ using the FACSDiVa cell sorter,
and 1 (n =36), 3 (n=24),10 (n =90), 30 (n=156), 100 (n = 58) or 300 (n =
13) cells of each subset were directly deposited into individual wells of a 96
well/plate containing OP9-DL1 cell monolayers. Cells were cultured for 11
days, after which they were harvested from individual wells and analyzed by
flow cytometry. The presence of CD45" CD7*" cells was scored, and the
progenitor frequency determined by the method of maximum likelihood applied
to the Poisson model (Fazekas de St, 1982). For human in vitro-derived
progenitor-T cells limiting dilution assays were performed using sorted CD34"
CD7" CD5 and CD34" CD7"* CD5" subsets obtained from a day 13
HSC/OP9-DL1 coculture, and seeded into a dGuo-FTOC-derived thymus lobe
at 500 (n = 2), 1000 (n = 18), 1500 (n = 12), 2000 ( n = 13), 3000 (n = 13),
9000 (n = 4) or 22000 (n = 1) cells per lobe for CD34* CD7** CD5" progenitors
or 100 (n =4), 300 (n = 9), 500 (n= 10), 1000 (n = 10), 3000 (n = 10), 9000 (n
= 4) or 22000 (n = 1) cells per lobe for CD34* CD7** CD5" progenitors.
Progenitors were also seeded back onto OP9-DL1 cells in 96 well/plates, and
deposited at 1 (n = 36), 3 (n = 20), 10 (n = 20), 30 (n = 14), and 100 (n = 6)
cells per well. Cells were analyzed after 7 days of differentiation, and scored
for the presence of CD45" CD7"* (FTOC) or CD7"* CD1a™ cells (OP9-DL1)



10

15

20

25

30

WO 2010/051634 PCT/CA2009/001601

44

cells. The progenitor frequency was determined by the method of maximum
likelihood applied to the Poisson model (Fazekas de St, 1982).

Example 8

Thymic reconstitution of immunodeficient mice by human progenitor
cells generated in vitro

Materials & Methods

[00122] Umbilical cord blood samples: Human UCB samples were
obtained by syringe extraction and collected in a blood-pack unit """ citrate
phosphate dextrose anti-coagulant (Baxter Healthcare, Deerfield, lllinois) from
consenting mothers following delivery at Women's College Hospital in
accordance to approved guidelines established by the Research Ethics Board
of Sunnybrook Health Sciences Centre. Within 12 hours of collection, UCB
mononuclear cells were isolated by Ficoll density centrifugation. For each
experiment, frozen UCB was thawed and pre-enriched into lineage-negative
(Lin-) and lineage-positive (Lin") fractions with the autoMACS™ (Miltenyi
Biotec, Auburn, CA) using the StemSep® enrichment cocktail (Stem Cell
technologies, Vancouver, BC, Canada). To isolate human HSCs, Lin™ cells
were stained with anti-human CD38-APC and anti-human CD34-PE mAbs and
subsequently sorted for CD34°'CD38™ cells using a BD Biosciences FACSAria
sorter (San Jose, CA). Sorted human HSCs were greater than 99% pure as
determined by post-sort analysis.

NOD/SCIDyc” and RAG2"yc” reconstitution studies:

[00123] 5-6x10° sorted HSCs (CD34*'CD38"°) were added at 3x10* cells
per individual well of a 6-well plate containing confluent OP9-DL1 cells, and the
cultures were maintained for 10-12 days in the presence of OP9 media plus
rhiL-7 (Sng/mL); rhFIt-3L (5ng/mL) and rhSCF (30ng/mL) after which
CD34*CD7" progenitor T cells (ProT) were sorted. Sorted human pro-T cells
were resuspended in recombinant human IL-7/M25 mixture (provided by Dr. C.

Surh) and 3.5-5x10° cells injected (30ul/mouse) intrahepatically into 4-5 day old

neonates. As controls, mice were injected with either PBS or CD34* stem cells
(1.5-2.5x10°). Mice were boosted with IL-7/M25 mixture every 3-4 days.
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Thymus, spleen and bone marrow were harvested 21-27 days after
intrahepatic transplant and single cell suspensions counted then stained for
flow cytometry. For coinjection experiments, human UCB CD34'CD38™ (HLA-
A2) cells were differentiated on OP9-DL1 cells for 10-12 days, and
CD34'CD77*CD5" (proT2) cells were sorted by flow cytometry. On the same
day that proT2 cells are sorted, CD34*CD38™° (HLA-A2") cells from umbilical
cord-blood were also sorted. Irradiated (130 cGy) neonatal NOD/SCID/yc™"
mice from the same litter were injected intrahepatically with 3.5 x10* HSCs
alone; 2.5x10° proT2 cells alone, and 3.5 x10* HSCs together with 2.5x10°
proT2 cells.

[00124] Flow Cytometry: Fluorescein isothiocyanate (FITC)-, R-
Phycoerythrin (PE)-, allophycocyanin (APC)-, PE-Cy7-, Peridinin chlorophyll
protein (PerCP) PerCP-Cy5.5-, Alexa Fluorzgo-, and Alexa Fluorssp-, conjugated
antibodies were purchased commercially (BD Biosciences or eBioscience).
Cell suspensions were FcRIl-blocked and stained, and analyzed with an LSR-
cytometer. Data analysis was performed using FlowJo software (Tree Star,
Ashland, OR) by gating on live lymphocytes, lack of 4'6-diamidino-2-
phenylindole (DAPI) uptake followed by CD45 gating for human-specific
hematopoietic cells. Numbers in quadrant corners represent percent of gated

cells.

IMMUNE ENGRAFTMENT:

[00125] The study of human hematopoiesis employing mouse models first
arose in the late 1980’'s following the discovery of the scid (sever combined
immune deficiency) mutation in the C.B-17 mouse strain (Bosma et al., 1983).
Such mice harbor a mutation in the prkdc (protein kinase DNA catalytic protein)
gene involved in non-homologous end joining during TCR and immunoglobulin
rearrangement (Bosma et al., 1983), thus, lacking both mature T and B cells.
Soon after, C.B-17 SCID mice were used by McCune et al (McCune et al.,
1988) as an experimental system for studying human T cell development in
relation to HIV-1. Using this model, (SCID/hu (thy/liv) model) fragments of
human fetal thymus and fetal liver are placed under the kidney capsule of the

animal and the graft is allowed to vascularize. Fetal liver provides a rich source



10

15

20

25

30

WO 2010/051634 PCT/CA2009/001601

46

of human HSCs and the fetal thymus provides the environment where the
HSCs can differentiate into T cells. Although it was a groundbreaking model
for studying human lymphocyte development in vivo, most of the engrafted
cells were restricted to the fetal explants without seeding the mouse bone
marrow or other tissues.

[00126] Models were then employed to better reflect the ability of human
hematopoietic cells to home and differentiate within the mouse environment
without human fetal tissues. Many groups were able to demonstrate that
sublethally irradiated C.B-17 SCID mice support the engraftment and
differentiation of CD34" progenitor cells from human bone marrow and human
cord blood (Lapidot et al., 1992; Vormoor et al., 1994) into multiple hemopoietic
lineages. In light of this, CD34" stem cells were coined ‘SCID repopulating
cells’ (SRC) as they were capable of repopulating hematopoietic lineages in a
SCID mouse. Unfortunately, the levels of engraftment were quite low and T
cell development in particular was typically absent. A major barrier to this
engraftment was innate immune function still present in the SCID mice. In
particular, NK cell function was a critical factor determining host resistance to
xeno-engraftment. Use of the non-obese diabetic mouse (NOD) aided
tremendously in facilitating human cell engraftment. The inbred NOD mouse
strain lacks many aspects of innate immune function due to: (1) complement
deficiency due to a mutation in the C5 gene (Baxter and Cooke, 1993) (2),
compromised NK function and (3) defects in macrophage function due to
reduced IL-1 secretion. Indeed, introduction of the SCID mutation onto the
NOD background (NOD/SCID) has allowed for successful human engraftment
by many groups and is widely used for the study of human hematopoiesis and
HSCs (De Smedt et al., 2002; Larochelle et al., 1996). Importantly, Kerre et al
demonstrated robust T cell development, albeit in a low percentage of mice,
using NOD/SCID animals treated with an antibody blocking murine IL-2Rp,
thus further lowering NK function (Kerre et al., 2002).

[00127] Recently, two new mouse models to examine human
hematolymphoid development have emerged: RAG2"y." and NOD/SCID/"
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immunodeficient mouse strains. Recombinase activation gene 2 (RAG2)
deficient mice lack RAG function leading to complete abrogation of T and B cell
development, due to an absence of TCR and Ig receptor rearrangement.
Furthermore, absence of the common cytokine receptor y chain (yc), a critical
subunit for the IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 cytokine receptors, renders
these cytokines nonfunctional on their target cells. Most importantly, NK cells
do not develop in both RAG2"y.” and NOD/SCID/y.;"" mouse strains as IL-
15Ry. is critical for their development (Goldman et al., 1998), thus improving
human immune engraftment (Kerre et al., 2002; Legrand et al., 2006;
McKenzie et al., 2005). Recently, Traggiai and colleagues (Traggiai et al.,
2004) demonstrated that newborn RAG2"y.” transplanted with human CD34"
CB cells, developed all major immune cell subsets. Strikingly, T-lymphopoiesis
was supported at high levels, in contrast to the inefficiency of earlier models.
The study by Traggiai et al also demonstrated that human T cells can populate
the peripheral organs and elicit anti-viral immune responses indicating that
engrafted human HSCs differentiate and undergo positive selection events
(Traggiai et al., 2004). Accordingly, it has been suggested that human T cells
undergoing positive selection in the thymus of an immunodeficient mouse
would therefore be biased towards mouse MHC molecules and may require
transplantation of human thymic fragments to observe selection on human
MHC class molecules (Legrand et al., 2006). Alternatively, the type of APC
used to present viral antigens or the targeted tissue used by infections agents
could determine whether human T cells are positively selected on mouse or
human MHC molecules. The study by Traggiai et al seems to support the
former possibility given that Epstein-Barr Virus (EBV) infects human B cells
which can present viral epitopes in the context of human MHC molecules
(Traggiai et al., 2004). Clearly, in vivo models with a superior capacity to accept
human immune grafts are available, rendering them as powerful tools to gain
insight into human hematolymphoid development and to test the safety of in
vitro derived progenitor T cells in the treatment of immune disorders of the T
cell lineage.

RESULTS
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Cellular analysis of the sequential induction of T-cell development in
vitro.

[00128] An important step in the establishment of an effective in vitro
system for human T-lymphopoiesis is to fully characterize the early stages of T-
cell development. To this end, the inventors performed a temporal kinetic
analysis of early developmental changes that occur when UCB-derived HSCs
are induced to differentiate on OP9-DL1 cells. As expected, flow cytometric
analysis of the starting stem cell population showed that sorted CD34*CD38™°
cells do not express markers of early T-cell differentiation, such as CD7, CD5,
CD1a, and CD10; nor markers of late T-cell differentiation such as CD2, CD4,
CD8, and CD3 (Figure 1A).

[00129] The inventors made use of CD7 surface expression as a common
marker for the temporal analysis of T-cell differentiation (Barcena et al., 1995;
Blom and Spits, 20068). Analysis of CD7 expression in early HSC/OP9-DL1
cocultures revealed that this approach recapitulates early and late stages of T-
cell development, in which CD7 expression is first detected at day 4 on CD34"
cells, followed by high level expression on CD34" cells by days 6-8, and then
slightly decreasing on a subset of CD34 cells at later time points (beyond day
14) (Figure 1B).

[00130] During the initial week of coculture, as CD34" cells rapidly acquire
CD7 expression, the overall cell numbers remain constant (Figure 7) and the
cells remain negative for the expression of CD5, CD1a, CD2 and CD4. By day
8 of culture, CD5 expression is first detected on CD34'CD7"" cells, which
remain CD1a" (Figure 1B). CD1a" cells begin to be detected by day 10, and
present on about 15% of the CD7"" cells, which correspond to cells that have
also started to down-regulate CD34 expression. By day 14, expression of CD5
is observed on nearly all of the CD7"" cells, with CD1a being expressed on the
majority of these cells. Day 14 also corresponds to when cells show a blasting
phenotype (data not shown) and when cellular expansion begins to become
apparent (Figure 7).
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[00131] At later time points, CD7** and CD7" populations expressing CD2
and CD4 begin to predominate (Figure 1C). In addition, a population of
CD7’CD1a™ cells continues to expand, and eventually accounted for nearly
90% of the CD7-expressing cells by day 48. In contrast to early time points
(days 8-10), in which CD2 expression is low on CD7"" cells, by day 48 nearly
50% of the cells express high levels of CD2 (Figure 1C). The expression of
CD4 on CD7" cells emerges as early as day 12 (Figure 1B) and continues to
increase, eventually accounting for ~75% of the CD7-expressing cells by day
48 (Figure 1C). Although a small percentage of CD4" cells that lack CD7-
expression were detected, the inventors have previously reported that these

cells belong to the myeloid lineage (La Motte-Mohs et al., 2005).

[00132] Thymus-seeding cells, identified as CD34*CD45RA"CD7", have
been shown to be present in UCB (Haddad et al., 2004) or fetal bone marrow
(Haddad et al., 2006). To determine whether a similar population can be
generated in vitro, the inventors looked for cells bearing this phenotype at early
coculture time points. Of note, the starting UCB-HSC population contained a
subset of CD34" cells that expressed the CD45RA isoform at low levels (Hao et
al., 2001; Payne and Crooks, 2002), however these cells were CD7" (Figure
2A). The analysis showed that CD45RA expression is up-regulated within the
first 4 days on CD34" cells, and by day 6 nearly all CD34°CD7** cells express
CD45RA (Figure 2B). Thus, a population of CD34"CD7"*CD45RA" cells
displaying a thymic-colonizing phenotype, as seen in vivo (Haddad et al., 2004;
Haddad et al., 2006), is present in vitro and may also possess thymus
reconstituting potential.

Molecular analysis of the sequential induction of T-cell development in
vitro.

[00133] Although human HSC/OP9-DL1 cocultures exhibited a cellular
expression pattern consistent with stages of T-cell development observed in
the thymus, the precise temporal kinetics of Notch-dependent gene expression
during early T-cell differentiation (Izon et al., 2002; Radtke et al., 2004) are
undefined. The inventors examined the expression of Gata-3, Deltex-1, Rag-1,

and Noftch-1 transcripts from HSCs cocultured with OP9-control (GFP-only) or
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OP9-DL1 cells. As shown in Figure 3A, expression of Gata-3, Deltex-1, Rag-1
and Notch-1 showed a general trend toward elevated transcript levels in OP9-
DL1 as compared to OP9-control cocultures, with a clear difference starting at
around day 14. Consistent with its role in early T-cell specification and
commitment (Pai et al., 2003; Rothenberg and Taghon, 2005), Gata-3
expression was differentially induced early and steadily increased over time in
OP9-DL1 cocultures. Deltex-1, a known Notch-induced target gene (Pear and
Radtke, 2003), was also specifically up-regulated as early as day 6 in OP9-DL1
cocultures. Rag-1, an essential gene for TCR gene rearrangements (Shultz et
al., 2000), became differentially up-regulated in OP9-DL1 cocultures by day 14.
Finally, expression of Nofch-1 was observed throughout in both cocultures, but
was clearly up-regulated as a consequence of Delta-like-induced-signaling
(Pear and Radtke, 2003).

[00134] Although the gene expression kinetics described above are
consistent with the induction of T-lineage differentiation by Notch/Delta-like
interactions, the inventors sought to more precisely characterize the changes in
gene expression occurring at specific T-cell differentiation stages. To this end,
subsets of CD7-expressing cells, with each subset representing a distinct and
sequential stage of T-cell development, were analyzed. As shown in Figure
3B, the developmental progression of CD7-expressing cells, from a day 40
OP9-DL1 coculture, can be ordered sequentially based on the loss of CD34
and the gain of CD1a expression into 4 stages: CD34'CD7"'CD1a’, CD34"
CD7**CD1a’, CD34CD7"*CD1a™ and finaly CD34CD7'CD1a"™. These
subsets, as well as T-cells (CD3") and myeloid cells (CD33") sorted from UCB
as lineage controls, were then examined for the expression of Gata-3, Deltex-1,
Rag-1, Notch-1, as well as the myeloid-specific gene Cebpa (Dahl et al., 2003)
(Figure 3C). Up-regulation of Gata-3 transcripts became apparent as CD7"*
cells lose CD34 surface expression, and remained high during the next stage,
but is then reduced at later stages, which is in keeping with previous
observations (Rothenberg and Taghon, 2005). Delfex-1 was up-regulated in
each of the CD7-expressing subsets when compared to either CD3" mature T-

cells or CD33" myeloid cells. Of note, Rag-1 and Notch-1 transcript up-
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regulation was most pronounced at the CD34'CD7**CD1a" stage, consistent
with the role of these genes in the generation and functional outcomes of the
pre-TCR complex (Ciofani et al., 2004). As expected, when CD34 expression
is extinguished, CD7-expressing cells become more restricted to the T-cell
lineage, which parallels the observed loss of Cebpa expression within these

subsets.

[00135] Taken together, human HSC/OP9-DL1 cocultures display stage-
and temporal-specific cellular and molecular signatures, which not only
recapitulates key hallmarks of T-lymphopoiesis but also provides a simple and

effective way to further dissect the developmental program of human T-cells.

Generation of functional human CD8 SP T-cells from HSCs cultured with
OP9-DL1 cells.

[00136] The inventors have previously reported the ability to generate
CD4*CD8" T-lineage cells from human HSC/OP9-DL1 cocultures (La Motte-
Mohs et al., 2005), however whether functional T-cells could be generated was
not assessed. To address this, the inventors analyzed long-term cocultures,
and Figure 4A shows the presence of both DP and SP subsets from a day 65
coculture. The inventors further examined the CD8 SP subset present in these
cultures for the expression of CD3 and CD27 (Res and Spits, 1999; Vanhecke
et al., 1995) typically expressed on mature T-cells. Amongst the SP CD8 cells
(SP8s) found in late cocultures, about 50-60% expressed CD3/afTCR. Of
note, the majority of CD3" SP8s were found to co-express CD27. In addition,
CD27*CD3* SP8s were also found to lack CD1a expression, which is indicative
of functional maturity (Res et al., 1997). This is in contrast to CD27'CD3" SP8s
that continued to express CD1a, which is characteristic of the preceding stage
in T-cell differentiation (Res et al., 1997).

[00137] To address the functional status of in vitro-generated SP8s, the
inventors sorted the CD3/TCR-expressing subset (Figure 4B) and examined
whether these cells had the capacity to up/down-regulate downstream
differentiation markers, proliferate, express cytolytic effector-function

molecules, and secrete y-interferon (IFNy) following stimulation. As shown in
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Figure 4C, a blast-like appearance based on forward size scatter is seen in
stimulated (S) cells as compared to non-stimulated (NS) cells. Additionally,
stimulated cells up-regulated CD45R0O, CD38 and MHC-class |l expression
and down-regulated CD27 expression, as compared to non-stimulated cells
(Figure 4B). This complex phenotype is unique to activated human T-cells
(Holling et al., 2002; Ko et al., 1979) and consistent with full effector maturation
and greater cytolytic capability (Hamann et al., 1997; van Baarle et al., 2002).
Furthermore, to address the extent of cellular proliferation induced by TCR-
stimulation, sorted CD3"CD8" T-cells were loaded with CFSE. Figure 4C
shows that stimulated cells undergo many rounds of cell division as indicated
by the loss of CFSE compared to non-stimulated cells, with proliferating cells
also displaying marked up-regulation of CD25 expression.

[00138] To determine whether in vitro-derived SP8s can be induced to
express cytotoxic/effector-function molecules, the expression of Granzyme-B
and IFNy were assessed. Intracellular Granzyme-B expression was detected in
~40% of stimulated CD3*CD8" T-cells, as compared to non-stimulated cells
that failed to express Granzyme-B (Figure 4D). Finally, supernatants from
wells containing in vitro-generated SP8s were analyzed for the presence of
IFNy following stimulation. As shown in Figure 4E, supernatants from
stimulated cells showed a significant dose-dependent increase in the amount of
IFNy, as compared to non-stimulated cells.

CD34°CD38 and CD34'CD38"° UCB cells exhibit high T-lymphopoietic
potential.

[00139] Several studies have provided evidence that the UCB-CD34"
stem cell pool is heterogeneous in terms of its repopulation, differentiation and
renewal potential (Guenechea et al., 2001; Hogan et al., 2002). Indeed, the
CD34" population can be subfractionated into distinct subsets based on CD38
expression (Guenechea et al., 2001; Hogan et al., 2002; Mazurier et al., 2004).
The CD38 subfraction contains primitive precursors capable of long-term
reconstitution with slower engraftment kinetics (Hogan et al., 2002).
Conversely, UCB cells from the CD34°CD38° or CD38"" subsets exhibit
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different characteristics, giving rise to rapid myeloid-erythroid differentiation
with short-term repopulating ability (Guenechea et al., 2001; Hogan et al.,
2002; Mazurier et al.,, 2004). However, these studies did not address the
frequency of progenitors with T-lineage potential among these different CD34"
subsets. To determine the T-progenitor frequency of the various UCB-CD34"
subsets, CD34°CD38", CD34°CD38" and CD34*CD38"™ cells were sorted
(Figure 8) and placed at limiting cell numbers into wells containing OP9-DL1
cells. As shown in Table I, CD34"CD38 or CD34*'CD38" cells gave rise to T-
lineage cells with similar overlapping frequencies of 1 in 4.8 and 1 in 3.9,
respectively, while the CD34'CD38"™™ subset possessed a nearly 5-fold
diminished T-lineage progenitor frequency of 1 in 19. Thus, the CD34'CD38"
and CD34*CD38" fraction contains a greater frequency of cells that can give
rise to T-lineage cells.

In vitro-generated pro-T cells show thymus reconstituting ability.

[00140] The earliest cell thought to colonize the thymus has been
described as a CD34" cell expressing CD45RA and CD7 (Haddad et al., 2004;
Haddad et al., 2006). The inventors have shown that in HSC/OP9-DL1
cocultures cells with this phenotype are present (Figure 2), however whether

these cells also possess thymus-reconstituting potential remained untested.

[00141] To test whether in vitro-generated cells that share a thymus-
colonizing cell surface phenotype are able to engraft a thymus, the inventors
utilized a hybrid human/mouse FTOC approach (Fisher et al., 1990).
Additionally, the inventors further dissected the CD34'CD45RA'CD7**CD1a”
progenitor subset based on the presence or absence of CD5 expression,
which, as shown in Figure 5A (and data not shown), CD5 is expressed on
~45% of these cells. To determine whether these T-progenitor subsets have
the potential to engraft and differentiate within a host thymus,
CD34'CD45RA'CD7*"CD1a” cells that are either CD5 or CD5* (hereafter
referred to as proT1 and proT2, respectively) were sorted from a day 13
HSC/OP9-DL1 coculture and placed in FTOCs for 19 days (Figure 5B).
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Additionally, the same subsets were placed back onto OP9-DL1 cells (Figure
5C) and their development compared to that occurring in FTOC.

Shown in Figure 5B, both proT1 and proT2 subsets successfully
engrafted the FTOCs, and their progeny accounted for nearly all of the cells
present in the lobes, based on human CD45 expression (295%). Additionally,
the reconstituted FTOCs contained T-cells that were derived from either the
proT1 or proT2 subsets. While the input proT1 cells were initially
CD34'CD7'CD5, nearly all of the cells within the engrafted lobes had
differentiated into CD34'CD5'CD1a* T-lineage cells, with 67% also
coexpressing CD4 and CD8 and 2-16% expressing either CD8 or CD4, with the
majority of these being CD41SPs (data not shown). Similarly, the proT2 cells,
which initially expressed CD5, also gave rise to T-cells, however with an
increase in the frequency of DP cells (93%). This difference may relate to the
later differentiation state of the proT2 cells, which as demonstrated in Figure
21, purified proT1 cells gave rise to cells with the proT2 phenotype within 24
hours and the majority of these cells reached the next stage by 48 hours.
Additionally, purified proT2 cells did not give rise to cells with the proT1
phenotype. The precursor-product relationship from proT1 to proT2 is further
highlighted by the presence of a small fraction (4%) of CD34'CD7"" cells
remaining in FTOC seeded with proT1 but not proT2 cells. Keeping with this,
proT1 cells placed back onto OP9-DL1 cells also showed the presence of a
CD34’CD7"™ progenitor population, which was absent in proT2 cultures
(Figure 5C). Nevertheless, both proT1 and proT2 cells showed a similar
overall ability to continue to differentiate along the T-lineage pathway in these
cocultures, giving rise to CD1a" and CD4/CD8-expressing cells.

Since proT1 and proT2 cells share a similar progenitor phenotype with
cells found in the human thymus that have been shown to also possess NK-
lineage potential, the inventors addressed whether NK cells could also be
generated from these subsets. Consistent with this, the inventors confirmed
that in vitro-derived proT1 and proT2 cells give rise to NK cells when cultured
on OP9-control cells, supplemented with IL-15 (Figure 22). These results are
consistent with studies demonstrating the presence of cells with dual T/NK
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potential within the CD34*CD7"* thymocyte subset (Sanchez et al., 1994; Spits
et al., 1995). Of note, both proT1 and proT2 cells when cultured on OP9-DL1
cells did not give rise to NK cells, rather they continued to differentiate along
the T cell pathway (Figure 22), which is consistent with the known role of
Notch signaling in maintaining commitment to the T-lineage while inhibiting
alternate lineage outcomes. Additionally, methyicellulose assays were
performed to test the capacity of in vitro generated proT cells to give rise to
erythroid, myeloid and granulocytic lineages (Table ll). While, sorted CD34+
UCB-HSCs generated colonies for all lineages, in vitro-generated proT cells
displayed a markedly reduced capacity for non-lymphoid colony formation,
including an absence of erythroid potential from the proT2 cells, further
highlighting their diminished ability to generate alternative lineage outcomes
with the favored acquisition of lymphoid potential.

[00142) Although both proT1 and proT2 cells can give rise to T-cells, it
remained unclear whether these subsets contained a similar progenitor
frequency to reconstitute a host thymus. To address this, sorted proT1 and
proT2 cells were placed in limiting cell numbers in FTOCs or on OP9-DL1 cells
for 7 days, and analyzed by flow cytometry for the presence of human T-
lineage cells. The results shown in Table Il demonstrate that the proT2 subset
displayed a 3-fold higher T-lineage engraftment frequency than that of the
proT1 cells (1:400 and 1:1400, respectively). To further examine whether this
difference was cell intrinsic, the T-progenitor frequency of these subsets was
determined in a limiting dilution assay with OP9-DL1 cells. Of note, and in
contrast to the progenitor frequencies observed in FTOCs, the results from the
cocultures revealed that both pro-T subsets possess a similar and high (~1:2)
progenitor frequency (Table Il).

[00143] In light of these findings, it would appear that human pro-T cells,
which otherwise display a similarly high T-cell progenitor frequency when
assayed on the OP9-DL1 monolayer, possess a differential capability to engraft
a mouse thymus lobe in vitro, which may relate to differences in the expression
of molecules important for entry or niche occupancy within the thymus. To

determine a potential mechanism for the observed difference in engrafting
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ability, the inventors analyzed by Q-PCR for the expression of genes
associated with thymus homing or entry (Arroyo et al., 1996; Benz and Bleul,
2005; Goldschneider, 2006; Hirsch et al., 1996; Lai and Kondo, 2007; Rossi et
al., 2005; Schwarz et al., 2007). Figure 6A shows that proT2 cells express
higher transcript levels of CCR9 (CD199), PSGL-1 (CD162), CD49b (a2
integrin), CD49d (04 integrin) and CD49¢ (a5 integrin). A similar trend of
elevated expression was observed for CD29 (B1 integrin) in proT2 cells.
Additionally, flow cytometric analysis of these subsets confirmed that proT2
cells express higher levels of CD49d than proT1 cells (Figure 6B). These data
are consistent with previous findings (Arroyo et al., 1996; Hirsch et al., 1996)
that point to the CD49d/CD29 heterodimer, which binds to VCAM-1 (CD106)
expressed on thymus stromal cells, as well as CCR9 and PSGL-1 as important
players in facilitating thymus entry by the proT2 cell subset.

In vitro-generated pro-T cells injected into immunodeficient mice exhibit
thymic reconstitution ability in vivo.

[00144] The inventors’ finding that human pro-T cells generated in OP9-
DL1 cells could exhibit thymic reconstitution potential in vifro when assayed in
FTOC, suggested the possibility that human pro-T cells would similarly display
thymic reconstitution potential when assayed in vivo. To ascertain whether in
vitro-generated progenitor-T cells can effectively reconstitute the T cell
compartment in vivo, the inventors have utilized two immunodeficient strains of
mice (nonobese diabetic/severe combined immunodeficient (NOD/SCIDy.")
(Greiner et al., 1998; Ito et al., 2002; Kollet et al., 2000; Shultz et al., 1995;
Vila-Coro et al., 2000) mice and RAG2-deficient, gamma-chain (y.) deficient
(RAGZ"'YC"') (Goldman et al,, 1998, Mazurier et al., 1999)) that have been
reported to support the engraftment of human CD34" CB-derived cells (Gimeno
et al., 2004; Hogan et al., 1997; Traggiai et al., 2004).

[00145] As seen in Figure 11, RAG2"y.” mice injected intrahepatically
with OP9-DL1 coculture derived-bulk human progenitor-T cells (CD34'CD7%)
displayed human hematopoietic engraftment potential within the thymus as

early as ~3 weeks post injection as evidenced by the expression of a distinct
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lymphocytic population that expressed human CD45. Although a lymphocytic
population could be detected to a lesser degree within the thymus of RAG2™y,”
mice injected intrahepatically with human CD34" stem cells or mock PBS
control, these lymphocytes did not express human CD45 suggesting these
cells were of mouse origin. Upon further analysis of RAG2 "y’ mice injected
with bulk pro-T cells, human CD45"-expressing thymocytes displayed a
phenotype consistent with T cell development (Figures 12 and 13). Although
differences in overall cellularity were noted between the two RAG2"y.” mice
injected intrahepatically pro-T cells, the vast majority of CD45'-gated
thymocytes expressed early markers of T cell differentiation such as CD7, CD5
and CD1a (Figure 12). Specifically, ~95% of the thymocytes co-expressed CD7
and CD1a, suggesting pro-T cells efficiently committed to the T cell lineage
rather than maintaining their input phenotype. Upon closer examination, these
CD45"-gated thymocytes also expressed more definitive markers of T cell
differentiation such as CD4, CD8, and CD3 (Figure 13). By far the vast
majority of these cells exhibited a CD4*CD8" double positive (DP) phenotype

and could be broken down into CD3-positive and CD3-negative populations.

[00146] While PBS control injected RAG2"y.” mice did not spontaneously
generate human CD45" cells in a **®™ experiment, a small but detectable
population of human CD45" cells were present when RAG2"y.” mice were
injected intrahepatically at a higher dose with human CD34" hematopoietic
stem cells (Figure 14). Consistent with the previous experiment (Figure 11), a
robust population of CD45" thymocytes was present in RAG2™y.” mice that
were injected with bulk pro-T cells (Figure 14). When examined in greater
detail (Figure 15), the vast majority of the thymocytes in both the CD34" HSC-
injected and CD34*CD7" pro-T-injected RAG2"y.” mice expressed both CD4
and CD8. While single positive CD8 could be detected in the pro-T-injected
mouse at three weeks, but not the CD34" HSC-injected mouse, the vast
majority of the single positive cells expressed CD4, suggesting they could be
either CD4-intermediate single positive cells (CD4-I1SPs) or true CD4-SP cells.
When CD45" cells that expressed high levels of CD3 were examined for the
expression, both CD4 and CD8 SP cells could be detected, suggesting that the
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most of the of CD4 cells present within the reconstituted thymus of the RAG2"
v’ mouse were CD4-ISP and not CD4-SP cells. In contrast to the CD34" HSC-
injected mouse, which lacked CD4 and CD8 SP cells, the pro-T-injected mouse
at three weeks differentiated further and more efficiently.

[00147] The ability of pro-T cells to display thymus reconstitution potential
was also evaluated in the NOD/SCIDy.” strain of mouse (Greiner et al., 1998;
Ito et al., 2002; Kollet et al., 2000; Shultz et al., 1995; Vila-Coro et al., 2000).
As shown in Figure 16, NOD/SCIDy. mice injected intrahepatically with OP9-
DL1 coculture derived-bulk human progenitor-T cells (CD34°CD7"), but not
CD34'HSCs, expressed human CD45" cells within their thymus, the vast
majority of which, displayed an early T cell phenotype as evidenced by
expression of CD5, CD7, and CD1a. Greater than 70% of these developing T
cell committed thymocytes expressed CD4 on their cell surface, while ~2-20%
of the CD4-positive cells co-expressed CD8, suggesting that CD4-ISP cells
were transitioning to the DP stage. Taken together pro-T cells are capable of

engrafting into two immunodeficient strains of mice.

[00148] Although experiments reconstituting mouse thymus in vitro
indicated that the proT2 subset displayed a 3-fold higher T-lineage engraftment
frequency than that of the proT1 cells (1:400 and 1:1400, respectively), it
remained to be determined whether similar results would be observed in vivo.
Since the inventors demonstrated the ability of bulk CD34"'CD7"* to engraft
immunodeficient mice, the inventors tested the ability of each proT subset for
their threshold for thymus reconstitution in vivo. Cells were sorted and either
proT1 or proT2 cells were injected into individual neonatal mice at 2.5x10* or
1x10* cells, 10-25 fold lower cell numbers, respectively, than used in previous
experiments in which bulk proT cells were used. Three weeks post-injection,
the thymuses of mice were harvested and analyzed for engraftment. Results
summarized in Table IV show that proT2 cells had a higher frequency of
engraftment than proT1 cells (38% vs 14%) when 2.5x10* cells were injected.

Furthermore, when only 1x10* cells were injected into mice, the inventors
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observe engraftment of both subsets with proT2 cells again displaying higher

thymus engraftment frequency than their more immature counterpart.

In vitro-generated pro-T2 cells coinjected with human HSCs into

immunodeficient mice enhance HSC-derived thymopoiesis

[00149] As shown in Figures 14 and 15, proT cells are capable of
engrafting and reconstituting the thymuses of RAG2"y.’ and NOD/SCIDys
'mice. Furthermore, the inventors noted that CD34+ HSCs displayed lower or
negligible engraftment capacity, thus the inventors sought to determine
whether the coinjection of in vitro generated proT2 cells with HSCs (derived
from a different donor) could positively affect T-lineage reconstitution
contributed by HSC-derived cells. To this end, human UCB CD34'CD38™
(HLA-A2) cells were differentiated on OP9-DL1 cells for 10-12 days, and
CD34'CD7"CD5" (proT2) cells were sorted by flow cytometry. CD34'CD387°
(HLA-A2") cells from umbilical cord-blood were also sorted. Irradiated (130
rads) neonatal NOD/SCID/yc™" mice from the same litter were divided into 3
groups and injected intrahepatically with 3.5 x10* HSCs, 2.5x10° proT2 cells, or
3.5 x10* HSCs mixed with 2.5x10° proT2 cells. At 6 weeks post-injection, the
inventors looked for the presence of human cells in the BM (Figure 23A) and
were able to trace the origin of the donor cells based on HLA-A2 cell surface
expression. The inventors observed the presence of human CD45"HLA-A2"
cells in the BM of mice injected with HSCs only, or receiving both HSCs plus
proT2 cells. This population corresponded to cells that were generated from
HSCs (HLA-A2+), as such, cells with this phenotype were not observed in mice
injected with proT2 cells alone. Further gating on HSC-derived CD45"HLA-A2"
revealed that these cells belonged primarily to the B cell lineage (CD19%) with a
smaller proportion of these being myeloid lineage cells (CD33"). Specifically, in
the HSC injected mouse these lineages were 85% and 8.5%, respectively, with
very similar percentages observed in both mice coinjected with HSCs and
proT2 cells. Figure 23B shows that human B and myeloid cells derived from
HSCs could be found in the spleen. Of note, for both BM and spleen

engraftment the inventors did not observe an enhancement or detriment to the
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HSC derived lineages when coinjected with proT2 celis; and little to no proT2-
derived cells were found at these sites. In contrast, HSC-derived T-
lymphopoiesis was drastically improved by coinjection with in vitro-generated
proT2 cells. Figure 23C shows cell surface staining for CD45 and HLA-AZ2, in
which the HSC-only injected mouse showed an extremely low population of
human cells in the thymus (as expected based on the results shown in Figure
16). However, coinjected mice had a dramatic 300-1000 fold increase in the
percentage of CD45"HLA-A2" (HSC-derived) cells. Additionally, coinjected
mice also possessed a large percentage of cells that corresponded to proT2-
derived (CD45"HLA-A2) cells (18% and 71%), and as expected, this
population was not be observed in mice that received HSCs only. Further
analysis of CD45"HLA-A2" and CD45"HLA-A2 cells in coinjected mice showed
that HSC-derived cells contained less CD3" cells (7% and 27%) as well as
decreased percentages of CD4"CD8" DP (12% and 58%) T cells as compared
proT2-derived cells, which displayed increased CD3 expression and an
increase in the percentage of DP T cells (over 85% in both mice) (Figure 23D).
The delay in their T-lineage differentiation kinetics by HSC-derived cells is
consistent with their more immature and primitive status at time of injection, as

compared to in vitro-generated proT2 cells.

[00150]
DISCUSSION
[00151] The early stages of human T-cell development have been

broadly-defined by several investigators (Blom and Spits, 2006; Weerkamp et
al., 2006c). Here, the inventors have taken advantage of a simple and powerful
in vitro system to further refine this view by examining the differentiation of
human UCB-HSCs cultured with OP9-DL1 cells, in which the early stages of T-
cell development can be readily characterized. The temporal kinetic analysis of
early and late time points allowed the inventors to discern an ordered pattern of
developmental stages, which is highlighted by the sequential cell surface
expression of CD34, CD45RA, CD7, CD5, CD1a, CD2, CD4, CD8, and CD3.



10

15

20

25

30

WO 2010/051634 PCT/CA2009/001601

61

[00152] Although the OP9-DL1 system recapitulates the stages of human
thymocyte differentiation, the inventors noted one difference regarding the
expression of CD2, which has been reported to be expressed on some of the
early CD34" thymocytes as well as in CD34" cells found in the bone marrow
(Haynes and Heinly, 1995; Haynes et al., 1988; Terstappen et al., 1992). The
inventors observed CD2 expression only at low levels on cells that were down-
regulating CD34 expression, and high expression of CD2 was seen only at
later developmental stages. One possibility for these differences could be an
accumulation of CD34" cells with this early phenotype within the thymus or that
the signals that normally induce the expression of CD2 on all thymocytes may
be lacking in vitro.

[00153] Initial findings by the inventors’ lab and others have clearly shown
that UCB-CD34" cells can be induced to differentiate to the T-cell fate upon
cocuiture with stromal cells ectopically-expressing DII1 (Jaleco et al., 2001; La
Motte-Mohs et al., 2005). However, several groups have demonstrated that
the CD34" population is heterogeneous in regards to their self-renewal ability,
engraftment and lineage potential (Byk et al., 2005; Guenechea et al., 2001;
Kollet et al., 2001; Mazurier et al., 2004). With this in mind, the inventors
examined whether specific CD34" subsets differed in their ability to serve as T-
cell progenitors. Additionally, Hogan et al. suggested that the CD34'CD38"
pool contains a higher frequency of cells with T-cell potential, since NOD/SCID
mice engrafted with this fraction showed greater thymus repopulation as
compared to animals receiving CD34*CD38° or CD38"M cells (Hogan et al.,
2002). In keeping with this, the inventors’ results indicated that the CD38*™
fraction has a significantly 5-fold lower T-cell potential than the more primitive
CD38 or CD38"° subsets, which surprisingly showed similar T-progenitor
frequencies. The comparable progenitor frequencies by these CD34*CD38 °'°
cells may be accounted for by a report suggesting that CD38 is reversibly
expressed between negative and low levels (McKenzie et al., 2007).

[00154] The critical role of Notch signals for inducing T-lymphopoiesis is
now well-established (Ciofani and Zuniga-Pflucker, 2007; Pear and Radtke,

2003). Here, the inventors identified the stages of T-cell development in which
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the induction of Notch target genes are first up-regulated. These stages
corresponded to when CD34" cells begin to express CD7 at high levels, with
some further induction following the loss of CD34 expression. The inventors’
findings are supported by several studies demonstrating that UCB-CD34'CD7-
expressing cells are strongly biased to the lymphoid lineage with very little
myeloid potential (Haddad et al., 2004; Hao et al., 2001; Hoebeke et al., 2007).
These observations are consistent with the notion that T-cell specification
occurs early, within the first week, and therefore these Notch-induced
CD34'CD7"" cells would likely show an increased T-progenitor frequency.
Indeed, the inventors’ results indicated that following Notch/Delta-like
interactions, CD34"CD7"" cells show a 2-fold higher T-progenitor frequency
than the initial UCB-CD34'CD7 cells. These findings suggested that the
HSC/OP9-DL1 cocultures readily support the generation of T-cell progenitors,

which could be akin to thymus-colonizing cells.

[00155] It is well-established that the thymus is continuously seeded with
blood-borne progenitors, as the thymus-resident progenitors do not possess
self-renewing potential (Donskoy and Goldschneider, 1992). A study by
Haddad et al. (Haddad et al., 2006) proposed that thymus-colonizing cells
express CD34"CD7"*CD45RA". Cells with a similar phenotype are detected in
HSC/OPS-DL1 cocultures, and here the inventors show that these cells were
able to serve as thymus-colonizing cells. Additionally, the inventors noticed the
presence of two distinct progenitor subsets within the CD34'CD7**CD1a’
population, termed proT1 (CD5Y) and proT2 cells (CD5"). Both subsets are
capable of thymus reconstitution, however, when used in limiting dilution
assays, the inventors observed dramatic differences in their ability to engraft a
host thymus in vitro, with the more mature proT2 cells showing a 3-fold higher
progenitor frequency than proT1 cells. In contrast, when assayed on OP9-DL1
cells both pro-T subsets exhibited statistically similar progenitor frequencies,
which were also dramatically higher (200-600x) than those observed in FTOC.
These findings suggest that human pro-T cells, which otherwise possess high
T-cell potential, are affected by xenogeneic barriers present in the mouse

FTOC system, which severely lowers their engraftment effectiveness.
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Additionally, the inventors noted that these pro-T subsets differed in the
expression of CCR9, PSGL-1 and multiple integrins, which serve to provide a
potential mechanism for the enhanced engrafting ability demonstrated by proT2
cells. The higher expression levels of these molecules by proT2 cells was
specific, in that the transcript levels of Cebpa and Gata-2 were higher in the

proT1 subset, which is consistent with their more immature status (Figure 9).

[00156] The HSC/OP9-DL1 cocultures not only serve to characterize
progenitor function or early events in human T-cell development, but may also
provide a simple method for the generation of functional T-cells in vitro. This
approach may be applicable to cell-based immunotherapies that presently
capitalize on T-cell effector-function to induce/enhance anti-tumor eradicating
immunity (Rosenberg et al., 2008). Indeed, the inventors now provide clear
evidence for the maturation of functionally-responsive SP8s generated from
HSC/OP9-DL1 cocultures. This raises the question of which cell-type, within
the cultures, is mediating the MHC-dependent positive selection of SP8s. It is
unlikely that the OP9 cells, which express mouse MHC class | that is not
effectively recognized by human CD8 molecules (Irwin et al., 1989), would
supply the required positive selection signals. Rather, a human MHC class I-
expressing UCB-derived cell, which may or may not be a T-lineage cell, is likely
to be the conveyor of these signals. Additionally, the inventors also noted the
appearance of CD3*CD4" T-cells (Figure 4A and 4B), which could be similarly
selected by human MHC class Il-expressing cells. However, in contrast to the
SP8s, these cells do not show the hallmarks of functional mature T-cells (data
not shown), and may represent transitional cells that require additional

differentiation signals that are not readily available in these cultures.

[00157] Human HSC/OP9-DL1 cultures showed robust and continued
expansion of DP cells, and could be observed in cultures lasting up to or
beyond 4-months (Figure 10). CD4°CD8" DP cells are known to be short-lived
(Shortman et al., 1990), and thus their presence at these late-time points
implies that a progenitor cell is maintained and sustains this population. Of
note, the inventors are able to detect a population of CD34" pro-T cells at these

late-time points, but it is unclear whether these cells persist over time from an
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initial large pool of progenitors or from an ability to self-renew and expand in
these cultures. One possible mechanism would involve Notch signals in the
maintenance or extended self-renewal of a progenitor cell subset (Karanu et
al., 2000; Karanu et al., 2001; Varnum-Finney et al., 1998), however this notion
remains to be directly examined.

[00158] Our findings demonstrate that CD34'CD7"" T-progenitors
expressing CD5 possess a higher progenitor potential in their ability to engraft
FTOCs than their CD5-negative counterpart. The insight obtained from this
analysis makes these CD5" proT2 cells an attractive subset for further studies
to evaluate their immune reconstitution potential in mouse models (Legrand et
al., 2006). Upon further analysis, bulk CD34"CD7"" T-progenitors derived from
human umbilical cord blood HSCs and generated in vitro utilizing the OP9-DL1
coculture system are capable of thymic reconstitution in two immunodeficient
mouse models (Figure 11-16). These thymocytes bear the hallmark signature
of committed T-lineage cells through the expression of CD7, CD5, CD1a, CD4
and CD8 on their cell surface. Although the vast majority of human thymocytes
at three weeks post intrahepatic injection of progenitor-T cells are CD4 CD8
double positive cells, a small percentage of CD4- and CD8-single positive cells
can be detected amongst gated CD45'CD3" cells. These single positive cells
have yet to appear in peripheral organs such as the spleen (data not shown),
suggesting that positive and negative selection initiated by stromal elements
within the mouse thymus and/or human antigen presenting cells derived from
progenitor-T cells, have yet to occur and thus, premature for thymic export. The
inventors’ data also demonstrate that human CD34+ HSCs also exhibit thymic
reconstitution following intrahepatic injection into immodeficient strains of mice
and are consistent with previous reports by Gimeno et al. and Traggiai, et al.
(Gimeno et al., 2004; Traggiai et al., 2004). In the inventors’ hands, thymic
reconstitution potential from CD34" HSCs appears less efficient and robust
than from CD34'CD7" bulk progenitor-T cells. Two and not necessarily
mutually exclusive possibilities can be advanced to explain this observation. In
one scenario, while sub-lethal irradiation is not required to condition the bone

marrow of RAG2"y,” two week neonates, to accept an HSC cell engraftment
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Gimeno, 2004 #1087}, it may facilitate bone marrow engraftment and the
subsequent generation of thymic colonizing cells reported and detected by
Haddad et al in the fetal liver and bone marrow of humans (Haddad et al.,
2004; Haddad et al., 2006). It is therefore plausible that should such cells be
generated by human HSC engraftment into immunodeficient mice, that these
cells would colonize and differentiation into human T cell lineage cells within
the host thymus. Alternatively, thymic colonizing cells might be present in
limiting numbers within the heterogeneous populations sorted by a
CD34'CD38™ phenotype. In both scenarios, it is conceivably that human
HSCs would exhibit delayed kinetics thymic reconstitution potential compared

to human bulk progenitor-T cells.

[00159] It has been established that patients undergoing autologous or
allogeneic hematopoietic stem cell transplants (HSCT) for the treatment of
various hematological disorders display a profound defect in T cell recovery
after HSCT. In contrast to the majority of hematopoietic cells whose levels are
restored within weeks post transplant, T-lineage recovery is impaired in both
cell number and function for up to 2 years or it may never recover (Fry and
Mackall, 2005). This delay or absence results in impaired immune function
and is associated with increased susceptibility to infection or relapse. Similar
to the approach published by Van den Brink’s group (Zakrzewski et al., 2006a)
using mouse precursors, the inventors’ results demonstrate that in vitro-
generated human proT or proT2 cells dramatically improved HSC-derived T-
lymphopoiesis, which in fact was not typically observed in mice receiving HSCs
alone (Figure 23). Furthermore the coinjection of in vitro-generated proT cells
with HSCs did not affect HSC-derived myelopoiesis or B-lymphopoiesis
indicating a targeted effect on the generation of T cells from HSCs. A potential
mechanism for this effect may be due to the rapid restoration of the host thymic
niches, involving cell cross talk between T-lineage to thymic stromal cells,
resulting in improved stromal cell cellularity and function, such as cytokine and
chemokine production that may then result in enhanced HSC-derived T-
progenitor migration and recruitment from the bone marrow into the thymus.

Another explanation, for the observed results may be a direct “piggy-back” of
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proT cells at the time of injection allowing HSCs to bypass the bone marrow

and enter the thymus immediately by attaching to the proT cells.

[00160] Taken together, the inventors’ data suggests that rapid immune
reconstitution for the treatment of immunodeficiency may be facilitated though
the utilization of progenitor T cells either in concert or in the absence of
hematopoietic stem cell approaches. Such approaches can be tailored or
genetically-engineered to generate large numbers of the progenitor T cells
described herein and their progeny to treat immunodeficiency, triggered by
cancer chemo/radio therapeutic regimens and HIV infection, or even restore

proper immune function and regulation for the suppression of autoimmunity,

[00161] Indeed, the use of in vitro-derived progenitor T-cells may prove
therapeutically relevant over mature effector T-cells by avoiding issues such as
graft versus host disease, as these cells would undergo positive and negative
selection within the host thymus (Zakrzewski et al., 2006b). It is possible then
to speculate that in vitro-generated T-progenitor cells may eventually serve as
a viable option for cell-based therapies (La Motte-Mohs et al., 2007,
Zakrzewski et al., 2008), as these cells can be generated in large numbers,
allowing for novel strategies to be developed for the re-establishment of

adaptive-immunity in immunocompromised individuals.

Example 9
Progenitor T cells are generated following coculture on OP9-DL4 cells.
Materials and Methods

[00162] Sorted human cord blood derived-HSCs were placed on OP9-
control, OP9-DL1 or OP9-DL4 cells and cocultured for 24 or 40 days in
presence of recombinant human cytokines Flt-3L (5ng/ml) (R&D Systems,
Minneapolis, MN) and IL-7 (5ng/ml) (Peprotech, Rocky Hill, NJ) as previously
described. At day 24 of coculture, developing cells were stained in FACS Buffer
(Hank’s Balanced Salt Solution (HBSS) 1x — no phenol, no Ca* no Mg,
bovine serum albumin (BSA) 1.0% and sodium azide 0.05%) with the following
human antibodies: PE-CD4 [clone RPA-T4], FITC-CD8 [clone RPA-T8], PE-
CD7 [clone M-T701], APC-CD1a [clone HI149], biotin-CD5 [clone UCHTZ2],
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FITC-TCR-af8 [T10B9.1A-31], FITC TCR-yd [B1.1], APC-CD3 [UCHT2], PE-
TCRvp3 [JOVI-3], PE-TCRvg5 [MH3-2], PE-TCRvg8 [JR2], PE-TCRvp12
[S511], PE-TCRvg23 [AHUT7] (all purchased from BD-Pharmigen, San Jose,
CA), and biotin-pre-Ta (a gift from Dr. Maria Louisa Toribio) against the
appropriate isotype controls. After incubation, cells were washed and stained
with either FITC-Streptavidin (SAv) and APC-SAv secondary reagents (also
purchased from BD Pharmigen) for biotin-labeled cells primary antibodies.
Following a second incubation and wash, cells were resuspended in FACS
buffer containing propidium iodide (0.2 ug/ml) and were run on a FACSCalibur
(BD-Biosciences) flow cytometer. Data analysis was performed using FlowJo
software (Tree Star, Ashland, OR) by gating on live lymphocytes and lack of
propidium iodide uptake. GFP-expressing OP9 stromal cells were excluded
through GFP expression and side scatter gating. This procedure eliminated
99% of contaminating GFP-expressing OP9 stromal cells. Numbers in quadrant

corners represent percent of gated cells.

RESULTS

[00163) As OP9-DL1 cells supported robust T cell development
generating both progenitor T and double positive T cells (Figures 17, 18, and
20), the inventors undertook studies to determine whether OP9 cells
transduced to express the stronger affinity ligand for the Notch1 receptor
(Besseyrias et al., 2007), Delta-like-4 (OP9-DL4 cells) could also support the
differentiation of umbilical cord blood-derived HSCs towards the T cell lineage.

[00164] As seen in Figure 17, human HSCs cocultured on OP9-DL1 or
OP9-DL4 cells, but not OP9-control cells, generated CD4 CD8 double positive
T cells following 24 days of coculture. Specifically, double positive T cells
accounted for between ~15-30% of the lymphocyte population when cocultured
on OP9-DL4 or OP9-DL4 cells respectively and proceeded through the CD4-
intermediate single positive stage (ISP). At this stage of T cell development,
where double positive T cells are starting to emerge, pre-Ta expression
(Carrasco et al., 2002), a key molecule involved in developing T cell survival

and expansion, was also evident on CD4-positive cells and CD4-negative cells
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in OP9-DL1 and OP9-DL4 cocultures, but not OP9-control cocultures. As pre-
Ta. expression was observed on both CD4-positive and CD4-negative cells, the
inventors undertook further studies to determine whether progenitor T cell
populations that expressed (proT1) or lacked (proT2) CD5 could be evidenced.
Figure 18 shows that OP9-DL1 and OP9-DL4 cocultures, but not OP9-control
cocultures, generate cells of the T lineage which can be broken down into three
populations, CD7*CD1a™ (more mature T cells), CD7**CD1a* (committed T
cells), and CD7"*"CD1a (specified progenitor T cells). Consistent with its role as
a T cell marker, CD5 is nearly ubiquitously expressed on the CD7*CD1a*" and
CD7*’CD1a". In contrast, progenitor CD7**CD1a" cells can be broken down
into two populations by the absence or presence of CD5 expression, proT1

cells and proT2 cells respectively.

[00165] As both OP9-DL1 and OP9-DL4 cocultures generated progenitor
T cells and their more differentiated progeny, the inventors then undertook
studies to determine whether continued coculture would result in the
emergence of T cells that expressed TCRafy or TCRyd. Figure 19 shows that
while TCRap, or TCRyd expressing cells can detected amongst the gated
CD7"'CD1a” CD7™CD1a’, both TCR-bearing subsets are increased in the
more mature CD7'CD1a’. In order to determine whether developing TCRap
utilized different V-beta regions, developing T cells from OP9-control, OP9-
DL1, and OP9-DL4 cocultures were stained against CD3 and several V-beta
regions. As Figure 20 illustrates, developing cells from OP9-DL1 cocultures
and OP9-DL4 contained CD3-expressing cells (~38% and ~13%, respectively)
compared to OP9-control cocultures, which lacked CD3-expressing cells.
Furthermore, multiple V-beta usage was observed on CD3-expressing cells in
OP9-DL1 cocultures, and to a lesser extent OP9-DL4 cocultures, compared to
isotype controls. Specifically, of the V-betas that were examined by flow
cytometric analysis, V 3 and V § expression was most readily detected.
Taken together, these results show that OP9-DL4 cells behave similarly to
OP9-DL1 cells in their capacity to generate progenitor T cell subsets: proT1
and proT1 cells, that can further undergo differentiation to give rise to more
mature T cells.
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DISCUSSION:

[00166] The results showing that OP9-DL4 cells, like OPS-DL1 cells, can
generate both progenitor T and more differentiated T cell progeny, supports the
notion that additional Notch receptor ligands such as Delta-like-4 may offer
additional signals that may further enhance or promote directed differentiation
of human HSCs towards cells of the T cell lineage. Whether these Delta-like-4
signals are distinct and/or overlapping remains to be further elucidated and is
thus far difficult to test experimentally due to the lack of commercially available,
non-cross reacting, ligand specific-monoclonal antibodies. Recently, it has
been demonstrated that Delta-like-4 is the favored ligand that binds with higher
affinity to the Notch1 receptor suggesting that Delta-like-4 may be the ligand
with the greatest capacity to induce T cell and support T cell development
(Besseyrias et al., 2007). Interestingly, human T cell development induced by
OP9-DL1 or OP9-DL4 cocultures seems to suggest that while OP9-DL4
support T cell development, by far OP9-DL1 cells seem superior in their
capacity to induce and support robust human T cell development. It should be
noted that in the inventors’ coculture system, comparable level of Delta-like-
expression is difficult to ascertain through reporter GFP-expression alone.
Thus, given the over-expression of both Delta-like-1 and Delta-like-4 and their
capacity to endocytosis (Bray, 2006), it becomes unclear whether the overall
signal strength transduced to Notch receptor bearing differentiation cells,
masks or exacerbates the differences observed upon supra-optimal expression
found on Delta-like molecules within the OP9-DL1 or OP9-DL4 coculture
system. To address this issue, the inventors have begun to engineer tagged
versions of OP9-DL1 and OP9-DL4 cells to assess the expression of protein
levels within these cells to determine whether distinct or similar signals are
transmitted towards developing progenitor T cells. Nevertheless, it is clear from
the inventors’ studies that both OP9-DL1 and OP9-DL4 cells can support the
robust and directed-differentiation of human umbilical cord blood-derived HSCs
towards cells of the T lineage, generating large numbers of progenitor T cell

subsets, proT1 and proT2 as well as their more differentiated progeny.

Example 10
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Human embryonic stem cells (hESCs) and human induced pluripotent
stem cells (hiPSCs) differentiate into early T-lineage cells when cultured
with OP9-DL1 or OP9-DL4 cells.

Materials and Methods

[00167] As previously described (Kennedy et al., 2007) human ESCs are
aggregated to form embryoid bodies (EB) and then sequentially induced to
differentiate towards the hematopoietic lineage through the sequential addition
of exogenous cytokines. Briefly, during the EB formation, cytokines were added
as follows: bone morphogenic protein 4 (BMP4) 10 ng/ml at day 0-4, basic
fibroblastic growth factor (bFGF) 5ng/ml at day 1-8, Activin A 0.3 ng/ml at day
2-4, vascular growth factor (VEGF) 15 ng/ml at day 4-8, dickkopf-1 (Dkk1) 50
ng/ml at day 4-6, interleukin 11 (IL-11) 5 ng/ml at day 6-8, IL-6 10 ng/ml at day
6-8, insulin-like growth factor IGF-1 25 ng/ml at day 6-8, stem cell factor (SCF)
100 ng/ml at day 6-11, thrompoietin (TPO) 50 ng/ml at day 8-11, IL-3 50 ng/ml
at day 8-11, erythropoietin 4 units at day 8-11, FIt3-L 320 ng/ml at 8-11.
Following 9-11 days of EB cuiture, sorted CD34" and CD34 cells were seeded
onto OP9-DL1 cells (or OP9-DL4), cultured for 20 days, and assayed for T cell
potential using flow cytometry. During the OP9-DL1 (or OP9-DL4) coculture
period, media was changed twice a week, and cocultures were transferred onto
new OP9-DL1 (or OP9-DL4) cells. FIt3-L 5 ng/mi, IL-7 5 ng/ml, were given
during each media change. SCF 100 ng/ml was given only during the first 14
days of OP9-DL1 (or OP9-DL4) cocultures.

Human ESC and human iPSC differentiation into T-lineage cells

[00168] Although sustained and continuous T cell development can be
derived in vitro from UCB-HSCs and can generate CD4* CD8* DP, CD4" SP
and CD8" SP celis, human embryonic stem cells (hESCs) are an attractive
source for generating progenitor T cells for future immune-reconstitution
studies. Unlike HSCs obtained from other sources, hESCs can be maintained
easily in their undifferentiated state, possess unlimited expansion potential, and
are easily malleable for genetic modification. Thus far, the generation of T cells

from hESCs has remained possible but inefficient relying on cumbersome
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methodology and poorly defined inductive events (Galic et al., 2006; Galic et
al., 2009; Timmermans et al., 2009). This is due in large part to the poor
understanding of how hESCs differentiate in vitro. Yet, hESCs can differentiate
in culture to form all three germ layers (ltskovitz-Eldor et al., 2000; Schuldiner
et al., 2000) and there has been limited success in inducing hESCs to develop
into hematopoietic cells and B and NK cells (Kaufman et al., 2001; Woll et al.,
2005). In particular, there has been only three reports showing that hESCs can
yield T cells in vivo, two of which required the direct injection of human ESC-
derived CD34" cells into conjoint human thymic/liver (Thy/Liv) tissues
implanted under the kidney capsule of sublethally irradiated immunodeficient
SCID-mice (Galic et al., 2006; Galic et al., 2009). The third report (published
after the initial submission of the provisional patent application) although
promising relied on morphological visualization of hematopoietic zones on
OP9-control rather than the isolation of specific specific subsets based on
cellular markers of differentiation, which then had to be excised and purified
onto OP9-DL1 cells (Timmermans et al., 2009). Importantly, there are no
reports to date regarding the generation of T lymphocytes from human ESCs
entirely in vifro — underscoring the need to develop a simple and effective in
vitro system for T cell development.

Results

[00169] Using the two-stage protocol method for the differentiation of
hESCs (Kennedy et al., 2007), sorted CD34"" cells, but not CD34 cells, could
generate immature early cells of the T-lineage by 20 days of OP9-DL1
coculture, as evidence by the expression of CD7 and CD5 (Figure 24A).
Furthermore, the inventors have extended these findings to hiPSCs, also
obtained from the Keller group, and as shown in Figure 24B, using a similar
protocol as above, hiPSCs were sorted for CD34"* cells and then cultured for
22 days with OP9-DL4 cells. This coculture approach also gave rise to early T-
lineage cells expressing CD7 and CD5, similar to the cell surface phenotype
obtained from UCB-HSC/OP9-DL1 cocultures.
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Discussion

[00170] The present example shows the ability to generate CD7°CD5"
human T-lineage cells, which has not been previously demonstrated using a
prospective isolation of hESC or hiPSC -derived CD34" progenitors. The
inventors feel that the defined culture method of EB formation using a specific
cocktail of cytokines followed by culture with OP9-DL1 or OP9-DL4 stromal
cells that induce high Notch signaling within these cells allows for the efficient

generation of human T-lineage cells from these primitive progenitors.

[00171] The ability to readily obtain large numbers of in vitro-generated T
cell progenitors, which can be derived from defined sources of stem cells,
whether from UCB-HSCs, hESCs, and hiPSCs, opens new opportunities for

the treatment of T cell immunodeficiencies, acquired or genetic in origin.

[00172] While the present application has been described with reference
to what are presently considered to be the preferred examples, it is to be
understood that the application is not limited to the disclosed examples. To the
contrary, the application is intended to cover various modifications and
equivalent arrangements included within the spirit and scope of the appended
claims.

[00173] All publications, patents and patent applications are herein
incorporated by reference in their entirety to the same extent as if each
individual publication, patent or patent application was specifically and

individually indicated to be incorporated by reference in its entirety.
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Table I. Progenitor frequency analysis of human hematopoietic stem cell
subsets.

a Progenitor Frequency'1
HSC subset [95% confidence limits]®
CD34*CD38 4.76 [3.66-6.21]
CD34*CD38" 3.85[2.94-5.06]
CD34* CcD3g*™M 19.30 [14.77-25.22]

2 CD34" CD38", CD34" CD38°, and CD34* CD38"™ HSCs were
placed in limiting numbers in wells of a 96-well/plate containing
OP9-DL1 cells, and cultured for 11 days before harvesting for flow
cytometric analysis.

® Individual wells were scored for the presence of T cells based on
CD45" CD7"" staining. Statistical analysis was performed via the
method of maximum likelihood applied to the Poisson Model
(Fazekas de St, 1982).

Table Il. Progenitor frequency analysis of progenitor T-cell subsets.

Pro-T subset Sy (959 condenes
ProT1-CD34*7*5° FTOC 1384.72 [979-1959]
ProT2 - CD34" 7" 5* FTOC 411.74 [256-663]
ProT1-CD34" 7* 5 OP9-DL1 2.52 [1.75-3.63]
ProT2 - CD34" 7" 5* OP9-DL1 1.95 [1.35-2.80]

2 CD34* CD38™ UCB-derived cells were cultured on OP9-DL1 cells
for 12-14 days and proT1/proT2 cells, with the indicated
phenotypes, were obtained by flow cytometric cell sorting.

® Pro-T subsets were placed in limiting numbers in FTOC or in wells
of a 96-well/plate containing OP9-DL1 cells and cultured for 7 days
before harvesting for flow cytometric analysis.

¢ Individual lobes or wells were scored for the presence of T cells
based on CD45" CD7** or CD7** CD1a™ staining, respectively.
Statistical analysis was performed via the method of maximum
likelihood applied to the Poisson Model (Fazekas de St, 1982).
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Table I11. Assessment of erythroid, myeloid, megakaryocytic and granulocytic potential of
CD34+ UCB cells and various OP9-DL1 coculture-derived subsets.
500 cells plated CFU-Mix BFU-E CFU-GM CFU-G CFU-M
Average colony | Average colony | Average colony | Average colony | Average colony
number (n=2) number (n=2) number (n=2) number (n=2) number (n=2)
CD34* CB (control) 7.5 66.5 10.5 15 2
CD34*CD7T*CD5CDla 0 11.5 4 6.5 5
proTl
CD34*CD7T*CDS*CD1a" 0 0.5 4 5.5 17
proT2
CD34-CDT7* 0 0 0 0 0
coculture-derived

The presence of clonogenic myelo-erythroid progenitors (BFU-E),
granulocyte-macrophage colony forming units (CFU-GM), granulocyte
colony forming units (CFU-G), macrophage forming units (CFU-M) and
macrophage-megakaryocyte, erythroid, macrophage, granulocyte (CFU-
mix) potential was evaluated by plating 500 sorted in vitro-derived cells
(proT1, proT2, and CD34 CD7’ subsets) into semi-solid media (1%
methylcellulose). CD34" cells sorted from UCB served as a positive
control. Colonies were counted from duplicate cultures and the average

number of colonies is shown after 22 days. n, the number experimental
replicates analyzed.

Table IV. Engraftment potential of proT1 and proT2 subsets injected into
immunodeficient neonatal mice.

Cell number Subset % of mice
injected engrafted
1x10* ProT1 16% (n=6)
ProT2 50% (n=2)

2.5x10* ProT1 14% (n=7)
ProT2 38% (n=8)

ProT1 and proT2 cells were sorted from a day 10 coculture and injected at
the indicated cell numbers into immunodeficient mice. Thymuses were
harvested 21-25 days post injection and engraftment was determined by
the presence of human CD45" CD7** cells. The percentage of engrafted
mice is shown. n, the number of mice analyzed for each treatment group.
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Claims:

1. An isolated progenitor T cell having a phenotype CD34°'CD7'CD1a.

2. The isolated progenitor T cell according to claim 1 having a phenotype
CD34'CD7'CD5CD1a.

3. The isolated progenitor T cell according to claim 1 having a phenotype
CD34'CD7'CD5'CD1a.

4, A use of an effective amount of a progenitor T cell according to any one
of claims 1 to 3 for treating a condition requiring an increase in the number of T
cells in an animal in need thereof.

5. The use according to claim 4 wherein the condition is cancer.

6. The use according to claim 4 wherein the condition is HIV/AIDS.

7. The use according to claim 4 wherein the condition is an autoimmune
disease.

8. An isolated progenitor T cell according to any one of claims 1-3 that has

been transfected with a heterologous gene.

9. A use of an effective amount of an isolated T cell according to claim 8
for treating a condition requiring the heterologous gene in an animal in need
thereof.

10. A method of generating a pro-T cell comprising (a) culturing a sample
comprising stem cells or progenitor cells with cells that express a Notch ligand
and (b) isolating pro-T cells.

11.  The method of claim 10 wherein the stem cells are selected from
hematopoietic stem cells, embryonic stem cells or induced pluripotent stem
cells.
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12.  The method according to claim 10 or 11 wherein the Notch ligand is DL1
or DL4.

13.  The method of claim 12 wherein the cell expressing the Notch ligand is
an OP-9 cell.

14.  The method according to any one of claims 10 to 13 wherein the proT
cells have the phenotype CD34*CD7'CD1a.

15.  The method according to claim 14 further comprising isolating progenitor
cells that express CD5.

16. A method of generating natural killer (NK) cells comprising a) culturing
an isolated T progenitor cell according to any one of claims 1 to 3 with IL-15 or
IL-2 and b) isolating NK cells.



